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ADNOTARE

a tezei ”Optica difractiva pentru holografia optica si digitala”, Specialitatea 134.01 — Fizica
si tehnologia materialelor, prezentata de Elena Achimova in vederea obtinerii gradului stiintific
de doctor habilitat in stiinte fizice, Institutul de Fizicd Aplicata, Chisinau, 2018.

Structura tezei: Teza este scrisa in limba engleza si consta din Introducere, cinci capitole, concluzii
generale si recomandari si bibliografie din 229 lucrari. Lucrarea contine 245 de pagini, inclusive 2
anexe, 187 figuri, 12 tabele si 57 formule. Rezultatele obtinute au fost publicate in 63 articole
stiintifice.

Cuvinte cheie: optica difractiva, holografie optica si digitald, sticle calcogenice (SC),
azopolimer (AP), inregistrare holograficd scalara si vectoriala, interferometrie si microscopie
holografica digitala, procesare optica si digitald a imaginilor.

Scopul cercetarii consta 1n cercetarea si elaborarea elementelor opticii difractive, care reprezinta
o combinatie functionald de componente optice, dispositive optico-mecanice si tehnologii, pre-
cum si algoritmii lor operationali.

Obiectivele tezei includ elaborarea elementelor optice bazate pe structuri nanomultistrat (NMS)
din SC si AP drept medii de inregistrare; elaborarea tehnologiilor holografice digitale si optice
pentru crearea elementelor opticii difractive (EOD) pe medii NMS din SC si filme subtiri de AP;
investigarea aplicabilitatii acestor metode holografice drept instrument pentru studiul
proprietatilor optice ale materialelor de scard nanometrica; aplicarea/folosirea EOD ca compo-
nente optice 1n dispozitive optoelectronice, biomedicina si securitate.

Noutatea stiintifica si originalitatea rezultatelor obtinute: a fost stabilit experimental, ca, in
structurile NMS din SC-Se si filmele subtiri de AP elaborate, schimbarile parametrilor optici
(indicele de refractie si coeficientul de absorbtie) au loc sub actiunea atat a componentei scalare,
cat si a celei vectoriale a campului radiatiei optice; retelele reliefate superficiale obtinute prin
inscriere directd, se formeaza prin imprimarea holografica optica si digitald, care sunt cauzate de
raspunsul vectorial (spatial anizotropic) al mediului; (desenul) reteaua superficiald reliefatd pe
SC-Se NMS este guvernata de structurarea fotoindusa in nanostraturile de SC si Se, ceea ce duce
la transferul de masa in SC-Se NMS; retelele reliefate superficiale imprimate pe filmele subtiri
de AP sunt formate de transformarea fotoindusa de tip trans-cis-trans in AP, ceea ce duce la
transferul de masa In acest mediu; au fost modelate si imprimate EOD de faza pe baza NMS din
aplicatiilor practice; impactul potential al lucrarii constd in elaborarea tehnicii optice avansate
pentru imprimarea/inregistrarea structurilor difractionale si investigatiile la scard nanometrica.
Problema stiintificd importanta solutionatd consta in elaborarea aspectelor teoretice si aplica-
tive ale proceselor induse in materialele amorfe de lumina si iradierea cu electroni, ceea duce la
formarea 1n aceste medii sensibile a structurilor difractionale si aplicarea acestora in holografia
optica si digitala.

Valoarea aplicativa a lucrarii este determinate de faptul, ca cercetarile sistematice a capacitatii
materialelor NMS de SC-Se si AP de a fi structurate prin metodele de inscriere laser, prin ira-
dierea cu fascicol de electroni si prin imprimarea digitald a hologramelor, deschid largi
oportunitati pentru elaborarea si/sau optimizarea EOD din aceste materiale in optoelectronica si
fotonica moderna (aplicatii in optica difractionald, medicind, tehnologiile de combatere a falsifi-
carilor, holografia imagistica s.a.).

Implementarea rezultatelor: rezultatele obtinute au fost utilizate in indeplinirea cu succes a
15proiecte internationale si nationale aplicative.



AHHOTANIUA

JIMCCEPTAMOHHOM paboThI “/Iu(ppakuMoHHAsA ONTHKA B ONTHYECKOI M 1M(POBOii rosorpadun’,
CrietmanbHocTh 134.01 — Qusuxa u mexnonoaus mamepuanos, NpeaCTaBICHHON TokTopoM EjeHoii
AKHMOBO# Ha COMCKaHWE Y4EHOI CTeneHH JOKTopa Xabwimrar ¢usnueckux Hayk, Mucruryr Ilpu-
knagaor Omsuky, Kummaes, 2018.

Crpykrypa padotsl: [luccepraiys COCTOUT U3 BBEIEHHUS, IIITU IJIaB, OCHOBHBIX BBIBOJIOB U PEKO-
MeHami, oubmorpadun, Brmovaromeld 229 Ha3zBanuil. OCHOBHOM TEKCT TpeAcTaBlieH Ha 245
CTpaHHUIIaX, BKIItoYast 2 npuiokenus, 187 pucynkos, 12 tabmun u 57 ¢popmyn. [lomyuennsie pe3yib-
TaThl OBUIM OIyOJIMKOBAaHbI B 63 HAYYHBIX CTAThSIX.

KuroueBble ciioBa: 1u(ppakiMoOHHAas ONITHKA, ONTHYECKAst U IE(poBasi rosorpadusi, XaIbKOreHUTHBIE
crekna (XC), azomomumepsl (All), MHOTOCITOMHBIE HAHOCTPYKTYPHBI, CKaSIpHAs M BEKTOPHAs TOJI0-
rpadudeckas 3amuch, GpoBas rojorpadudeckas HHTEpPEPOMETPHUS 1 MEKPOCKOIIHS, OIITHYECKAs 1
udpoBas 00paboTka N300pAKESHH.

Heap ucciieoBaHus 3aKimoyaeTcss B pa3pabOTKE 3JIEMEHTOB JTU(PPAKIMOHHOM ONTHKH, KOTOpbIE
NPENCTABISIIOT  cO00M  (PYHKIMOHABHYIO KOMOMHAIIMIO ONTHYECKUX KOMIIOHEHTOB, OITHKO-
MEXAHUYECKHUX YCTPOICTB U TEXHOJIOTHIA, U AITOPUTMOB pabOTHL.

3anaum uccie0BaHus BKIIIOYAIOT pa3pabOTKy ONTHYECKUX SJIEMEHTOB Ha OCHOBE MHOTOCIIOWHBIX
HaHocTpykTyp (MHC) u3 XC u All B kauecTBe 3alMCHIBAIOIIMX CPEL; Pa3padOTKy CYLIECTBYIOILUX
U(POBBIX U ONTUYECKUX TOTOrpadMuecKuX TEXHOIOTHN ISl CO3aHUS 3JIEMEHTOB AU(PAKIIMOHHON
orrukd (J102) na MHC u3 XC u Tonkux mieHok u3 All; uccnenoBanne mpuMEeHUMOCTH JTAHHBIX TO-
JorpaMuecKuX METOJIOB KaK MHCTPYMEHTA ISl KICCIIECIOBAHMS ONITUYECKUX CBOMCTB HAHOPa3MEPHBIX
MarepuasioB; npuMmeHenue JJOO kak ONTHYECKUX KOMIIOHEHTOB B ONTORJIEKTPOHHBIX YCTPOMCTBaXx,
OUOMEeUIMHE 1 3aIUTHBIX TEXHOIOTHSX.

Hayunasi HOBM3HA M OPMTMHAJIBHOCTDH PE3YJIbTATOB COCTOUT B AKCIIEPUMEHTATIBHOM OIPEAEIEHUN
U3MEHEHUH ONTHYECKUX TMapaMeTpoB (IIOKa3aTelb NperoMieHHs, KO3(QUIMEHT MNOIVIOLICHHs) B
MHC XC-Se u Torkux mieHkax All mox Bo3IeCTBHEM KaK CKASIPHBIX, TaK U BEKTOPHBIX KOMIIO-
HEHTOB 3JIEKTPUYECKOr0 OIS ONTUYECKOrO M3IYYEHHUs; B TOM YTO pelibeHbIe OBEPXHOCTHBIE pe-
IIETKH, MOTyYeHHbIE MTPSIMOM 3anHChio, (POPMUPYIOTCS O/ BO3JEHCTBUEM ONTHYECKUX U IU(POBBIX
royiorpaUYecKux MeETOJIOB 3alliCH, KOTOpble OOYCIOBIEHbI BEKTOPHBIM (IPOCTPAHCTBEHHO-
AHU30TPOIHBIM) OTKJIMKOM CpPEJibl; B TOM UTO MOBEpXHOCTHas penbedHas pererka Ha MHC XC-Se
dopmupyeTcs GOTOMHAYIIMPOBAHHBIM CTPYKTYpUpOBaHHEM B HaHOCIOAX XC ¥ Se, 4TO MPHUBOIUT K
maccornepeHocy B MHC XC-Se; uto moBepxHOCTHasI penbedHast pernierka, chopMUpOBaHHAs B TOH-
kux mienkax All, popmupyercst GOTOMHIYIIMPOBAHHBIM MpaHc-yuc-mparc-nipeodopasopanreM B All,
YTO MPUBOJUT K MacCONEPEHOCY B 3THX Cpeax; ObUIM CMOJIEMPOBaHbI U 3anucaHbl (hasosbie JJOD Ha
MHC XC-Se n Ha ToHKHX TUieHKax All, n3y4eHpl UX BO3MOXXHOCTH W OTPAHWYCHUS! IS TIPaKTHIC-
CKOT'O MPUMEHEHHS1; OPUTMHAIIBHOCT 3TOM paboThI 3aKIII0YaeTCsl B pa3paboTKe ONTUYECKUX METO/IOB
PETUCTpPAIH U UCCIIENOBAHNH JU(PPAKITMOHHBIX CTPYKTYp Ha HAaHOpa3MepHBIX closix XC.

BaskHoli Hay4HO#i 3a1ayeli McCIeOBaHNS SBISETCS pa3paboTKa TEOPETUUECKUX U MPUKIIAIHBIX ac-
NEKTOB (DOTO- U ANEKTPOHHO-MHYIIMPOBAHHBIX MPOLIECCOB B aMOP(HBIX MaTepHaiax, MPUBOIAIIMX K
BO3MO)KHOCTH PETHCTpallid B 3TUX cpefax IU(PaKIMOHHBIX CTPYKTYp, M HPHUMEHEHHUIO JaHHBIX
CTPYKTYp B ONITUYECKOH U 1IM(POBOIA ToJorpaduu.

IIpakTHYecKasi 3HAYUMOCTb PAOOTHI 3aKITIOYACTCS B TOM, UTO CUCTEMaTHYECKUE HCCIIEI0BAHMS CIIO-
cooroctt MHC XC-Se u AlIl cTpyKTyprpOBaThCs MO BO3ICHCTBUEM METOIOB JIa3epHOM U IH(PO-
BOH rosorpauu, 00IydeHHs IeKTPOHHBIM JTy4OM OTKPBIBAIOT HOBBIE MEPCHIEKTHBBI s pa3pabOTKH
W/WITH ONITUMU3AITNH IIUPOKOTO criekTpa npuitokeranid {05 u3 qaHHBIX MaTepUaioB B OMTOIEKTPO-
HUKE U (poToHMKE (IU(pPaKIMOHHAS ONTHKA, MEIUIMHA, 3alIUTHBIE TEXHOJIOTUH, roorpaduyueckue
METO/IbI HEPa3PYIIAIOIIET0 KOHTPOJIS, H300pa3uTesbHas rojorpadus u T. 1.).

BHeapeHue pe3yJbTATOB: INOJTYyYCHHBIC SKCIIEPUMEHTATIbHBIE PE3YIbTaThl ObUTM MPAKTHYECKH HC-
TI0JTK30BAHBI TIPH yCIIeHON peaim3anun 15 mexayHapoausix (EC, FP7, Horizon-2020, 6unarepaitb-
HBIX) U HALIMOHATbHBIX TIPUKJIATHBIX IPOEKTOB.



ANNOTATION

of the thesis “Diffractive optics for optical and digital holography” Speciality 134.01 — Phys-
ics and technology of materials, presented by Elena Achimova, to obtain the title of doctor ha-
bilitat in the Physics, Institute of Applied Physics, Chisinau, 2018.

Thesis structure: The thesis contains Introduction, 5 chapters, general conclusions and recom-
mendations, bibliography of 229 titles. The main text amounts to 245 pages, includes 2 Annexes,
187 figures, 12 tables, 57 formulas. The obtained results of the thesis were published in 63 scien-
tific papers.

Keywords: diffractive optics, optical and digital holography, chalcogenide glasses (ChG),
nanomultilayers, azopolymers (AP), scalar and vector holographic recording, digital holographic
interferometry and microscopy, optical and digital image processing.

Aim of research is R&D of diffractive optics elements which are combination of optical ele-
ments, devices and technologies, and their operation algorithms.

The objectives of thesis include the development of optical elements based on nanomultilay-
ers (NML) structures from ChG and AP as recording media; the development of digital and opti-
cal holographic technologies for creation diffractive optics elements (DOE) on NML media from
ChG and AP thin films; the investigation of applicability of these holographic methods as tools
for studying of materials optical properties in nanoscale; DOE application in the form of optical
components in optoelectronics and photonics, biomedicine and security.

Scientific novelty and originality of the obtained results: are determined experimentally that
in the ChG-Se NML and the AP thin films the complex variations of optical parameters (refrac-
tive index, absorption coefficient) take place responding to the action of both scalar and vector
components of the field of optical radiation; the direct surface relief gratings are formed under
optical and digital holographic recordings which are conditioned by vectoral (spatially anisot-
ropic) response of the medium; the surface relief gratings patterned on the ChG-Se NML are
governed by photoinduced structuration in nanolayers ChG and Se that leads to mass transfer in
the ChG-Se NML,; the surface relief gratings patterned on the AP thin films are governed by
photoinduced trans-cis-trans transformations in the AP that leads to mass transfer in this media;
it was elaborated and recorded the phase DOE on the ChG-Se NML and the AP thin films, and
their potentials and limitations for practical application were studied; the potential impact of the
work consists in the development of the advanced optical techniques for diffractive structures
recording and investigations at nanoscale.

Important scientific problem consists in elaborating of the theoretical and applied aspects of
the processes induced in amorphous materials by light and electron irradiation leading to pattern
in these sensitive media the diffractive structures and the application of them in optical and digi-
tal holography.

Applicative value of the work is that the systematic studies of ability ChG NML and AP to be
structured by laser writing methods, exposure with e-beam radiation, and digital hologram re-
cording open up perspectives for development and/or optimization of wide a variety of applica-
tions in optoelectronics and photonics (diffractive optics, medicine, counterfeiting elements,
holographic methods of non-distractive testing etc.).

Implementation of results: the results obtained have been applied in the successful implementa-
tion of 15 international (EC, FP7, Horizon-2020, bilateral) and national applicative projects.



ABBREVIATION LIST

DH Digital holography
CGH Computer-generated holography (hologram)
DOE Diffractive optical element
MEMS, MOEMS Micro-electro/opto-mechanical systems
ROE Refractive optical elements
3D Three-dimensional
CCD Charge coupled device
CMOS Complementary metal-oxide semiconductor
2D Two-dimensional
PH Polarization holography
PA Photoinduced anisotropy
ChG Chalcogenide glasses
PVK Poly(N-vinylcarbazole)
CCP Carbazole-containing polymers
SRG Surface relief grating
AP Azo-doped carbazole-containing polymers
NML Nanomultilayers
NDT Non-destructive testing
SLM Spatial light modulator
DHI Digital holographic interferometry
DHM Digital holographic microscopy
FSDP First Sharp Diffraction Peak
CRN Continuous random network
DE Diffraction efficiency
PST Photoinduced structural transformations
EBL Electron beam lithography
SPAR Sparse Phase and Amplitude Reconstruction
ESPI Electronic speckle pattern interferometry
DEP Dielectrophoretic
MTF Modulation Transfer Function
FOV Field of view
AFM Atom Force Microscope
QPI Quantitative Phase Imaging




INTRODUCTION

Motivation

With diffractive (wave) optics — commonly referred to as physical optics — we take into
account for important phenomena such as interference, diffraction, and polarization. The study of
these phenomena lays the foundation for an understanding of such devices and concepts as holo-
grams, interferometers, thin-film interference, gratings, polarizers, quarter-wave plates, and laser
beam propagation in the near and far field.

The invention of holography by D. Gabor, followed by the works of E. Leith and J. Upat-
nieks, made possible to perform nearly arbitrarily wavefront transformations with the aid of optical
microstructures fabricated by interference [1, 2]. The realization by A. Lohmann and co-workers in
the mid-1960’s that optical holograms can be simulated by digitally generated binary transparen-
cies was another significant step forward in the path towards widespread application of diffraction
in optics [3, 4]. This new approach was called digital holography (DH), or equivalently computer-
generated holography (CGH). The CGH is distinguished primarily from its optical counterpart by
the fact that the computer is able to design a hologram of a virtual object, and the operation of the
diffractive optical element (DOE) can be optimized mathematically rather than experimentally.
Since the operation of CGH is based on the diffraction of light, this field is also called diffractive
optics. Its essence is the control of optical fields by microstructured media [5].

The use of refractive optical elements (ROE), such as lenses and prisms, dominates the his-
tory of optics, while the use of DOE, mainly gratings, has a relatively short history (about two
centuries) and is only for specific applications (mostly in spectroscopy). However, as claimed by
George R. Harrison, “No single tool has contributed more to the progress of modern physics than
the diffraction grating”, the diffraction grating has been the best-established DOE and may be
regarded as the equivalent of the prism in function of spectral dispersion, but is far superior to
prism in many important regions of the spectrum. In recent decades, great advances in fabrica-
tion technologies, especially optical microlithography [6], and computer modeling techniques
have led to an explosion of applications of diffraction in optics, which makes diffraction optics
one of the most rapidly advancing areas of current research in optics.

Not only the diffraction gratings are now found to be useful in many non-spectroscopic
fields such as ultrafast optics [7], optical photolithography [8], optical communications [9], but
also new kinds of DOE like finite aperture and aperiodic DOE [10] are emerging and finding
their places in various industrial applications [11]. It is for these reasons that so much effort has
been devoted to the analysis, design and fabrication of gratings and other nonconventional DOE.
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In DOE the thickness can be significantly reduced and the fabrication task for DOE can be
further eased by the phase quantization of continuous phase profile. By quantization, the con-
tinuous phase profile can be replaced by a set of features of small lateral extension which is peri-
odically replicated. Such a multi-phase level DOE profile can be fabricated by a series of same
thin films or microlithography processes. Because of their ease of replication, DOE can offer
significant technological and economic advantages over ROE.

Diffractive and refractive micro-optics have revolutionized the photonics industry due to
their wide range of applications and their high-volume wafer-scale production potential. However,
the present range of applications is severely limited by our ability to fabricate complex profiles on
an optical substrate with high precision. A number of different techniques exist for the fabrication
of DOE. The most spread of them which was first to apply for DOE recording is holography.

In classical holography, the wave field emitted from a real object is recorded on light-
sensitive films in the form of a diffractive pattern generated by optical interference with a refer-
ence wave. The wave field of the object is optically reconstructed by diffraction with the fringe
pattern. This is the three-dimensional (3D) spatial image produced by classical holography.
Therefore, we need a real object to create a 3D image in classical holography.

Recently, the field has been undergoing a paradigm shift with the advent of CGH, in which
the holographic interference pattern is digitally sampled by a charge coupled device (CCD) cam-
era and the image numerically reconstructed by applying results from diffraction theory. This
approach offers a number of significant advantages, including the ability to acquire images rap-
idly, the availability of both amplitude and the phase information, and the versatility of the proc-
essing techniques that can be applied to the complex field data acquired.

Two types of techniques are continuously being developed to advance holography. One
technique commonly referred to as DH captures the interference fringe pattern using digital im-
age sensors. Images are numerically reconstructed by digital processing of captured fields in DH.
However, these are not 3D images but two-dimensional (2D) digital images displayed on a
screen or printed on a piece of paper. Since the captured data contains the information of the
phase of light, this technique is mainly used for microscopes or some fields of metrology such as
flow measurements.

The other technique is referred to as the CGH. This technique numerically generates a
fringe pattern using a computer and reconstructs wave fields of light using diffraction with the
fringe pattern printed or displayed. Once the wave field is provided in the form of numerical
data, CGH can reconstruct the wave field. However, it is extremely difficult, even using modern

computers, to compute the high-definition wave field emitted from virtual 3D scenes.
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Besides of developing digital methods of DOE recording, optical holography is advanced
to optimization of recording process maintaining the advantages of optical holography — high
quality of 3D holographic images such as polarization holography (PH). PH has many unique
properties compared with conventional holography, such as high efficiency, achromaticity, and
special polarization properties. This process was discovered by Sh. D. Kakicheshvili [12]. How-
ever, because of its complex presentation, this monograph is not easily amenable for application
to practical work. PH has several unique properties [13]: 1. It is possible to achieve theoretically
100% diffraction efficiency even in thin films; 2. The diffracted beams have unique polarization
properties, depending on the polarization of the recording and read-out beams; 3. It is possible to
fabricate polarization-sensitive optical elements; and 4. Such polarization holograms are called
vector holograms as opposed to ordinary scalar holograms. The polarization modulation is
obligatory for vector holograms but the intensity modulation which is necessary for scalar holo-
gram recording can be absent. In other words, we obtain in the material the photoinduced anisot-
ropy (PA).

Vector DOE can perform a full transformation of light wavefronts including their polariza-
tion, by this way becoming a powerful tool for the investigation of materials. These were our
motivations to study PH based on holographic and e-beam recording in chalcogenide glasses and
azopolymers.

The problem of creation of DOE consists of development of optical media and recording
methods which can adequate reproduce sophisticated form of DOE. The common demands for opti-
cal media are a high sensitivity, resolution, diffraction-efficiency level, signal-to-noise ratio, and en-
suring temporal stability of DOE recorded. In case of polarization diffractive optics the requirement
of polarization dependent transmission of DOE becomes inevitable. The appropriate recording meth-
ods are required to give the possibilities of adequate recording of DOE different kind and form. For
this aim new digital recording methods are developing in addition to optical ones. But in any case,
the recording method and optical media have to match each other, i.e. media does to change its pa-
rameters in according to action of the recording method.

The most important characteristics determining practical application of the media are high
sensibility, high resolution and wide spectral and frequency range, stability in time, low cost,
among others. Within this framework, materials were chosen to meet certain criteria for the ap-
plication. These include:

1. transparency (low optical losses at working wavelengths corresponding to the characteristic
optical absorption bands of molecules),

2. absorption at working wavelengths of laser illumination,

12



3. suitability for direct-laser writing of surface structures,

4. photoinduced changes of media’s optical parameters such as refractive index (scalar and vec-
tor), absorption coefficient, structural network (for tight confinement of optical energy within
the resonator structure),

5. processibility into thin film form (for compatibility with micro-based fabrication techniques),

6. chemical compatibility (for adhesion to glass substrate, for development and resistance to the
chemical environment to be sensed),

7. easy mass production.

All of these criteria, except 3 and 4, are common for recording media. The third criterion
means absence of the step of selective etching in technological process. It is the advantage of such
media because used etchants are toxic, and during selective etching process it is necessary to con-
trol many parameters (temperature, concentration of etchant, surface quality, etc.). Thus the devel-
opment of one-step methods for the fabrication of surface relief’s is considered perspective for the
fabrication of planar optical elements. Exclusion of chemical development allows us recording
DOE with forms calculated by PC without distortions invoked by analog (chemical) treatment.

Chalcogenide glasses (ChG) are an important class of amorphous semiconductors used for
development of active and passive optical elements of photonics. ChG, consisting of S, Se, and
Te in the group VIb elements, meet the most of the abovementioned criteria. Applications of
ChG have mainly been based on their transparency to infrared light (passive) and sensitivity to
different kinds of irradiation (active). The latter produce pronounced structural changes in ChG
that are the more important case, regarding the challenges of understanding their microscopic
nature and applications as functional materials of photonics. Photonic applications are essentially
related to the changes of optical characteristics (optical transmission, reflection or refraction),
which can result in an amplitude/phase modulation together with the changes of dimensions and
structure of the given element (lens, diffractive element, waveguide).

The ChG present a variety of photo-induced phenomena. The reason why the ChG exhibit
many kinds of photo-induced phenomena can be ascribed to unique electronic and atomic struc-
tures. Electronically, the glass is a kind of semiconductors with the energy gap of 1-3 eV, and it
can be photo-excited by visible light. In addition, excited carriers are localized in disordered and
defective glass structures, and the carriers undergo strong electron-lattice interaction. Structur-
ally, the glass has moderate atomic connectivity, which is not as rigid as in oxide glasses and not
as flexible as in organic polymers. For instance, typical ChG such as As,S(Se)s are assumed to
have distorted covalent-layer structures with average atomic coordination numbers of 2.4-2.67,

and the glass-transition temperatures distribute at 200-400 °C. Therefore, the electron-lattice
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interaction can cause some structural changes, which are stable at room temperature and may be
recovered with annealing. Despite these general views, however, detailed mechanisms of each
photo-induced phenomenon have not been elucidated, the main reason being the glass structure,
which is difficult to determine explicitly.

ChG are known to exhibit both scalar photoinduced phenomena (photodarkening, photore-
fraction, photodoping) and vectorial (photoinduced anisotropy, photoinduced gyrotropy,
photoinduced light-scattering) that are connected with photoinduced structural transformations,
defects creation and atoms diffusion. From the general point of view, the basic effects of irradia-
tion on ChG are similar the well-known irradiation-induced transformations that occur at both
the initial level of the electron-hole excitation and further structural transformations, causing the
same physical and/or chemical changes including optical (darkening and optical anisotropy),
mechanical (softening), and geometrical effects (expansion or contraction). Due to amorphous
structure of ChG the studying of their structural transformations require to produce structures at
nanoscale which are compatible with nanoscale sizes of medium range structure of ChG.

Much research work has been focused on nanostructure formation suitable for micro/nano-
electronics and photonics applications. Glasses are promising materials there for two reasons
[14]. First, the control of nanostructures could give the information about a glassy structure.
Unlike crystalline materials, in which we can prepare atomically controlled surfaces the amor-
phous structure is disordered at the atomic level. The amorphous structure is neither periodic, as
that in a crystal, nor completely random, as that in an ideal gas. There are two types of order in
ChG:

1. short-range order with scales <0.5 nm (three parameters: the coordination number Z of at-

oms, the bond length r, and the bond angle 6);

2. medium-range order with scales of 0.5-3 nm (2D sheets preserving short-range order
which are connected by Van der Vaals forces).

Despite the medium-range order conception is recognized, many unresolved questions con-
cerning glass structure, and especially structure’s influence on macroscopic properties are still re-
maining.

Multilayer structures are simplest artificial nanostructures that can be rather easily fabri-
cated with controlled geometrical parameters and investigated as thin films. It is essential, since
the changes of the optical parameters (blue shift of the fundamental absorption edge, quantum
states, and luminescence) as well as of the conductivity, and melting temperature (stability), are
characteristics for and usually examined in nanostructures. A few approaches are known for ex-

tending investigations of ChG layers towards the nanostructures, especially in the nanolayered,
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superlattice-like multilayer structures [15-17], but the problem of photostructural transformation
dependence on the artificial nano-structuring is still not solved. In addition, all of these applica-
tions of ChG are required chemical developments to form a surface relief, i.e. cannot be fabri-
cated by one-step direct laser writing.

Thus in an effort to further enhance ultimate optical performance, this thesis work aimed to
develop the nanostructures from ChG, combining the advantages of different ChG species and
nanostructural properties of total nanostructure. In addition, the nanostructuring of ChG allows
us exploiting not only optical, but polarization properties of nanostructures created by artificial
structuring. It is much important for holographic application of ChG as it advances the field of
optical holography in PH. Generally, in glasses, the smallest structural unit which can be artifi-
cially manipulated may be attained not at the atomic scale, but at the nano-scale.

The other class of materials widely used for DOE recording is photosensitive polymers.
The molecular structure is the key to an understanding of the science and technology of polymers
included photopolymers. The basic structure of a polymer consists of a backbone and pendant (or
side) groups. Atoms that are covalently linked and stretch from one end of a polymer to the other
make up the polymer backbone (which is often not only carbon, but can also contain other atoms
such as N, O, or Si). All other atoms are part of the side groups (H is the simplest, methyl (CH3)
or alcohol (OH) groups are among many possibilities, making for a wide variety of structures
that make up polymers).

The polymers are usually soft materials and, therefore, are likely to exhibit photoinduced
atom displacements and corresponding changes in properties relatively easily. The underlying
process is very similar to what happens in ChG: the light creates a photoinduced excited state in
which the charge is redistributed. As a result, there is new polarization in the structure, which
then induces specific atomic or molecular displacements. It may start with photo-electronic bond
cessation and successive polymerization.

Among the photopolymers the poly(N-vinylcarbazole) (PVK) has been the subject of in-
tensive investigation in the last 50 years since the discovery of its photoconductivity by
Hoegl [18]. In 1957, he established that PVK sensitised with suitable electron acceptors (i.e.
2,4, 7-trinitrofluorenone, TNF) showed high enough levels of photoconductivity to be useful in
practical applications like electrophotography. Carbazole-containing polymers (CCP) have at-
tracted wide interest due to their potential applications in areas such as optical data storage and
information processing [19-21]. In the past decade, special attention was paid to the problem of
holographic recording, mainly with the aim of protecting the documents from falsification or
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counterfeiting, and reliefographic methods appeared to be a convenient answer to the problem.
These requirements induce father developments of carbazole polymers.

Doped photosensitive polymers are an up-to-date way to meet these requirements since
they can be tailored by chemical engineering to optimally match the practical needs. In the case
of polymers functionalized with the azobenzene derivatives the cyclic photoisomerization of
azobenzene-based groups can also lead to large-scale mass transport of the polymer chains which
is observed as a surface relief grating (SRG) structure.

Photoinduced phenomena in azobenzene-doped polymers have attracted wide interest re-
cently. The dyes show reversible isomerization between cis- and trans-conformation upon illu-
mination from ultraviolet (A=365 nm) to visible (A=570 nm) light. When the dye is illuminated
by polarized light, the transformation can produce anisotropic structures, which accompany not
only optical changes as birefringence but also prominent changes in macroscopic shapes if the
transformation occurs cooperatively.

There still exist a lot of similarities in photo-structural behaviours in the chalcogenide and
the azodye-polymer system. For instance, in both systems, induced changes disappear at the
glass transition temperatures. Photoinduced birefringence appears in ChG and in dye-polymers
upon illumination of polarized and unpolarised light. Marked volume changes, anisotropic de-
formations, fluidity, and mechanical motions can be induced commonly.

Meanwhile a notable difference between the photoinduced changes in ChG and the azo-
polymer is the following: in the azodye-polymer system, it is conceivable that light excites the
azodye, and its isomerization process causes successive structural changes in surrounding mole-
cules. Accordingly, a problem in a photoinduced process is focused upon the successive struc-
tural change. On the other hand, in the ChG, the excited species cannot be identified, which may
be some defective sites or disordered structures. It is plausible that the excited species change
with the photon energy of excitation, light intensity, temperature, and so forth. As a result, fol-
lowing structural changes in ChG become largely speculative.

Having seen these many similarities, it is tempting to propose some universality in the pho-
tostructural mechanisms. Since the roles of dyes and back-bones in organic systems have been
understood, the corresponding elements in the homogeneous glass should be sought, which are
probably localized gap states and normal-bonding networks. The localized state can be directly
photo-excited or it may trap excited carries, which will trigger successive structural changes in
the disordered network. A big problem for such homogeneous systems, however, is that many
kinds of defective structures can be envisaged as the gap state.
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To get further insight into the photoinduced mechanisms, we take a comprehensive ap-
proach. Specifically, a comparison of photoinduced phenomena in ChG nanostructures with
those in azo-doped CCP (AP) is valuable, since their photo-structural mechanisms have been
understood more deeply.

The other aspects, which unite ChG and AP, are sensitivity for both laser and e-beam ac-
tions and the ability of direct surface deform under these irradiations. In this work we investigate
and compare the possibilities of direct one-step surface relief formation by laser/e-irradiation on
ChG nanomultilayers (NML) and AP films with the purpose of estimation of their efficiency and
resolution limits.

Note that the mass transfer effect is connected with not only wavelength and dose of irra-
diation, but polarization state of light electrical field. Both intensity and polarization holography
have been employed to direct generate surface relief in ChG NML and AP films which signifi-
cantly improve and spread the features of analogue and digital holography.

There are many positive aspects to processing information using the (sometimes unwieldy
and inaccurate) physical signals instead of the more accurate digital representations. These in-
clude the ability: 1) to deal with the image information in parallel, which gives dramatic im-
provement in the total processing speed; 2) to modify concurrently and full field an image
(spatial modulation); 3) the capability to substitute space computational complexity for time
computational complexity when performing certain transformations (correlation and integral
Fourier transformation with coherent light); 4) the potential significant energy savings (in both
creating the signal and effecting the computation); 5) the ease with which analog signals can be
digitized or resampled at an arbitrary frequency for subsequent digital handling.

The problems existing in these two holographic technologies — the lack of quantitative
description of optical holography and the computational complexity of the digital holography —
may be resolved by applications and knowledge at the intersection of both. This work covers the
investigation of the optical and digital holographic techniques considering contributions from
both areas to solve application bottlenecks, and give rise to new applications and solutions.

The emerging computer technology of the last decades — increasing processing speed and
memory capacity, new higher level softs, spatial light modulators (SLM), digital cameras instead of
holographic films — have opened new possibilities for digital holographic applications. Such areas
of DH like digital holographic interferometry (DHI) and digital holographic microscopy (DHM)

provide optimal instruments for study of different objects from life and lifeless nature in nanoscale.
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Optimal design of optical system is always hybrid with appropriately selected functions be-
tween analogue, and digital components of the system. The physical process determining these
functions is diffraction of light. In this work, we addressed the following aspects of this problem:
» Development of the optical and digital holography methods for elaboration of high efficiency DOE;
» Development of media for DOE recording based on nanomultilayers structures from ChG and AP;
» Elaboration of digital holography methods for measuring developed DOE and testing their

availability for different field of application.
The aim of the work
The main aim of the work is R&D of diffractive optics elements technologies which are
combination of optical elements, devices, and their operation algorithms and practical applications:

1. The development and design of recording media based on nanomultilayers (NML) struc-
tures from chalcogenide glasses (ChG) and azo-doped carbazole-containing polymers
(AP) for diffractive optics elements recording;

2. The elaboration of digital and optical holographic technologies for creation DOE on pho-
tosensitive NML media from ChG and AP thin films;

3. The simulation and one-step direct recording of DOE based on NML structures from ChG
and AP as recording media;

4. The investigation of applicability of the elaborated holographic methods as tools for
studying of optical properties of ChG and AP materials in nanoscale;

5. DOE application in the form of optical components in optoelectronic devices, biomedicine
and protective technologies.

DOE design will be elaborated on the base of systematic studies of ability ChG NML and
AP to be structured by scalar and vector laser writing methods, exposure with e-beam radiation,
and digital hologram recording. Potentials and limitations of developed media and applied meth-
ods of their micro- and nanostructuring will be studied. Practical examples of optimized technol-
ogy for fabrication of functional microoptical elements will be given. From the basic research
point of view, this work will contribute to better understanding of phenomena within ChG NML
and AP induced by their interaction with different energy/intensity laser/e-beam excitation. The
other item considering in the work is the design of advanced diffractive optical systems based on
hybrid optical and digital image processing.

To reach the aim the following main tasks have been determined:

» To develop the technological processes for thermal vacuum deposition of nanomultilayers
from ChG glasses and spin-coating thin films preparation of new synthesized AP.
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To study optical parameters, molecular vibrations and structures of the ChG-Se NML and the
AP thin films by optical and Raman spectroscopy methods.

To determine the structures of constituents nanolayers ChG, Se, NML ChG-Se and the AP
thin films, and to analyse their possibilities to one-step direct record of DOE.

To study the photoinduced changes of optical parameters of the ChG-Se NML and the AP
thin films and the appropriate photoinduced structural changes. To determine their suitability
for both DOE recording methods such as optical and digital holography.

To develop the one-step intensity and polarization holographic recording applicable to pat-
terning process of DOE in the ChG-Se NML and the AP thin films.

To develop the digital holographic methods for non-destructive investigation of sub-
micrometres DOE surfaces in nanoscaled accuracy.

To study the DOE properties recorded on the ChG-Se NML and the AP thin films by the
digital holographic interferometry (DHI), digital holographic microscopy (DHM) and atom
force microscopy (AFM).

To study the practical applications of research findings of the diffractive optics in optical and

digital holography.
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1. STATE-OF-THE-ART

The necessity to save weight and size, and to improve the speed in the function of the de-
vices, stimulated an intense research activity with the purpose to reach the nanometer size field.
In the same time the worldwide interest was moved from electronic to more complex optoelec-

tronic applications.

1.1. Materials

Any material used to record a diffraction structures must respond to exposure to light (or
other exitations, e. g. electron beam) with a change in its optical properties. The absorption con-
stant changes as a result of exposure, while in phase modulating materials thickness or refractive
index changes due to the exposure. In the phase modulating materials, there is no absorption of
light and the entire incident light is available for image formation, while the incident light is sig-
nificantly absorbed in an amplitude modulating material. A practical recording media can be
considered as a combination of these two.

In this part we give a brief review of results obtained for fundamental studies of non-
crystalline chalcogenides and photopolymers, paying a special emphasis on revealed congenial-
ity and, separately, on indicated differences in the changes of properties of photo-responsive me-
dia under the actinic light illumination. The detailed information necessary for an independent,
more profound and comprehensive comparative analysis of the behavior of photosensitive amor-
phous chalcogenides can be found in the series of review articles [23-26]. It is expedient to as-
sume that structurally conditioned inherent prerequisites exist, which preset the mutual likeness
of the photo-responsive behavior of disordered media of amorphous ChG and other disorder
functional materials like polymers.

a. Properties of chalcogenide glasses and nanostructures based on chalcogenide glasses

The great advantages of the disordered materials are: simple preparation procedures, low
sensitivity to impurities, low cost, and, the last but not the least, the possibility to produce large
area films of various thickness in classical systems for deposition: systems for evaporation in
vacuum, magnetron systems, flash, spin-coating systems, sol-gel systems etc.

Further on we deliberately restricted the circle of consideration by well-known “classic” ob-
jects of study, as amorphous films of Se and As-S(Se) systems and the same systems with different
additions Ge, Mn, Ag, Cr.

Discovered more than 40 years ago by the scientists Prof. B. T. Kolomiets and Prof. N. A.

Goriunova, this class of materials became the subject of scientific research in many laboratories
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throughout the world. ChG are analogs of common oxide glasses in which oxygen is replaced by
one or more chalcogen atoms (S, Se, Te). Generally, chalcogens are alloyed with more electro-
positive network-forming elements, such as As and Ge, with Sb, Bi, P, Sn etc. as less common
alloying elements. Together they form a covalent glass network, as opposed to the ionic bonding
that dominates common oxide glasses. The composition of the ChG can be selected to tailor op-
tical and physic-chemical properties such as transmittance (T), reflectance (R), optical bandgap
(Eqgopt), refractive index (n), chemical resistance etc. for a specific application. Furthermore, ChG
can be also doped with additional elements (for example metals like Ag, Cu, Zn or rare earth
elements like Nd, Yb, etc.) to provide new properties and multi-functionalities [27].

In contrast to the liquid, which is thermodynamically equilibrated, the non-crystalline solid
is in quasi-equilibrium, or is meta-stable. Strictly speaking, an amorphous material does not take
a thermodynamically defined phase, but it takes just a spontaneous state, which necessarily
changes with time. We know that a-Se films crystallize from surfaces within a few weeks when
stored in humid atmospheres. In addition, a glass property depends upon preparation methods.
As shown in Fig. 1.1 [28], as-evaporated and annealed As,S; films give markedly different x-ray

diffraction patterns.
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Fig. 1.1. X-ray diffraction patterns of As,S;  Fig. 1.2. Comparison of the densities for glassy
films in an as-evaporated state (°) and after and crystalline As,(Se-Te); alloys [28].
annealing () at 180 °C [28].

Nevertheless, meta-stability has provided an unresolved problem on the uniqueness of
glassy states. For crystals, the structure can be determined in principle through analyses of Bragg
peaks in x-ray diffraction patterns. However, as exemplified in Fig. 1.1, the non-crystalline solid

does not provide sharp Bragg peaks but gives only broad halos.
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A rough idea can be grasped from the macroscopic density (Fig. 1.2). It is known for sim-
ple glasses that the glass is less dense than the corresponding crystal by 10-20%, which varies
with preparation procedures and storage after preparation. This observation suggests that atomic
packing in the glass and the crystal is not very different. More generally, the densities of a glass,
the corresponding crystal, and the melt can be regarded roughly as the same in comparison with
that in the gas, which has nearly completely random and time-varying atomic (molecular) struc-
tures with an average separation of ~5 nm at 1 atm.

To analyze the amorphous structure in atomic scales, we can classify it, as shown in Fig.

1.3: structure models of one- or two-dimensional distorted layers [29].
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Fig. 1.3. Structure models of (a) As,S3 (two-dimensional distorted layers),

(b) Se (one-dimensional entangled chains) [29].

In Fig. 1.3a, As and S are shown by solid and open circles with three and twofold coordi-
nation. Note that (a) contains wrong bonds (As—As and S—S), and (b) contains a few ring mole-
cules of Se. The bond lengths are 0.23 nm in As;S;, and 0.24 nm in Se so that side lengths of
these illustrations are 2-3 nm.

We also note that the point-like defect is spatially isolated from each other in normal bond-
ing matrices. On the other hand, the defects tend to produce mid-gap states.

The short-range structure is determined by three parameters: the coordination number Z of
atoms, the bond length r, and the bond angle 6. The short-range structure can be inferred from
radial distribution function p(r), which can be calculated from x-ray (e-beam and neutron) dif-
fraction patterns, an example being shown in Fig. 1.4. Let us assume an elementary system such

as a-Se; the diffracted intensity | at an x-ray wavenumber Q can be written as:
1(Q) ~ f(Q)* [ 47r’[p(r) — po](SiNQr)/(Qr)  with Q =4zsin 65/ 2, (1.1)
where f is the atomic scattering factor, po an average atomic density, 26, the scattering angle, and

A the x-ray wavelength. Accordingly, from measured 1(Q), we can calculate p(r), which provides
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Z, r, and 6, respectively, from the first-peak intensity, the first-peak position ri, and the second-

peak position r, with ry value.
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Fig. 1.4. Diffracted x-ray intensity 1(Q) and calculated radial distribution function p(r) of Se [29].

However, for multi-component glasses, direct applications of the above procedures are dif-
ficult. We cannot determine the structure from only one diffraction pattern, since f changes with
atom species.

Extended x-ray absorption fine structures (EXAFS) may give more direct information for
the structure in multi-component systems. In EXAFS experiments, X-ray transmittance (or ab-
sorbance) of a sample of interest is measured as a function of x-ray energy E = 2nch/A. The oscil-
lating EXAFS yi(k) can be regarded as an x-ray transmission spectrum which is modulated by
the interference of x-ray excited electron waves with a wavenumber of k = 27t/Ae, where A is the
electron wavelength (~0.2 nm).

Historically, the first implication of a medium-range order in glasses is believed to have been
presented by Vaipolin and Porai-Koshits (1963) for glass As,S (Se, Te)s. Successive studies have
demonstrated the existence of some medium-range structural orders with scales of 0.5-3 nm, at least,
in simple glasses compositions.

De Neufville [30] was one of the first researchers who pointed towards the possible relation
of the First Sharp Diffraction Peak (FSDP) in x-ray and neutron diffraction patterns with the pres-
ence of cage-like As;S4 molecular units in the structure of a-As,Ss. Since then, intensive work has
been carried out on chalcogenide glasses, as didactically and comprehensively reviewed by K. Ta-
naka and K. Shimakawa in [29]. As a result of such intense research, the early continuous random
network (CRN) paradigm is moving towards a more complete description of the glass conforma-
tion. Many electronic processes in crystals are controlled by the redistribution of charge carriers

over separate discrete local levels. The chalcogenide semiconductors show a quasi-continuous
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distribution of localized states, which generates peculiarities of electronic processes, in particu-
lar, in transport, in optical and photoelectric processes.

One of the main properties of ChG is their sensibility to the action of light and other elec-
tromagnetic radiations. What is the relationship between the three kinds (short range, medium
range, and defect) of structural elements and structure-related (non-electronic) properties? We
can neglect the defects, since its density is smaller than ~1 at. % and most of the structural prop-
erties, except those at low temperatures, are determined by normal bonding structures. It is natu-
ral to assume that the short-range structure governs structural properties, which are possibly
modified by medium-range structures.

Early approaches to amorphous conformation were made on the basis of their crystalline
counterparts. Short-range was preserved in the amorphous structure because of chemical bonding
and valence rules; long-range order was absent in the amorphous structure, as expected for non-
crystalline materials; and, medium-range order was needed in order to explain experimental evi-
dence of the FSDP occurring in ChG and other amorphous materials [28, 31].

The isotropy of the structure and properties is considered to be one of the characteristic
features of the amorphous materials. However, at present for the one very important and unusual
class of materials, namely chalcogenides, the techniques for producing the optical anisotropy
(birefringence) have been suggested. H. Fritzsche [32] has noted that initial prerequisites for ani-
sotropic properties to be realized in amorphous chalcogenides lie in the fact that “on the molecu-
lar scale the structure of chalcogenide glasses is strongly anisotropic”. The original macroscopic
isotropy originates from the random orientation of the microscopic anisotropic structural units.

Photoinduced optical anisotropy is the emergence of dichroism and/or birefringence in an
initially optically isotropic chalcogenide film under the action of linearly polarized light. This
effect is explained by the orientation of interatomic bonds or specific defects of the glass, leading
to the appearance of some optical axis with a direction determined by the polarization vector of
the exciting light. Both effects, photodarkening and photoinduced anisotropy in ChG films, are
widely studied and applied in electro-optics.

Following the crystalline model proposed by Zhdanov et al. [33], Shimakawa et al. and Ta-
naka [30], and the phenomenological idea for photoinduced orientation by Fritzsche, the authors
[34] assumed that As,S(Se); glass illuminated with vertically (horizontally) -polarized light con-
tains horizontal (vertical) layer structures. For Se, one may replace ‘layer’ with ‘chain’. This notion
stems from the following two reasons: in As,S(Se)s and Se crystals, it is demonstrated that n° >
n®, where n“and n.° are the refractive indices with electric fields parallel and perpendicular to the

layer plane or the chain axis. In addition, Fritzsche’s model predicts that refractive index of illumi-
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nated glasses along the electric field becomes smaller since structural elements having higher re-
fractive indices are preferentially excited by electric fields and the elements may be thermally re-
laxed to other orientations. Accordingly, if the layer clusters are responsible for the photoinduced
anisotropy, and if the layer clusters in the glasses behave similarly to those in the crystals in refrac-
tive index, the layer planes tend to lie perpendicularly to the electric field.

Close relationship between the maximum photoinduced birefringence 4n and the natural
birefringence in the corresponding crystal is shown in Fig. 1.5. That is, for Se, As,S3;, and
As,Ses, respectively, 4n = -0.007, -0.002, and -0.0008, and on the other hand, the crystalline bi-
refringences are -0.8, -0.5, and -0.37, respectively. The An is approximately proportional to the
crystalline birefringence, and the former is ~1/100 of the latter. This close correlation is consis-
tent with the crystalline model. Alternatively, it appears to be difficult to explain using atomic-
scale models. Finally, the photoinduced oriented crystallization induced in Se is also in favor of
the crystalline model. If linearly-polarized illumination can induce crystalline orientation in
amorphous phases, the structure may work as nuclei for oriented crystals. If appropriate thermal
energy is concomitantly provided, the nuclei will grow as oriented crystals. In contrast, if
atomic-scale structural changes are assumed for the conventional anisotropy, what can be a mo-

tive force for the oriented-crystal formation?

0.08

n 0.06
o | _
; T
— - 0.04 =<
5t |
| AS:5,
2 0.02

As.Se,

Ot — 20300 400°
temperature(K)
Fig. 1.5. Temperature dependence of photoinduced birefringence 4n for Se (©), As;Ss3 (e), and
As,Ses (X). Solid lines show the conventional photoinduced birefringence, and a dotted line for
Se shows photoinduced crystalline birefringence, for which the right-hand side scale applies.

Measuring error in 4n is ~10™, and lines are eye-guides [34].

However most of the investigations have been carried out with films thicker than 0.5—
| um. Study of photodarkening in the nanodimensional glassy chalcogenide films revealed con-
tradictory results. Hayashi and Mitsuishi [35] observed the photodarkening disappearance at
room temperature when the thickness of the glassy As,Ses film was less than 50 nm. At the same
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time, Eguchi et al. observed the photoinduced changes in the transparency of the nanodimen-
sional (65-200 nm) As,S3 films at ~80 K [36]. At last, Indutnyi and Shepeljavi have shown that
even very thin (0.7-2.5 nm) As,S; films, which were embedded in transparent SiO layers, had
essential photodarkening at 80 K [37].

The multi-layer system has been the most extensively studied nano-structure from a fun-
damental and technological point of view. Notable studies have been reported for ChG.

Typically, for the thin films preparation, different deposition techniques are useful and of
importance: vacuum thermal evaporation, sputtering, chemical vapour deposition, spin coating
and pulsed laser deposition. Authors [38, 39] have reported that good quality nanostructures can
be prepared by thermal evaporation and pulsed laser deposition. The aim of the work of [40] is to
extend their previous results to surface patterning of amorphous chalcogenide-based nanomulti-
layers, formed typically by ~100 bilayers of materials differing in chemical composition, by la-
ser-irradiation and electron-beam. For a comparison, authors have chosen structures of the same
chemical composition (AsS/Se) prepared by different techniques and structures of different com-
position (AsS/Se vs. GeS/GeSe) fabricated by only pulsed laser deposition. Nanomultilayers
based on AsS/Se were chosen due to their well-described properties. On the other hand,
GeS/GeSe nanomultilayers were selected because of their non-toxicity and higher glass-
transition temperatures that are of importance from the applications point of view.

In order to connect large thickness changes of nanomultilayers with changes of optical prop-
erties (refractive index and transmittance), light illumination experiments were performed without
copper grating. Transmittance spectra were measured in-situ during light illumination. Examples
of such spectra before and after light illumination are given in Fig. 1.6. lllumination times to satu-
ration for GeS/GeSe and AsS/Se samples were 3600 and 400 s, respectively. In Fig. 1.6, the shift
of the position of the short-wavelength absorption edge to shorter wavelengths is clearly observed
as well as some changes in amplitudes of interference fringes which originate from the changes in
refractive index n values (~4% decrease in case of GeS/GeSe, ~8% increase in case of AsS/Se
nanomultilayers) due to intermixing of the layers induced by light illumination.

Optical band gap values have the same values (in range of experimental error) for AsS/Se
nanomultilayers, but for GeS/GeSe we observed 0.14 eV increase due to light illumination. The
squares with dimensions of 5 um x5 um (wall width at half height ~350-400 nm) were patterned
using e-beam with different absorbed doses (0.15-2.7 Ccm™) in order to compare the thickness

changes induced by e-beam and light illumination.
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Fig. 1.6. Transmittance spectra of pulsed laser deposition nanomultilayers before and after
light illumination: 1 - AsS/Se before light illumination, 2 - AsS/Se after light illumination; 3 -
GeS/GeSe before light illumination, 4 - GeS/GeSe after light illumination. Laser wavelength

used for light illumination is indicated in the figure. Note that the shape of the spectra for

AsS/Se nanomultilayers is the same when used red laser line as well [40].

It was found that the thickness changes of the nanomultilayers took place and are of the order
of 5%, thus lower when compared to light illumination induced patterns, but still large. Again, rele-
vant differences can be only seen in the surface roughness (pulsed laser deposition vs. thermal evapo-
ration structures). Thus the authors concluded that the e-beam patterning probably lead to similar

changes, independent of chemical composition and/or nanomultilayers fabrication technique.
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Fig. 1.7. Thickness change vs. absorbed dose for samples prepared by pulsed laser deposition
technique (GeS/GeSe and AsS/Se, respectively) [40].

The magnitude of thickness change during e-beam patterning vs. absorbed dose depend-
ence for pulsed laser deposition nanomultilayers is depicted in Fig. 1.7. The different behavior is

evidenced for AsS/Se and GeS/GeSe structures, respectively. However, in saturated state, the
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relative thickness changes seem to be independent of chemical composition. The absorbed dose
required for the saturation of thickness changes (2.5 Ccm™) seems to be independent of chemical
nature of nanomultilayers as well as of sample preparation method.

One should expect that similar behavior (thickness changes corresponding to light illumi-
nation and e-beam patterning) is accompanied by similar changes in optical properties. But, in
[41] the authors wrote that it is no direct indication of refractive index and transmission spectra
changes induced by e-beam patterning because of impossibility of patterning area sufficiently
large for optical measurements.

With a decrease in layer thickness, a blue shift of optical absorption edges (or optical gap Eg)
tends to appear, which is often interpreted as a quantum-well effect. However, the effect can ap-
pear only when the mean free path of electrons and/or holes is longer than the layer thickness.
Nevertheless, the mean free path of electrons, and accordingly, the quantum-well interpretation
may be misleading. The blue shift possibly appears as a result of vague layer boundaries, which are
likely to govern macroscopic properties in thinner layer structures, since material diffusion be-
comes more evident in such systems.

b. Azo-dyed polymers films

The other class of materials widely used for diffraction optics is photosensitive polymers.
The polymers are usually soft materials and, therefore, are likely to exhibit photoinduced atom
displacements and corresponding changes in properties relatively easily.

The general composition of a photopolymer contains a monomer, electron donor, photo-
sensitizing dye and, optionally, a polymer binder. Upon illumination of the photopolymer with a
non-uniform light field of appropriate wavelength the sensitizing dye absorbs a photon and reacts
with an electron donor to produce free radicals. This initiates polymerization where the light was
absorbed. The photopolymerization process accompanies a change of absorption and refractive
indices, which can be utilized for holographic recording.

Photoinduced reversible SRG have been well documented as a unique and fascinating
property of azobenzene-containing polymers. This is a well known candidate for both polariza-
tion holography and optical one. Upon exposure to an interference pattern, large surface modula-
tions can be produced on azo polymer films. The photofabricated surface structures are stable
below the glass transition temperatures (Tgs) of the polymers and can be removed by optical era-
sure or by heating the samples to a temperature above their Tgs.

The dyes show reversible isomerization between cis- and trans-conformation upon illumi-
nation from ultraviolet (A=365 nm) to visible (A=570 nm) light. When the dye is illuminated by

polarized light, the transformation can produce anisotropic structures, which accompany not only
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optical changes as birefringence but also prominent changes in macroscopic shapes if the trans-
formation occurs cooperatively. In addition, organic films can be obtained with simple coating,
which may be the cheapest way for thin film preparations.

In the report [42] holographic recording of polarisation and surface relief gratings in Dis-
perse Red 1 (DR1) doped polyurethane polymer films was studied. In this material DR1 is
chemically bounded to polyurethane polymer main chain. Polarization holographic recording
was performed by two orthogonal circularly polarized 532 nm laser beams. Photoinduced bire-
fringence is a precondition for polarization holograms recording, therefore a detailed study of a
photoinduced birefringence and changes of optical properties was performed. In authors’s view,
the structure of the synthesized polymer is follows: the DR 1 content (by weight %) is 26.6%;
calculated polymerisation ratio is within 5-7; average molecular weight is 7000-10000. For photoin-
duced birefringence investigation plotted set-up is shown in Fig. 1.8. Verdi-6 laser with 532 nm, semi-
conductor lasers with 448 nm, 375 nm and He-Ne laser with 632.8 nm wavelengths were used as
pumping laser (Ls1).

Laser beam was vertically linearly polarized and its transmittance changes were registered
with the diode D3. As probe beam was used 634 nm diode laser with intensity 1=0.4 mJ/cm?. An
angle between probing and pumping laser beams was ~3°. A sample (S) was placed between polar-
izer (P) and analyzer (A) with a polarization state -45° and +45°, respectively.
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Fig. 1.8. Experimental set-up for photoinduced  Fig. 1.9. DR1 doped polyurethane sample trans-
birefringence measuring. Ls1 - pump laser; Ls2 - mittance spectrum [42].

probe laser; P - polarizer; S - sample; G - glass

plate; A - analyzer; D1-3 - photodiodes [42].

Behind the sample a glass plate was placed in order to control probe beam transmittance during

an experiment by measuring a glass plate reflected light intensity. A diode D1 measured a signal
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which characterized a photoinduced birefringence in the sample during irradiation with pumping laser.
All three diodes were connected to PC. Refraction index changes An were calculated by formula:
I(t)

A
An(t) = Esin"l( T), (1.2)

where I(t) is the probe intensity passing through the crossed polarizers, 1, — probe intensity
passing through the parallel polarizers before pump irradiation.

DR1 doped polyurethane polymer film’s transmittance spectrum is shown in Fig. 1.9. Ab-
sorption bands of trans and cis isomers are undistinguishable. They overlap in 450-550 nm band
where strong absorption has been observed.

Photoinduced birefringence phenomenon appears in material during linearly polarized light
irradiation. Under pumping light radiation azo-compounds experience a photoisomerization
process, which leads to dipole moment and polarizability changes. After an interaction with
pumping light electrical field azo-compounds align perpendicularly to electrical field direction,
thus taking the position with the lowest energy. A result of alignment is change of material opti-
cal properties. This reorientation induces anisotropy and the difference of refractive index paral-
lel and perpendicular to the irradiating laser polarization direction.

Although many research focused on the low-molecular-weight azo-doped polymers, the sta-
bility of the induced anisotropy was low. Low-molecular-weight AP materials are superior in terms
of mobility. However, it is often difficult to prepare holographic gratings with narrow fringe spac-
ing (i.e., high resolution) and high stability because of the high mobility of azo molecules with low
molecular weight. From the application point of view, azo-containing polymer materials might be
one of the best choices for holograms because of their simple processability and high stability.

1.2. Recording methods

The diffraction efficiency (DE) is an important parameter in characterizing optical and
digital holograms. Amplitude holograms in general possess lower DE than phase holograms.
However, amplitude holograms are interesting in several respects: (1) their easy fabrication, (2)
their quality of reconstruction independently of wavelength, (3) the direct correspondence of a
binary hologram to the distribution of a binary phase hologram of the same signal, (4) their util-

ity as a starting point in constructing highly efficient hybrid volume holograms.
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a. Optical holography

Holography, the most significant 3D imaging technique, was first discovered by Dennis
Gabor in 1948, which is before the invention of the laser. After the invention of the laser as a
coherent source, Gabor’s ideas became a practical reality.

The basic mechanism of holography also called coherent wave front recording and the Leith-
Upatnieks hologram, the first type of hologram successfully implemented with a laser setup.

Suppose that an object (desired) wave U(X, y) is expressed as

Ux,y) = A(x,y)el¢C7), (1.3)
Another reference wave R(X, y) is expressed as
R(x,y) = B(x,y)e/¥®), (1.4)

The two waves will be incident on a recording medium that is sensitive to intensity. The intensity
resulting from the sum of the two waves is given by

I1(x,y) = [A(x, »)I* + [B(x, y)|* + 24(x, y) B(x, ) cos( (x,y) — ¢ (x,)). (1.5)
There are many types of holograms. Transmission holograms transmit light such that the infor-
mation is viewed through the transmitted light. With reflection holograms, the information is
viewed as a result of reflection from the hologram.

The optical recording in ChG is based on photoinduced structural transformations (PST),
which lead to changes in optical parameters of the material. During structural transformations, as
a consequence of the photo-crystallization or reversible structural alterations, besides the optical
parameters (reflectivity, refractive index, absorption coefficient) the density, chemical stability
(with respect to the etching) can change. It is also known that the viscosity decreases in ChG
during sub band-gap illumination. This is an indication that the illumination can enhance the
atomic mobility since the Stokes-Einstein relation in simple liquids linearly relates the inverse of
viscosity of the media to the diffusivity of a tracer, but the atomistic mechanism responsible for
the observed high diffusivity is not completely established.

Enhanced intermixing, induced by a laser beam, has been observed in amorphous Se/As,S;
and similar multilayers [43]. The report describes the experimental observation of the overall
change of thickness due to the light-stimulated interdiffusion and presents a model of this proc-
ess. This offers a new mechanism of optical recording in light sensitive chalcogenides. The re-
cording efficiency depends on the thickness ratio of the component layers and on the modulation
period of the multilayer.

In order to explore the role of mass transfer in optical recording the authors have to select a

system in which chemical inhomogeneities are present. This can be achieved with a multilayered
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structure. It is also important that the components must be mutually soluble in each other in the
same structure. In this way the role of chemical reactions at the interface can be excluded. A num-
ber of As,Se1.x/AsyS1.y-type layered structures have been fabricated.

Layers with different ratios of the Se/As,S3 layers have been prepared, and the change of
the total thickness, d, optically after prolonged illumination leading to the total mixing of the
layers being measured. The time dependence of the relative thickness change is shown in Fig.
1.10 together with experimental data for a multilayer with period of D= 9 nm. The diffusion co-
efficient is 6.6x10% m?/s, was used in the subsequent calculations. This value corresponds to

0.11 W/em?illumination intensity applied in these experiments.
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Fig. 1.10. Time dependence of the film thick- Fig. 1.11. Time for halfway completion of
ness change. The dots are experimental data the thickness change vs. multilayer period
(D=9 nmand W =0.11 W/cm?), the continu- [44].
ous line is the result of the calculation [44].

The diffusion model was used to show the influence of multilayer period on the velocity of
the optical recording processes: the speed of the thickness change increases with decreasing period
(see Fig. 1.11) for multilayers with the same initial thickness. By convention, the recording speed
Is taken as the time needed for the thickness change to proceed halfway to completion.

As one can see in Fig. 1.11 for nanometer-size multilayer-periods several orders of magni-
tude increase of the efficiency in this type of optical recording processes may be achieved. It was
found that with the thermal evaporation technique if the layer thickness is below 5 nm, the sur-
face roughness increases considerably, which leads to a degradation of the optical recording ca-
pability. The maximum period D is limited by the maximum time, which can be used for the
recording.

The layer thickness change can be used to record relief holograms without etching in these

multilayers. Formation of surface relief can be described relaying on above model assuming that
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the interdiffusion coefficient linearly depends on light intensity I. Taking into account the light-
intensity distribution along the surface in y-direction in the recorded interference pattern with

period A we can simulate the relief formation on NML surface (Fig.1.12).
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Fig. 1.12 Simulated relief profiles for holo- Fig. 1.13. Surface relief profile on
gram recording for: (1) 100 s; (2) 1000 s and a-Se/As,S3; multilayer [44].

(3) 4000 s [44].

For relief holograms, the highest diffraction efficiency is reached at 185 nm relief depth in
reflection read out mode at He-Ne laser wavelengths. The holographic gratings reaching or even
exceeding this modulation depth (see for example Fig. 1.13) could be recorded. The depth of the
gratings is the product of the total thickness of the multilayer and the relative thickness change of
a layer pair, which can be as large as 5%. Of course, the developed method and materials are not
suitable for high-speed optical recording, but they are rather useful for direct one-step process of
surface relief formation.

This model was developed for low-laser light intensities, when the layers are not heated
during illumination and the diffusion coefficient depends linearly on light intensity. Further ex-
tension of this model takes into account the heating of the multilayer at high-intensity laser illu-
mination and the corresponding non-linearities of the recording process.

In 1995, two groups independently reported surface-relief gratings inscribed in azo-
containing polymer materials almost at the same time [45,46]. In films of poly[4’-(2-
acryloxy)ethylamino-4-nitroazobenzene] (pDR1A, Fig. 1.14a), SRG with a sinusoidal shape was
recorded with an interference pattern of two light beams at 514 nm. The obtained grating structures
were stable but could be erased by heating the polymer above its glass transition temperature. Mul-

tiple gratings can be simultaneously written and gratings can be overwritten. Using an epoxy-based
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amorphous polymer containing azo side groups (Fig. 1.14b), SRG with relatively large amplitude
was successfully inscribed with two laser beams at 488 nm. Furthermore, recording perpendicular
gratings on the same film was also achieved. Such SRG in amorphous polymer films showed uni-
form and controllable morphologies, like the depth of relief, the grating periodicity, and so son.
Moreover, more complicated topological surfaces were tailored by superimposing several surface-

relief gratings.

Meight (nen)

Epoxy-based materlals

Fig. 1.14. Surface-relief gratings recorded in azo-containing amorphous polymer materials [45].

Chemically crosslinking of azo-containing polymer films with SRG could fix the obtained
surface modulation, producing permanent shape change. The Raman-Nath hologram recorded in
a thin film exhibited a theoretically maximum diffraction efficiency of about 34%. This was far
lower than the Bragg-type hologram in a thick film with a maximum DE of 100%.

The polarization-selective multiple holographic data storage could be obtained using the
photoinduced anisotropy as well as rewritable holographic recording with about 100% diffraction
efficiency. These azo-dyed polymer materials prepared by a simple but balanced formulation

would provide a new guideline for the construction of high-performance holographic devices.
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b. Vector or polarization holography

In contrast to the conventional holographic process, in which intensity variations in an in-
terference pattern between an object beam and a reference beam are recorded, polarization holo-
graphy employs beams with two different polarizations for recording information. In this case,
the polarization state of the resultant beam is recorded on a suitable medium.

Although interference is a traditional topic in physical optics, most literature in this feld has
only dealt with the interference of linearly polarized light. Generally, we cannot choose a common
polarization for all the beams as we can for coplanar beams, where a polarization direction perpen-
dicular to the common plane of all wave vectors may be used.

An interesting question concerns the case of the object and reference beams having differ-
ent polarizations — in particular, orthogonal polarizations. Fresnel and Arago put forward a set
of laws of interference of polarized light. These are the following:

1. Two linearly polarized waves in the same plane from the same coherent source can inter-
fere; two waves that are orthogonally polarized cannot interfere.

2. Two waves that are derived from the same source and are orthogonally polarized can in-
terfere if their polarizations are brought into the same plane.

The interference laws of Fresnel and Arago apply to the case of collinear beams. For non-
collinear beams, the interference field is spatially modulated in the plane perpendicular to the
bisectrix of the two beams. In the general case both the amplitude and the polarization of the re-
sultant field are modulated.

A plane wave can be expressed as [47]

E = Eexpli(kr + ¢¢)]e, (1.7)
where E; k; ¢o and e are its real amplitude, wave vector, initial phase and the unit polarization
vector (real for linear light or complex for circular one), respectively. In the interference of two

beams with the same wavelength the intensity distribution is

I = Ef + E} + 2E1E;|e;e3| cos[(ky — ko)1 + @19 — 20 + 61, (1.8)
where
§ = arg{e;e3}. (1.9)

The contrast of interference pattern is defined as

_ 2E E;|e; ;]
TEE4EZ (1.10)

which is reduced to
v =lesel (L11)

in the case of E; = E,.
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For a circular light propagating along z direction, if we define 4z — wt as the phase of the
real wave function, and kz as that of the corresponding complex amplitude, the polarization vec-

tors for the left and right circular lights can be written as

1 : 1 ,
e, = NG (ex +iey) er = 72 (ex —iey) (1.12)
respectively. When a circular light propagates along an arbitrary direction (a, g, y) with cos «;
cos f3; cos y as its direction cosines in Cartesian coordinates, it is not dificult to find the expres-

sions of the polarization vectors of the left and right circular waves,

/ sina \
1
1] - (cosa cosf —icosy)

e = ﬁ sirlla l, (1.13)
- (cosacospf + icosy)/

sina

/ sina \
1

17— (cosacosB +icosy)

€er =_k |

sina
NG 1 | / (1.14)
prm (cosacosf —icosy)
Generally, we have
e, = epe.e, = egep = le,ep = ege; = 0. (1.15)

If one left circular light with direction cosines (cos a1; cos B1; cos y1) interferes with another left
circular light with (cos ay; cos B2; cos y2), EQ. (7) leads to

1
lesiero| = 5(1 + cos 6), (1.16)

where 6 is the angle between k; and k,. Similarly, we can obtain

1
leriere| =7 (1 + cos ) (1.17)

for the interference of two right circular waves, and

leseil =5 (1~ cos6) (1.18)
for the interference of a left circular light and a right circular light.

As a specific case, we investigate the parallel propagation of two circular beams. If the two
beams travels in the same direction (6 = 0), we have |e;, - e;, | =|er; - €gx]=1and|e;, - ex|=0;
if they propagate in opposite direction (6 =n), we have e, - €], | =|er1 - €r2|=0and|e, - ex|=1.
Consequently, we can conclude that only two circular beams with the same rotation can interfere in

the former case and only two circular beams with the opposite rotation can do in the latter.
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To compare the contrasts resulted from different combinations of two polarization states,
we list all the results of the contrast V derived for two equal intensity beams in Table 1.1, where
the combinations of s-s and s-p are also included for completeness, @ is the intersection angle of
the two wave vectors.

Table 1.1. Contrast of interference pattern formed by two equal intensity beams.

Polarization combination Contrast V'
55 1

PP |cos 0

s—p 0

L-L or R—R (1 +cos0)/2
L-R (1 —cos®)/2
s—L or s—R 1/V2

p—L or p-R cos 0/v/2

In Fig. 1.15 it is shown the variation of V in different cases within a range 0 < # <. The
unique feature of the circular light interference is that its contrast depends only the intersection
angle of the two beams (for the equal intensity case), whereas the contrast with two linear waves

is also relative to the choice of polarization direction of each beam.
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Fig. 1.15. Comparison of the contrasts resulted from different combinations of polarization
states of two beams [47].

The other important conclusion consists in differences of +1 diffraction orders. When we use
the reference beam with linear polarization the =1 diffraction orders are identicals. But if the polariza-
tion of reference beam is circular, the states of polarizations of the +1 diffraction orders are different.

Conventional recording materials are sensitive only to light intensity. Exposed to such an in-

terference pattern they would be uniformly darkened or bleached and there would be no diffraction
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from them at the reconstruction stage. In order to make use of the polarization modulation it is
necessary to use a recording material that has a different response when exposed to light with dif-
ferent polarizations and can record the information about the polarization. Such materials are called
photoanisotropic materials. When exposed to polarized light they become optically anisotropic and
their anisotropy is in accordance with the type and the direction of light polarization.

The main attention has been paid to the results of studying the properties of ChG with the
domination of effects of photo-stimulated linear reversible birefringence [48-51], and dichroism
[52-53], polarization-sensitive light-induced material transport [54-55]. We consider that usu-
ally interpreted as the scalar photoexpansion effect, it closely attaches to the above vectoral phe-
nomena in whose dynamical changes the reversible and non-reversible components were definitely
distinguished.

The main challenge in [56] is to obtain as pure as possible polarization gratings recorded
with two waves of orthogonal circular polarizations (R-L) configuration. It may be easily imag-
ined, that while there is no intensity modulation in the interference pattern of two recording beams
in (s-p) configuration, it is always present in (R-L) and (45°-135°) cases. The amplitude of this
modulation increases with the increase of the cross-section angle of recording beams. In this paper
[56] it is examined this problem and present the results of the experimental study of vector grating
inscription in a-As,S; thin films (5 and 9 um thick) in various key recording configurations using
two beams of orthogonal polarizations, i.e., (s-p), (45°-135°) and (R-L). The main particularity of
the approach is the complete photodarkening of these films to saturate all metastable scalar struc-
tural changes prior to inscription of the vector gratings.

The absorption coefficient of the films is a~10% cm™ at 514.5 nm. The polarization gratings
were recorded using a standard holographic setup. The Ar'- ion laser (operating at 514.5 nm)
beam was expanded (diameter ~ 1 cm) before the beam splitter to ensure a homogeneous grat-
ings trength over the examined region. The angle between the recording beams was set to ~1°,
resulting in a grating period of ~30 um. A He-Ne laser beam (operating at 632.8 nm) was used as
a probe to characterize the inscribed gratings.

It is well known that the intensities of the +1 diffracted orders from a grating recorded in (R-
L) configuration must always have mutual orthogonal circular polarizations (regardless of the read-
ing beam polarization) if the grating is purely vectoral. There may be only an exchange of energy
between the £1 orders, corresponding to the variation of the polarization state of the probe beam,
their total intensity being conserved. In the case of a pure polarization grating, one of the diffrac-
tion efficiencies becomes zero (corresponding to the right or left circular polarization of the inci-

dent probe) while the other one is at its maximum (see the theoretical curve in the inset of Fig.
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1.16). Accordingly, the analysis of the polarization states of the diffracted orders of a (R-L) re-
corded hologram reveals its degree of purity. The first indication of this phenomenon in the ex-

periment was the noncircularity of the polarizations of =1 diffracted orders.
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Fig. 1.16. DE of +1 and -1 diffracted orders as a function of the angle of rotation of the quarter wave plate
(to change the ellipticity of the incident probe beam polarization). Film thickness 29 pm, Tz ~ 42 mWi/cm?
exposure time 20 min. The solid lines are theoretical simulation (photoinduced anisotropy An=1.1x102,

inherent to a-As,S;, and Ad=22A). The inset represents the case of a pure vector grating [56].

In Fig. 1.16. the dependence of the DE of +1 diffraction orders on the angle of rotation of a
quarter wave plate is presented, the recording beam intensity and time of exposure being
42 mW/cm? and 20 min, respectively. As one can see the experimental curve is deformed with
respect to the theoretical one for a pure vector grating (inset in Fig. 1.16). Particularly the
maxima and minima of opposed diffraction orders are shifted with respect to each other.

The non purity of the recorded the vector grating can originate from different factors such as
the creation of a superimposed undesirable scalar grating, the inhomogeneity of the inscribed vec-
tor grating in the film, or some multibeam interference effects. To clarify this the authors studied
the kinetics of the vector grating recording and its optical erasure with a single Ar*- ion laser beam,
referring to the known perfect reversibility of photoinduced anisotropy in these materials. The re-
sults of this observation in the (R-L) recording configuration for I = 350 mW/cm? are presented
in Fig. 1.17a. For (45°-135°) recording conditions it was obtained very similar results to the (R-L)
case and do not present them here. As one can see, the complete erasure of the recorded gratings
appears not to be achievable in these configurations. Moreover, the posterasure residual diffraction

efficiency increases after each recording — erasure cycle. The same results were obtained at
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significantly smaller intensities (42 mW/cm?) and for longer recording times (approximately for
the same exposures) in the same recording configuration.

The authors [56] have also performed a grating recording in (s-p) writing condition. As one
can see from Fig. 1.17b, the vector grating in this case can be erased completely with one Ar*-
ion laser beam even after multiple recording—erasure cycles, which is consistent with previous
results. These experiments clearly indicate that the main reason of the non purity of recorded
vector gratings in (R-L) and (45°-135°) configurations is their complexity, namely, the creation of an
additional scalar (volume or surface) modulation, which can not be erased with uniform Ar*- ion laser

beam.
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Fig. 1.17. Time dependence of the first-order diffraction efficiency (7 = 5+1+#-1) in (a) (R-L)
and (b) (s-p) recording configurations during three record and erase cycles in a 5 um-thick
prephotodarkened film of a-As;S3; liota = 350 mW/cm? [57].

To check out whether the origin of the scalar modulation was linked to the residual inten-
sity modulation in the interference pattern (due to the non ideal orthogonality of recording beams
in (R-L) and (45°-135°) cases) it is performed a holographic recording with two s-polarized
beams with the same recording intensity low =350 mW/cm?, exposure and pre-exposure (for
prior photodarkening). It is observed only a negligible transient diffraction due to the transient

photoinduced scalar structural changes. This confirmed that a complete photodarkening of the
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films had indeed been achieved. Thus the residual intensity modulation was not responsible for
the unwanted scalar modulation. A surface relief modulation at significantly higher intensities
(focused recording beams) was observed in chalcogenide thin films and was attributed to the
electric field gradient force [57]. The electric field gradient on the film appears to be non zero in
the direction of the grating vector in the (R-L) and (45°-135°) configurations. This electric field
component is not zero in the (s-p) configuration as well, but it is not varying in the direction of
the grating vector, hence the gradient of the electric field component is zero. The AFM profile
analysis of the samples revealed the creation of a surface relief modulation. For example, the
amplitude (peak to valley) of such modulation in the above-described experimental conditions
was measured to be about 20A. The biasing effect of such a modulation on the efficiency curve
was computed theoretically and is shown as a solid line in Fig. 1.16. The excellent coincidence
of experimental and theoretical curves is good evidence that even such a small surface relief
modulation of As,S; films can significantly perturb the polarization selectivity of the inscribed
vector gratings. It is believed that the origin of the surface relief modulation in this case also may
be resulting from the same electric field gradient force as in [57].

c. Digital holography

Digital holography (DH) is an emerging technology of new paradigm in general imaging
applications. By replacing the photochemical procedures of conventional holography with elec-
tronic imaging, a door opens to a wide range of new capabilities. In DH, the holographic inter-
ference pattern is optically generated by superposition of object and reference beams, which is
digitally sampled by a CCD camera and transferred to a computer as an array of numbers. DH
offers a number of significant advantages, such as the ability to acquire holograms rapidly, avail-
ability of complete amplitude and phase information of the optical field, and versatility of the
interferometric and image processing techniques. Indeed, DH by numerical diffraction of optical
fields allows imaging and image processing techniques that are difficult or not feasible in real-
space holography.

The propagation of optical fields is completely and accurately described by diffraction the-
ory, and in 1967, Goodman and Lawrence demonstrated the feasibility of numerical reconstruc-
tion of an image from a Fourier hologram detected by a vidicon camera [58]. Schnars and
Jueptner, in 1994, were the first to use a CCD camera directly connected to a computer as the
input, and compute the image in a Fresnel holography setup [59]. In what is now called DH,
holographic interference is produced by optical processes in real space, while reconstruction is
by numerical computation. In CGH the hologram can be produced by numerical computation
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inside a computer, followed by printing or other outputs to real space [60]. Reconstruction is
then carried out by optical means.

By direct electronic recording of holographic interference and because of the increasing
speed of holographic computation, real-time holographic imaging is now possible, and more im-
portantly, the complete and accurate representation of the optical field as an array of complex
numbers allows many imaging and processing capabilities that are difficult or infeasible in real-
space holography [61]. Direct access to the phase information leads to quantitative phase mi-
croscopy with nanometer sensitivity of transparent or reflective phase objects, [62] and allows
further manipulations such as aberration correction [63].

DH naturally evolved from the effort to utilize electronic imaging in interferometry, such
as in Electronic Speckle Pattern Interferometry (ESPI) [64]. Metrology of deformations and vi-
brations is a major application area of DH [65]. Optical processing, such as pattern recognition
and encryption, by DH also offers new capabilities [66].

The developments of SLMs during the last three decades have boosted the technology of com-
puterized holography. SLMs can function in different ways within holographic systems: input data
displays for holographic memory storage; holographic displays of CGH, a means to synthesize CGH
by iterative algorithms; a spatial phase modulator for a phase shifting process in a DH recorder.

SLM can display different kinds of DOE, what is impossible by using common ROE. In
work [67] Fresnel incoherent correlation holography was implemented with two focal length dif-
fractive lenses on a SLM. Improved image resolution over single lens systems and at wider band-
widths was observed. For a given image magnification and light source bandwidth, this
holographic method with two lenses of close focal lengths yields a better hologram in comparison
to a single diffractive lens used. The improved quality of the hologram results from a reduced opti-
cal path difference of the interfering beams and increased efficiency.

The other aspects, which unite ChG and AP, are sensitivity not only for laser but e-beam
actions and the ability of direct surface deform under these irradiations. The phase relief may be
complemented by the change of the thickness, i.e. by geometrical surface relief formation di-
rectly during the e-beam recording or afterwards by selective chemical etching. The last process
is widely used nowadays for ChG photoresists, fabrication of molds, holographic gratings, and
integrated optical elements. The direct relief formation without etching or ablation is possible
due to the known effect of light/e-beam stimulated volume expansion or contraction, but usually
the relative volume changes less than 1% and the spatial resolution is limited by the diffraction.
Appreciably larger surface deformation effect is observed due to the light/e-beam stimulated
mass transfer in ChG and AP films [38].
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E-beam recording is a high-resolution technology to generate custom-made DOEs. It util-
izes an intense and uniform electron source with a small spot size, high stability, and long life.
The main attributes of e-beam technology are as follows: (1) it is capable of very high resolution;
(2) it works with a variety of materials and patterns; (3) it is slow compared to optical recording;
and (4) it is expensive. Combined with reactive ion etching, creation of DOEs with very fine
resolution and high efficiency is possible.

A typical e-beam machine is capable of generating a beam with a spot size around 10 nm.
Therefore, it is capable of exposing patterns with lines of widths less than 0.1 mm or 100 nm.
For binary phase DOEs, each square aperture has a size of approximately 1 mm x 1 mm. For
such feature sizes around, a total pattern size of 1 mm x 1 mm can be achieved, while maintain-
ing high resolution. Larger patterns are generated by stitching together a number of such patterns

under interferometric control.

1.3. Studying methods
a. Raman and Optical spectroscopy

Raman spectroscopy permits to investigate the structure of amorphous materials through
measurements of lattice vibration modes. In principle, each Raman scattering peak can be associ-
ated with a vibration of a specific structural unit. This intrinsic nano-probing makes Raman spec-
troscopy very sensitive to short and medium-range structures — including in glassy materials, and
offers a “bottom-up” approach to nanostructured materials that comes as a good complement to
methods like the transmission electron microscopy or x-ray diffraction. However, studies on nano-
chalcogenides are still at an early stage and need to be further extended to cover more ChGs, which

is due to the primary remarkable results obtained in their nanostructure forms.
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Fig. 1.18. Raman scattering spectra of (a) glassy, (b) as-evaporated, and (c) crystalline As,Ss;.

Responsible vibrational modes are shown for (a) [30].

Raman scattering spectroscopy becomes experimentally more useful, due to the recent
progress of lasers and imaging detectors at visible to near-infrared wavelengths. We can obtain
not only the conventional Raman scattering spectra in short exposure times for small probe areas
(~1 um), but also resonant and nonlinear Raman scattering spectra.

Infrared and Raman spectroscopy measure the intensity and frequency (wavenumber) of vibra-

tional modes. As known, the frequency is written as w ~ (/M)

, Where « is the force constant of a
spring connecting a pair of atoms (or atomic units) and M is the atomic mass. Accordingly, the peak
frequency gives insight into the vibrational mode, which is an optical phonon in crystals or a molecu-
lar vibration in disordered materials, e.g., vibrations of AsSg, in As,S3, as shown in Fig. 1.18 [30].

As an example, Fig. 1.18 shows Raman scattering spectra of glassy, as-evaporated, and
crystalline As,S3. The broad and relatively sharp spectra of the glass and the as-evaporated film
suggest that these are cross-linked and molecular, respectively [68].

Direct and indirect experimental studies suggest that the short-range (<0.5 nm) structure of a
glass is similar to that in the corresponding crystal [29]. An example for Se is summarized in Table
1.2, where Z is the atomic coordination number, r the bond length, & the bond angle, @ the dihedral
angle, p the density. The coordination number Z seems to satisfy the so-called 8—N rule [70],
where N is the atomic group number in the previous crystal form, with an accuracy of ~10%,

which may reflect experimental uncertainty and effects of dangling bonds. The bond distance r is

fixed with an accuracy of 4r/r = 1%. The bond angle also shows a similar result in Se.
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Table 1.2. Comparison of atomic parameters in c-Se (hexagonal) and g-Se (glass).

Z rinm) f e 0 (gﬁcm-‘}
Hex Se 2.0 0,23 105® 102¢ 4,80
g-S¢ 204004 0,23 £ 0,002 1054+0,5° JO=110° 4,25

For alloys (Table 1.3), it seems difficult to accurately determine the bond angle, which dis-
tributes roughly at AB/0 = 5 — 10%, where 0 is the angle for a group VIb atom. Note that the an-
gle is not uniquely fixed even in the crystal, which contains different kinds of atomic units. On
the other hand, experiments show that the cation angle, such as S-As-S, is more tightly fixed due
to steric (the spatial arrangement of atoms in a molecul) restrictions. In short, there exists the
short-range structural order in glasses. This result suggests that an energetic equilibrium is
satisfied in the short-range scale.

In more detail, there exist some variations in the short-range structures. First, the coordination
number, which is a direct consequence of the electron configuration s°p* of the group VIb atoms, is
modified when ionic and metallic characters are added. The metallic effect is appreciable in tellu-
rides. Second, the bond length r increases in proportion to the period (2-5) in the periodic table, e.g.,
from 0.12 to 0.29 nm in the elements (Table 1.3), in accordance with the atomic size. Third, and
which should be underlined, the bond angles are appreciably different between the oxide and the
chalcogenide. As listed in Table 1.3, it is ~130° in As;O3 and ~100° in As,;S(Se, Te)s, which may be
approximated very roughly to 180° (ionic) and 90° (covalent). These characteristic angles are favor-
able to produce the so-called corner-shared and edge-shared configurations, which will be connected
to the medium-range structure. The short-range structure is determined by the chemical bonding, and

accordingly, the existence of structural orders is plausible.

Table 1.3. Bond lengths (in nm) and bond angles around the VIb atoms (in parentheses) in the
VIb elemental materials (O, S, Se, and Te) and amorphous As,O(S, Se, Te); and
GeO(S, Se, Te), compositions. The bond angle in a-GeTe; is unclear.

O S Se Te
Elemental 0,12 in Oz 0,21 (106%) 0,23 (105%) 0,29 (103%)
As- 0.18 (~130%) 0.23 (~100°%) 0.24 (~105%) 0.27 (~90%)
Ge- 018 (~105%) 0,22 (80=110%) 0.24 (BO-100%) 0.26 (7
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The more and more emerging evidences about this non-random scenario of the creation of
complex networks are moving the view of the amorphous state far from the traditional continu-
ous random network approach [71]. Novel experimental techniques, as modulated differential
scanning calorimetry, and also novel theoretical approaches [72], are currently being applied to
glass research, and they are throwing light on intriguing features occurring in the glass and liquid
state. The current view points to size increasing cluster approximations to explain the origin of
the glass transition temperature of glass alloys [73], as well as the appearance of first-order tran-
sitions in its compositional dependence, which, to some extent, could remind the rich-club order-
ing phenomenon happening in complex networks.

Photoinduced metastabilities occurring in recording media are strongly affected by thermal
relaxation processes (the so-called aging), and this reduces the working life of any functional struc-
ture recorded in them [73, 74]. Such a drawback is deeply related to the sequential nature of the
traditional sequential approaches followed in optical recording applications, as recording is per-
formed in an already conformed, and in turn constrained, material medium. In addition, these tradi-
tional approaches find limitations to exploit volume holographic functionalities, as the attenuation
of the light intensity along the recording medium thickness, according to the Beer-Lambert law:
1(z)=loexp(-az); 1(z) being the light intensity at depth z, o the incident intensity and « the absorp-
tion coefficient, which seriously reduces the effective thickness of any structure optically recorded
in the material [73]. The above introduced drawbacks for recording media to efficiently exploit
volume holography performances could be overlaid by concurrent material exposure to external
potentials (light) during its conformation.

Transmission optical spectrum of Asi,sGes38Sess film is presented in Fig. 1.19 along with
computer drawn envelopes. There is broad transparency region at long wavelengths and significant
drop of transparency in the region of 400-600 nm due to the increase of absorption.

Spectral dependence of refractive index calculated together with films thickness by Swan-
epoel method [76] is given in the Fig. 1.20. Solid line corresponds to the least squares fitting of

this dependence to the function

n(l) =a/ }*+c (1.19)
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Fig. 1.19. Transmission spectrum of Fig. 1.20. Spectral dependence of the refractive

As126Ge23.8S63.6 thin film provided with index of As1,6Ge238S636 thin film determined by

computer drawn envelopes [77]. Swanepoel method [77].

Spectral dependence of refractive index can be well described by single oscillator model

[77]. According to this model refractive index is related to energy of incident photon by equation

n—l= % (1.20)
where Ej is single oscillator energy, Egq is dispersion energy. In this expression Eq determines the
position of effective oscillator connected with average energy gap; Eq is the dispersion energy
characterizing the strength of inter band transitions.

To obtain Eq and E4 we plotted dependence

(n*—-1)7" = f(E?) (1.21)
at the points corresponding to the extremes on the transmission spectrum and then performed
least squares fitting to the straight line (see Fig. 1.19). It can be seen that points corresponding to
maximum photon energy were dropped out from the straight linear dependence, therefore they

were excluded from consideration during evaluation Eq and E, parameters.
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Fig. 1.21. Transmission spectrum of Fig. 1.22. Determination of optical band gap,
As126Ge238S63.6 thin film provided with com- Eq, of As126Ge238Se36 thin film from
puter drawn envelopes [77]. Tauc plot [78].

Optical band gap Ey; was also determined. It can be obtained either from Tauc law,
(ahiw)"?= f(E), or using dependence a= f(E). In paper [78] it was stated that difference in value
Eg would be up to 10-20% from one method to another. For the present type of materials one
should prefer Tauc law [78]. In Fig. 1.22 the energy dependence of (aE)” parameter is plotted.
Linear range in the region of high photon energies corresponds to the Tauc law. Energy band gap

is the point where this line intersects with abscissa (see Fig. 1.23).
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Fig. 1.23. Urbach absorption tail of Asi;¢Ge238Se3.6 thin film [78].

In Fig. 1.23 the absorption coefficient (in logarithmic scale) versus incident photon energy
is plotted. Almost linear region where absorption coefficient ranges from 2:10% to 5-103cm™
obeys Urbach’s law:

a(E)=a, exp[E—] (1.22)
E, :
Exponential absorption edge of chalcogenide glassy alloys with sulphur in the region of

topological transition is studied in [79]. It is shown that the slope of the tail depends on mean
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coordination number and stoichiometry of ChG materials. Results are presented of absorption
edge investigations of AsS; 5Gex amorphous films (0 < X < 2) at temperatures of 110, 300, 370,
and 420 °C. An effect of low-temperature annealing on the optical parameters of the films has
been observed. The annealing causes a shift of the absorption edge to the higher energy region
and an increase of the optical gap of the samples. Electron diffraction examining indicated that
the films were in the amorphous state both before annealing and after it. The functional depend-
ence of the absorption edge on photon energy has been found. In the range of the photon energy
hv < Eq the absorption edge can be described by an exponential function and in the range of v >
Egy by a quadratic function of the photon energy. When the temperature varies the slope of the
exponential absorption edge does not change, but the edge is shifted with temperature to the
lower energy region. The values of the temperature coefficient of the absorption edge shift are (-4 to
8)x10™ eV/deg. The gap Ey of AsS;5Geyx amorphous films (0 < X < 2) determined at room tem-
perature by optical methods lies in the range 2.4 to 1.5 eV. The shape of the absorption edge of
the films under investigation and its temperature dependence are in accordance with the data ob-

tained on glasses with a simpler chemical composition.

b. Digital holographic microscopy

A basic DHM setup consists of an illumination source, an interferometer, a digitizing cam-
era, and a computer with necessary programs. Most often, a laser is used for illumination with
the necessary coherence to produce interference. There are also low-coherence techniques for the
purpose of reducing speckle and spurious interference noise, or generating contour or homo-
graphic images.

Increasing the optical resolution is still a declared goal in microscopy. According to
Abbe’s famous theory the limiting factors for the maximally achievable resolution, and thus the
largest meaningful magnification, are directly related to the wave properties of light.

Apart from resolution, image contrast represents another frontier, where efforts are being
made to advance optical imaging. Many biological samples typically do not contain a substantial
amount of natural pigments, which makes them phase objects rather than amplitude objects.

A variety of techniques has been developed in the imaging internal layers of specimens,
like optical sectioning techniques such as confocal microscopy. In parallel, scan-free methods
like DHM have been introduced to extract the object wave-front leading to a multilayer image of
a specimen via digital refocusing and quantitative phase (topographic) image [80]. One of the
major issues in imaging the internal structures of nonorganic and biological specimens is the ab-

sorption and scattering that distort the information coming from the object. However, in the ma-
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jority of cases, neither the specimen satisfies the weak scattering approximation nor is the predic-
tion of the scatterer distribution possible to create the corresponding model.

In many applications staining the sample might not be feasible. Hence, label-free 3D mi-
croscopy methods have been also developed based on auto-fluorescence or scattering properties,
like optical projection tomography [81] and methods based on Raman scattering [82]. Dark-field
technique has been shown to be promising in improving the image contrast for internal layers in
combination with digital holographic refocusing [83].

Being a wide-field scan-free method, DHM showed to be promising in monitoring live bio-
logical processes [84] and in 3D tracking of particles with video rates [85]. Despite all these devel-
opments, label-free wide-field microscopy is still suffering from unwanted scattering and
absorption from the out-of-focus structures, which are inhomogeneously distributed inside an ob-
ject, especially in sub-millimeter sized biological organisms.

The off-axis DHM allows the extraction of both amplitude and phase information for a
wave diffracted by a specimen from a single hologram [86]. The phase information provides 3D
quantitative mapping of the phase shift induced by microscopic specimens with a resolution
along the optical axis (axial resolution) better than 1°. Thanks to the performance of PC and pro-
gress in digital image acquisition, DHM currently provides cost-effective and easy-to-use in-
struments with high acquisition rates (camera limited) for real-time measurements and quality
control in production facilities.

In a general context, DHM technology has been successfully applied for numerous operat-
ing modes, for instance, tomography on a biological sample performed with wavelength scan-
ning [87], investigation of the polarization state of an object by use of two orthogonally
polarized wavefronts [88] and multiple-wavelength interferometry of dynamic systems [89].

c. Digital holographic interferometry

Choosing DOE studying methods, we focus on computational optical methods, by which we
mean the creation of digital information from electromagnetic radiation with optical wavelengths
ranging. This computational sensing is revolutionizing the design and utility of optical imagers.

The main opportunities of digital imaging include the following:

Image metrics. It can improve depth of field, field of view, spatial resolution, spectral reso-
lution, signal fidelity, sensitivity, and dynamic range. Digital systems to the time of this writing
often compromised image quality to obtain the utility of digital signals, but over time digital im-
ages will increasingly exceed analog performance on all metrics.

Multidimensional imaging. The goal of multidimensional imaging system is to reconstruct a

digital model of object in their native embedding spaces. Conventional 2D images of 3D objects
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originate in the capacity of lens and mirror systems to form physical isomorphism between the
fields on two planes. With the development of digital processing, tomographic algorithms have
been developed to transform arrays of 2D images into digital 3D object models.

Obiject analysis and feature detection. The aim of object analysis to abstract nonimage data
from a scene. Sensors enable completely automated tasks, such as robotic positioning and con-
trol, biometric recognition, and human-computer interface management. Current systems empha-
size heuristic analysis of images. Integrated design allows direct measurement of low-level
physical primitives, such as basic object size, shape, position, polarization, and spectral radiance.

Image compression and analysis. The aim of image compression is to represent the digital
model of an object as compactly as possible. As with multidimensional imaging and object
analysis, current compression algorithms assume a 2D focal model for objects. Current technol-
ogy seeks a compressed linear basis or a nonlinear feature map capable of efficiently represent-
ing a picture. Integrated analog and digital design implements generalized bases and adaptive
maps directly in the optical layer.

Sensor array data fusion and analysis. Multiaperture imaging is common in biological sys-
tems but was alien to artificial imaging prior to the computational age. Modern computational
systems will dramatically surpass the multiaperture capabilities of biology by fusing data from
many subapertures spanning broad spectral ranges.

In the former optical holographic interferometry, the interference patterns have been gen-
erated by double exposure, realtime, or stroboscopic methods. Now in the digital case we have
direct access to the phase distribution of e. g. a diffusely reflecting surface without going over
the intensity. If we have the two numerically reconstructed wave fields bi(n,m) and by(n,m) of a
surface before and after deformation, the phase difference is calculated pointwisely by
Im{b,(n, m)b5 (n,m)

Re{b,(n, m)b}(n, m) (1.23)

with values between -z and + z. Since it is generally known which field belongs to the state be-

Ap(n,m) = arctan

fore, and which one to the state after the deformation, there is no sign ambiguity in 4¢ as would
be the case when evaluating an intensity distribution. In this way the three interference phase
distributions of 0 are generated [90]. They belong to an aluminum plate clamped at all four sides
and which Fig. 1.24(a) was pressed from behind, Fig. 1.24(b) was shifted laterally, and Fig.

1.24(c) was simultaneously pressed and shifted.
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Fig. 1.24. Interference phase distributions of aluminum plate a) pressed from back side,
b) shifted laterally, c) pressed and shifted [90].

Digital holographic interferometry not only is used for deformation measurement in ex-
perimental stress analysis or nondestructive testing, but also for form determination, vibration
analysis, or measurement of refractive index variations and has found numerous applications in

metrology [91].

1.4. Application of diffractive structures based on chalcogenide glasses multilayers and
azo-dyed polymers films

A fundamental research of all-optical or direct recording techniques provides a wide range of
possible applications, such as the nano-/micropatterning of surfaces, as well as applications for the
production of various-purpose optical elements. The demand for lower cost surface relief based
optical instruments such as grating-based resonators or filters for waveguides, diffractometers,
spectrometers, and so forth is one of the main driving forces for the investigation of a direct light
induced relief formation. The obtained micro- and nanosurface patterns have already been demon-
strated as optical polarizers, angular or spectral filters, optical transmission devices, data storage
devices, and even photonic crystals. They are also used in the production of tunable lasers, where
the wavelength can be varied and depends on the geometrical parameters of gratings. Additionally,
this processing technique will continue to improve the performance of materials in existing appli-
cations and will open the door to new materials and novel applications that would not be easily
achievable through other means.

DOE can be approximated as holograms of point sources or collimated beams of light,
such that light from one source is imaged onto the other. Optical elements such as lenses, beam
splitters, diffraction gratings and filters can be produced by holographic imaging, digital and ana-
log. These DOE have the advantage of being low cost (due to their simple design, small size and
light weight) and are easily reproducible by embossing polymer materials. DOE can duplicate
most of the functions provided by glass optics if optical system operates over narrow spectral
bandwidth or requires chromatic dispersion. Some of the unique functions of DOE are multiple
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function optics, independent of substrate shape, large optical apertures, lightweight and narrow
spectral response. DOE have realized certain optics that could not be produced with previous
optical technologies. Areas such as optical sensors, optical interconnect, optical information
processing, fiber optics, optical scanners, optical disc pick up heads and solar concentrators have
benefited from the use of DOE [92].

Security holograms offer a unique solution to product and document counterfeit providing
unambiguous visual authentication that requires no external device or reader for verification. To
be successful, security features for the public need to be easily recognisable and authenticated,
yet be extremely diffcult to copy by commonly available technologies. They need to be leading-
edge yet user friendly. The use of small holograms in credit cards, which are made to prevent
falsification, has made holograms a well known concept. Holograms show up more and more
often on tickets and original covers. Important areas of application are bar-code readers in shops,
warehouses, libraries and so on, which is based on holographic components like optical gratings.

In the aircraft industry head-up displays are an important example of holographic technol-
ogy. It helps the pilots so they do not need to look down onto the instrument panels, because the
instruments are projected onto the windscreen with the help of holographic technology, and thus
make flying easier.

The unique advantage of holographic interferometry arises from the fact that holography
permits storing a wavefront for reconstruction at a later time. Wavefronts which were originally
separated in time or space, or even wavefronts of different wavelengths, can be compared by
holographic interferometry. As a result, changes in shape of quite rough surfaces can be studied
by interferometric precision.

One of the most important applications of holographic interferometry is non-destructive
testing. It visually reveals structural faults without damaging the specimen. Holographic interfer-
ometry has also proved its utility in aerodynamics, heat transfer, and plasma diagnostics etc.

Diffractive optics finds its application in medicine also. Doctors use three-dimensional holo-
graphic scans to make measurements without invasive surgery. This technique is also used in
medical education. Holographic interferometric techniques have been widely applied with success
for the study of different parts of human body including cornea, tooth mobility, tympanic mem-
brane, basilar membrane, joint, chest, and bones. Endoscopic holography is a powerful tool for non
contact high resolution imaging and nondestructive measurements inside the natural cavities of
human internal organs. This technique can be used for cellular structure analysis and may even

substitute biopsy in tumor diagnosis.
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Today there are hundreds of potential real world applications for diffractive optics and it
has far surpassed being limited only to the realm of art, although it is hard to deny that indeed art
is an excellent application. DOE has been used to make archival recordings of valuable and/or
fragile museum artifacts. Holography has been used by artists to create pulsed holographic por-
traits as well as other works of art.

Polarization diffraction gratings were shown to be useful elements for the fabrication of
polarization-discrimination systems. Indeed, from theoretical considerations it follows that pure
polarization gratings can be used for the measurement of Stokes parameters and can serve as an
essential constituent of a spectrophotopolarimeter. Such holographic elements are less sensitive
to angular change of the incident beam and more compact compared with the conventional polar-
izing systems based, for example, on the natural crystal birefringence.

Nanostructures (for instance multilayer structure chalcogenide films) with sub 15 nm di-
mensions have attracted significant interest due to their potential applications in nanofabrication
for the next generation of electronic devices, photoluminescence, bio-light emission devices, and
solar cells. Also, another interesting application could be the development of all-optical memory
using photo-induced optical transmission that occurs in films of semiconductor chalcogenide
glasses after the irradiation with polarized light [93]. Low loss planar waveguides can be realized
using a multilayer structure of As,S;x chalcogenide films with different compositions [94].

Possibilities of application in microelectronics of ChG as inorganic high-resolution photo-
resists were demonstrated in [95]. A brief consideration of three main effects: photostructural
transformations, photo-doping and electrostimulated interaction of ChG with some metals for
lithography was given. The emphasis was put on the third effect which appears to be original and
less known as well as on the technical features of lithography processes with ChG.

A new kind of gas sensor based on ChG for the detection of nitrogen dioxide has been in-
vestigated in [96]. It contains a sandwich metal-semiconductor (Ge-As-Te ternary alloys)-metal
structure which is used as chemical sensor for the detection of NO, to concentrations in the ppm
and sub-ppm ranges. The detection principle is based on the measurement of the conductivity of
the sensitive film. The dependence of the sensitivity to the gas concentration has been studied.
The NO, response was found to be high and reversible. The response time was fast and the re-
producibility satisfactory. The cross-sensitivity to interfering gases has been investigated.
The chalcogenide-oxide-silicon field effect transistor based sensor is presented as an applica-

tion example of these layers. All measurements were performed at room temperature.
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1.5. Objectives of the work and new contribution

There still exist a lot of similarities in photo-structural behaviors in the chalcogenide and
the azodye-polymer system. Meanwhile a notable difference between the photoinduced changes
in ChG and the azo-polymer is the following: in the azodye-polymer system, it is conceivable
that light excites the azodye, and its isomerization process causes successive structural changes
in surrounding molecules. A problem in a photoinduced process is focused upon the successive
structural change. On the other hand, in the ChG, the excited species cannot be identified, which
may be some defective sites or disordered structures. It is plausible that the excited species
change with the photon energy of excitation, light intensity, temperature, and so forth. As a re-
sult, following structural changes in ChG become largely speculative.

Having seen these many similarities, it is tempting to propose some universality in the pho-
tostructural mechanisms. Since the roles of dyes and back-bones in organic systems have been
understood, the corresponding elements in the homogeneous glass should be sought, which are
probably localized gap states and normal-bonding networks. The localized state can be directly
photo-excited or it may trap excited carries, which will trigger successive structural changes in
the disordered network. A big problem for such homogeneous systems, however, is that many
kinds of defective structures can be envisaged as the gap state.

To get further insight into the photoinduced mechanisms, we take a comprehensive approach.
Specifically, a comparison of photoinduced phenomena in ChG nanostructures with those in AP is
valuable, since their photo-structural mechanisms have been understood more deeply.

Scientific novelty of the research results:

» The PC based technology of nanomultilayers vacuum deposition from a number of ChG-Se com-
positions for one step direct holographic and e-beam recordings was elaborated for the first time.

» The chemical synthesis technology and spin coating thin films preparation of new AP to make
used for one step direct holographic and e-beam recordings was elaborated for the first time.

» The one step direct surface relief recordings of DOE on ChG-Se NML and AP films by ap-
plication of the polarization holography method were done for the first time. It must be em-
phasized that the method excludes to be use any wet and/or other selective etching step, and,
as a consequence, no amplitude distortion of DOE surface.

» It was firstly experimentally determined the complex variations of optical parameters (refrac-
tive index, absorption coefficient) of the ChG-Se NML and the AP thin films take place re-
sponding to the action of both scalar and vector components of the electrical field of light.

» The one step direct surface relief gratings on the ChG-Se NML patterned by virtue of low

dose of laser illumination (~ 1 W/cm? unless otherwise specified) was obtained and studied
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experimentally for the first time. Process of patterning is governed by photoinduced structu-
ration of material which starts the surface mass transfer.
For the first time the Gradient Magnetic Force Microscopy diagnostics has shown that ob-
tained by the one step direct holographic recording the small periodical relief thickness
changes leads to the essential fluctuations of magnetic field value over the relief surface in the
ASSe0:MNn-Se NML.
It was firstly experimentally determined that the surface relief gratings in the ChG-Se NML
and the AP thin films formed under optical and digital holographic recording methods are
conditioned by vectoral (spatially anisotropic) response of the medium.
During carry out experiments it was established for the first time that the surface relief grat-
ings in the AP thin films formed by one step direct laser and e-beam illumination are induced
by the trans-cis-trans transformations which lead to the mass transfer process.
It was established the first time that the usage of the one step direct holographic recording
significantly improves the optical quality of the surface relief of the DOE at nanometre scale
(~by a factor of 10) in comparison with film surface.

The practical value of the work.
The systematic studies of the ability of ChG NML and AP to be structured by laser writing
methods, exposure with e-beam radiation, and digital hologram recording open up perspectives
for development and/or optimization of wide a variety of applications in different technical
fields (diffractive optics, medicine, anti-counterfeiting elements, image holography etc.).
Elaborated the new PC based technology of nanomultilayers vacuum deposition can be ap-
plied for obtaining nanomultilayers structure from different compositions of ChG. A number
of new structural and optical properties of nanomultilayers have been revealed which are
suitable for new practical applications.
The developed digital holographic technology for direct laser marking of gold items has been
successfully applied in two contracts with the Ministry of Finance of Moldova, the State As-
say Chamber. It consists in the developing PC digital holograms, designing the optical sys-
tem for laser marker set-up and the devices for hologram verification. The technology can be
applied to other authentic products for protect internal market of Moldova from counterfeits.
Application of polarization holography method excludes any wet or other etching during
DOE production. It leads to faster processes for holograms embossing and raise a quality of
DOE (the DOE's surfaces are smoother relief structures in nanometric level).
It was elaborated and recorded the phase DOE on the ChG-Se NML and the AP thin films with

a variety of grating periods determine the spectrum of practical application of these DOE.

56



» The portable fiber-optics Electronic Speckle Pattern Interferometer elaborated has been tested
for the wood masterwork investigations, and it can yield practical help for restorers.

» The results of the work were practically applied in the successful implementation of the follow-
ing projects, among them 7 EC projects, transfer technology projects and 2 Vouchers projects.

Scientific concept: The theoretical and applied aspects of the processes induced in amor-
phous materials by light and electron irradiation leading to pattern in these sensitive media the
diffractive structures and the application them in optical and digital holography.

Statements supported:

» The new elaborated technology of PC controlled successive multilayers thermal vacuum
deposition on a glass substrate with cyclic motion of substrate permits to obtain amorphous
nanomultilayers ChG-Se (the thicknesses from 5 nm to 3000 nm) with preserving the com-
position of constituent nanolayers.

» New azo-doped photopolymer Poly-n-Epoxypropyl Carbazole and Dispers Orange (poly-
PEPC-co-DO) was synthesized by free radical polymerization method with the conjunction
of azo group in synthesized copolymer. It is proved that illumination results in trans-cis-
trans transformation.

» The ChG-Se NML’s spectral transmission range is dominated by the stack of Se nanomulti-
layers, what is proved by coincidence of absorption edges. The optical parameters of the
ChG-Se NML are conditioned by the structurization of constituent nanolayers. The short-
range order of constituent materials is kept in NML, but the optimal thicknesses of constitu-
ents nanolayers for preserving of medium-range were determined. The photoinduced proc-
esses in the ChG-Se NML are governed by carrier photoexcitation in volume of
nanomultilayers and the effective injection of holes at interfaces Se/ChG.

» For the first time the polarization (vectorial) holographic recording at states of polarizations
P-P, S-S, S-P, LCP-RCP, +45° for the grating surface relief formation in the ChG-Se NML
and the AP thin films were carried out. It was established that the diffraction efficiency val-
ues increase in 8-10 times at circular right-left and orthogonally oriented +45° polarization
states of recording beams. The diffraction efficiency values in transmission mode for ChG-Se
NML gratings have a maximal value 45%.

» One-step direct grating surface relief formation in the ChG-Se NML and the AP thin films by
the optical and the digital holographic methods are realized. Surface relief is resulted under
mass transfer induced by vector character of the polarization (vectorial) holography, and the
depths of surface relief have a values in the range of 100-400 nm. No any additional treat-

ments of films are needed for relief formation.
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At the first time the direct one-step magnetic relief formation during surface relief gratings re-
cording on As4Seo:Mn-Se NML caused by periodical relief thickness changes was shown.

The engineering approach with application of ZEMAX optical code for the DHI system de-
sign and analysis, the determination of DHM performance and quality of final image has
been demonstrated. The quantitative criteria for determining the weak points of the DHM
system performance, their role in limiting the image quality, and the ways to overcome them
were elaborated.

The high resolution off-axis configuration of the DHM setup applicable for quantitative
measurements of surface topography and refraction index of diffraction structures, formed in
the ChG-Se NML and the AP thin films was elaborated. The novel variational algorithm for
the digital off-axis holographic setup (SPAR) capable to produce holographic images from
noisy data with increased signal-noise ratio was developed and applied.

The practical application of developed ChG-Se NML and the AP thin films as diffractive op-
tical components has been demonstrated: phase masks for optical processing in DHM, secu-

rity elements with increased security level and protective signs for different kind of products.
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2. MATERIALS: TECHNOLOGY AND STUDY METHODS

2.1. Thermal vacuum deposition of nanomultilayers and polymer films spin-coating

The main method for chalcogenide glasses application is thermal evaporation in vacuum.
Thermal vacuum deposition describes the family of processes used to deposit layers of material
atom-by-atom or molecule-by-molecule on a solid surface. These processes operate at pressures well
below atmospheric pressure i.e., vacuum. It is known that the layer properties (stability, composi-
tions) depend not only on the composition of chalcogenide, but also on the conditions of deposition
(substrate temperature and deposition rate of chalcogenide film on it). In order to reproduce the prop-
erties and characteristics of deposited layers the layers are apply under the following conditions:
> The chalcogenide is evaporated at a residual pressure in the vacuum chamber of at least 10°° Pa;
» The substrate temperature during the deposition of chalcogenide layer is equal to the ambient

temperature;

» The deposition rate ranges within 1-2 nm/s.
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Fig. 2.1. The vacuum chamber arrangement for the deposition of multilayer nanocomposites
on the base of ChG: (1) evaporator of ChG, (2) evaporator of Se, (3) stationary mask, (4),
(8) quartz thickness sensors fixed on mask, (5) rotating samples holder, (6) quartz thickness
sensor fixed on rotating samples holder, (7) optical fibers of spectrophotometer, (9) windows

in mask.

The bulk ChG was synthesized by common melt-quenching technique from high purity
components. After synthesis ampoules were quenched in cold water. Amorphous ChG-Se
nanomultilayers were prepared by computer driven cyclic thermal vacuum deposition from two
isolated boats with ChG and Se on constantly rotated substrate at room temperature in one vac-

uum deposition cycle (Fig. 2.1). The technology allows depositing thin films with thicknesses
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from 0.005 up to 3.0 um. The control of the thickness was carried out in-situ during the thermal
evaporation by interference thickness sensor at A= 0.95 um.

Cross-section of sample structure is shown in Fig. 2.2. Overlapping part of samples (3- in
Fig. 2.2) contains alternating nanolayers of ChG with thickness of 10-30 nm and Se with thick-
ness of 5-15 nm. The total numbers of nanolayers were 100-200. Outside and internal rings of
layers on the substrate contain pure compositions of ChG and Se (2 and 4 in Fig. 2.2, conse-
quently).

Control layers of Se and ChG were deposited at the same time onto the same substrate,
consequently, through masks and used to check the composition and calculate the ratio of the
sublayer thicknesses in one modulation period.

Iw

2 4

Fig. 2.2. Cross-section and top view photo of sample (75x75 mm?): 1 — glass substrate; 2 —

ChG layer by layer; 3— ChG-Se nanomultilayers structure; 4 — Se layer by layer.

Although stimulated structural transformations were observed in a wide range of chalco-
genide glass compositions, we selected for first experiments As,Ss-Se nanolayered films as well
as Se and As,S3 layers because of their known parameters and well-known technology. Impor-
tant criteria were low softening temperatures and low crystallization abilities of As,S3, small ef-
fects of the direct photostimulated scalar surface relief formation within the amorphous phase.
Slow fabrication processes seem to produce large agglomerates, while ultra-fast processes seem
to inhibit it, leading to more homogeneous/sensitive materials, in similar fashion as reported for
complex dynamical systems. Then we applied the developed thermal deposition methods for
other ChG compositions, namely GesAsS37Sss, AS;S3MnNoy, AS2S3Crae. Doping of Ge to As,S;3
increases intensity of the process of structural relaxation in regions with local disordering in the
vicinity of atoms with unsaturated (dangling) bonds. Introduction of Mn dopant changes mag-
netic properties of chalcogenide glasses which are diamagnetics, in particular glass of As,S;3
composition (see Fig. 2.3) [97]. In constant magnetic field dependence of mass magnetization
M=M(T) on temperature was observed for doped by Mn in glasses (Fig. 2.4) which is character-
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istic for paramagnetics and ferromagnetics in paramagnetic region of temperature and described
by Curie-Weiss law [98].
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Fig. 2.3. Dependence of mass magnetization M Fig. 2.4. Dependence of mass magnetization

on temperature for As;S3 [97]. M on temperature for As,Ss:Mn [97].

Resulting sample was ChG-Se multilayer structure with total thickness from 1500 nm to
3500 nm with the composition modulation period (common thickness of one ChG nanolayer and
one Se nanolayer) varied 17-50 nm. In order to prevent crystallization of Se layers (see Fig. 2.5)
which are structurally unstable under heating and/or exposure by light, e-beams, etc., heating of
layers was minimized by substrate rotation and lowered evaporator temperature. Crystalline

phase of Se was found in open nanolayers, but not inside NML as x-ray analys shown.

|

Fig. 2.5. Crystalline phase of Se layer is visible as indicated by the circle.

Optical transmission was measured in 200-900 nm optical range in order to determine the refrac-
tive index, thickness and optical band-gap energy of pure ChG and Se layers and ChG-Se multilayers.

Polymer synthesis and films spin-coating.

Berore preparing the azo-dyed carbazol polymer, we tested the pure carbazol based ply-

mers. In this study, a series of carbazole-containing compounds, namely poly-
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epoxypropylcarbazole (PEPC), poly-epithiopropylcarbazole (PETPC), and copolymers of
PETPC: glycidyl butyrate (PETPC:GB) were synthesized.

PEPC and PETPC were prepared by polymerization of epoxypropylcarbazole and epithio-
propylcarbazole at the presence of 1-3% potassium methylate on the anionic mechanism at tem-
perature 80-120°C within 2-6 h. For the full drying they were stored in a vacuum drying
chamber at 50°C up to constant mass. Molecular weight was from 2000 to 3000. In Fig. 2.6 the

chemical structure of polymers PEPC and PETPC after polymerization are presented.

[—O-HC—CH;~] [ —S—HC-CHy~]
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Fig. 2.6. Chemical structure of polymers after polymerization.

For the improving of plastification properties copolymer PETPC:GB in proportion 90:10
was prepared by a method of radical polymerization in a toluene solution at the presence of 1-
3% potassium methylate at a temperature of 80°C. Prepared polymers and copolymers PEPC,
PETPC, and PETPC:GB were re-precipitated from hexane. The chemical formula of PETPC:GB

copolymer is given in Fig. 2.7.
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Fig. 2.7. Chemical structure of copolymer PETPC:GB.

The PEPC, PETPC, and PETPC:GB layers were applied by casting from solutions on a
flexible poly(ethylene terephthalate) substrate with the use of a special meniscus device. The
layer thickness d was varied from 2 to 10 um. To prepare thicker layers, solutions with a concen-
tration higher than 15% were taken. After the storage of the samples in air, the layers were addi-
tionally dried in a vacuum drying oven at ambient temperature. The thickness of the layers was

monitored with an MII-4 interference microscope.
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The photosensitive azopolymer based on carbazole-containing oligomer and purchased azo
dye Disperse Orange 3 (poly(PEPC-co-DO) was synthesized. All used solvents and reagents
were of reagent quality and used without additional purification. 4-[(4'-Nitrophenyl)azo] aniline,
Disperse Orange 3 (DO 3) with dye 90% purchased from Sigma-Aldrich. Analytical TLC plates
were Silufol® UV-254 (Silpearl on aluminum foil). IR spectra were recorded on a Spectrum 100
FT-IR spectrophotometer (Perkin-Elmer) using the universal ATR sampling accessory. UV spec-
tra were recorded on a Spectrophotometer PerkinEImer LAMBDA 25 UV/Vis. DO 3 is a nonlin-
ear optical azo dye which is well known for its trans <> cis photoisomerization and for its ability
to undergo efficient orientation and trigger important polymer movement when it is excited by
polarized light [99]. Carbazole-containing polymers were employed as effective recording media
for holographic and e-beam recording [100]. In our study using modified procedure [101]
azobenzene polymer has been obtained by reaction of 340 mg poly-n-epoxypropyl carbazole
(PEPC) with 34 mg of DO in boiling toluene (2 ml) during 3 hours. The resultant solution of
carbazole-based 4-[(4'-nitrophenyl)azo]aniline-labeled azopolymer called as poly(PEPC-co-DO)
was filtered, determined by UV-Vis absorption and used for thin film deposition. The reaction

scheme is shown in Fig. 2.8.

ftitute of Applied Physics ASH
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Fig. 2.8. Synthetic scheme of poly(PEPC-co-DO) and obtained thin film on glass substrate.

The synthesis of poly(PEPC-co-DO) with 20-60 weight% of azo dye were carried out as
the same method as for described above. The reaction scheme is shown in Fig. 2.8.

In order to obtain films with different thickness resultant solution was diluted with differ-
ent amounts of toluene. Thin azopolymer films were obtained in equal conditions by spin-
coating of initial and diluted solution under 500 rpm for 30 s and dried at room temperature for a
day. The photo of spin-coated poly(PEPC-co-DO) film is shown in Fig. 2.8.

The thickness of dried films was measured by high-precision interference micros-
copy [102]. A groove was made on the surface of each sample, inside which the azopolymer film

was removed up to glass substrate and the distance between the “plateau” and the bottom of the
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groove corresponded to the layer's thickness. A number of films with thicknesses 250, 300, 400,
800 and 1600 nm were obtained.

Fourier Transform Infrared Spectroscopy (FTIR) was applied for copolymer structure
characterizing and identifying organic molecules. The chemical composition and the bonding
arrangement of constituents of the monomer, the azodye, and the azopolymer were investigated
by FTIR spectroscopy. Position of absorption peaks correspond to the frequencies of vibrations
between the bonds of the atoms and the size of the peaks is a direct indication of the amount of
constituents. Before infrared analysis, powdered samples were dried in exsiccator up to constant
mass. Infrared spectra of the samples were recorded with a PerkinElmer Spectrum 100 FT-IR
spectrometer. Data collection covers a total spectral range from 7800 cm™' to 400 cm™' with the
resolution 4 cm™".

The constituents of synthesizing copolymer (monomer EPC, azo-dye DO) and copolymer
EPC:DO obtained were characterized by FTIR spectroscopy with attribution of infrared absorp-
tion bands to main functional groups. On the Fig. 2.9 we present IR spectrum of the monomer
EPC and the copolymer EPC:DO. The conjunction of azo group in synthesized copolymer
EPC:DO was confirmed by the appearance of the peak at 1389 cm™ in the IR spectrum (Fig. 2.9)
corresponding to the N = N stretching frequency.
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Fig. 2.9. Fragments of IR spectrum: 1 — copolymer EPC:DO (90:10); 2 — EPC.
A widely used technique to produce thin layers is spin-coating. In spin-coating, a solution

drops of the coating material dissolved in an appropriate solvent is dispensed onto the substrate

surface, which is made to rotate at large velocity (typically around 600-3000 rpm). Programma-
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ble spin-coater (Fig. 2.10) has the capacity to store and execute up to 30 programs, with up to 20
steps each. Spin profiles adjustable in 1.0 rpm rotation increments, 0.1 s timing increments, and
1.0 s increments for dwell time, with precise repeatability from cycle to cycle and speed of 0—
10000 rpm. The spinning motion spreads out the solution and, as the solvent evaporates away, a

thin film of coating is left on the surface.

000 -
' Spinning
%001 20 secs
3000 RPM
2000 -
1500 -
00 -
B 5009 poposition 4 Ramp 2
E 1 dlsecs
(W oo . - * = -
0 10 20 30 40 E1] 80
Dwell

Fig. 2.10. Photo of programmable spin-coater  Fig. 2.11. Rate/time schedule of spin-coating
“SGS Spincoat G3P-8”. for polymer films.

There are several major factors affecting the coating process. Among these are spin speed,
acceleration, spin time and exhaust volatility. It was shown that spin coating of thin and thick
polymer films, examined in several solvents of varying volatility over a broad range of polymer
solution concentrations and spin speeds, could give film thicknesses from 10 nm to 33 nm.

In our study, the thin polymer films were prepared from the 10 wt. % homogeneous poly-
mer solution in toluene onto glass substrate using programmable spin-coater “SGS Spincoat
G3P-8”. Operation conditions for polymer solution deposited on 5 cm diameter optical glass
substrate (BK7) were as follows: 1 cm® of liquid dispensed on the disk at rest, subsequently ac-
celerated in about 3 s to 800 rpm and spun for 60 s. Obtained films were dried in an oven at
60 °C for 6 hours. The broad range of thicknesses can be covered by using polymer solution with
increasing solids content or for a given solution by changing the final spin speed (Fig. 2.11).

Determination of film thickness by optical techniques is widely used. Measurements are
nondestructive, relatively inexpensive. Interferometry relies on the interference of two or more
beams of light, e.g. from the air/film surface and the film/substrate interfaces, where the optical
path difference is related to film thickness.

For the determination of film thickness the modified digital MI1-4 interference microscope

with CCD-camera was applied [103]. True optical resolution (snapshots) is 1920x1080pxs of
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Logitech HD webcamera. A magnification of 490" was used. The horizontal field of view, from
which a data analysis is performed, was 0.3 mm diameter circle.

It was shown that by raising the polymer concentration from 2.5 to 15.0 wt%, the final film
thickness increase from 160 to 960 nm at a spin speed of 3000 rpm during 20 s. Applied method of
thickness measurements has shown a quasi-linear thickness dependence on polymer concentration.
(Fig. 2.12).

Working with computerized MI1-4 interference microscope and elaborated software has shown
that precise determination of layer thickness of thin films can be user-friendly. Software can process
the interferograms in the case of interference fringe tilt respect to pixels row angles deviation.

In contrast to conventional layer thickness measuring devices such as profilometers or
atomic force microscopes (AFM), this technique provides the full field analyzing specimens, is
more rapid, noncontact, and does not require complicated specimen preparation. Thanks to these
advantages, the modernized MII-4 interference microscope has great potential as a combined
analysis system (optical microscope and layer thickness measurement device), particularly in
thin-film engineering [103, 103]. Moreover, the cheaper USB webcamera with more than 2min
pxs is a good alternative to CCD camera and framegrabber. Webcamera uses the low power USB

interface for data transfer and provides the plug-and-play functionality.
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Fig. 2.12. Film thickness as a function of concentration of PEPC solution in chloroform.

2.2. Carrier photoinjection at ChG-ChG interface

The possibility to increase photosensitivity of ChG heterostructures (HS) by means of in-
jection sensibilization of As,S; (As,Ses) by holes from Sh,S; (Se) in two-layer structures was
investigated in work [104].

The two-layer structures were obtained on a glass substrate covered with lower electrode (Al,
Au, Bi, SnO;) by subsequent thermal deposition in vacuum of ChG layers and top electrode Al.
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I-V characteristics, photoconductivity spectra, transient injection photocurrents as well as
discharge characteristics in xerographic regime without top electrode were measured.

It is difficult to make an analysis of the examined ChG, consisted of elements with differ-
ent field dependence of conductivity, but the following relations may be qualitatively observed.

Electric current transport in the fields up to 4-10* V/ecm and temperatures to 313 K in the
structure Me- Sbh,S3-As,;S3-Me does not depend on bias voltage polarity, the structure’s conduc-
tivity is governed by the volume conductivity of the layers. But with rising temperature, as well
as increasing the electric field the current under negative potential on As,S3 exceeds the current
magnitude under opposite bias, which may be considered as an indication of the hole injection
from Sb,S3to As,S; layer [107].

This effect can be more clearly seen by investigation of the I-V characteristics under illumina-
tion. The current strongly increases in the case of injection’s polarity (Fig. 2.13, curve 1”) in contrast
to the opposite polarity, when the structure conductivity does not change greatly (Fig. 2.13, curve 2°).

Feature marked above also takes place for the structure Me-Se-As,Ses-Me, when the sam-
ple conductivity changes more strogly under the negative potential on the As,Ses, than under

opposite polarity (Fig. 2.13, curve 3°, 4°).
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Fig. 2.13. I-V characteristics in dark (1, 2) and Fig. 2.14. The photocurrent spectra of the HS

under illumination (1°,2°, 3°, 4”) at injection (1’,  Au-Sb,S3-As,S3-Al at injection (1) and oppo-
3’) and opposite (2°, 4”) bias polarity for the HS: site (2) bias plarity.
Au-Sh,S;-As,S3-Al (1, 17, 2, 2”); SnO,-Se-
AsySes-Al (37, 4°).

Measurement of the photogenerated hole drift in the field regions up to 10° V/cm and tem-

perature up to 400 K showed, that the carriers quickly pass the Sh,S3 layer and accumulate, due

67



to great difference of drift mobilities, at ChG-ChG interface, creating after that current in As,S3
under the field action (Fig. 2.14). Transport of a charge packet takes place consequently in the
layers of the Sh,S3-As,S3; and shows dispersive character in contrast with the Se-As,Ses, in
which charge transport injected from Se into As,Se; in the field region from 10° to 10° V/cm and
temperature range 300—330 K has normal character.

Under illumination of the structure Au-Sb,S;-As,Ss-Al from the side of the wide gap ChG
(As,S3) the photocurrent spectra (Fig. 2.14) are significantly different for positive and negative bias
of the top electrode. The main difference corresponds to Sbh,S; photogeneration region (1.4-2.1 eV)
indicating the injection nature of holes photogenerated in Sh,Szand passing through the As,S; layer.

The injection sensibilization is confirmed by strong correlation of the spectrum behaviour
with variation of the layer thickness. The photocurrent spectra slightly depended on bias polarity
in the structures with thick As,S; layer.

The photocurrent spectra of the structure SnO,-Se-As,Ses-Al are shown in Fig. 2.15. As the
total structure resistance is mainly determined by the As,S;3 layer resistance, the injection of
holes photogenerated in Se into As,Ss3 reduces its resistance, increasing the photocurrent (Fig.
2.15, curve 1). At opposite bias polarity the holes photogenerated in Se, under action of the elec-
trical field, are extracted in the contact without lowering the structure resistance because of the
absence of injection (Fig. 2.15, curve 2).
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Fig. 2.15. The photocurrent spectra of the HS  Fig. 2.16. The spectrum of xerographic sensitiv-
SnO,-Se-As,Ses-Al at injection (1) and oppo- ity of the HS Al-Sh,S3-As,S3 under positive (1)
site (2) bias polarity. and negative (2) electrization.

Sensibilization of As,S; (As,Se3) by photogenerated holes from Sb,S; (Se) is proved by
tests in xerographic regime. For example, the spectrum of xerographic sensitivity is shown in
Fig. 2.16 for the structure Al- Sh,Ss- As,;S3. The choice of layer thicknesses provided the equal
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contribution to photosensitivity spectrum of this structure, when the top layer of As,S; is posi-
tively charged, there are no conditions for injection and the spectrum consists of two maxima
corresponding to the contribution of each layer (Fig. 2.16, curve 1). In the case of negative charg-
ing the injection maximum dominates in the spectrum at intermediate region of exitation energies
(Fig. 2.16, curve 2). The sensitivity of this maximum is 4-5 times higher than the volume sensitivity of
the individual layers.

Thus the analysis of the experimental results of the light and dark 1-V characteristics, spectral
sensitivity distribution in resistive and xerographic regimes, as well as transient injection photocur-
rent indicates the presence of the injection sensibilization effect. This permits to extend the spectral
sensitivity region and increase photoconversion efficiency in the studied ChG structures [108].

The charge carrier transport through interface of two ChG in conditions of photoexited car-
rier’s injection was investigated in heterostructure Se-As,Ses. In this case the transport of holes
injected from Se to As,Ses has been considered.

The samples of heterostructures have been obtained by abovementioned method. To re-
strict a dark current injection, the barrier layer from high-resistance dielectric transparent in UV
region has been deposited between lower electrode and Se layer. The constituent layers of Se and
As,Se; have been obtained in one technological cycle with heterostructure to compare their char-
acteristics. Nonequilibrium carriers were generated in Se by pulse of high absorbed light (A=0.34
um) of N-laser LGI-21. At positive polarity on illuminated electrode (SnO,) the transport of
holes photoexited in Se takes place through As,Ses. The photocurrent at opposite polarity corre-

sponding to electrone transport is negligible in comparison with hole transport.
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Fig. 2.17. The oscillograms of transfer photocurrent in SnO,-Se-As,Ses-Al (a) and SnO,-
As;Ses-Al (b). a) U, V: 1 —2.5,2 —5; j, Alcm®-div: 1 — 1-10°®, 2 — 2-107%; 7,,=1 ms/div. b)
U=5V; j=2-10"® Alem? div; =5 ms/div.
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Tipical oscillograms of the transient photocurrent in heterostructure Se-As,Se; and As,Se;
are shown in Fig. 2.17. From comparison of these oscillograms it is seen that current density in
heterostructure is two order high than in As,Ses which proves the existance of effective hole in-
jection from Se into As,Ses.

One can separate two parts in the oscillograms of nonstationary photocurrents in het-
erostructure Se-As,Ses: 1. rapid decay matching hole transfer in Se, and 2. the plateau and con-
sequent slow decay matching hole transport in As,Ses. Time of flight of hole “packet” center of
gravity t,,,,; in As,Ses is defined in part 2 at the point of inflection separated the plateau and con-
sequent decay. The density of quasi stationary current js is determined at the same point of in-
flection (Fig. 2.18). The plateau on the iscullograms of quasi stationary currents is the evidence
of the carriers’ packet transport with constant rate, i.e. the evidence of normal (Gaussian) transfer
in As,Ses. For similar oscillogram for layer of As,Ses it is seen the absence of the plateau, and
the transport is dispersive one. The dispersive hole transfer in As,Se; was observed by many re-
searchers such as [109], whereas the normal transport was discovered only at certain conditions
like for example [107]. In our experiment the hole injection from Se it seems influences on the
transfer mechanism in As,Se; which becomes normal.
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Fig. 2.18. The field dependences of holes drift mobility « (a) and conductivity o (b) of As,Se;
layer in heterostructure SnO,-Se-As,Ses-Al. 1 — 25°C, 2 — 35°C, 3 — 50°C.
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In Fig. 2.19 the eletrical field dependences of holes drift mobility p and conductivity

o = js/E In As,Ses at different temperatures are shown where p = L/7,,,; E (L — thickness of
As,Ses layer, E — intensity of electrical fiels, js and 7, are pointed in 0). As one can see from

Fig. 2.18 the dependences of Ig a(E*?) and Ig w(E*?) are linears.

2077

, o len™!
T
// / )
]
L]

ag=7T L
4 7
] 1 S -
-5l .
4 W
3 a
&
e
é‘;
2

/

L

J.A Jz JF J&
10T, K

Fig. 2.19. The temperature dependences of holes drift mobility x (a) and conductivity o (b) of
As,Ses layer in heterostructure SnO,-Se-As,Ses-Al. E, Viem: 1 — 10%, 2 —10° 3 —2.5 - 10°.

The drift mobility of holes in As,Se; meseared at conditions of holes’ injection from Se is
10 cm?/V-s at field ~ 10° V/cm. The activation energy amounts 0.22 eV. For As,Se; layers the
value of the hole drift mobility determined by the same technique is about 10 cm?/V-s with the
activation energy 0.52 eV. The fact, that the activation energy of holes’ drift mobility decreases
more than twice whereas the drift mobility increases by only one order, may be connected in the
differences of preexponential factor of drift mobility which is dependent of trapping center con-
centration at 0.52 and 0.22 eV energy levels.

If we consider that the dependencies of u(E, T) and o(E, T) are similar, i.e. the root de-
pendence of field and activation dependence of temperature, and o = epi, u (pPin — concentration
of injected carriers) we can assume the similars field and temperature characteristic for the con-

centration of holes injected from Se into As,Ses.

o exp |2 VE
Pin = Po €Xp kT ’ (2.1)



where p, — concentration of holes generated in Se by illumination. The magnitude of Agp=(g, —

B,VE) is characteristic of the potential barrier of holes at interface of Se-As,Ses, ¢, and 8, — bar-
rier parameters which may be expressed as €, = €5 — €, B, = B» — By Theoretical magnitude
is 2B, = [e/eoe1 (&1 + £2) (&5 — £)]Y2 = 0.67 - 10~* eV(cm/V)"* where &, =6 and &, =9 -
dielectric susceptibilities of Se and As,Se; respectively, and experimental value of 24, is 0.8:10°

*eV(em/V)™2 1t is evident in favor of Richardson-Schottky mechanism. From experimental results
the following estimations of injection barrier A, and coefficient of injection #= pi/po have been
obtained: Ae,=0.16 eV, =2.1 - 10° at E= 10* V/cm and Ae,= 0.05 eV, 4= 1.5 107 at E=2.5 -10°
V/cm. The formation of potential barrier for holes at interface Se-As,Ses is conditioned by bending
down of Se valence band which is in agreement in field dependence of barrier’s value: with field
increasing (positive potencial at Se) the barrier’s magnitude decreases.

Comparison of injection features of the heterostructure Se-As,Se; with corresponding fea-
tures of other structures Se-PVC, AsSeTe-Se where = 10 [107] says about high efficiency of
holes injection through barrier at interface Se-As,Ses (7= 10™%). If we take instead of As,Se; the
wider band gap ChG like As,S3 the hole injection from Se into As,S3 increases due to lowering

the barrier value at interface Se-As,Ss.

2.3. Optical and Raman spectroscopy measurements
a. Optical spectroscopy measurements

The changes of the optical parameters (blue or red shift of the fundamental absorption
edge- bleaching or darkening, quantum states, luminescence) as well as of the conductivity and
melting temperature (stability), are characteristic for and usually examined in nanostructures. A
few approaches are known for extending investigations of ChG layers towards the nanostruc-
tures, especially in the nanolayered, superlattice-like multilayer structures, but the problem of
photostructural transformation dependence on the artificial nanostructuring is still not solved. In
addition, in most cases, the ChG applications require step of selective etching to form a surface
relief, i.e. it cannot be fabricated by one-step direct laser writing. The etching process signifi-
cantly complicates the DOE creation.

Optical transmission spectra were studied in the region 200-900 nm with the use of spec-
trophotometer Specord M40, and in the region 200-3000 nm with Shimadzu UV 3600. These
spectra were measured in order to define the refractive index, the absorption coefficient, the

thickness and the optical band-gap energy of constituent layers and NML. The darkening effect
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and especially photodarkening effect have been studied extensively in As-chalcogenide glasses
for the past three decades, bleaching has been observed rarely.

The typical optical transmission spectra of studied films are presented in Fig. 2.20 on the
example of As,S3-Se NML structure with the thickness of one As,S3 nanolayer dasys3=13 nm and
one Se nanolayer ds=7 nm. The total number of nanolayers is 200, so thicknesses of As,S; —
1300 nm, and Se — about 700 nm, and the total thicknessof NML is 2100 nm. There is a broad
transparency region at long wavelengths side and significant drop of transparency in the region
of 650-450 nm due to absorption increase. The samples have good optical quality. The interfer-
ence maxima of transmissions are near the transmission of glass substrate which is evidence of
optical quality of the films surface. The absorption edge of the NML composite structure As,Ss-
Se is close to the absorption edge of Se multilayers which is says about 1. the absorption of NML
is determined by Se, and 2. good quality of the interfaces between nanolayers, i.e. no interdiffu-
sion of the materials during evaporation [108]. These features of the absorption edge of NML are
preserved for all investigated nanostructures.

The thicknesses of constituent As,S3-Se nanolayers lie in region 7-15 nm, and are suffi-
ciently smaller than the wavelength of irradiation. Thus, in the analysis of optical transmission
spectra of NML structure it was possible to use the ““‘effective optical medium’> model: the layers
with small optical band gap Ey value determine the optical absorption at the average absorption
edge Eg, and the “‘barrier” layers with larger Eq are transparent. For ChG, the optical absorption
coefficient, a, changes rapidly for photon energies comparable to that of the band gap, Eg, giving
rise to an absorption edge with three regions — for the largest electron energies, in the region of
the edge itself (10 < a < 10* cm ™), and at the lowest photon energies. The first one is for the high-
est values of the absorption coefficient (o > 10* cm™) which corresponds to transitions between
extended states in both valence and conduction bands where the power law of Tauc is valid.
a(hv) = B(hv — E;)*/hv. 2.2)
Constanta B is the slope of the Tauc edge which reflects some disorder of the samples. Usually,
this constant depends on the width of the localized states in the band gap, a fact explained with
the homopolar bonds’ presence in the chalcogenide glasses. Thus, Tauc plots of (ahv)? versus
(hv) should be linear and extrapolate to value of the optical gap, Eg.

The edge absorption is determined by the relation a-hv = const(hv - Eg)z, where Av is the

energy of light quantum, « is the absorption coefficient.
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Fig. 2.20. The optical transmission spectra T of films vs. wavelength 4.

The optical transmission spectra of GesAs37Ssg-Se studied films are presented in Fig. 2.21.
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Fig. 2.21. Optical transmission spectra of GesAss;Ssg, Se layers and GesAs37Ssg-Se NML.

As can be seen from comparison of Fig. 2.20 and Fig. 2.21 the optical transmission spectra
for As,S3-Se and GesAs37Ssg-Se NML are similar. The absorption edge of GesAs37Ssg-Se NML
practically coincides with the absorption edge of Se. It is necessary to note the high optical quality
of NML (in sites of interference maxima films transmission coincides with the substrate transmis-
sion) and presence of scattering in Se layer (transmission values of interference maxima for Se layers

are smaller than values of substrate transmission).
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Transmission spectra of GesAs3;Sss, Se layers and GesAss;Ssg-Se NML (Fig. 2.21) show a
broad transparency region at long wavelengths side and significant drop of transparency in the
region of 400-650 nm due to the increase of absorption.

The optical transmission spectra of As,Sz:Mn 2 wt% —Se NML are shown in Fig. 2.22. Eq4
values were: Se — 1.9 eV, As;S3:Mn 2 wt% and As,S3:Mn 2 wt% —Se NML — 1.93 eV. Absorp-
tion edge of the As,S3:Mn 2 wt% —Se NML is close to the absorption edge of Se multilayers (Fig.
2.22).
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Fig. 2.22. The optical transmission spectra of As,S3:Mn 2 wt% —Se NML.

The spectral dependence of the refractive index n (0) calculated together with the film thick-
nesses were obtained by the Swanepoel method [106].
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Fig.2.23. Spectral dependencies of refractive index n of GesAs3;Ssg-Se NML.

The refractive index n as a function of wavelength was analyzed on the basis of the Wem-
ple-DiDomenico dispersion model [71], which is based on the single-oscillator approach. Ac-
cording to this model the refractive index n is related to energy of incident photon E by equation
n’—1= Eq -Eo I(Eo*— E?), where Eq is single oscillator energy, Eq is dispersion energy. In this ex-
pression Eq determines the position of effective oscillator connected with average energy gap. Eq
is the dispersion energy characterizing the strength of interband transitions.

To obtain Eq and Eq we plotted dependences (n°—1)"'=f (E?) and then performed least
squares fitting method to the straight line (see Fig. 2.24). Optical band gap Ey was determined

from Tauc law, using the construction in the coordinates (a-hv)*?= f(E).
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Fig. 2.24. Plot of (n, - 1) on E; for the Eq, E4 parameters determination by single
oscillator model.

The material of interest in this experiment was to compare the optical parameters of the
NML As,S3-Se with different thickness modulation periods D (the total thickness of one As,S3
and one Se nanolayers). Single-oscillator model parameters and E4 obtained for Se, As,S3; and
NML As,S3-Se for three modulation periods are presented in Table 2.1.

Table 2.1. Single oscillator model parameters for NML As,S3-Se.

D, nm d, nm n (0) Eq eV Eo eV Eg eV
41 2080 2.30 18.34 4.29 1.95
20 2100 2.34 19.84 4.43 1.95
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13 1370 2.38 19.46 4.18 1.95

From the data in Table 2.1 it is seen that refraction index increases with decreases of the
thickness modulation period. Larger refractive index is caused by more polarizability of media.
However, the dispersion parameter E4 does not follow for the refraction index and has maximum
value 19.84 eV at D=20 nm. The oscillator energy E, behavior is the same although the optical
band gap Eg, which according the model Eg=~2E,, maintains constant value 1.95 eV.

To check the influence of ChG conformity on the optical parameters we calculated them
for NML As37SssGes-Se with total thickness ~ 3000 nm. Thicknesses of constituent AszzSssGes
and Se layers were 16 and 14 nm, respectively. The parameter calculation was the same as we
described above. The results are presented in Table 2.2

Table 2.2. Single oscillator model parameters for NML As3;SssGes-Se.

Composition n(0) Eg, eV Eo, eV Eg, eV
Se 2.28 19.09 3.74 1.92
AS37S58Ges 2.24 18.29 4,57 2.27
As37S58Ges -Se 2.37 17.67 3.84 1.92

It can be seen from the data given in this Table 2.2 that E, scales well with the optical band
gap (Eo ~2E,) for Asz;Sss Ges layers and for NML As37Ssg Ges-Se. Eq for Se layers exhibits ~ 3%
less than value of 2E,.

According the Wemple-DiDomenico model the dispersion energy, Eq, relates to other
physical parameters of the material through the following empirical relationship:
Eq(eV)=p-N¢'ZaNe, Where N is the effective coordination number of the cation nearest-neighbor
to the anion, Z, is the formal chemical valency of the anion, N is the effective number of valence
electrons per anion and /3 is a two-valued constant with either an ionic or a covalent value. Based
on the assumptions of glass stoichiometry, any difference in Eq derived by the Wemple-
DiDomenico model will be likely due to the difference in N¢, which indicates the structure of the
glass network [111]. The explanation suggested in the case of Se, the amorphous form the chain-
chain bonding increases the effective coordination number above the nearest-neighbor value, and
these interactions are effectively lost, or at least greatly reduced. The following optical effect is a
reduction in oscillator strength of lone-pair to conduction band transitions.

In conclusion, the optical parameters for NML integrally and constituent nanolayers are
calculated on the base of single-oscillator model. It was found that constituent nanolayers are
well described by this model independent on composition. Optical parameters of NML are de-

clined from single-oscillator model which manifest nanostructuring of the samples.
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To study the influence of the temperature and illumination on the optical constant of
As,S3-Se NML and constituents nanolayers, the samples with different thicknesses were heated
at 70 and 90°C, and illuminated at A=525 nm during 20 min. These experimental parameters

were chosen to prevent the development of recording process on the samples under study.
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Fig 2.25. The transmission spectra of As,S3-Se NML with total thickness 1370 nm.
In Fig. 2.25 and 2.26 the transmission spectra for two types of samples are presented. From
these figures one can see that the heating and irradiation shift the edge of spectra to shorter

wavelengths. Other words, the NML is bleached under there kinds of excitation.
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Fig. 2.26. The transmission spectra of As,S3-Se NML with total thickness 1420 nm.
From the transmission spectra of the nanolayers of Se, As,S; and NML As,S3-Se, the re-

fractive index and thickness were calculated according to the Swanepoel method, the optical

band gap Eq - by the Tauc method. Calculated parameters are presented in Table 2.3.
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Table 2.3 Parameters calculated from the transmission spectra.

d, nm n (A=1000 nm) Egopt, €V
Fresh As,S3 74046 2.324+0.02 2.35
ML Fresh Se 630+9 2.50+0.02 1.92
Fresh ML As,S3-Se 1370+20 2.46+0.013 1.95
AS,S3-Se o _
] heated 70°C 20 min 1357+15 2.49+0.02
Fig 2.25.
heated 90°C 20 min 1365+8 2.495+0.02
irradiated 525 nm 20 min 1369+15 2.50+002
Fresh As,S3 96049 2.2840.02 2.35
Fresh Se 445+10 2.48+0.01 1.90
NML
Fresh ML As,S;-Se 1420+15 2.37+0.02 1.95
As,S3-Se 0 _
) heated 70°C 20 min 1395+12 2.43+0.02
Fig 2.26.
heated 90°C 20 min 1405+12 2.42+0.02
irradiated 525 nm 20 min 1390+12 2.454+0.02

The spectra of refractive index of the As,S3-Se NML are arranged between the spectra of

refractive index of the As,S3 (lower curve on Fig. 2.27a) and Se (upper curve on Fig.2.27a).
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Fig. 2.27. a). The spectral dependence of the refractive index of the As,S3-Se NML; b)
The spectral dependence of the refractive index of the As,S;-Se NML at different kind of exi-
tations.

The absorption spectrum of PEPC -10% CHlI; (Fig. 2.28) exhibits in the visible range an
increase in absorbance (A) at A = 400 nm and, which is more important, a new band at 640—-650
nm associated with the formation of a charge-transfer complex between carbazole cycles and tri-

iodomethane CHI3 [112, 167], whose degradation gives colored products. This results in the
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networking of the irradiated portions of the photoresist layer. As found by instrumental analysis
techniques, an increase in A at A = 640 nm is proportional to the network density of the poly-

meric layer (Fig. 2.28).
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Fig. 2.28. Absorption spectra of a photopolymer layer from PEPC containing 10% CHI;
upon irradiation by the PRK-4 (220W, 0.2-0.4pm) mercury lamp. Irradiation time, min:
(1) 0, (2) 3, (3) 6, (4) 10, (5) 15, (6) 20, and (7) 30.

It has also been shown that the rate of photoinduced networking depends on the polymeric
layer thickness and temperature. For example, photopolymers of a given thickness based on

PEPC or CAM are crosslinked during 10—-15 min at T = 30°C or 1-3 min at T = 60°C.
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Fig. 2.29. Absorbance Agsonm as a function of irradiation time for PEPC photopolymer
layers of different thickness, pm: (1) 1, (2) 3, (3) 5, (4) 8, and (5) 10; Ejy = 15.5 mW cm?,
CHI3= 10 wt %.

An increase the thickness accelerates the crosslinking of polymer. As follows from Fig. 2.29
an increase in the polymer layer thickness from 1.0 to 10.0 pm decreases the crosslinking time
from 30-35 to 10-12 min. The photocrosslinking time was taken as the time when the A= f(ti)
curve begins to flatten out.

In general, the photosensitivity (S) of recording media was determined as the reciprocal of

the exposure [110]:
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1 1
S=—orS=—,
H Er (2.3)

where H is the exposure in Ws cm™, E is the intensity of illumination in mW cm™, and 7 is the
illumination time, in S, required for crosslinking more than 90% of the photopolymer.

Like the crosslinking time, the layer sensitivity depends on the photopolymer thickness, as
well as on the illuminance E and the spectral composition of the band at which the material is
exposed. As the photopolymer thickness increases from 1.0 to 10.0 um, the photosensitivity in-
creases more than tenfold reaching a saturation value at the thickness greater than 5-6 pm. The
contrast index C was determined by the expression [110]:

— A\nax — Anin
|Og Hmax - IOg Hmin

(2.4)

where Amax and Anin are the absorbance after and before UV irradiation, respectively, and Hmax
and Hp,n are the corresponding values of exposure.
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Fig. 2.30. Dependence of the photosensitivity S (1) and (2) and the contrast index C (3) and (4)
on illuminance: (2) and (3) PEPC and (1) and (4) CAM: OMA.

The study of the dependence of the photosensitivity and the contrast index on the illumi-
nance showed that an increase in E from 10.2 to 15.5 mW cm™ increased the photosensitivity of
the media more than twofold for both PEPC and CAM: OMA (Fig. 2.30). The reverse was ob-
served for the contrast. An increase in the illuminance E from 10.2 to 15.8 mW cm™ decreased
the contrast index by a factor of 2.3-3.0 (Fig. 2.30), a result that is consistent to the behavior ob-
served in silver halide photography.

It was of interest to examine the dependence of the photosensitivity on the iodoform con-
centration c in photopolymer. As follows from Fig. 2.31 the photosensitivity increases more than

threefold with an increase in the CHI3 concentration in the range from 5 to 10-12 wt % and de-
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creases noticeably with a further increase in the CHI3 concentration. It should be noted that the
photopolymer optical properties deteriorate at CHI; concentrations higher than 12% owing to
CHIj; crystallization.

S.cm? (mW s)™!
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Fig. 2.31. Dependence of the photosensitivity of (1) CAM: OMA and (2) PEPC photopolymer

layers on the CHI;3 concentration, Ej; = 15.5 mW cm?,

To analyze photoinduced variations of optical properties the poly-epoxypropylcarbazole
(PEPC), poly-epithiopropylcarbazole (PETPC) films were exposed to UV-irradiation of the ul-
traviolet quartz lamp DRT-230 (E = 3.3 mW/cm?) and Ar* ion laser (H = 54 J/cm?).

Examinations of transmission spectra of polymer films on the basis of PEPC and
PEPC: PETPC showed that the films are transparent in the whole visible band (T = 82% in the
range of wavelengths 450-900 nm) (Fig. 2.30).

To investigate the influence of irradiation on optical properties of the deposited films, de-
pendences of the kinetics of photoinduced absorption peak on the irradiation time were meas-
ured. After irradiation by Ar*-laser as well as by UV light the films became colored in the green
color with the appearance of an absorption band with the peak at 652 nm and the simultaneous
shift of the absorption edge to the long-wave field. The transmission spectra of PEPC and
PEPC:PETPC (1:1) films (the thickness 1.6 um) before and after irradiation by Ar’ion laser are
shown in Fig. 2.32a. The transmission spectra of PEPC films before and after UV-irradiation are
presented in Fig. 2.32b.

As it is seen from Fig. 2.32, after irradiation the absorption edge shifts to the long-wave
field and a new absorption band appears at wavelength 652 nm. The nature of this band is related
to the charge-transfer complex formation between carbazole nuclei and iodoform CHI3z. These
copolymers form intramolecular charge transfer complexes which are deeply colored and extend

the spectral response of these materials into the visible region.
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Fig. 2.32. The transmission spectra (a) of PEPC (1) and PEPC:PETPC (3) films before and
after (*) irradiation by Ar” ion laser (2, 4, respectively); (b) PEPC films before and after (*)
UV irradiation during: (1) 3, (2) 10, (3) 25, and (4) 60 min.

Decomposition of CHI3 leads to the formation of the colored products. Then the latter
leads to the structuring of the irradiated sections of a photosensitive layer. Growth of absorption
value at A= 652 nm is proportional to the degree of structuring of polymer layer. After the stor-

age in darkness of the samples of PEPC and PEPC:PETPC films, the ‘after-effect’” of the fur-
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ther self-amplification of the absorption peak was observed. The spectra of unexposed area of the
films remained unchanged at the darkness storage.

The UV-Vis transmission spectra of obtained poly(PEPC-co-DO) azopolymer films with
different DO content (from 10 to 60 wt%) and equal thickness d=1600 nm are presented in Fig.
2.33. In Fig. 2.34 the transmission spectra of obtained poly(PEPC-co-DO) azopolymer films
with different film thickness (from 250 to 2160 nm) and equal DO content 30 wt% are presented.

The maximum of the absorption peak for this azopolymer lies at wavelength of 450 nm,
which is characteristic for DO azo dye classified as pseudo-stilbene [113]. It confirms azo cou-
pling reaction of PEPC with DO. In Fig. 2.33 the wavelength used for recording (473 nm) and
reading (650 nm) of phase grating are shown the same. The absorbance at wavelength of 473 nm
is close to maximum, so this wavelength can be used for recording, whereas red laser at wave-
length of 650 nm is in transparent region of spectra. The azopolymer film formation was carried

out in the dark to obtain the film in its trans state of isomer.
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Fig. 2.33. UV-Vis transmission spectra of Fig. 2.34. UV-Vis transmission spectra of
poly(PEPC-co-DO) films (the film thickness  poly(PEPC-co-DO) films with different film
d=1600 nm) with different DO content. The thickness. DO content is 30 wt%.

blue (473 nm) and red (650 nm) lines mark
the wavelength used for recording and read-

ing of phase grating, respectively.

The optically induced changes in the azopolymer film transmittance were studied by comparison

of non-exposed and exposed films.
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Fig. 2.35. Photoinduced spectra changing of poly(PEPC-co-DO) film with DO content 20 wt%
and film thickness d=1600 nm.

An initial transmittance measurement of as-deposited films was made, and then the film
was exposed to an expanded 473 nm single laser beam (diameter 3.4 mm, intensity
740 mW/cm?) from a 100 mW DPSS single mode laser with linear polarization. This was imme-
diately followed by a transmittance measurement. Trans-cis isomerization can occur by optical
excitation into the trans-isomer absorption band. This trans-cis isomerization process is well-
known in a number of photochromic dyes including the azobenzene dyes [114, 175].

Fig. 2.35 shows the evolution of the transmittance spectrum upon irradiation with 473 nm
laser light, which demonstrates the photo-induced isomerisation of poly(PEPC-co-DO) film with
DO content 20 wt% and film thickness d=1600 nm after exposure 4.44 kJ/cm? (c. 100 minutes).
The cis-isomer can thermally relax back to the trans-isomer or this process can occur via optical
excitation.

The peak at about 450 nm corresponds to the trans form of isomer, which increase upon ir-
radiation. The series of spectra presented correspond to the 473 nm laser light photoisomeriza-
tion of the trans isomer into the cis. The inset shows the change of transmittance at wavelength
450 nm (in %) vs exposure. The appearance of a second peak at ~360 nm (indicated by arrow)
can be attributed to the cis-isomer absorption [115]. As it can be seen, the used A=473 nm is
close to the trans-isomer peak absorption coefficient; hence, photo-induced changes from trans-
cis isomerization are expected to be faster than those that could occur if a longer wavelength was
used. We show in the Fig. 2.35 that the absorption change increases with exposure and it satu-
rates at exposure 4.44 kJ/cm?. The saturation is likely to appear due to equilibrium between opti-
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cally induced trans-to-cis-isomerization by exciting into the trans-isomer band peaked at wave-
length of 450 nm and thermal relaxation from the cis-to-trans-isomer.
b. Raman Spectroscopy

The aim of this part is to extend the research of nanostructuring properties of the As,Ss-Se
NML on the dimensions of constituent layers by measuring the Raman spectra. The purpose of this
research is to investigate the structural changes in the As,;S;-Se MN and, in particular, to examine the
relative contribution of As,S3 and Se to nanostructuring. We have selected Se and As,S; nanolayers
as components for the As,S3-Se MN because of their known Raman spactra. In addition, while chal-
cogens are good glass formers over a wide range of composition, a large majority of studies have
focused on the stoichiometric chalcogenide As,S3 due to its good stability. Nevertheless, the forma-
tion of a nano-structure such as As,Ss-Se is of much interest as the addition of Se nanolayer allows
us to tune and change the optical transparency and to improve the recording properties.

FT-Raman spectra were measured on a Bruker IFS 55 with a Bruker FRA 106 Raman mod-
ule [116]. Near-IR Nd: YAG laser with a wavelength of 1064 nm (E = 1.17 eV) was used as exci-

tation source. All measurements were performed at room temperature in back-scattering geometry.

Table 2.4. Multilayers nanostructure As,Ss-Se thicknesses.

Test 1 Test 2 Test 3
Total thickness 2.5 um 2.5 um 1.5 um
Number of nanolayers 50 100 100
D 50 nm 25 nm 15 nm
dasos3 30 nm 15 nm 8 nm
dse 20 nm 10 nm 7nm
dasoss 1.5 um 1.5 um 0.8 um
dse 1.0 um 1.0 um 0.7 pm

The Raman spectra of three different As,S; films corresponding to three thickness modulation
periods (D = 15; 25; 50 nm) of the NML are shown in Fig. 2.36. Each Raman spectrum was fitted
using a series of Gaussian peaks with a width appropriate for glasses. Table 2.5 provides a list of fre-
guency as assignments of the known structural units in the As,S3 glass. These assignments were used
to perform the peak-fitting analyses and to compare the relative contribution of each structural unit of
As,S3. The material of interest is the As,S3-Se NML with three thickness modulation periods D

pointed in Table 2.4.
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Table 2.5. Vibrational mode frequencies.

Peaks As,S3 from [215] Peak assignments from [117]
135.4 As-As units
145.0 145.7, a(B)-As4Ss
169.1 171.4, p- As4S4
189.4 182.6, a(B)-AssSs
223.1 221.0, o(B)-AssSs
233.7 238.4, p- AssS,4
274.2 271.0, a(B)-AssS4
344.6 341.5, a(B)-AssSs
362.0 363.0, As-As units; a(pB)-AssSs
495.0 495.0, S-S chains

The Raman spectra reveal two main vibration bands located at 130—250 and 310-390 cm™
(Fig. 2.36) which can be assigned to the vibration of the As-As containing units, such as As;Sy,
together with an additional band with maxima at 495 cm™ [117]. These two bands indicate that
S-S containing structural units such as -S-S-chains are present and connect individual S-S chains
(495 cm™). Appearance of these structural units containing homopolar bonds in the structure of
the evaporated As,S; can be explained by the thermal dissociation reaction during evaporation,
where a non-stoichiometric As4S, unit contains a homopolar As-As bond. A weak band near 495
cm™ indicates small numbers of S-S bonds. Due to fast condensation of vapours on the cold (at
room temperature) substrate these structural units are frozen and thus responsible for the photo-
sensitivity of these films.

From Fig. 2.36 it is clear that the peak positions coincide for three different As,S; parts of

the samples and correspond to results of other authors [118]. The intensities of all peaks are

maxima for the maximal thickness of As,S; d ps,s, = 1.5 pm. In test 2 and test 3, the curves of
Raman spectra are very close, but the plot of the sample with d ns,s, = 1 pm (test 2) lies lower

than that for the sample with d ;s = 0.8 um (test 3).
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Fig. 2.36. Raman spectra of As,S; from three NMLs.

Raman spectra of the fresh evaporated GesAs3;Ssg films are presented in Fig. 2.37. The
Raman spectrum of GesAs37Ssg glass is almost similar to the spectrum of binary As,S3 glass. The
main broad band in the spectra of As,S; and GesAss;Sss glasses at 342 cm™ corresponds to the
band characteristic for AsxSi00-x glasses of different compositions. The bands at 321, 343 and
361 cm™ that are present in the decomposition of main band are typical to the As4,Ssg glass en-
riched by arsenic as compared to the stoichiometric As,S; glass. The 342 cm™ band, as generally
accepted, corresponds to the symmetric vibrations of pyramidal As(Si»)s units. The band at
361 cm™ corresponds to the intensive mode of crystalline As;S, [119-121].

The most intensive peak at 342 cm™ observed either in GesAss;Ssg thin film spectra or in
bulk glass spectra consisted of two overlapped parts originated from pyramidal AsSs, and tetra-
hedral GeSy/, units which constitute structural backbone of the glass. The shape of this peak in
the film spectrum is more diffuse which points on higher degree of chemical disorder in evapo-
rated films compared to initial glasses. A certain amount of As;S, monomers is present in the
film as indicated by the presence of low-frequency modes (bands 361, 152, 167, 188 and
213 cm™) in the film spectrum (Fig. 2.37).

The bulk glass and thin film spectra also contain mode (band 275 cm™) which is characteristic
mode of As,S3 monomers. Peak at 377 cm™ in the bulk glass spectrum and thin film can be ascribed
to the oscillations of edge-shared (ES) tetrahedra or medium range order structures consisted of
AsS pyramids along with corner shared (CS) or ES tetrahedra GeS [122-124]. A broad band
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near 245 cm™ was observed earlier in Raman spectra of GexAsso.xSeo glasses for x values higher
than 24 [121]. As pointed by authors of [122] the emerging and ascending of 245 cm™ band with
raising X number was a result of increasing the ratio of Ge-Ge vs. As-As bond concentration. The

Ge-Ge bonds were stated to be found either in Ge,Sg» ethan-like units or in Ge-S4.,-Ge,, tetrahedra.
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Fig. 2.37. Raman spectra GesAss;Ssg layer.

The two overlapped peaks at 237 and 256 cm™ was also observed in Raman spectra of
glassy GeS, obtained under certain technological conditions [123]. Numerical calculations pro-
vided by authors [123] showed that although line at 256 cm™ can be ascribed to oscillations in
the ethan-like nanophase whereas the 237 cm™ peak only present in vibration modes of three-
fold coordinated GeS structures. Therefore, modes at 237 and 256 cm™ were ascribed to oscilla-
tions in three-fold coordinated GeS structures. As pointed by authors [123], these structures may
exist in the glass matrix in the form of crystalline GeS; nanophase of about 7-12 A in size.
Modes at 70, 84, 494 cm™ are related to vibrations of covalent S-S bonds. Weak traces of Sg
rings can be found in bulk glass as well as in evaporated film. They have vibrational modes at
150, 220 and 474 cm™. Whereas line observed at 220 cm™ can be ascribed to different structural
units, the 475 cm™ mode is characteristic of Sg rings.

Fig. 2.38 shows the Raman spectra of separated Se parts of films constituents in NML
(tests 1, 2, and 3). For all NML the Raman spectra of pure Se films exhibit a strong band at 251.1
cm™ and weaker bands at 110 cm™ and 131.5 cm™, which are specific for Seg rings and frag-
ments of Seg rings containing 5 and 6 Se atoms [125]. The shoulder near 233 cm™ corresponds to

Se chains and is clearly seen for the thinnest NML test 3. It is known that Se is a not stable mate-
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rial, but for the crystallization to occur, the size of Se films (clusters) should be greater than that
of crystallites, which is probably 5-20 nm [126]. This requirement may be satisfied in the spa-

tially-restricted test 1 and test 2, unlike test 3.
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Fig. 2.38. Raman spectra of Se nanolayers from three As,S3;-Se NML.

The band at 251 cm™' can be assigned to bond stretching vibrations and the band at
109 cm™' to bond bending vibrations in the meandering chain. The shoulder that appears at

235 cm™!' can be associated with a small fraction of “pure” helical chains.
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Fig. 2.39. Differential Raman spectra of Se layer in dependence on exposure (for different values

of laser power, exposure time is 132 s) as compared to that at 50 mW laser power exposure.
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From differential Raman spectra shown in Fig. 2.39 it can be seen that structure of Se films is
changing under the action of light. With the exposure increase the intensity of the 235 cm™ band is
increasing and intensity of the 251 cm™ band is decreasing and as is also for 80 and 109 cm™ bands
(not shown in Fig. 2.39). Changing of Se film structure under exposure (Fig. 2.39) shows that proc-
esses in Se (T value for Se is ~ 35°C) trigger processes of mass transfer in GesAsz;Sss-Se NML
due to arising structural non-uniformity according to intensity distribution during grating re-
cording. In our experiment, the S-S polarizations of recording beams do not create the conditions
for vectorial mass transfer, for which the polarization along the grating vector is needed. Therefore,
we can suppose that 6% depth of grating recorded in GesAss;Ssg-Se is mainly the result of scalar
deformations. Here it is necessary to note that mentioned features of light-sensitive chalcogenide-
based nanomultilayers depend on composition of combined layers and on the nano-periodicity.

Fig. 2.40 gives the Raman spectra of the As,S3-Se NML for three types of the samples un-
der test. As is seen, the Raman spectrum for the NML incorporates of Raman spectra of sepa-
rated films constituent of the As,S; and Se NML. The position and shape of the peaks and their

number says in favour of this.
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Fig. 2.40. Raman spectra of As,S3-Se NML with modulation period D =50 nm (test 1), D = 25
nm (test 2), D = 15 nm (test 3).

From the comparison of the Raman spectra for the NML with different modulation periods,
it is clear that the MNL with D = 15 nm (test 3) has sharp and high-intensity peaks. These parame-

ters of spectra (the peak sharpness and the arbitrary intensity) decrease with the thickness modula-
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tion period increasing. This feature may be explained by the ordering of the NML structure. Lower
the layer thickness leads to higher the degree of order of each constituent of the NML layers.

The Raman spectra of the As,S3-Se NML measured after illumination by 525 nm during 20
min are shown in Fig. 2.41. The behaviour of Raman spectra after illumination is opposite the
one before illumination in sense of the ordering of constituent layers. The peaks of the NML
with larger modulation periods are of higher intensities and sharper. Note that no new peaks ap-

pear so no new structural units are formed.
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Fog. 2.41. Raman spectra of As;S3-Se NML with modulation period D = 50 nm (test 1), D = 25
nm (test 2), D = 15 nm (test 3) after illumination with wavelength 525 nm.

To demonstrate clearer the Raman spectra modifications under light, we plotted the subtrac-
tion of the Raman spectra before and after illumination (Fig. 2.42). Each Raman spectrum was
normalized by the area under the curve, and differential spectra for each NML were obtained by
subtracting the appropriate spectra for the exposed and as-deposited sample (Fig. 2.42).

As can be seen from Raman subtracted spectra, the largest changes appeared in the spectra
of sample 3 mainly due to the decrease of intensity of the Se main band at 252 cm™. Also in the
exposed sample the bands get narrower in 120-240 cm™ range and the band at 360 cm™, con-
nected mainly with a “wrong” As-As bond in the AssS, cages, and at the same time in the sub-
tracted spectra a new band appeared at 228, 240 and 270 cm™, which is very close to a band for
the AsSes pyramidal units in the As,Se;z glass [118]. There is no measurable change discovered

for a broad band at 495 cm™ connected with the S-S bonds.
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Changes in the Raman spectra for the exposed NML allow us assuming that photostruc-
tural changes under exposition occur mainly due to a decrease in the amount of the Se rings,
which means the inter-diffusion on the interface As,S3-Se of the NML and creation of new As-
Se bonds. Decreasing the amount of “wrong” As-As bonds and appearing of new 228, 240 and
270 cm™ bonds confirm this process and also could be connected with photo-polymerization of
the As,S; sublayers. From this point of view, the efficiency of photostructural changes in the
NML should depend on the amount of the As,Ss-Se interfaces, that is why the observed photoin-
duced changes are larger for the NML with a smaller periodicity. In addition, these photo-
structural changes are favoured in chalcogenides because of a rapid localization of photo-excited
carriers, a low energy of the valence alternation of pair defects and the freedom of low-

coordination atoms to change their positions and bond configurations [127].
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Fig. 2.42. The results of subtraction spectra for NML As,S3-Se from data Fig. 2.41.
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Raman spectra of GesAssz;Sss-Se multilayer structure is presented in Fig. 2.43. It can be seen
that spectra contain all bands characteristic to Se and GesAss;Ssg films. Here it is necessary to note,
that similar to Raman spectra of Se, for differential Raman spectra in dependence on exposure the
intensity of the 235 cm™ band is increasing with the exposure increase and intensity of the 251 cm™
band is decreasing, respectively. But evolution of other weak bands is difficult to separate in differ-
ential spectra because many bands characteristic for different molecular structures are present.

In conclusion, we have established that the Raman spectra of the separated As,S; and Se
films are similar to those reported in literature. For the as-deposited samples, the interfaces,
which are the great fraction of the total volume of a sample, do not affect peak positions for both

materials. It indicates that no new bonds are formed in comparison with the films prepared by
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conventional vacuum deposition methods. The changing of the peaks intensity, more pronounced

in the Se film, is caused by a higher ordering of structure.
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Fig. 2.43. Raman spectra GesAs3;Ssg-Se NML.

Raman spectra vs laser power shown that the following structural changes in Se nanolayers
take place by laser illumination: a) band at 251 cm™ decreases which points on decreasing of Seg
rings quantity, b) band 235 cm™" increases which is associated with increasing a small fraction of
”pure” helical chains.

Raman spectra of GesAs3;Ssg-Se NML contain all bands characteristic of Se and
GesAs37Ssg films. Similar to Raman spectra of pure Se films, for differential Raman spectra in
dependence on exposure the intensity of the 235 cm™ band is increasing with the exposure in-

crease and intensity of the 251 cm™ band is decreasing, respectively.

2.4. Digital holographic measurements

The optical properties of chalcogenide glasses, especially the refractive index value and its
changes under different kind of exitations, are currently a subject of systematic research due to
their manifest strong photo- and thermally-induced properties that offer the possibility of using
amorphous chalcogenide for high-density information storage, fabrication of diffractive optics such
as phase and Bragg gratings elements, inorganic photo-resists, and different holographic patterns.

There are two main problems of optical parameters measurement: the precise definition of
the refractive index, and independent assessment of refractive index and thickness of the sam-
ples. The formed gratings represent microscopic phase/amplitude objects with a photoinduced

parameters modulation at nanometres scale. The modulation of refractive index and thickness
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causes phase variations. For the investigation of above mentioned phase objects quantitative
phase imaging has been applied.

The principal problem solved by quantitative phase imaging (QPI) is the study of objects
that do not absorb or scattering light significantly i.e., they are transparent, or phase objects. In
the 1930s Zernike developed phase contrast microscopy, in which the contrast of the interfero-
gram generated by the scattered and unscattered light, i.e., the image contrast, is enhanced by
shifting their relative phase by a quarter wavelength and further matching their relative power. It
represents a major advance in intrinsic contrast imaging, as it reveals inner details of transparent
structures without staining or tagging. However, the resulting phase contrast image is an inten-
sity distribution, in which the phase information is coupled nonlinearly and cannot be retrieved
quantitatively.

Among different microscopic QPI techniques, the off-axis digital holography is regarded as a
method that allows optical thickness measurements with nanometers accuracy in a single-shot
wide-field acquisition [128]. In DH the object wavefront from a single frame observation is recon-
structed [129]. Digitalization of optical holograms plays a major role in the improvement of recon-
struction quality [130] and retrieval of information about the phase of the recording wave [131-
133]. The quantitative phase and amplitude information of the object wavefront can be digitally
obtained along the depth of the object from the recorded hologram, which makes it possible to
digitally focus on different layers of the specimen and reconstruct a 3D profile of the optical thick-
ness of the sample [129]. Therefore, the off-axis DHM is the suitable QPI technique for the inves-
tigation of physical parameter changes (refractive index and thickness) that are at the origin of
ChG properties. The measured image in QPI is a map of path-length shifts associated with the
specimen. This image contains quantitative information about both the local thickness and refrac-
tive index of the structure. Recent work shows that QPI provides a powerful means to study dy-
namics associated with both thickness and refractive index fluctuations.

It is important to understand the meaning of the measured phase. After all, photodetectors
respond to power and not the phase of the fields (the actual phase of the field varies extremely
fast, at the scale of the optical period, or femtoseconds for visible light). Therefore, experimen-
tally we can only access the phase difference between fields via interferometric experiments, that
is, we measure the phase of crosscorrelations and not of the field itself. This phase is well de-
fined over a limited spatiotemporal domain, that is, coherence time and area.

Three main types of diffraction gratings can be distinguished according to the changes that
occur during holographic recording [134]:

» RIG, due to the refractive index changes An.
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» SRG, resulting from the changes of thickness Ad.
» Amplitude gratings, resulting from the absorption coefficient changes Aa.

First two types of gratings represent phase gratings. The DE of holographic gratings is the
main parameter determining the quality of grating important for practical applications. Since the DE
of phase gratings is defined both by refractive index and thickness modulations it is very important
to determine accurately the map of these changes. Topography map of SRG is conventionally
measured by AFM, but it is amplitude measurements technique with does not take in consideration
the volume parameters of materials, like refractive index. AFM is scanning technique with restricted
field of view. Moreover, revealing refractive index map of RIG is still a problem. For refractive in-
dex mapping optical techniques such as refracted near-field measurements [135], imaging ellip-
sometry [136, 137], and lateral shearing interferometer [138] are used. The drawback of these
methods is complicated mechanical arrangement required. To overcome this drawback, the DHM
with optical fibers for laser beams delivery can be applied. The goal of this work is defined as QPI
calculation of refractive index modulation and surface topography by using DHM.

DHM has several advantages over AFM. One primary advantage consists on amplitude and
phase information registered by DHM whereas only amplitude measurements by AFM. Other ad-
vantages of DHM are the full-field image acquisition and the obtained image size. In one acquisi-
tion, the DHM can image an area of square millimeters with a depth of field of millimeters (these
sizes generally depend on the chosen microscope objective and its parameters) whereas the maxi-
mum scanning area of AFM is in the micrometer ranges. Furthermore, DHM allows scanless and
label-free imaging in real-time, and even if adding hologram reconstruction time, it will be faster
than AFM scanning. The only disadvantage of DHM compared to AFM would be a lower resolu-
tion. However, if used with appropriate reconstruction algorithm, it gives almost similar accuracies.

The investigation of holograms by DHM.

The interpretation of the phase delay, ¢, associated with a monochromatic plane wave is

straightforward,
u(r, t) = Ae @ *") (2.5)
o, t) =—wt +k-r, (2.6)
where A is the amplitude, w is the angular temporal frequency, and K is the wavevector. Thus, for
such an idealized wave, the phase changes in time at a rate of w rad/s and in space at a rate k
rad/m along a direction parallel to wavevector k (i.e., when K I r).

Starting with the wave equation for a deterministic scalar field U, we have
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VU(r, 1) — ,usﬁb (r,1) =0 2.7)
where ¢ is the dielectric permittivity and x is the magnetic permittivity in the medium (assumed
to be homogeneous). Taking the Fourier transform with respect to both r and t, we obtain the

wave equation in the (k,w) representation,

(@’ pe — KUK, w) = 0 (2.8)
where U is the Fourier transform of U, k is the conjugate variable to r, and w is the conjugate to
t. The non-trivial solution of Eq. (2.7), i.e., U # 0, requires that

k? = ® us 2.9)
known as the dispersion relation, relates the modulus of the wavevector or wavenumber, k = |K|,
to the temporal frequency w via material properties, ue. In a dielectric of refractive index n, the
wavenumber is k = nfy, with Sy = w/c the vacuum wavenumber. This dispersion relation estab-
lishes a hard limit on the maximum spatial frequency that a propagating field can carry and, thus,
the maximum resolution with which one can image a structure using far-field measurements.

Fig. 2.44 defines the off-axis DHM bright-field configuration in transmission mode that was
used to extract the 3D information of recorded diffraction gratings. The light emitted by a laser was
coupled into a monomode fiber and splitted into two beams by a Y slitter. One beam is directed
towards the surface of the grating; the other one is the reference beam that is coming at the regis-
tration plane at a small angle to produce phase tilt. The diameter of the light spot on the sample
was adjusted by the fiber/sample distance. In order to enhance the hologram quality, maximum
contrast of interference fringes was obtained by adjustment of object and reference beams intensi-
ties. An oil immersion objective with magnification 100x and NA=1.25 has been used. Cedarwood
oil drop was introduced between cover slip and the first objective lens.

The CCD sensor was located at the distance of 190 mm from microscope objective (MO)
for minimum aberrations in the image. The angle between the object and the reference beams is
equal of 4.5° and the period of the interference fringes is 3.5 pixel or ~ 8 um. The light source
has wavelength 4 = 633 nm thus considering Abbe formula A/2NA, the resolution of micro-
scope objective is about 253 nm (smallest resolvable object detail). The CCD camera resolution
is 2592 pixel x 1944 pixel with pixel size 2.2 um x 2.2 um. The period of diffraction gratings

under investigation are A =1 um, thus it is 4 times larger than the resolution limit.
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He-Ne laser

Fig. 2.44. Setup of the DHM: He-Ne laser (1 = 633 pm, power = 10 mW), F — single-mode
fiber launch device, Y — 1x2 single-mode fiber optic coupler, O — object beam, R — refer-
ence beam, S — sample with diffraction grating and coverslip on top with immersion liquid
(n=1.51), MO — immersion microscope objective, M — mirror, CCD — CCD camera, PC —
computer, I, 11 show two illumination beams positions on the sample, namely | — through the

grating and Il — outside of the grating.

The complex-valued wavefront at the sensor plane is given as
us = Boexp(joo) + Ay exp(jor), (2.10)
where uy, = By exp(jg,) and u,. = A,exp (jo,) are the object and reference wavefronts, respec-
tively. Here By, A, are their amplitudes and ¢, ¢,- are phases.

The spherical reference wavefront is used in our experiments because the reference beam
is delivered by single mode optical fiber.

The recorded intensity is:

I = |BO eXp(f‘Po) + Ar exp(i(pr)lz = Bg + A12” + BOAr(eXp(j((pO - (pr)) +

_ (2.11)
(—Jj exp(@o — ¢r))).
The observed data are noisy, i.e. can be presented in the form
Y =1+ o¢, (2.12)

where | is the true intensity, o is the noisy standard deviation and & a random noise. It is assumed
in this paper that the noise is zero-mean i.i.d. standard Gaussian, e~N(0,1).

The phase and amplitude values obtained from the observation Y are used for the reconstruc-
tion of the surface relief and refractive index phase of gratings. The phase map A@(x, y) of grat-

ings was determined through the difference between the phase ¢, obtained from the reconstructed
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object hologram of the exposed grating and the phase ¢, obtained from the reconstructed refer-
ence hologram of the unexposed area respectively Ap(x, y) = @o1(x, ¥) — @o2(x, ).

SPAR algorithm for phase reconstruction from digital holograms.

The main off-axis reconstruction approaches include Fourier transform, adjustable magni-
fication methods, Fresnelet transform (Fresnel-Bluestein transform [139], Fresnelet decomposi-
tion [140]), convolution based methods (digital quadratic lens method) [141, 142], iterative local
least square methods [143]. The choice of the reconstruction method is driven by the hologram
recording conditions [144]. For instance, when dealing with far and extended objects, the single-
FFT algorithm will be the most appropriate, whereas convolution approaches will be suited for
the reconstruction of small objects located near the sensor array.

For our purposes, we use the iterative Sparse Phase and Amplitude Reconstruction (SPAR)
technique recently developed for wavefront reconstruction with efficient noise suppression [145].

This new algorithm is based on the sparse modeling of the object amplitude and phase as
functions of the coordinates (x, y). The sparsity hypothesis assumes that there are functions (at-
oms) such that both the phase and amplitude can be well approximated by series of small number
of these functions. Conceptually, the sparsity is a consequence of the self-similarity of images,
what means that it is quite possible to find in them many similar patches in different locations. For
sparse modeling of phase and amplitude the non-local block-matching technique is implemented in
SPAR. It includes the grouping of similar patches, their joint analysis, synthesis, and filtering.
These procedures are produced in parallel for the phase and amplitude images.

The SPAR algorithm combines two different ideas: the local least square solution for
Gaussian noise in observations [145], and the sparse modelling of phase and amplitude. The
SPAR algorithm is derived from the variational formulation of the phase/amplitude reconstruc-
tion and in this way provides the optimal phase/amplitude estimates for the noisy observation.
The noise suppression of this algorithm is essentially based on the used sparsificafion of the
phase and amplitude representations furthermore.

The algorithm is quite efficient for the phase and amplitude reconstruction of off-axis holo-
grams. A strong robustness of this algorithm with respect to noise is important for the problem
considered in this paper because the standard Fourier transform based techniques give very noisy
results.

Series of holographic gratings with different DE were obtained by varying the exposure
time and exposure of illumination. Table 2.6 shows the exposure time and DE of gratings re-
corded on As,S; thin films and As,S3-Se NML.
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DE of gratings on As;Ss thin films reaches maximum at time ~2 min, and then decreases.
To present the progress of DE with time we plotted the data of Table 2.6 in the DE vs. time co-
ordinates supplemented by the data from other samples. In Fig. 2.45 the evolution of DE in de-
pendence to exposure time is illustrated.

Table 2.6. The exposure time and DE of gratings recorded on As,S; thin films and As,S3-Se NML.

NML, As,S3-Se ASyS;3
Grating Ne | . . . — . . . . —
Time, min | Diffraction efficiency,% | Time, min | Diffraction efficiency, %
1 28 8 0.95 8
2 35 10 1.6 10
3 45 12 1.9 10.4
4 60 13.4 - -

In Fig. 2.45 the gratings with close values of DE and recorded on As,S; thin films and
As,S3-Se NML are pointed as 1-1*, 2-2*, 3-3*, respectively. These gratings were studied to
compare the recording parameters of two materials. The grating 4* on As,S3;-Se NML has
maximum DE (13.4%) achieved during the time recording, and is needed to measure the contri-

bution of refractive index An and thickness Ad modulation in DE.

Exposure, J/cm2

0 100 200 300 400 500 600 700 800
14 i T T T T T T T
] 3* 4*
12 ]
1 3 2%
104 2
< As,S, 1+ As,S-Se
:._8'. Ix \ thin film NML

Recording time, min

Fig. 2.45. Evolution of the diffraction efficiency versus the exposure time.

The phase map Ag(x,y) can be expressed as

2
Bg(x,y) = == [don(x,y) + (o = DAA(x, )], (2.13)

where d,, is the thickness of the film, Ad represents the change in thickness, n, is the refractive

index of the film, An is the photoinduced change in refractive index, and A is the wavelength.
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The phase map consists of two components: first 2T”dOAn(x, y) responding for refractive index

modulation and second 27" (ny — 1)Ad(x, y) for the thickness modulation.

Let us consider the next parameters Agp, An and Ad as average range of corresponding
maps Ap(x,y), An(x,y) and Ad(x, y).

2m
Ap =— [doAn + (no — 1)Ad]. (2.14)

It should be noted that the fluctuations in the phase map of digital holograms are due to both modula-
tions in thickness and refractive index. From the phase map A¢(x, y) rendered by DHM we can ex-
tract the grating phase profile and the average range of the phase A¢g. On condition that the thickness
change Ad (x,y) of grating is measured by AFM, it is possible based on (2.14) to extract the average
refractive index modulation An by subtraction the AFM thickness change 4d from the thickness cor-
responding the total DHM phase 4¢. In the next figure (Fig. 2.46) the AFM data for the As,Ss-Se
NML (the grating 4*) are presented which have been used for DHM calculations. The grating 4*
has the maximum DE therefore it may be the better illustration for comparison of the contribu-
tion of refractive index grating and surface modulation in total DE of NML.
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Fig. 2.46. The AFM topography map (left) and cross-section (right) of
grating 4* formed on NML As,S;3-Se.

Fig. 2.47 shows DHM topography map and cross-section of RIG for holographic grating
4* recorded on As,S3-Se NML.
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Fig. 2.47. DHM topography map (left) and cross-section (right) of RIG for holographic grating
4* recorded on As,S3-Se NML.

From the AFM measurements the mean value of Ad for holographic grating 4* is about 90
nm, therefore a refractive index modulation is 0.004 (Fig. 2.47). Hence according to Eq. (2.14), the
influence ratio of the refractive index 4n and thickness 4d on the average range of the phase 4¢ is
about 1:10. It is also proved in the refractive index map (Fig. 2.47) that the modulation of refrac-
tive index is comparable to the noise of DHM. Thus, we consider that the holographic grating re-
corded on As;S3-Se is determined mostly by the relief thickness modulation.

Therefore, the topography of the grating was obtained from A (x, y) by using the relation

deduced from (4), taking into account that the impact of refractive index is negligible:

Ad(x,y) = % : (2.15)
where A= 632.8 nm is the wavelength and n,=2.46 the refractive index at A= 750 nm (see ch. 2.2).
The topography and cross-section of grating 4* with the DE of 13.4% (Fig. 2.45) obtained by DHM
with SPAR technique (Fig. 2.48, left) were compared with a measurements done by AFM shown in

Fig. 2.48, right.
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Fig. 2.48. The topography map (left) and cross-section (right) of grating 4* formed on NML
As,S3-Se and obtained by DHM with SPAR technique.

From Fig. 2.47 and Fig. 2.48 we can conclude that the DHM with SPAR reconstruction algo-

rithm can be successfully used as an alternative for the phase reconstruction of SRG and it shows
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only small differences from the AFM cross-sections. According to the measurements by AFM and
DHM the depth of SRG of grating 4* with DE 13.4% is about 90 nm. For gratings nr. 1*-3*, with
DE’s from 8-12% the depth of SRG increases from 75 to 85 nm.

Investigation of ChG films optical parameters during the grating formation is necessary for
a better understanding of the photoinduced phenomena that take place at the microscopic
level [146]. A preference of the DHM with SPAR is that it can be used for the study of small
variation of the refractive index mapping. Before reconstructing the refractive index
map An(x, y), we determined the thickness changes Ad from AFM.

AFM measurements (Fig. 2.49) showed that investigated grating formed on As,S; thin film
had small value of thickness modulation (2-3 nm). Thus, the formula for refractive index map
(2.14) is converted into (2.16). Real refractive index map after grating recording consists of re-
fractive index of the thin film before recording no and modulation of refractive index: n(x,y) =
ny + 4An(x,y). Thus, the relation between the phase A¢(x,y) obtained by DHM and the refrac-
tive index map n(x, y) is:

_ Aot )

n(x,y) 271—-dol1 + 1. (2.16)

Since the measured phase map can be a combination of both the refractive index and the thickness
modulation of the film, this formula should be used in conjunction with a known surface relief depth.

The cross-section and the refractive index profile of patterned holographic gratings ob-
tained prove the feasibility of DHM indirect measurements. From Fig. 2.47 we can see the re-
fractive index modulation of holographic gratings 3 with DE 10.4% (Fig. 2.45, As,S3) is about
0.1. The refractive index modulation from 0.08 to 0.1 of holographic gratings (1-3) with the DE
(8-10.4%) recorded on As,S3 increases in dependence on the exposure time. The obtained results
match with the photoinduced changes in refractive index measured by lateral shearing interfer-
ometer in [142].
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Fig. 2.49. The topography map (left) and cross-section (right) of holographic grating 3 re-
corded on As,S; film and measured by AFM.

The holographic fiber-optic electron speckle pattern interferometry (ESPI) as a method of
small displacement measurements was formed in 80-th years [147], but to study the optical pa-
rameters have learned recently. This method combines merits of optical method, noncontact
and full-field, and digital one, high precision and digital processing possibilities, for measur-
ing the optical properties changes. Data from speckle interference patterns for further determining
of optical properties of the samples under study is processing by holographic and programming
methods.

Our main aim of this work is to design holographic fiber-optic ESPI and to study the refrac-
tive index of ChG, it variations in dependence of thicknesses (thin films and bulk materials) by
elaborated holographic fiber-optic ESPI. Especially this method can be very useful for full-field
measurements of the index of refraction after recording process on chalcogenide glasses [145].

It should be noted, that during the planned research is expected to establish that the appli-
cation of digital speckle correlation interferometry technique can be extend the number of ex-
perimental data and expand the range of tasks due to flexibility of LabVIEW program, portable

set-up, immunity to the environment influences (temperature, vibration).
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Fig. 2.50. Optical set-up of holographic fiber-optic ESPI.

Breadboard with tapped holes as a stable platform for mount interferometer and optical ex-
periments for various test configurations was used. Fiber-optical design of ESPI was chose to sustain
vibration immunity (Fig. 2.50, 2.51). There are 10 mW monomode He-Ne laser (1), wedge prism as
beamsplitters (2), multimode optical fiber as object arm (3), sample (bulk or thin films of the chalco-
genide glasses) (4), object arm (5), camera objective (6), optical lever composed from negative lens
and positive lens (7) as microobjective (8) (60* and NAgpjective =0.5) and monomode optical fiber as
reference arm (9), rectangular diaphragm (10), CCD Smart Camera (11), PC (12).

There are 3 conditions for effective coupling laser beam energy and monomode fiber:

1. Coincidence of the aperture of the objective and fiber core respect to condition NAgpjective > NAi-

ber;

2. Diameters coincidence of microobjective focal spot and monomode fiber core;

3. Adjustment of the modes and wavelength transmission of the laser and monomode fiber.

Fig.2.51. Two side photos of the holographic fiber-optic ESPI set-up.

This advantageous interferometric arrangement allows obtaining the speckle pattern fast

enough (due to recording rate of CCD Smart Camera) and with high precision (less then A/4).
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A digital holographic speckle pattern interferometer relies on the correlation between two
speckle patterns. Each one created by the interference between a reference beam and the image
of an object illuminated by laser [149-151]. Typically, the two images are of an object before
and after some changes (in-plane or out-of-plane displacements). Acquired by CCD camera's
image is converted into a corresponding video signal. This video signal is electronically proc-
essed by PC through Gigabit Ethernet, so that texture variations of the speckle pattern are con-
verted into brightness variations. A speckle interferogram is generated arithmetically by
subtracting two digitized speckle patterns. The similar operation of subtraction of two stored on
PC interferogram can be made using our program elaborated on LabVIEW platform [152]. In
this case, the distribution intensity of the resulting speckle pattern depends on the relative
phase shift of superimposed fields. Deformation of the object leads to the change in the phase of
the object speckle field and, consequently, to the changes in the intensity of the speckle pattern.
Obtained the digital speckle patterns are also subjected to PC processing in order to increase the
contrast fringe and smoothing of optical noise — the speckle modulation. In practice, the inten-
sity distribution in the camera detector plane is stored with the object in its reference state. The
object is then deformed and a second frame is stored. The two frames are then subtracted and
correlation live fringes are displayed on a monitor (Fig. 2.52). Images subtraction makes the in-
terferogram easy to form, view, and record in time. Recording rate of Smart Camera is about
60 fps. NI 1722 Smart Camera simplify machine vision by analyzing images directly on the
camera with a powerful, embedded processor capable of running NI Smart Camera digital 1/0
lines, which are opto isolated for direct connectivity with industrial devices such as triggers and
actuators. All smart camera models incorporate an image sensor, processor, and digital 1/O in a
compact, rugged housing. The Smart Camera also includes LEDs for communicating system
status, four DIP switches to specify startup options, isolated inputs, and isolated outputs for con-

necting to external devices.

sample _>| |camera T
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Processing
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Speckle-pattern

Fig. 2.52. Schematic presentation of ESPI measurement processing.
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Developing applications with the NI Smart Camera requires one of the following software
options: Vision Builder for Automated Inspection (Vision Builder Al), which is configurable
machine vision software using to configure the NI Smart Camera and prototype, benchmark, and
deploy machine vision applications. Creating applications in Vision Builder Al does not require
programming. It allows us to easily configure and benchmark a sequence of visual inspection
steps, as well as deploy the visual inspection system for automated inspection.

LabVIEW is a graphical programming environment for developing flexible and scalable appli-
cations. The NI Smart Camera provides control of the image sensor exposure time through software.

If a squared difference is performed between two digitized speckle patterns and recorded at
different states of the object, the result will be:

1(x.y) = 8lo(xy) li(x.Y) sin*/o(x,y)+Av(x.y)/2] {1-cos[Av(x.y]} (2.17)
where Io(x,y) and I,(x,y) are the object and reference beam intensities, and o(x,y) is the speckles
random phase. The Ao(x,y) term contains the phase variation between the two subtracted patterns.
This equation represents ESPI interferogram description obtained by subtraction technique. The

detailes of developed ESPI programme one can read in Annex 2 and [153, 154].

2.5. Conclusions to Chapter 2

1. Amorphous nanomultilayers of Se, As,S3, AS37SssGes, AS;S3Mng,, AS,S3Crag (ChG) and
ChG-Se composition were developed by the alternate deposition of two materials in one
vacuum deposition cycle. The technology allows depositing thin films with a nanometric
monolayer thickness from 0.005 um up to the total NML sample thickness of 3.0 um. The
absorption edge of the NML ChG-Se is close to the absorption edge of Se multilayers ob-
tained in the same deposition process, thereby Se multilayers dominate NML As,S3-Se
transmission.

2. The solution of carbazole-based 4-[(4'-nitrophenyl)azo]aniline-labeled azopolymer called
as poly(PEPC-co-DO) was used for thin film deposition. The spin-coating method was
applied for thin layers deposition. A series of carbazole-containing compounds, namely
poly-epoxypropylcarbazole (PEPC), poly-epithiopropylcarbazole (PETPC), and copoly-
mers of PETPC:glycidyl butyrate (PETPC:GB) were synthesized.

3. The analysis of the experimental results of the light and dark I-V characteristics, spectral
sensitivity distribution in resistive and xerographic regimes, as well as transient injection
photocurrent in two-layers ChG-ChG structures indicates the presence of the injection
sensibilization effect through interface between two ChG. The hole injection from the nar-

rower band ChG in the wider band ChG changes the carrier transport from dispersive type
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to Gaussian, and increase photoconversion efficiency. In case of the interface Se-ChG the
efficiency of holes injection through barrier is 10, This permits to extend the spectral
sensitivity region and increase photoconversion efficiency in the studied ChG-ChG struc-
tures.

The spectral dependence on the refractive index n calculated together with films thick-
nesses obtained by the Swanepoel method was studied. Three kinds of the NML As,S;-Se
specimens have been prepared with three thickness modulation periods, covering one, two
and three molecular and cluster dimensions for As,S; and Se, which are characteristic of
the medium-range order in glasses.

Optical parameters for NML integrally and constituent nanolayers are calculated on the base
of single-oscillator model. Optical band gap Eq was determined from Tauc law, (ahv)M?=
f(E). The refractive index n as a function of wavelength is analyzed on the basis of the
Wemple-DiDomenico dispersion model, which is based on the single-oscillator approach.
Optical parameters of NML are declined from single-oscillator model, which manifest
nanostructuring of the samples. In the case of Se in the amorphous form the chain-chain
bonding increase the effective coordination number above the nearest-neighbor value, and
these interactions are effectively lost, or at least greatly reduced. The following optical ef-
fect is a reduction in oscillator strength of lone-pair to conduction band transitions. It was
found that constituent nanolayers are well described by this model independent on composi-
tion.

The action of UV and visible light (80000 Ix) on the photopolymer layers made from
PEPC or CAM copolymers with tritodomethane induces photocrosslinking, which is char-
acterized by the appearance of a new absorption band at A = 640—650 nm in the electronic
spectra. The intensity of the band at A = 640 nm correlates with the photoinduced struc-
tural changes in the photopolymer layer.

Irradiation of the poly(PEPC-co-DO) films by single beam at 473 nm with the trans-
isomer band centered ~450 nm leads to a structural transition to the cis-isomer and a con-
comitant reduction in the trans-isomer band absorption coefficient.

The Raman spectra of the separated ChG and Se films are similar to those reported in lit-
erature. For the as-deposited samples, the interfaces do not affect the peak positions for
both materials. It indicates that no new bonds are formed in comparison with the films
prepared by conventional vacuum deposition methods. The changing of the peaks inten-
sity, more pronounced in the Se film, is caused by a higher ordering of the structure.
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9.

10.

11.

The off-axis DHM is applied for the investigation of the photoinduced phase gratings. The
separated contribution of topography and refractive index maps of recorded gratings in
DE is estimated. We performed the quantitative phase imaging diagnostics via DHM data
for calculation of diffraction grating parameters.

The applicability of DHM combined with SPAR reconstruction algorithm to phase gratings
study is proved. The developed variational algorithm is able to produce high-quality phase
imaging from quite noisy data of DHM. On As,S3-Se NML the surface relief grating is de-
termined mostly by surface thickness modulation. For As,Ss thin films the refractive index
grating is determined mostly by refractive index modulation. Comparisons of the topogra-
phy maps recovered by DHM with SPAR and AFM data show that our results qualitatively
and quantitatively match with AFM data.

The optical set-up design of fiber-optic ESPI and the elaboration program based on Lab-
VIEW code were performed. The process of measuring by our installation is reduced to
receiving two speckle snapshots of unloading and loading object. Farther with image
processing of speckle patterns and data processing with LabVIEW we extract phase map,

and finally calculate the required optical parameters by elaborated method.
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3. DIFFRACTIVE STRUCTURES RECORDING AND PATTERNING

Hologram is a three-dimensional image that allows seeing the depth of an image; when it is
viewed from different angles, different image is observed, so that three-dimensional perception
is achieved.

In all conventional imaging techniques, such as photography, we record the intensity distri-
bution in the original scene. As a result, all information of relative optical paths to different parts of
the scene is lost. In holography, the intensity at any point in the pattern depends on the phase as
well as the amplitude of the original object wave. Accordingly, the processed photographic film,
which is called a hologram, contains information on both the phase and the amplitude of the object
wave. When the resulting hologram is subsequently illuminated with the reference wave, it con-
tains enough information about the phase and amplitude to permit their reconstruction.

In general, holography is an interference method of recording the light waves diffracted by
an object, illuminated with coherent light. Two major types of holography are called analogue
and digital holography. Analog holography deals with continuous-space waves. Digital hologra-
phy results when the wave fields are sampled, and the information carried in amplitude and/or
phase of the wave is coded with special algorithms. Digital holography is more commonly
known as diffractive optics. Some other terminologies used for diffractive optics are computer-
generated holography (CGH), DOE, and binary optics.

ChG and photopolymers are known to exhibit several photoinduced phenomena not only
scalar (photodarkening, photorefraction, photodoping), but and vectorial (photoinduced anisot-
ropy, photoinduced gyrotropy, photoinduced light-scattering) which are connected with photoin-
duced structural transformations, defects creation and atoms diffusion. The basic effects of
irradiation on these materials are similar the well-known irradiation-induced transformations
occur at the initial level of electron-hole excitation and further structural transformations, caus-
ing the same physical and/or chemical changes including optical (darkening and optical anisot-
ropy), mechanical (softening), geometrical effects (expansion or contraction) and so on. Both
intensity and polarization holography have been employed to generate diffraction structures in
ChG and photopolymer materials.

Briefly description of the intensity (scalar) and polarization (vector) effects in amorphous
materials may be like followed. In a simplified two-dimensional model, all transition dipoles are
randomly distributed after the exposure to unpolarized light (z-axis incidence), although isotropic
photodarkening and photoexpansion occur (scalar effects). Subsequent exposure to linearly polarized
light along the y axis causes selective conversion of the transition dipoles directed along the y axis
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into the x axis, producing optical and mechanical anisotropy (vector effects): directional change in
optical absorption (dichroism) and refractive index (birefringence). At the same time, directional

compressive stress induces nanocontraction and nanodilatation along the y and x axes, respectively.

3.1. Intensity holographic recording

Our approach to the sample layer configuration is aimed at an effort to answer the research
questions, namely, size restriction of the constituent ChG layers of the samples. Our purpose is
to investigate the recording properties of the As,S3-Se NML and, in particular, to examine the
relative contribution of As,S; and Se to nanostructuring. We have begun from Se and As,S3
nanolayers as components for the ChG-Se NML because of their known parameters and well-
developed deposition technology. In addition, while chalcogens are good glass formers over a
wide range of composition, a large majority of studies have focused on the stoichiometric chal-
cogenide As,S3 due to its good stability. Nevertheless, the formation of a nanostructure such as
As,S3-Se is of much interest as the addition of Se nanolayer allows us to tune and change the
optical transparency and to improve the recording properties. The interplay between a micro-
structure and desirable properties of DOE may be illustrated in photoinduced changes of nanos-
tructures. These require a broad transmittance optical window and light switching capabilities
that must be compatible with the current system configurations, have both broadband linear and
nonlinear indices of refraction, as well as low volume losses. The As,S3;-Se NML is considered
promising as it exhibits properties compatible with the mentioned above. The wide band-gap
material As,S; (Eg = 2.4 eV) was an optically transparent barrier and the active material Se had a
narrower band-gap (E = 1.8 eV).

The interferometric holographic recording was used to expose linear grating on the film
sample. The period of the grating A = A/(2sina), where A is the wavelength of laser beam, o is the
angle between the incidence laser beams. A CW DPSS single mode laser operated at 532 nm
with output power 50 mW was applied. A spot power density on the sample 350 mW/cm? was
used for recording. The holographic gratings with a period of A = 1 um were recorded by two
symmetrical angled laser beams with respect to the sample surface normal. The intensity ratio of
the recording beams 1:1 was used in order to achieve the maximum visibility of interference
fringes. Interfering beams with S:S polarization of recording laser beams keeping intensity holo-

gram recording was used for gratings formation. The experimental set up is sketched in Fig. 3.1.
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Fig. 3.1. The optical arrangement for holographic grating recording with real-time measure-
ment of diffraction efficiency by photodetector. DPSS laser (532 nm, 50 mW), M — mirror;
SF — spatial filter; L — collimating lens; BS — beam splitter; LD — laser diode (Areq = 650

nm) for monitoring recording process; PD — photodetector.

The material of interest in this experiment was to compare the optical parameters of the NML
ChG-Se with different thickness modulation periods D (the total thickness of one ChG and one Se
nanolayers).

So observing the intensity holograms we can see the influence of nanolayers thicknesses
on recording properties of NML. In Fig. 3.2 the DE 5 of gratings vs. dose value of illumination
for NML As,S;3-Se for different thickness modulation period are presented.

It is seen that only for NML with D=15 nm the saturation of the DE value takes place. For
other NML and pure As,S3; we observed a constant rise of #, but at a different » rate. From the
comparison of these dependences for different samples we can conclude that NML with D=25
nm has optimal recording properties meaning the maximum of both the value and the rate of the
diffraction efficiency. The optical and Raman spectra measurements (see ch. 2.3) support this
statement. For pure Se we did not observe the gratings record because the energy at recording
wavelength A = 532 nm is absorbed in a thin (less than 10 nm) Se layer. Note the absorption
coefficient of Se a >10° cm™ for a wavelength of 525 nm, i.e. it is the region of high absorption
for Se. The suppression of this irradiation takes place in a thin d < 10 nm selenium layer. It is
important to distinguish that recording properties of multilayers and monolayer of the same ChG

composition and thickness are differ.
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Fig. 3.2. The diffraction efficiencies # of gratings vs. illumination dose for NML As,S3-Se for
thickness modulation periods: D=41 nm (1), D=25 nm (2), D=13 nm (3), and for As,Ss.

Changing of Se film structure under exposure shown in [155] can trigger processes of mass
transfer in chalcogenide multilayer structure due to arising structural non-uniformity according
to intensity distribution during grating recording.

To raise the photosensitivity of NML we doped As,S; by Ge with concentration of 5 at. %.
In addition, at shift of photosensitivity region to more long wavelengths, the light with wave-
length of 525 nm will absorb not only in Se nanolayers but in As-S-Ge nanolayers too.

Diffraction gratings with 1 um period were recorded by two laser beams with polarization with
synchronous DE # measurement by red laser (A = 650 nm) in the first diffraction order on NML
As37Ssg Ges-Se. We have shown that diffraction efficiency # of recorded grating is much more in
NML As3;SssGes -Se (ten times as much) then in pure Ass;SssGes due to relief grating formation
[156].

The application of NML As3;SssGes-Se leads to increase of holographic sensitivity by two
times in comparison with NML As,S3-Se under similar conditions of holographic recording. The
gratings obtained on the base of NML are stable (dependence of diffraction efficiency # on expo-
sure saturates, while for “pure” As3;SsgGes layers such dependence has maximum with further
decrease of » while doze increases). Note that the grating frequency in this case is 1600 I/mm.

Special interest for applications is related with glassy As,S; doped with optically active
transition metal ions because they alter magnetic and optical properties of the host material due

to structural and electronic changes of the glass network [157]. It was shown that doping affects
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the interlayer distance leads to creation of additional localized states in the forbidden gap of the
chalcogenide glass. These effects are manifested by changes in electrical and photoelectrical
characteristics of glass, while doping stabilizes the glassy matrix with respect to light exposure
and thermal treatment. For As,S3 the diamagnetic effect is characteristic, but introduction of the
manganese impurity of different concentration facilitates the transition from the diamagnetic
state into the paramagnetic one [158]. This can be used for the creation of nanocomposites on the
base of ChG with new properties, optimization of sensitivity, stability improving of recording
media on their base. As can be seen from the data obtained in [159, 160] with the increase of Mn
doping level of As,S3 the glass transition temperature is decreased and activation energy of glass
transition is decreased. That can be associated with structural changes due to interaction of Mn
with As,S3 glass matrix [161].

AFM data presented in Fig. 3.3 manifest that SRG is formed under laser illumination on
the NML As,;S3Mn,q-Se despite the fact that contribution of amplitude (bulk) recording is sig-
nificant for this NML. The bulk properties of As,S3 glasses are changed by Mn dopant, which
may be attributed to the increase in the average amplitude of the internal electric fields produced
by the introduction of additional charged centers. Mn ions are effective in producing optically
active centers in As,S3. Thus, the stronger contribution of As,S3Mnyy, in recording properties of
NML than As,S; may be explained by abovementioned Mn impurity.

Fig. 3.3. 3D image (AFM) of holographic grating direct recorded on

NML As,;S3Mnge-Se, A=1 um, S:S linear polarizations.

Local magnetic properties of SRG of NML As,S3Mnyy-Se were studied using Gradient
Magnetic Force Microscopy NanoScope Illa Dimension 3000 (MFM) with the use of two-scan
method. MFM diagnostics has shown that small periodical relief thickness changes lead to the
essential fluctuations of magnetic field value over the relief surface. AFM and MFM images
show that distribution and value of magnetic field (Fig. 3.4b) correlates with gratings relief in
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counter phase (Fig. 3.4a and Fig. 3.4c). If magnetization direction of tip is changed grating relief
profile and profile of MFM signal are in phase. It was shown that direct one-step magnetic relief
formation is possible during gratings recording on NML As,S3Mnyg-Se structures. Note that be-

fore recording we observed the magnetic uniformity of samples.
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Fig. 3.4. AFM (a), MFM (b) images and profile of SRG (blue curve) and MFM signal (red
curve) (c) of NML As,S3Mn,q-Se. Magnetic field direction is perpendicular to sample surface.

MFM diagnostics has shown that small periodical relief thickness changes lead to the es-
sential fluctuations of magnetic field value over the relief surface.

The investigation of azo-dyed carbazol polymers we began from pure carbazol. A lot of in-
terest in CCP was caused by the discovery of photoconductivity in them. Due to the unique proper-
ties of carbazole and its derivatives, they have been widely employed as effective charge-transport
components in photorefractive and photoconductive materials [162] in electrophotography, xerog-
raphy, electro-luminescent, and photovoltaic devices [163].

In this study, a series of carbazole-containing compounds, namely poly-
epoxypropylcarbazole (PEPC), poly-epithiopropylcarbazole (PETPC), and copolymers of
PETPC:glycidyl butyrate (PETPC:GB) were synthesized and investigated applying such meth-
ods as modification of CCP structure by different chemical processes, by copolymerization, sen-
sitization, plastification, and also by selectivity of etching of the recorded patterns. Synthesis of

these polymers and layers deposition were described in Ch. 2.
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Holographic properties of PEPC, PETPC, and PETPC:GB layers were investigated by the
recording of the diffraction gratings using the classical scheme (see Fig. 3.1) in converging
beams of Ar” ion laser at A= 488 nm [160]. The recording control was carried out by He-Ne laser
at A=633 nm. For the purpose of comparison of the recording properties of materials, the diffrac-
tion gratings were holographically recorded in all samples at the equal conditions: the spatial
frequency 1000 I/mm, the power irradiation is 41 mW/cm?, the exposure is 147 J/cm?.

After recording the DE # of all samples without etching was less than 0.1%. It was estab-
lished that the investigating polymer films demonstrate the etching selectivity of the recorded
diffraction gratings [165]. Etching treatment was controlled by measuring of # in transmission
mode at A=633 nm within the equal etching interval. A special organic solution was chosen as
etching agent. It was shown that the achieved 7 (after etching) of PETPC:GB films is three times
higher than # of PEPC films, which is due to the increased etching selectivity of the selected
composition. Achieved DE of etching polymer films with the recorded gratings are shown in Ta-
ble 3.1.

Table 3.1. Diffraction efficiency (%) of etching polymer films (thickness 1.6 mm).

sample composition etching time (s)

51 10 15
PEPC 2 2.7 98
PETPC 11 24 26
PETPC:GB 20 35 41

The possibility to use CCP layers for both optical and electron-beam writing spreads the
area of their application [166]. It was shown that the selectivity of etching of the recorded pat-
terns allows improving and, in any case, revealing the characteristics of recorded relief phase
structures [167]. The sensitization process of CCP also was used for improving of parameters of
holographic recording materials [166].

For e-beam recording the PETPC:GB (90:10 mol%) layers of 1 mm thickness were depos-
ited onto poly(ethylene terephthalate) substrates covered with a semitransparent electrode for
electric charge leakage. Diffraction gratings with period A=1 pm were recorded in fresh polymer
layers by the scanning electron microscope SEM BS 300. Current of beam, determining dose of
electron irradiation, was ranged from 0.5 to 10 nA; # was measured in the first diffraction order
at normal incidence of He-Ne laser beam (A = 633 nm) in transmission mode. Value # was calcu-

lated as ratio of intensities of diffracted and incident laser beams. Electron irradiation did not
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result in induced photodarkening of copolymer layers for beam current values up to 4 nA. No
absorption gratings were formed at such recording conditions. Note, that it concerns only the
photodarkening process which is visible in transmission changes of polymer layers. Dependence
of » on beam current for as-recorded gratings is shown in Fig. 3.5a. For low I values no dif-
fracted beam was registered. A sharp rising of » with current followed the exceeding some
threshold beam current value ly,. Etching of gratings leaded to forming of the relief diffraction
gratings (Fig. 3.5b). It is seen that after etching the patterns, recorded at low beam current (Fig.
3.5a), have measurable diffraction efficiency (Fig. 3.5b). The maximum # of relief gratings was
about 20%. Value of # about 33% was estimated taking into account light absorption by semi-
transparent electrode.
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Fig. 3.5. DE (nr) versus beam current for as-recorded gratings (a); #r relief gratings, formed

by etching in organic solution (b).

The new feature which was observed on PETPC:GB films was the formation of hidden
gratings: after both methods of recording by laser and e-beam expose no image of gratings were
observed. The gratings presence appeared only after the etching. We consider that at least two
processes take place in the polymer layers during recording processes: 1) the absorption
coefficient alteration that results the transmission change, 2) the index of refraction alteration
that results the DE growth up. The value of DE after etching was close to 40%. Note that the
theoretical maximum of DE for a grating with ideal sinusoidal surface profile is about 33%. The
DE more than 40% may be caused by non-sinusoidal grating profile.

Diffraction gratings were recorded on samples of the PEPC-CHI3 and CAM: OMA-CHI3
systems with the use of the He-Cd laser and on the PEPC-CHI3-BNSP samples with the use of the
CW Ar ion laser (the emission wavelength of A = 0.42 um, a radiation power of 7 mW). Experi-

mental recording of reflection holograms showed that the resolution of the holographic monolayer
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based on PEPC and CAM: OMA polymeric layers were at least 2000 I/mm. The maximum DE of
the holograms can be as high as 1.5% at a layer thickness of 5-6 um. The subsequent chemical
treatment allowed the DE to be increased up to 20%. For CCP that are capable of photocrosslink-
ing and have been synthesized from carbazole-containing copolymers with an admixture of 4-10%
binding agents, we studied the dependence of the DE during writing on the thickness and the expo-
sure time texp. All samples used for transmittance measurements were chemical treated during tyea
after recording. The diffraction gratings were written at a spatial frequency of 1500 I/mm. The re-
sults of measurements of DE for different thicknesses in um are presented in the Table 3.2.

Table 3.2. Experimental data on hologram recording.

Sample um Mg NMr IIe)q: lireat
no-. Yo min

1 34 0.63 0.81 5 0.5
2 34 1.8 8.1 10 0.5
3 8-9 0.78 2.6 7 0.5
4 &9 21 18.3 15 0.5
5 5-6 4.5 20 5 0.5
6 5-6 20.0 10.0 7.5 0.5
7 5-6 1.7 1.0 10 0.5
8 5-6 1.9 18.6 5 0.33

Note: The samples were prepared on the basis of (1-4) PEPC—CHI;
(3-7) CAM : OMA—CHI;, and (8) PEPC—CHI;—BMSP sys-
tems.

From the data given in the table, one can see that the transmission diffraction efficiency (#7)
of the layers based on the PEPC-CHI3 increases to 18.3% with an increase in the layer thickness to

9 um and in the exposure time to 15 min.
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Fig. 3.6. The AFM surface profile for the grating with A=1 um recorded in PETPC:GB.

The reflection diffraction efficiency (yr) of the layers based on the CAM: OMA-CHI3 system

increases to 20% with an increase in the layer thickness to 6 um and in the exposure time to 7.5 min.
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The introduction of the photochromic component BNSP allows quality holograms with the transmis-
sion DE to 18.6% to be recorded with the use of wavelength 490 nm from an Ar” ion laser.

The measurements of surface profile by AFM NANO Station II have proved the non-
sinusoidal form of gratings recorded (Fig. 3.6). The depth of surface profile after etching in or-
ganic solution was as much as 50—-100 nm. The excess value of DE can be explained by the fact
that laser or e-beam action does not change the visible transmittance of the film during the re-
cording time. So no changes in absorption/transmission of ‘‘strata’’ in depth of layer on re-
cording wavelength were observed. It leads to formation after etching of not sinusoidal, but near

triangular profile of surface.

3.2. Polarization holographic pattering

In contrast to the scalar holographic process described above, in which intensity variations
in an interference pattern between an object beam and a reference beam are recorded, polariza-
tion holography employs beams with two different states of polarizations for recording informa-

tion. In this case, the polarization state of the resultant beam is recorded on a suitable medium.

5 Recording
0 Sample
- PD
0 PR e
a
o M/
650 PR
532 nm LDO Ll

ety

SF L o

Fig. 3.7. Optical arrangement for polarization holographic grating recording with real-time meas-
urement of diffraction efficiency by photodetector. CW DPSS monomode laser (A=532 nm, power
=100 mW), M — mirror; SF — spatial filter; L — collimating lens; BS — beam splitter; LD —
laser diode (A=650 nm) for monitoring of the recording process; PR — polarization retarder; PD

— photodetector.

An interferometric holographic recording was used to record a grating on the NML As,Ss-
Se like described in previous. The average spot power density from 150 up to 350 m\W/cm? on
the sample was used for recording. Angular turning the quarter wave plates in each optical path

performed the phase shift experiments, therefore, we can change the state of polarization of both
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recording beams. The two interfering beams independently pass through phase turning quarter
wave plates to provide a control over the polarization state of the writing beams. Interfering
beams with P:P, S:S, LCP:RCP or +45° polarization combinations were used for SRG recording.
The experimental set up is sketched in Fig. 3.7. During holographic recording all the changes in
NML volume and surface (like those in absorption and refractive index) were controlled by
measuring the transmission DE. Thus, the cumulative changes in DE # of NML As,S3-Se struc-
ture were measured.

The polarization states of the two writing beams were individually controlled by half-
and/or quarter wave plates. The holographic gratings were written using parallel and orthogonal
polarizations of recording laser beams leading to intensity and polarization modulation in inter-
ference pattern. In order to evaluate intensity modulation of the two-beam interference pattern
for different polarization configurations, we used interference contrast V given by

Sion V — |Imax = Imin

Imax+t Imin

* 100%, where Inax and Iyin are the maximum and minimum of the light

intensity in the interference pattern. The interference contrast V was calculated for grating period
A=1.25 um corresponding to angle between incident beams #=21.8° at A=473 nm.

Diffraction gratings in our experiments were recorded in five different polarization con-

figurations:

» S:S, two beams are linearly polarized with electric field vectors perpendicular to the incidence plane;

» P:P, two beams are linearly polarized with electric field vectors parallel to the incidence plane;

» S:P, two beams are orthogonally polarized with respect to each other, one is S and the other is P (hori-
zontally polarized);

» +45°, two beams are orthogonally linearly polarized at +45° with respect to the grating vector;

» RCP:LCP, when two beams were circular orthogonally polarized with respect to each other, one is
right-circular polarization (RCP) and the other is left-circular polarization (LCP).

The interference pattern of two coherent waves with parallel linear polarizations has a pe-
riodically modulated intensity, but a polarization state is constant. In case of orthogonal linear
polarizations S:P the interference pattern has a constant intensity, but a polarization state that is
periodically modulated. In case of orthogonal linear +45° and circular RCP:LCP polarizations
the interference pattern has a small modulated intensity (4% for 1.25 um period grating) and pe-
riodically modulated polarization states. The theoretical calculation of polarization distribution
and interference contrast of the two-beam interference pattern with A=1.25 um for all studied

polarization configurations are presented in Table 3.3.
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Therefore, the interference pattern with S:S polarization configuration with 100% of interfer-
ence contrast ensures best intensity modulation contrast used for standard optical holography. Con-
trary to it, S:P polarization configuration has no intensity modulation but interference resulted
polarization varies periodically between linear, elliptical and circular forms. For the case of +45° and
RCP:LCP polarization configuration, the resultant polarization becomes a linear polarization where
the polarization direction changes periodically, and there is 4% of interference pattern contrast.

Fig. 3.8 shows the typical DE # changes vs. dose value of illumination at different states of
the recording beams polarizations. The results presented on the Fig. 3.8 describe the DE vs. ex-
posure for NML As,S3-Se with following nanostructuring parameters: daszss-se =2500 nm, num-
ber of layers 100+100, thickness modulation period D=25 nm. We have chosen the NML As,S3-
Se with this thickness modulation period because it demonstrates more clearly the response of
NML to the polarization states of laser beams, but the main course of the dependences is typical
for majority of thickness modulation periods of investigated NML.

Table 3.3. Resulting polarization modulation in one fringe period A and interference contrast

(corresponds to intensity modulation) of the two recording beams for each polarization configu-

ration.
Polarization o
N Polarization Vv,
of writing _ _ 0 A8 | AJd | 3A/8 | A2 | 5A/8|3A/4|TA/8 | A
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larized beams produce the similar surface relief deformations but with a different profile depth.
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The two linear polarized beams falling on the sample surface under angles of polarization +45°
produce the largest variation in the surface relief according to our measurements.

From Fig. 3.8 it is seen that not only the maximal shown 7, but the kinetics of grating re-
cording process depends on the state of polarization of the recording beams. For S:S and P:P po-
larizations the recording process begins just after turning on the laser illumination. It was found
out that at doze of 700 J/cm? the DE reaches the saturation for pointed polarizations. For
LCP:RCP and +45° polarizations we observed the constant rise of # but with a different rate. The
recording was stopped at exposure doze 1200 J/cm?.

For the purpose of comparison of the recording properties of NML As,S3-Se with As,S; mul-
tilayers sample part at different polarization states of the recording beams, the diffraction gratings
were recorded in the As,S3; samples obtained at the one technological cycle and at the equal re-
cording conditions.

Dependences of # on exposure doze at different polarizations for As,S; multilayers sample
part are presented in the Fig. 3.9. From this figure it is clear noticed that the behavior of As,S; mul-
tilayers at holographic recording strongly differs from NML As,S;3-Se. But the dependence of the
SRG recording efficiency on the polarization state combinations of recording beams has been ob-

served for As,S3 sample part too.
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Fig. 3.8. Kinetics of holographic grating recording (grating period A=1 um) on NML As,S;-Se
(D=2500 nm) for different light beam polarization: 1 — S:S, total light intensity 1=270 mW/cm? 2 —
P:P, 1=160 mW/cm? 3 — LCP:RCP, 1=220 mW/cm? 4 — +45°, 1=160 mW/cn’.
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As photoinduced changes of absorption and refractive index in the As,S; material are com-
paratively fast, the transmission DE at S:S and P:P polarization (curvel, 2 in Fig. 3.9) reaches the
maximum (~12% DE) very quickly. Due to the overexposure the contrast of the volume grating
decreases; transmission DE starts to decrease. From the literature and our experience, we know
that such direct recording process is reversible for the amorphous chalcogenide monolayer [134,
168]. The reversibility factor is a vital stage, because the further work is based on the research of
mass transfer processes in amorphous chalcogenides. The calculation of optical absorption coeffi-
cient at a recording wavelength 532 nm for the As,S; film in a photodarkened state produced a
value of @ ~ 10* cm™ (see Ch. 2). It means that the penetration depth of recording light in the film
is about 1 um; that is, each one-micron thick layer will absorb the light Euler’s number times in
according of Lambert-Beer’s law.

Under the intensity modulated holographic recording conditions, the two parallel linear
(S:S, P:P) and +45° and circular LCP:RCP polarized beams produce the light intensity modula-
tion. However, there are no spatial modulation dependences on the direction of the resultant elec-
tric vector of light. These polarization configurations produce a very low » and small surface
relief modulation. The curves for S:S and P:P polarization are similar, the maximum value
n=12% which is almost two times less than the maximum value #=28% for NML. The process of
grating recording begins right after switch on the laser illumination. A rapid increase of DE of
the grating is observed at the beginning of the recording process. After reaching the maximum, a

decrease 7 of gratings follows.
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Fig. 3.9. Kinetics of holographic grating recording (grating period 1 um) on As,S3 layer
(d=1240 nm) for different light beam polarization: 1 - S:S, 1=270 mW/cm?; 2 - P:P,
1=160 mW/cm?; 3 - LCP:RCP, 1=220 mW/cm?; 4 - +45°, 1=160 mW/cm?,

For the circular polarization LCP:RCP, 3 segments on the curve (Fig. 3.9) are observed: 1)
the fast recording up to #=1.2%; 2) the delay; 3) the slowly recording begins at exposure dose
about 100 J/cm? and the slowly 7 increasing up to the doze 800 J/cm?. As it is seen from these
results, the main input in diffraction grating recording in As,S; sample part is the photoinduced
scalar recording at least at the exposure doze up to 1000 J/cm? (not shown). This recording proc-
ess may consist of photoinduced refractive index changes, darkening, volume expan-
sion/shrinkage and mass transfer [169]. In NML As,S3-Se the grating formation is distinguished
from this one in As,;S; sample part. We observe in NML As,S3-Se the rise of DE # with higher
rate and without saturation in contrast to As,S; multilayers. In addition, the time delay of # tak-
ing place in the beginning of the grating recording in NML points to more inertial process. The
features of SGR in NML As,S3-Se may be explained by different molecular structures of NML
constituents. According to [29] the structure of As,S3 glass is two-dimensional distorted layers,
whereas the structure of Se glass films consists of one-dimensional entangled chains. By this
way one-dimensional Se multilayers can support the vectorial SRG formation in As,S; multilay-
ers. The surface relief formation leads to the vectorial SRG formation. The recording quantum
energy with A=532 nm is the bandgap light only for As,S; compound and more than the value of
bandgap energy for Se. But due to the fact that the thickness of each Se nanolayer is within
10 nm, the light (A=532 nm) penetrates sufficiently deeply in NML As,S3-Se.
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Fig. 3.10. Kinetics of holographic grating recording (grating period A=1 um) on NML As;S3-
Se (d=1560 nm) for different light beam polarization: S:S, total light intensity 270 mW/cm?;
P:P, total light intensity 160 mW/cm?; LCP:RCP, total light intensity 220 mW/cm?; +45°, total
light intensity 160 mW/cm?.

The optical investigations are often made and analyzed to determine the mechanism of the
stimulated structural transformations in NML [38, 170-172]. The photoinduced diffusion in amor-
phous nanomultilayers is proposed as the main mechanism influencing their optical features. Accord-
ing to [155], the interdiffusion is the main effect taking place in NML with the modulation period
below 10 nm or of the thickness of the “well” layers (in our case Se) below 5 nm. When the thick-
ness modulation period is more than 10 nm (D=25 nm) and the thickness of Se nanomonolayer is
about 13 nm, we can suppose that besides the interdiffusion, photostimulated structural transforma-
tions in the nanomonolayers occur. As a rule, the photodarkening in amorphous nanolayered As,S;
and Se follows photoinduced diffusion [29]. We observed the photobleaching in our NML As,S3-Se,
and we suppose that interdiffusion is not a single process termining the SGR properties of these
NML.

In the Fig. 3.10 we present the kinetic of holographic grating recording at different light beam
polarization for the NML with thicknesses of constituents nanolayers for As,S; d=1040 nm and Se
d= 520 nm, i.e. thickness modulation period D=10.4 nm. From this figure one can see that the As,S;
predominant influences on behaviour of NML. Though nanostructuring takes place because the DE
at LCP:RCP and +45 polarizations reaches higher value than at S:S and P:P polarizations.
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Kinetics of holographic grating recording (grating period A=1 um) on NML As,S3-Se and
As,S; for LCP:RCP polarization is shown in Fig. 3.11.
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Fig. 3.11. Kinetics of DE growth (grating period 1 pm) on NML As,S3-Se and nanolayers

As;S; at LCP:RCP polarization.

The thickness of the NML As,S3-Se was 1.7 um and As,S; - 1.0 um. Total number of
nanolayers in NML is 220, which corresponds to the thickness of each alternating nanolayer As,S3
d=9 nmu Se d=6 nm. Also, from the transmission spectra of the layers, calculated refractive indi-
ces at the wavelength A=650 nm, are n=2.45+0.01 for NML As,S3-Se and n=2.354+0.01 for As,Ss.

In the next figure (Fig. 3.12), we prezent the analoge data as Fig. 3.11, but at S:S polariza-
tions.

From comparison these figures we can see the different behaviour of NML and nanolayers
at circular and linear polarizations. The S:S polarization giving intensity holographic recording
forms holographic grating with constantly rise of the DE on NML and with maximum and decay

of the DE on As,S3 nanolayers.
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Fig. 3.12. Kinetics of DE evolution (grating period 1 um) on NML As,S3-Se and nanolayers
As,S; at S:S polarization.

Kinetics of grating recording at different state of polarizations of recording beams has been
measured for NML As3;SssGes-Se. Fig. 3.13 shows the time dependence of DE n of NML
As37SssGes-Se at three combinations of beams polarization and Asz7SssGes multilayers at S:S
polarization. As we can see that LCP:RCP orthogonally circularly polarization creates better re-
cording condition meaning rate of rise of DE and its value. The +45° orthogonally linear polari-
zation providing “pure” vector recording gives slow rise of DE. Scalar recording on NML at S:S
polarization has maximum value ~6.5% which is three times more than for Asz;SsgGes. We can
suggest that as scalar as vector recording take place in this NML composition. The scalar re-
cording is similar to As3;SssGes nanolayers, but Se nanolayers support mass transfer in
As37SssGes nanolayers. In comparison with NML As,;S3-Se more rigid network of Asz;SssGes
interferes with molecules movement.

Note, that the grating frequency in this NML composition reached to 1600 I/mm. So NML
As37SssGes-Se may be used for effective high-frequency amplitude-phase optical information
recording.

Special interest for applications is related with glassy As,Ss doped with optically active tran-
sition metal ions, because they alter magnetic and optical properties of the host material due to
structural and electronic changes of the glass network [173]. It was shown that doping affects the
interlayer distance and leads to creation of additional localized states in the forbidden gap of the
ChG. These effects are manifested by changes in electrical and photoelectrical characteristics of
glass, while doping stabilizes the glassy matrix with respect to light exposure and thermal treat-
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ment. For As,S3 the diamagnetic feature is characteristic but introduction of the manganese impu-
rity of different concentration facilitates the transition from the diamagnetic state into the para-
magnetic one. This can be used for the creation of nanocomposites on the base of ChG with new
properties, optimization of sensitivity, stability improving of recording media on their base. As can
be seen from the data obtained in [174] with the increase of Mn doping level of As,S; the glass
transition temperature is decreased and activation energy of glass transition is decreased. That can

be associated with structural changes due to interaction of Mn with As,S; glass matrix.
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Fig. 3.13. Kinetics of diffraction efficiency of NML As3;SssGes-Se at different state of polari-

zations of recording beams. Grating frequency 1000 I/mm.

The measured time dependence of DE for NML As,S3Mny,-Se is presented in Fig. 3.14. As
in the case of NML As,S3-Se and As37SssGes-Se we observe the strong dependence of 7 on state of
recording beam polarization. Behavior of NML As;S3Mnyy-Se is similar to NML As37SssGes-Se,
namely the LCP:RCP polarized beams produce the better recording conditions considering the rate
of rise and the value of DE. In contrary, the NML As,S3-Se exhibits optimal recording properties
under +£45° polarization. This may be attributed to bigger contribution of vector type of recording
because +45° orthogonally linear polarization supports phase recording not intensity one. The
maximum value of 7 ~6% for NML As,S3Mnyy-Se is lower than 7 ~8% for NML As37SssGes-Se
like maximum values for As;S3sMnay, (7 0.6%) and Asz;SssGes (7 =2.2%).

Bulk properties of As,S; glasses are changed by Mn dopant which may be attributed to the
increase in the average amplitude of the internal electric fields produced by the introduction of
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additional charged centers. Mn ions are effective in producing optically active centers in As,Ss.
Thus, the stronger contribution of As;S3Mny, in recording properties of NML than As,S; may be

explained by abovementioned Mn impurity.
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Fig. 3.14. Kinetics of diffraction efficiency of NML As,S3Mn,q.-Se at different state of polari-

zations of recording beams. Grating frequency 1000 I/mm.

The azopolymers have attracted much attention for the fabrication of sub-micrometer struc-
tures in one-step recording, thanks to the mass transport effect under a modulated light irradiation.

Many theoretical models have been proposed to explain the mechanism of SRG formation (Ch. 1)

on azopolymers. Despite these efforts, the mechanism is still not fully explained.

129



Exposure, J/cm?

35 50 100 150 200 250 300
/‘ T ———
30 /
/

<
C-' /
T —PP
10 /’/ RCP:LCP
+45:-45
5 S:S -
/4 —
/ | 1 4
00 2 4 6 8 10 12 14
t, min

Fig. 3.15. The dependence of diffraction efficiency in transmission mode on recording time
and exposure for the all studied polarization configurations using poly(PEPC-co-DO) film

with thickness 1600 nm and concentration of azodye 30 wt%.

The dependence of DE of azo-dyed polymer poly(PEPC-co-DO) on recording time and
exposure for all of the studied polarization configurations is shown in Fig. 3.15 [175]. Holo-
graphic recording was performed on poly(PEPC-co-DO) film with thickness 1600 nm and con-
centration of azo dye 30 wt%. As it can be seen in the Fig. 3.15, the DE strongly depends on the
polarization configuration. The best performance is reached at P:P polarization configuration.
For all polarization configurations except S:P, diffraction efficiency versus time has increased
and eventually reached a relatively steady state during the exposure.

Since the best polarization configuration was determined, the next step was holographic
characterization to find the optimal azo dye concentration in polymer and film thickness. To do it
holographic recording using P:P polarization configuration was carried out in poly(PEPC-co-
DO) films with different concentration of azo dye DO simultaneously measuring the DE. The
dependence of diffraction efficiency on recording time and exposure using P:P polarization con-
figuration during holographic recording in poly(PEPC-co-DO) film with thickness 1600 nm and
azo dye concentration from 10 to 60 wt% is shown in Fig. 3.16.

As it can be seen in Fig. 3.16, the optimal concentration of azo dye in the synthesized
azopolymer poly(PEPC-co-DO) is about 30% by weight, i.e. 1: 3.5 to the weight of the polymer

matrix PEPC. A further increase in the concentration to 60 wt% leads to a decrease in the DE,
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which is possibly due to scattering into the film, which is also observed in the transmission spectra
in ch. 2.2. This can be caused by a content of undissolved azo dye in the solution and film.
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Fig. 3.16. The dependence of diffraction efficiency in transmission mode on recording time
and exposure using P:P polarization configuration during recording in poly(PEPC-co-DO) film

with thickness 1600 nm and azo dye concentration from 10 to 60 wt%.
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Fig. 3.17. The dependence of diffraction efficiency in transmission mode on recording time
and exposure using P:P polarization configuration during holographic recording in
poly(PEPC-co-DO) film with film thickness from 250 to 1600 nm.

An experiment was also conducted to study the effect of film thickness on DE. In Fig. 3.17
the growth Kinetics of DE during the recording on poly (PEPC-co-DO) films of different thick-
nesses (concentration of azo dye 30 wt%) using a P: P polarization configuration is shown.
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As it can be seen from Fig. 3.18, the optimal thickness of the film exists, which gives the
highest value of DE #=33%, and which is close to the theoretical maximum DE limit for thin

sinusoidal phase gratings equal to 33.8%.
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Fig. 3.18. UV-Vis absorption spectra of poly(PEPC-co-DO) films with different film thick-

ness. DO content is 30 wt% and dependence of thickness on the value of absorption.

The maximum of the absorption region for this azopolymer is at wavelength of ~450 nm,
which is characteristic for DO azo dye classified as pseudo-stilbene [176]. It confirms azo cou-
pling reaction of PEPC with DO.

The films with thickness over 1600 nm show scattering of light due to presence of small
bubbles after drying. The origin of the bubbles is vapor of solvent, which presents in film vol-
ume. Therefore, samples with thickness over 1600 nm were not measured for estimation of DE.

It is important to notice, that the DE in this readout scheme can results from both the ani-
sotropic grating formed in the volume of the layer, and the surface relief grating induced on the
surface of the film. The amplitude grating due to absorption coefficient changes A« is out of
readout wavelength A=650 nm and hence the DE was not affected by light absorption modula-
tion. Diffraction gratings made by two-beam interference that leads to a sinusoidal profile of in-
tensity/polarization in the film with the modulation direction being parallel to the film surface.

This can result in a periodic modulation of the refractive index as well as periodic modulation of

21

film thickness. The phase delay amplitude of such type of grating can be written as Ap =

Acosa

(h-(n—1) +d - An), where A is the probe wavelength, h — amplitude of surface modulation, n
is the average refractive index of azopolymer, d is film thickness, and 4# is the maximum change

in the refractive index, «a is a angle of diffraction for the probe wavelength. Using a probe beam
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at normal incidence, the first-order diffraction efficiency of thin sinusoidal diffraction grating is
given by n = J? (AT"’) [8], where J; is a Bessel function of the first kind, A¢ represents the peak-

to-peak amplitude of phase delay in grating. According to this equation, the largest possible DE
into one of the +1 and -1 diffraction orders is the maximum value of /2 and is equal 33.8%.

The ratio between the diffraction efficiencies due to the volume and the surface relief grat-
ing can be determined by measuring not only the intensity, but also the polarization of the first
diffracted order [172]. Up to now in our experiment, no evidence of polarization changing of the
first diffracted order was observed, but such study will be the subject of our future work.

According to [8], the DE can be rewritten using A¢:

n==]f<zéggg-(h-(n-1)+-d-An))- (3.1)
It is well known that the cis molecules are not stable at room temperature and the cis-trans isom-
erization is very rapid [178]. In our experiment the recording gratings were stable and measured
value of DE after the grating formation was nearly constant during long storage (at least one
month) at room temperature. Moreover, exposure of obtained grating by linear polarization light
leads to insignificant DE change. Hence, based on the present experiments, we can presume that
the main contribution for the increase of the DE is from surface relief grating.

Let’s consider the DE dependence only on surface relief modulation. Thus the Eq. (3.1)

could be tranfrormed in

n=ﬁ<2ﬂ'UVm—Dﬁ: (3.2)

Acosa
where h is amplitude of surface modulation, n is the refractive index of azopolymer.
In the Fig. 3.19, the kinetics of experimental measured 1% order diffraction efficiency at
650 nm for the poly(PEPC-co-DO) film during P:P polarization recording (blue curve) and kinetics

of computed theoretically 1* order DE according to Eq. (3.2) (shown as a red curve) are presented.
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Fig. 3.19. The kinetics of experimental measured 1% order diffraction efficiency at 650 nm for
the poly(PEPC-co-DO) film during P:P polarization recording (blue curve) and Kkinetics of
computed theoretically 1* order DE according to Eq. (3.2) (shown as a red curve).

The coincidence of experimental and theoretical curves at the first part of curves is good
evidence that SRG occurs in linear mode and after the grating relief depth reaches 300 nm the
material feedback for the recording becomes nonlinear. It is therefore possible to estimate h from
Eq. (3.2) using the first-order DE. As shown in Fig. 3.19 (red curve, blue star) that at = 30% we
estimate that h=430 nm from Eq. (3.2). The good coincidence of experimental and theoretical
estimated value of surface modulation amplitude means that DE analysis of the recorded holo-
graphic gratings in poly(PEPC-co-DO) film can be performed by assuming the SRG dominates

in DE with slight influence of scalar refractive index gratings.

3.3. Digital holography recording

The science of digital holography rests on the foundations of optical holography and on the
development of laser sources in the 1960s, which made his vision a practical reality. Optical holo-
graphy, however, uses a photosensitive material, both to record a latent image and subsequently to
behave as a DOE with which to reconstruct the incident field. In this way display holograms, using
silver halide materials for example, can produce life-size images that are virtually indistinguishable
from the object itself. Digital holography, in contrast, separates the steps of recording and recon-

struction, and the final image is most often in the form of a 3D computer model.

134



Television cameras have been used from the beginnings of holography to record interfer-
ometric images. However, the huge disparity between the resolution of holographic recording
materials (more than 3000 I/mm) and television cameras (around 50 I/mm) was raised as a major
concern by early researchers. TV holography, as it was sometimes called, generally recorded low
NA holograms producing images with characteristically large speckle and was therefore more
often referred to as electronic speckle pattern interferometry (ESPI). It is possible, however, to
record large NA holograms on a sensor with restricted resolution by using an objective lens or a
diverging reference wave. This is generally referred to as DHM since the resolution now places a
limit on the size of the object that can be recorded. As holography is a well-defined mathematical
process, it can be simulated in the computer, and the results of holographic reconstruction can be
displayed graphically.

Modern image sensors are now available with almost 30 million photosensitive elements,
which corresponds to a staggering 100-fold increase compared to standard television images. At
the same time personal computers have been optimized for imaging and graphics applications
and this allows more sophisticated algorithms to be used in the reconstruction process.

Although resolution still falls short of the materials used for optical holography, the ability
to process data numerically generally outweighs this drawback and presents us with a host of
new opportunities.

It is well known that the fabrication of the DOE with a non-sinusoidal profile significantly
improves the performance efficiency and enables the control of the diffraction angles for maxi-
mum efficiency. For example, resists with low proximity effect, high sensitivity and linear de-
pendence between the exposed dose and the profile depth are required for the fabrication of the
blazed DOE. Owing to the improvement of reconfigurable computer platform to solve any de-
manding control and monitoring task and the advancement of micro/nano-fabrication techniques
in recent years, DOE such as binary optics and computer generated diffractive structures have
been actively researched.

The phase of a light beam can be twisted like a corkscrew around its axis of propagation. If
the light wave is represented by complex numbers of the form Ae'?, where A is the amplitude of
the field and @ is the phase of the wave front, the twisting is described by a helical phase distri-
bution @ = mé proportional to the azimuthal angle of a cylindrical coordinate system (r, 6, z),
where z is the propagation direction of the wave train.

Because of this twisting, the light wave along the z-axis cancels out because the value of
the angular coordinate & is not well defined at r = 0, giving rise to a phase singularity where the
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amplitude vanishes. On a flat surface, this light beam will look like a bright ring with a dark hole
in its center around which the phase rotates. Due to some analogous phenomena in fluids, this

light beam is called an optical vortex (see Fig. 3.20).

Fig. 3.20. Two beams with the same vortex charge propagating in parallel directions. The ori-
gin of the phase is arbitrary with respect to the horizontal axis. In this configuration the left

side of the right beam and the right part of the left beam have opposite phases.

To assure the continuity of the field at 8 = 2z, there exists an integer number m, which indi-
cates the number of phase windings around the dark spot. This number is the topological charge of
the vortex, because it is conserved during propagation. The physical meaning of m corresponds to
the velocity of the phase rotation around the singularity, which may be positive (for counterclock-
wise rotation) or negative (for clockwise rotation). The definition of m is given by the z-component
of the angular momentum L,. For light beams the value of L, per photon is given by

0P
L, = —lhﬁ = [hm, (3.3)

where h is Planck’s constant divided by 2z. From Eq. (3.3) it is evident that the continuity condi-
tion at § = 2z implies the quantization of the angular momentum. The value of L, indicates that
there is a rotation of the momentum vector p around the dark hole as the beam propagates. This
analogy with the velocity fields of fluids suggests that the wave front dislocation observed in
light beams should be called an optical vortex.

In recent years several important applications of optical vortices have been developed. For
example, the absence of the gradient force in the central hole can be used to make optical tweezers
that can trap neutral particulates [179], which receive the angular momentum associated with the
rotation of the phase. In nonlinear optics, waveguiding can be achieved inside the central
hole [180]. In astronomy the singularity can be used to block the light from a bright star to increase
the contrast of astronomical observations using optical vortex coronagraphs [181] which are useful
for the search of extrasolar planets. Applications in quantum information employing quantized

properties of the angular momentum of vortex light beams have also been proposed [182].
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As we show on vortex examples, the agreement between theory and experiment is remark-
able for diffraction optics, and thus it provides a well characterized system for the study of such
phenomena. The Fig. 3.21 shows the developed interferometer with Spatial Light Modulator
(SLM) for recording the vortex diffraction structures.

DOE recorded by laser holographic technique have limit in design of various optical im-
ages. On the contrary a variety of DOEs such as Fresnel lenses, gratings with linear and curves
lines, variable pitch and special line profile gratings can be sophisticated recorded by e-beam. Of
coarse PC program for DOE design and PC-assisted scanning electron microscope for e-beam

control must be elaborated.
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Fig. 3.21. The interferometer setup with SLM for DOE recording.

In the field of diffraction grating recording the e-beam pattering has been developed for
exposing the sensitive media to constant electron dose at the desired locations. If a dose variation
is implemented during the process of recording, the e-beam sensitive material accumulates dif-
ferent doses under exposure. For common used materials, e-beam resists, the following devel-
opment process results in different thicknesses of resist, and, correspondingly in the 3D profile
of the final structure.

In this chapter, we present the one-step e-beam recording of digital holograms on As;,S;

thin films, ChG-Se NML, and azopolymers. Some diffraction structures in As,Ss thin films de-
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signed and recorded by PC-assisted raster electron microscope to demonstrate the software and
hardware capabilities. A media used for this purpose should have a high resolution and sensitiv-
ity, a linear dependence of the profile depth on the electron dose, and a good repeatability of the
profile shape. Irradiation of ChG thin films by e-beam leads to noticeable changes in their prop-
erties. These changes are connected with the short-range order modification because of chemical
bond transformation in the material. The atomic structure variations modify the electronic struc-
ture of the disordered system, leading to changes in the film properties.

The experiments on the surface relief formation were performed using a SEM with the in-
stalled computer-assisted system [183]. The system operates a Gaussian beam to write point-by-
point in a raster manner. In order to achieve, for example, a solid exposed line, the exposure points
should be close enough to each other so that there is no space between them. The point separation
(called the beam step-size) is user-defined and totally dependent on the physical size of the chosen
beam.

Thin films of As,S3 (about 1 pm) were prepared by thermally evaporation in vacuum (10
mm Hg) on glass substrate covered by semitransparent metal layer. Based on the scanning elec-
tron microscope (SEM) BS 300 (Tesla) and 16-bit control adapter NI USB-6216 the system
SEM-PC has been developed. In order to design the DOE with numerical methods we have used
a specialized software LabWindows/CVI-8.5 compiled in virtual instruments environment. De-
veloped software gives possibility of e-beam positioning both in raster and vector mode of re-
cording of diffraction structures. Square region of recording was determined by SEM
magnification and was about 1600 um x1600 um. The diffraction gratings of different configu-
rations were recorded in the vector mode. In this case the minimum distance between pixels was
about 0.05 um. The raster mode of patterning has been applied for recording of the microimages
presented in .bmp format. The 8-bit grayscale graphical files have been used for recording of the
microimages with the dimensions 256x256 pixels and 512x512 pixels. The black/white levels
were obtained by discrete varying the time exposure of e-beam at one-pixel point during the re-
cording process. The minimum exposure time/pixel was 0.1 ms.

MakeHolo software [184] developed in our laboratory was applied for synthesis of digital
hologram from an image. These digital holograms were subsequent recorded by e-beam on the thin
films of As,S;. In black regions of microimage the e-beam moves significantly quickly than in
white ones so no evident influences of electron irradiation on recording media (thin film of As,S3)
index of refraction occurred. E-beam current determining dose of electron irradiation was ranged
from 1 to 2 nA. The e-beam penetrates all the depth of the thin film of As,S; at accelerating volt-

age 25 kV. Micro-images were recorded by e-beam directly without any addition development.
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a

b
Fig. 3.22. Mosaic chess-board structure composed from diffraction gratings (a) and
it diffraction pattern (b).

Important type of DOE is a mosaic of diffraction gratings. It can be consisting of diffraction
gratings with different direction of mutual orientation, grating period, including variable period and
so on. Diffraction patterns obtained during reconstruction by laser beam illumination in transmis-
sion mode depend on how many elements of mosaic are illuminated simultaneously. Multibeam
diffraction of light can be obtained if laser beam spot overlaps some diffraction gratings.

The sketch of chess-board structure (Fig. 3.22) composed from two orthogonally oriented
diffraction gratings with periods 2.0 and 2.2 pm is presented. Mosaic digital hologram and its
diffraction grating have dimensions 800 pm %800 pm and 200 um x200 pum, consequently.

Laser spot of 400 um diameter illuminates at list two gratings so it can be seen complex
diffraction pattern in transmission mode (Fig. 3.22b). Equal intensity diffraction spots can be

clear seen from both orthogonal oriented gratings.
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Fig. 3.23. Part of mosaic structure with set of diffraction gratings (a) and the structure of N=4

superimposed diffraction gratings (b).

On Fig. 3.23 the sketch of fragment of mosaic composed digitaly from gratings in form of

strips is presented. Four mutual orientations of gratings lines with 45° steps rotation were chosen to
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obtain diffraction pattern with circle symmetry. Period of each grating in form of the strip and size
of mosaic are 2 pym and 800 pm x800 um, consequently. Width of each strip is equal to 50 pm.
Four gratings-strips with total dimension of 200 um form the mosaic period. Diffraction pattern is
presented for case when laser spot diameter is equal to 400 um (Fig. 3.23a).

Diffraction patterns from mosaic digital gratings Fig. 3.23 (a and b) are shown on Fig.
3.24a and b consequently. The most brightness spots on diffraction patterns are formed by the
first order of diffraction beams for both diffraction structures. Addition spots on diffraction pat-
tern are formed when laser illuminates nodes of tangency of diffraction gratings lines (Fig.
3.24b).

Note that in practical application of these digital holograms as optical code the additional
diffraction spots appearance in the diffraction pattern are undesirable. So the preferable diffrac-

tion pattern contains only first order of diffraction beams (Fig. 3.24a).

a b
Fig. 3.24. Diffraction patterns generated by structures shown on Fig. 3.23 (a) and (b), conse-
quently.

As to apply the etching development for recorded gratings the quality of single diffraction
grating is higher in comparison with the quality of superimposed ones after etching. Drawback of
mosaic structures is horizontal stretching of diffraction spots (Fig. 3.24a). We consider this un-
desirable stretching is defined by small dimensions of strips. Optimization of dimensions of laser

spot diameter and strip width can rise the quality of diffraction pattern.
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Fig. 3.25. Diffraction pattern formed by crossed  Fig. 3.26. Ring diffraction pattern gener-
superimposed gratings with variable pitch. ated by set of concentric circles

Recording of diffraction gratings with variable pitch is an advantage of PC-assisted raster
electron microscope in comparison holographic method of recording. Orthogonally directed dif-
fraction gratings with linearly variable pitch from 2 um to 1 pum were recorded in superimposed
mode. This structure covers surface 400 um x400 pum. Diffraction pattern of this diffraction

structure is shown on Fig. 3.25.

(ox

Fig. 3.27. Institute of Applied Physics logo formed by pixels (a) and
part of pixels matrix of every line on the logo (b).

Diffraction gratings with linearly variable pitch gives diffraction pattern in form of con-
tinuous line compose from =+ first order spots. Obviously orthogonally superimposed diffraction
gratings will produce cross of such lines (Fig. 3.25). Set of one hundred of concentric circles
with gradation of radii in 2 um was recorded by PC-assisted scanning electron microscope. Ring
diffraction pattern generated by this set is presented on Fig. 3.26.

Microimages were directly recorded by e-beam into squire surface of thin film of As,S;3

with 1.6mmx1.6 mm dimension. No etching development was applied for microimages. Below
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are presented microphotography under compound microscope (Fig. 3.27a) where can be clear
seen logo of Institute of Applied Physics in abbreviation on Romanian language.

The logo was composed from wide lines in turn composed a matrix of pixels. Pixel dis-
tance is equal to 3 um. E-beam induced changes of the index of refraction and the absorption
coefficient (darkening) give possibility visualization of the logo. Pointed above the matrix of
pixels can be clear seen on Fig. 3.27b. A matrix of equal distances pixels works as diffraction
grating too with own diffraction pattern.

By using the MakeHolo software for the synthesis of digital hologram from an image of
cube with transparent sides was done. Digital hologram in the form of 8-bit grayscale graphical

file is shown on Fig. 3.28.

......

Fig. 3.28. Synthesized diital hologram of cube image, which image
has been then recorded on As,S; thin film.

This digital (computer-synthesized) hologram was recorded by e-beam into thin film of
As,S3 with thickness 1 um. The surface occupied by hologram on the film was estimated as 600
um X600 um. Diffraction pattern in the first order of diffraction of cube image has been recon-
structed by illumination of red He-Ne laser beam (wavelength is 0.633 um, Fig. 3.29). This pat-
tern is presented as black/white photography. It is clear seen only two images of cube from the

first diffraction orders and zero order of diffraction pattern.

142



Fig. 3.29. Wire cube image in the first orders reconstructed by red laser beam.

The first objective was to measure the dose dependence of the DE for e-beam recording at
currents 1-10 nA for the grating periods of 1 pm, 2 um and 4 um. The sample GesAS37Ssg-Se
NML was used [185]. The images of the SRG were obtained on the AFM and are shown in Fig. 3.30
and Fig. 3.31.

poatiine
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Fig. 3.30. The AFM data of SRG recorded on GesAs3;Sss-Se NML at different e-beam currents.
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It is seen from Fig. 3.30 that period of grating 1 um is very small to form the grating at the
conditions of current beam from 1 nA to 10 nA and the diameter of the beam 0.3 pm. The Fig.

3.31 shows the AFM data of SRG recorded at different period of gratings.
As it can be seen from the figures, the sharpest image is obtained for grating periods of 2

and 4 pm, and also for recording currents 8-10 nA.
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Fig. 3.31. The AFM data of SRG recorded on GesAs3;Ssg-Se NML at

different e-beam currents and grating periods.

The results of direct recording (without the selective etching step) of holographic diffraction
grattings and images by e-beam exposure using GesAsz7Ssg-Se NML 3 pm thick with the underly-
ing conductive layer ITO as recording media are presented. E-beam recording of diffraction grat-
ings (spatial frequency 500 mm™) and other elements were carried out using SEM Tesla BS 300
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with programmable exposure control unit. Beam current was ~ 4-10 nA. Images were recorded
with size 512x512 pixels, pixel size was ~ 2 pm (Fig. 3.32). DE of the recorded gratings were ~ 1—
2%. Also, different figures and letters were recorded with the use of 2 pm pixels. AFM images of
the structures obtained by e-beam recording are presented in Fig. 3.33—-Fig. 3.35. It can be seen in
these figures that different structures like gratings, other optical elements, and figures can be re-
corded in multilayer nanostructures based on chalcogenide glasses.
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Fig. 3.33. 3D AFM image showing a fragment of the picture recorded by e-beam.
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Fig. 3.34. AFM image of the fragment of  Fig. 3.35. AFM image of the fragment of letter “E”.
letter “C”. Pixel size is 2 um. Note that pixel height is ~ 265 nm.
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In Fig. 3.36, AFM images of diffraction gratings recorded by e-beam exposure with 4 um and
2 um periods are presented. DE of the gratings was ~1%. Further investigations are necessary for

the optimization of multilayer nanostructure parameters and conditions of grating recording.

Penod 2 um.

Fig. 3.36. E-beam recorded diffraction gratings with different periods.

As the next image for e-beam recording, a BMP drawing with SECURE text of different

sizes was selected. Below it is a pixel-by-pixel representation of the figure produced by the PC-
SEM program for the e-beam digital image recording.
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a) b)
Fig. 3.37. a) The computer simulation of the word “SECURE”; b) The photos of the word
“SECURE” patterned on GesAS3z7Sss-Se NML.
Fig. 3.37 presents the computer simulation of the image (Fig. 3.37a) and the photos of the
image patterned on GesAs37Ssg-Se NML and asquired by Web camera mounted on optical mi-
croscope BUOJIAM-P12 magnification 90x10* (Fig. 3.37b).
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Fig. 3.38(a, b) presented the AFM data of the word “SECURE” patterned on GesAS37Sss-
Se NML, the 3D presentation and the periodical profiles.
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a) b)
Fig. 3.38. a) 3D presentation of the word “SECURE” patterned on GesAs3;Sss-Se NML; b) The
profiles of the word “SECURE” patterned on GesAS37Ssg-Se NML.

The State Emblem of Moldova has been choosen for creation of image by computer-
assisted SEM microscope. In the Fig. 3.39 one can see the computer simulated image and corre-

sponding image on GesAs37Sss-Se NML.

a) b)
Fig. 3.39. a) The fragment of computer simulated image of The State Emblem of Moldova; b)
The image recorded on GesAs37Ssg-Se NML from Fig. 3.39a.
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The AFM data of the image of the State Emblem of Moldova recorded on GesAsS37Sss-Se
NML by PC-SEM system. The maximum depth of profile is 250 nm. The height of the patterns
was controlled through changing holding time of e-beam at one point (Fig. 3.40).
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a b C
Fig. 3.40. The fragment of computer simulated (a), 3D presentation (d) and profile (c) of the
image of The State Emblem of Moldova.

From these results, it is seen that by computer-assisted e-beam not only two-dimensional

images, but continuous values of tone raster data are possible to record.

3.4. Conclusions to Chapter 3

1. Scalar and vector holographic methods were exploited for explanation of diffraction efficien-
cies dependencies. The studying of the diffraction efficiency vs. exposure dose shows the strong de-
pendence of m on the state of polarization of recording beams. Considerable increase of NML
diffraction efficiency in comparison with ChG component nanolayers has been demonstrated.

2.  Scalar and vector holographic one-step recording properties of three types of nanomulti-
layers As,S3-Se, As37SssGes-Se and As,;S3Mnag,-Se compositions were analyzed.

3. Comparison of the surface relief gratings formation on the NML As,S3-Se and As,S3; multi-
layers at different states of the recording beams polarization reveals that circular and +45° polariza-
tion create the SRG in NML with higher DE of recording than in As,S; multilayers part of sample
with P:P and S:S polarizations. The twofold increase in DE in NML As,S3-Se in comparison with
As,S;3 part of film was obtained. The dependence # vs. dozes for NML As,S3-Se does not reach the
saturation of 1000 J/cm? and #=25% at 800 J/cm?. The contrary behavior has been observed for
As,S3 multilayers: the doze dependence of n has strong maximum which equals 12% at 40 J/cm?.
4.  Holographic investigation of the PEPC or CAM: OMA copolymers with iodoform showed
their applicability to recording of holographic gratings with the DE 5 = 20% and a resolution of

2000 I/mm achievable only after chemical treatment. The interaction of laser and e-beams with
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carbazole-containing photopolymers results of formation the charge transfer complex between
carbazole and iodoform the new absorption band arises in the wavelength range of 0.65 um. The
introducing of plastificator minimizes the fracturing of thin films and creates the conditions for
hidden gratings. The relief surface gratings forming after etching of hidden gratings have non-
sinusoidal profile.

5. The possibility of direct one-step magnetic relief formation using NML As;S3Mnye,-Se was
shown.

6.  Holographic recording on the poly(PEPC-co-DO) film at different polarization configura-
tions showed that the P:P polarization of recording beams provides the maximum of DE about
33%. The main contribution in the value of DE of recorded holographic grating brings the sur-
face relief grating.

7.  Digital holograms were fabricated in a direct, one-step process of recording by e-beam.

Developed programming HoloMake software for digital holograms recording was elaborated.
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4. DIFFRACTIVE STRUCTURES INVESTIGATION

Non-contact optical methods become the default tools for quality control of products in
laboratory practice and industry as well. Optical non-destructive testing (NDT) have high sensi-
tivity and they allow a full-field analysis of the inspected area without any need for physical con-
tact with the surface. They can sometimes provide more or different information where the other
techniques fail or cannot be applied. Experimentally, the SRG formation is usually studied using

the diffraction efficiency (DE) method in condition of absence of other reasons.

4.1. Diffraction efficiency method
In this part, we study how the polarization states of recording beams and the period of re-

corded gratings influence on the diffraction efficiency of the formed structures.
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Fig. 4.1. The kinetics of diffraction efficiency for A=1.0 um (a) and A=1.25 um (b)
for different states of polarization.

DE recording kinetics for NML As,S3-Se with two grating periods A is shown in Fig. 4.1.
Recording of grating was continued until saturation level of the DE’ value is achieved. The pro-
gresses of kinetic curves differ strong for grating periods 1.0 um (Fig. 4.1a) and 1.25 um (Fig.
4.1b), and depend on beams states of polarizations. For intensity gratings the DE’ results for S:S
and P:P polarizations recording are identical, and we present only P:P. The largest value of DE
were obtained for orthogonal linear +£45° and circular LCP:RCP polarized beams configuration
when SRG is recorded. For these configurations there are components of resultant electric vector
of light parallel and perpendicular to the grating vector direction. This indicates that the resultant

electric field and its direction variation are essential to the formation of SRG on the ChG.
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For polarization gratings i.e. recorded at LCP:RCP and +45°0f polarization states the re-
cording process begins in 1-3 min. after turning on the illumination and reach the saturation in
45-50 min. For amplitude gratings (P:P polarization) the recording begins immediately after il-
lumination and have maximum in 7-17 min. and then decline in value. Maximal reached value of
DE depends on the recording grating period. In Fig. 4.1 the data corresponding the minimal
value of DE for period A=1 um and the maximal DE for A=1.25 um are shown. Vector re-
cording in NML As;S3-Se is more efficient than scalar one. The best value of DE=45% is ob-
tained for vector recorded gratings and DE~25% is for scalar one.

Note that in Fig. 4.1 the DE of NML As,S3-Se with thicknesses of nanolayers d=11 nm for
both As,S3; and Se nanolayers is shown. The other nanolayers thickness values as dasss=9 pm,
dse=5 um gives close to the maximal value of DE for +45° and P:P polarization (see Fig. 4.2).

The grating period dependencies for vector and scalar recordings are compared in Fig. 4.2.
Maximal value of DE monotonically increases for scalar HG whereas a maximum around A = 1.25
um takes place for vector HG. Moreover, the evolution of DE is constantly rise until saturation for
PP polarization whereas for £45° one can see the slope around 10 min at A = 1.7 um. For periods A
= 2.0 um and A = 2.5 pum we observe the N-form of time dependence of DE. It is evidence of the

existing more than one process during grating formation.
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Fig. 4.2. The Kkinetics of diffraction efficiency of vector (a) and

scalar (b) recordings for different periods of diffraction gratings.

Periodic gratings can be categorized as either thick or thin [186]. Thick gratings show

Bragg diffraction. Their DE can be approximated analytically using Kogelnik’s coupled wave
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theory [187], which is valid close to the Bragg angle. Thin gratings show Raman-Nath diffrac-
tion. They are classically treated with scalar diffraction theory and their far field diffraction effi-
ciencies are approximated using the Fraunhofer approximation [11].

In order to categorize gratings as either thick or thin for finite values of thickness (d), one
may look for a parameter that indicates whether the analytical expressions for Bragg and Raman-
Nath diffraction result in reasonable approximations. This is done by comparing the grating

thickness d and the wavelength A with An and/or the average index of refraction n and the grating

2mdA
nn?

period A. Most often, the Klein parameter [188], Q =

is used for evaluations and a grating

is considered thin when value Q < 1 and thick when Q > 10.

The estimation of Q parameter for the NML As,S;3-Se was shown that we can consider the
diffraction grating as a thin grating for period A more than 1.4 um. The diffraction gratings with
period less 1.4 um are intermediate gratings, i.e. neither thick nor thin. In Fig. 4.3 the Kinetic of
diffraction efficiency are presented for different periods of grating and two combinations of
nanolayers thicknesses. It is seen that really the form of curve is changed at period 1.4 pm. We
observe the constant rise of DE up to saturation at A from 1.0 um to 1.25 um. The maximum
value of DE is about 45%, which exceeds the theoretical limit for thin gratings 33.9%. It is indi-
cating that these gratings don’t obey the Raman-Nath diffraction. Beginning from periods at 1.4
pum to 2.5 pm the curves of DE’s kinetics have one or even two (for A =1.4 pm) maximums,
whereas the value of DE’s maximums is less (30-40%) than for smaller periods. It may be ex-

plained by appearance of higher diffraction orders which we observed in experiment.
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Fig. 4.3. The kinetics of diffraction efficiency in the first order for different thicknesses of

nanolayers and +45° of polarization states of recording beams.
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Note that this alteration of DE’s kinetics exists only for polarization gratings recorded at
+45° and LCP:RCP polarizations, not for intensity gratings. For comparison we present the data on 0
showing the kinetics of scalar gratings diffraction efficiency for P:P recording beams polarizations.

From Fig. 4.4 one can see that for all samples under investigation the P:P polarization
states of recording beams gives the increase of DE reaching the high value ~45%. Only for A
=2.5 um the DE after the time interval around 25-35 min begins to decrease. So the intermediate
(between Raman-Nath and Bragg) diffraction behaviour presents in NML samples at P:P polari-
zations states up to A =2.5 um.

It is necessary to say that that, from a practical point of view, polarization modulation con-
figurations are inevitably accompanied by intensity modulations, except in the case where S and
P polarized laser beams are used for exposure create neither intensity nor polarization interfer-
ence pattern. Note also that in those cases the scalar effects can play a predominant role if the
samples are not photodarkened prior to their exposure to the polarization modulated light [189].
Therefore, it is difficult to separate scalar and vector effects and it confirms that the mechanism
of relief modulations, in the case when spatially modulated polarization is used for exposure, is

pure polarization driven.
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Fig. 4.4. The kinetics of diffraction efficiency for intensity polarization gratings
recorded at P:P polarizations states.

There are some concepts to explain the origin of intensity and polarization recording fea-
tures in ChG. It is known that molecules and nanoparticles can be manipulated in fluidic systems
using dielectrophoretic (DEP) forces [190]. A DEP forces generated when a neutral molecule or

particle is suspended in a nonuniform electric field. This electric field induces electrical charges
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within the particle to establish a dipole. If a nonuniform electric field is applied, the ends of the
dipole experience unequal Coulomb forces, which result in a total nonzero imposed force. If the
particle is less polarisable than the suspending medium, it is repelled from the regions of higher
electric field and the motion is called negative dielectrophoresis while the opposite case is re-
ferred to as positive dielectrophoresis.

The authors [190] proposed a photo-induced DEP model to explain the photoinduced mass
transport in amorphous films. Model is based on the photoinduced softening of the matrix, for-
mation of defects with enhanced or decreased polarizability, and their drift under the electrical
field intensity gradient of the light. An interference pattern from the orthogonal +45° polariza-
tions states can be expressed as a sum of two linearly polarized light components: the electric
vector parallel to the grating vector or the P polarization and the electric vector perpendicular to
the grating vector or the P polarization. For both components the electric field intensity gradient
is parallel to the grating vector. This polarization modulation causes an arrangement of polar
photoinduced defects in the film. As a result, their polarizability regarding the direction of elec-
tric field intensity gradient has been increased by P electric field component and decreased by S
electric field component. Due to the DEP forces material is transferred out of the S polarized
light region in to the P polarized region. This model is in well agreement with results obtained
for homogenous ChG. In case of NML we obtain the regions with deferent structures and as a
consequence different polarizability of nanolayers constituent of total NML.

The other model was proposed by [32]. Note that all models suppose the creation of anisot-
ropy in the material, but the reason for appearance of this anisotropy is different. These optical ani-
sotropies induced by exposure to polarized light are observed not only in annealed glasses but also,
and essentially undiminished, in glasses photo darkened by light exposure.

On the molecular scale, the structure of chalcogenide glasses is strongly anisotropic [32].
Even without specifying the larger anisotropic structural units, such as rings, chains, platelets, or
pyramids, which may define the local structure or medium range order of a particular glass com-
position, it is clear that one needs a volume containing a considerable number of atoms to find
the optical isotropy of a macroscopic sample. The minimum isotropic volume will grow with the
size of the anisotropic structural units. This minimum volume is optically isotropic only because
of the spatial averaging over smaller anisotropic volume elements it contains. Optical anisot-
ropies can arise only when one or both of the photocarriers remain in the absorbing microvolume
and recombine nonradiatively. The recombination is called geminate when both carriers remain
and recombine in the absorbing microvolume. Accept this model, we can explain the different
photoinduced behaviour of As,S; films and NML As,Ss-Se which we observed in [191].
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4.2. Digital holographic interferometry

Digital holographic interferometry (DHI) is widely used as a non-contact optical measurement
technique for engineering structures; examples include examining the deformation or vibration of
body panels, engines and engine components in the automotive, aircraft industry. An established area
of application of DHI concerns the non-destructive examination of technical objects for localized
structural abnormalities, e.g. the screening of car and plane tyres for hidden defects.

An essential feature of DHI (as digital counterpart of holographic interferometry) is that it
provides simultaneous measurement over an extended area of the target surface. DHI thus offers
distinct advantages over point measurement techniques, such as laser velocimetry and interfer-
ometric vibrometry, and yields data unavailable from those techniques.

Despite many features of holographic interferometry there are some disadvantages which
put limits a wide spread for this technique. The main of them are:

» Complicate optical equipment for obtaining a holographic interferogram with high quality;
» The assessment of quality of individual hologram is carried out mainly visually;
» The necessity of wet developing of holographic carriers.

The similarities between DHI and holography interferometry led to the result of both tech-
niques being fringe pattern where the fringes represent a change in phase between an object and
a reference wave. The main advantage of DHI over holographic interferometry is that it enables
real-time correlation fringes to be displayed directly upon a computer monitor without any form
of photographic processing or plate relocation. This comparative ease of operation allows the
technique to be extended to considerably more complex problems in deformation analysis. DHI
also allows the displacement in different planes to be measured separately. Furthermore, DHI
does not require high-resolution recording media and imposes less stringent conditions on vibra-
tion isolation and ambient light.

The DHI offers sub-wavelength sensitivity in deformation measurements, but on the other
hand, highly sensitive interferometric methods require perfect protection from environment distur-
bances such as vibration, air flows, dust, supports and satisfying coherent condition. Usually holo-
graphic set-up should be mounted on anti vibration table which gives such conditions at the cost of
significant rising of total set-up price. Dimensions and weight of such set-up are inconvenient espe-
cially in case of in situ trials. Price of the table is compatible with other parts of DHI set-up.

This work is aimed at the development of an easy to use, cost-reduced approach, full-field
and portable DHI system for visualization and monitoring of states of different kind of samples

under test.
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The principle of DHI is well documented in the literature elsewhere [192, 193], we will de-
scribe here only the features of our DHI set-up.

A wide variety of laser types such as continuous wave (CW) as pulsed lasers are being
used in DHI. Photochemical and thermal destroying of samples under test is important factor for
laser type selection. Using the energy quant of laser wavelength as low as possible is better
choice to diminish photochemical influence. A low power CW He-Ne laser is a suitable choice
for DHI set-up as from the point of thermal influence on surface of a sample as possibility deliv-
ering laser power through optical fibers. Another important factor relies on large coherent length
of light therefore we need the monomode laser. Monomode He-Ne red CW 25 mW laser was
considered suitable for our purpose. One more item for DHI set-up was a power of laser to dis-
tinguish a good S/N ratio on CCD camera.

After studying some variants of DHI set-ups we decided to separate illumination and moni-
toring parts and to use fibre optic cables for laser beam delivering. According with our aims by
splitting the DHI set-up into two separate units for illumination and monitoring linked by the opti-

cal fibre cables a very flexible usage of the set-up in different environments can be constructed.
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Fig.4.5. Optical scheme of DHI set-up: 1 — monomode 25 mW He-Ne laser Siemens LGK 7626; 2 -

variable intensity ratio beam splitter; 3 - multimode optical fibre (fibre core dia 50 pm, NA=0.6); 4 -
two fibre-optic connectors; 5 - polarization maintaining mono mode “Bow-Tie” fibre (mode dia 5 pm); 6

- object with probable internal defects; 7 - objective; 8 - CCD camera; 9 - to PC; 10 - lamp for heating.

The comparison of results obtained by positioning the set-up on the vibration protected table
and the tripod has not shown significant difference. In order to testing the different kinds of sam-
ples in situ we applied homemade DHI with optical fibers for beam delivering which gives possi-

bility to studying the sample conditions underneath the open surface and inside the sample where
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the direct illumination by laser beam is a problem. Delivering laser energy in reference and object
arm through the optical fibres gives, on the one hand, good vibration and environment immunity of
set-up and, on the other hand, to leave the heaviest laser part on the separated from camera part
support. Due to long coherence length of He-Ne laser both optical fibre arms can be designed a
dozens of meters long in dependence of distance to the point of measurement. So the compact and
lightweight camera part of DHI becomes movable and easy fastening in front of sample region of
interest practically independent on laser part position. As a consequence, the portable DHI set-up
was designed [194]. The out of plane DHI set-up used in this work is shown on Fig. 4.5.

The light source is Zeeman-stabilized He-Ne laser with wavelength 632.8 nm and TEMq,
single mode operation. The coherent laser beam is divided into reference and object beams by
beam splitter mounted directly on the laser housing. The object beam is obtained by illuminating
the object under investigation with multimode optical fibre and then focusing the light scattered by
the object onto black and white digital CCD camera (MARLIN F131B with 1392x1040 pixels,
pixel size 4.65 um x 4.65 um, fire wire output) using focusing lens. Smaller part of laser light
power was coupled into a polarization maintaining single mode “Bow-Tie” fibre and piped directly
into CCD head module to serve as the reference arm. No beam splitter was used in front of CCD
camera to avoid additional noises, which influence on interference pattern formed on CCD sensor.
The spot of reference beam is matched with the size of CCD sensor whose outlet position is at the
same distance from the CCD sensor as the lens aperture diaphragm. Hence, the CCD sensor plane
is image plane of hologram. The intensities of beams on CCD sensor were equalized by using
beamsplitter with variable ratio between reference and object intensities for receiving maximal
contrast of interference fringes. The sum of both intensities is constant. It gives possibility to easy
adjusting the intensities of both beams in sequence by CCD camera. This feature of set-up exploits
all laser energy without significant losses that is very important in strive for the highest efficiency
of low level He-Ne laser energy using. Both beams (reference and scattering from the object) are
combined onto CCD sensor, so an image plane hologram is formed on the CCD sensor because of
the interference between the slightly off-axis reference beams and object beam.

Coherence length of two beams can be adjusted slightly by changing the output position of the
object multimode fibre on the CCD camera base. The length of optical fibres in our trials was 3m.
Real time optical processor formed by objective lens and diaphragm yields preliminary Fourier proc-
essing of images. The photograph on the DHI portable set-up on the tripod is shown in Fig. 4.6.
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Fig. 4.6. The photo of the DHI portable set-up on the tripod and laser part (on the left).

A brief description of calculation method used is given below, and the main features of our
set-up and measuring principles are follows.

A hologram can be seen as a carrier wave whose spatial frequency is modulated by the ob-
ject information. In order to simplify our description we use a plane wave r(x, y, z) as a refer-
ence. The face plate of the camera is located in the image plane of the interferometer (the plane
z = 0). Under these conditions the output signal from the camera, as obtained with the object in
its initial state, is recorded. The object is then displaced (or some other methods deformed) and
the live camera signal is subtracted electronically from the stored (no deformed) signal. Those
areas of the two images where the speckle pattern remains correlated will give a resultant signal
of zero, while uncorrelated areas will give non-zero signals.

We can write by considering the intensities I; and 1, before and after displace-
ment/deformation respectively:

11= 1+ 1o + 21 locosg (4.1)

l= 1+ lo + 2\Ilocos(p + Ap) (4.2)
If the output camera signals Vi and V; are proportional to the input image intensities, then the
subtracted signal is given by

Vs = (V1= Vo) = Iy — |y = 2\ o [cosp — cos(p + Ap)]= NIy sin(p + % Ag)sin ¥ Ay (4.3)
This signal has negative and positive values. The monitor will, however, display negative-going
signals as areas of blackness; to avoid this loss of signal, Vs is rectified before being displayed on
the monitor. The brightness on the monitor is then proportional to | Vs | , so that we have the

brightness B at a given point in the monitor image given by
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B = 4K [l losin’(p + % Ag) sin®(% Ap)] " (4.4)
where K is a constant.

If the brightness B is averaged along a line of constant A¢, we see that it varies between
maximum and minimum values Bnax and Bpin given by
Bmax = 2K NIlo Ap = (2n +Dm, n = 0, 1, 2; (4.5)

Bmin=0,4p =2nm,n=20, 1, 2. (4.6)
High-pass filtering of the signals is found to give improved visibility fringes by removing low
frequency noise together with variations in mean speckle intensity and is normally used to en-
hance the fringe clarity.

Special carrier phase measurement method is based on idea of superposing a carrier fringe
pattern onto the interferograms fringes. The two basic approaches to the special carrier technique
include the Fourier transform method (FTM), in which the processing is performed in frequency
domain, and methods which are equivalent but the processing is performed in special coordi-
nates. We have used FTM.

Let R(x,y) be the smooth reference wave and U(x,y) the object wave. The intensity re-
corded on the CCD is given by
1kyH) = | Recyr) |2+ | UGy | 2 + RYH) U *(Xeyr) + R* (Xeyi) U (XeYn) (4.7)
where xy and yy are the co-ordinates at the hologram (detector) plane and * denotes the complex
conjugate amplitude. The last two terms in Eq. (7) contain information corresponding to the am-
plitude and phase of the object wave. This information is obtained by special filtering using the

Fourier transform method schematically described in Fig. 4.7.

- -~

- - -F
ey

Fig. 4.7. Procedure for calculating the phase map (unwrapped) from two interferograms.

By taking the Fourier transform of the recorded intensity it is possible to filter out of the two
last terms in Eq. (4.7). They are separated in the Fourier plane (appear as side-bands) as a result of
the slightly off-axis reference beam. After the filtering procedure and inverse Fourier transforma-
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tion the complex amplitude of the wave front is obtained. The operation described corresponds to
the reconstruction to what in the literature is called quasi Fourier hologram [58, 195].

From the complex digitalized amplitude Uy(mAx,nAy), the phase of the wave front is cal-
culated by the relation
onw = arctan Iy[Un(mdx,ndy)] / Re[Un(mAx,nAdy)] (4.8)
where R, and I, denote the real and imaginary part, respectively. The phase obtained from the
evaluation of the digital holograms is in interval -x to 7 and is indefinite to an additive integer
multiple of 27 (the subscript w indicates that this is a wrapped phase). Since we are working in a
quasi Fourier hologram, in the reconstructed wave front we have an additional quadratic factor.
This does not disturb our investigation as we measure only phase change and we do not need an
absolute measurement of phase.

In our research we have chosen LabVIEW™ of National Instruments as language for cal-
culation. LabVIEW is graphical programming environment developed in form of interface with
Input/Output (1/0) control acquisition hardware; using the driver to connect with extern data,
LabVIEW allows to program based on standard scheme in PC [196].

For software implementation of the calculation phase algorithm, the main algorithm (Fig.
4.8) must be elaborated with following considerations: be flexible and fast, easy control, have the

possibility to be implemented in other language due to simple the code conversation.
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Fig. 4.8. The LabVIEW algorithm for phase map calculation A¢(x,y).
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In general, by this set-up like ESPI system we can measure the displacements. The method
of excitation or produce the displacement may be different. The kind of excitation influences on
type of information extracted from displacement obtained.

” s 3

Reference state Loading state

Fig. 4.9. The scheme of mechanical loading on the object under test.

The measurement of out-of-plane displacements by mechanical loading has admittedly
been one of the most wide-spread applications of ESPI technique. The technique owes its popu-
larity to the ease with which fringes corresponding to the out-of-plane displacements are dis-
played on the examined object surface. The interference fringes are obtained by subtracting
images before and after deformation. We acquire two interference patterns before and after me-
chanical loading. The scheme of the loading is presented on Fig. 4.9. When the object is loaded,
the test area undergoes deformation and wave fronts are again scattered, resulting in a change in
the speckle pattern. This in turn causes a change in the interference pattern, which is again im-
aged on the faceplate of the CCD camera and stored in memory.

The DHI software is then used to process the two stored interference patterns so as to dis-
play the resulting interferogram of alternate light and dark fringes on video monitor. These

fringes represent contours of equal displacement in the Z-direction.

a) b)
Fig. 4.10. The live images of reference and loaded state of the object.
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The Fig. 4.10 presents the live images of two states of the object under test: unloaded (ref-
erence) and loaded. As one can see from the comparing of these two images they are speckled
interferograms: speckles are delivered by object beam, and Newton’s rings belong to reference
beam and are evidence that we have a perfect spherical wave into reference fiber. At the naked
eye these two interferograms are identical, and their Fourier spectrums are the same.

Then the two interferograms are subtracted. The Fig. 4.11 we present a. interferogram as a
result of subtraction the two live images on Fig. 4.10b. wrapped phase map, obtained from first
(a) interferogram. The interferogram consists of alternate light and dark fringes, called correla-
tion fringes, as the fringes are produced by correlating the intensities of the resultant speckle pat-
terns recorded before and after displacement.

The fringes represent contours of equal displacement, with each fringe resulting from a
displacement of the order of half a wavelength of the laser light source used in the interferome-
ter. Hence the interferogram is a representative of the superficial displacement or deformation of
the test object, and the number of fringes indicates the degree or extent of the displacement. The
geometry of the fringes also provides an indication of the geometry of deformation. Where the
fringes are evenly spaced and of similar shape and size, the underlying surface is uniformly de-
formed. Where the fringes are distorted or are of uneven size the underlying surface is not uni-
formly deformed, thereby indicating a surface or subsurface structural abnormality or defect.

The fringe pattern intensity is related to the local phase difference in the object wave. Now
we can extract data from phase map instead of fringe map. The difference between these two
results is: in second case (phase map) we know how to grow the phase as the plot on Fig. 4.10 is

not symmetric while in first case we need any additional measurements.

a b c

Fig. 4.11. The subtracted interferogram (a), wrapped phase map (b), and

unwrapped phase map (c) obtained from the two images subtraction (Fig. 4.10).
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Note that the phase obtained from the evaluation of the holograms is in the interval - to =,
and is indefinite to an additive integer. However, as we measure only phase change we do not
need an absolute measurement of the phase.

On the Fig. 4.12 the pseudo 3D representation plotted in arbitrary units (MathLab) is
shown. From this presentation the difference between different values of displacements is seen

clearer than from unwrapped phase map shown on Fig. 4.11c.

i 10 w10

Fig. 4.12. The pseudo 3D representation of different values of displacements: a) 3.83 um; b) 3.5 um.

The mechanical loading is applied to object by the micrometer screw, and the measurements
are conducted by carbide tipped measuring faces. The correlation between applying displacement

and real object displacement was set up using the calibration curve (Fig. 4.13).
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Fig. 4.13. Displacement calibration.
Note that all these results are relevant to displace uniform surfaces without any cracks, flaws,

etc. The evidence of this statement is regular form of fringes and even distance between them. By

the developed set-up we can test the surface defects or inhomogeneous applying the static loading.
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Moreover, in comparison with microscope we see submicron defects on the sufficient larger than
in microscope the field and depth of view (field of view 10 mm x12 mm, depth of view 2-5 mm).

The DHI is realized with resolved speckle. In that case the mean speckle size approximately
equals the pixel size of the CCD- or CMOS-sensor. This is achieved by using a small aperture of
the objective which simultaneously reduces the intensity of the object light. If the laser power is
limited and large objects are to be illuminated, the aperture must be opened in order to ensure a
sufficient exposure of the sensor. Thereby, the speckle becomes smaller and every pixel integrates
over number of speckles with random intensity and phase. However, even in this case speckle in-
terferometry is possible, as was shown theoretically by Lehmann [197]. So if we have need to
measure large object surface or objects situated on the large distance from the sensor, we can ob-
tain the fringe pattern without changing any optical components, but doing it only by software.

The large variety of possible descriptions of the image quality and representations is avail-
able for optical designers. The quality of an optical system must always be measured and de-
scribed by criteria, which are appropriate to the application and the system type. As a
consequence, there is no universal quality metric, which makes sense for all systems.

Understanding optical properties of DHI set-up can help in understanding measuring prop-
erties and possibilities of it. There are some guidelines that can help designers and users to con-
struct the DHI system which meet the proper consumer requirements.

It is well known that when an optically rough surface is illuminated by coherent light,
speckles can be observed and imaged on a detector. Changes in the speckle pattern due to dis-
placement and deformation of the diffusing surface can be used within a double-exposure me-
trology approach. Indeed, for objects with optically rough surfaces, DHI is one of the most
suitable methods to obtain high-sensitivity measurements of out-of-plane and in-plane displace-
ment components, strain and vibration. Since nowadays the signal can be acquired in a digital
form, various image processing techniques could be applied to process DHI interferograms.

The system engineering approach is important in system design and system analysis so as to
determine final image quality or to design for a given required image quality. This requires quanti-
tative criteria with which to define image quality. It also requires analytical tools for determining
the weak link in the system, the link that has the chief role in limiting the image quality.

Before choosing the criteria for DHI set-up we consider some prerequisites [198].

There is a great difference between the DHI data presentation in form of speckle image and
vision system presentation in form of real “pleasuring” image of an object. Direct comparison
between real object and its image created by vision system helps us at first, to see, and then to

adjust video camera and objective for performing the image with better quality. This possibility
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is restricted in case of speckle image acquired by DHI sensor. The limited acceptance of the DHI
method image is not only due to speckled image, but because of an unfamiliar representation of
data. There is no image of the object that usually helps to focus the objective. It is difficult to
define the distance “in focus” or “out of focus”. Image of point light source with dimension of
one pixel on camera chip can help to adjust focus position. Sometimes it is needed to fit optical
system of DHI with the respect to object dimensions or to make upgrade of the set-up with more
powerful components. Necessary to change objective often follows from object field coverage.
Design types of objective commonly used define the aperture and field of view combination of
set-up. For example, camera and objective can be replaced with different models with little or no
changes in the application LabVIEW software but measuring properties of set-up will change.

Every component within optical set-up has an influence on image obtained by PC and, as a re-
sult, contributes to the overall accuracy and performance of the system. It is important to determine
the key parameters as for set-up in general as for each optical component like objective, stops, aper-
ture, diaphragm, fibres and camera chip. Preliminary geometric model design, optimization and tol-
erance must be done by optical software before designing and buying components for replacing.

The most important parameter of DHI setup is resolution. Two components of DHI are re-
sponsible for that parameter: objective and camera chip. Keeping objective resolution down to
the size of camera pixel is especially demanding on the optical design during replacement or up-
grading of objective.

A digital imaging device, such as a CCD or a CMOS image sensor, samples an image by
means of finite-size image cells. According to sampling theory, perfect image restoration is pos-
sible when the incoming image has no spatial frequency component above the Nyquist fre-
guency, which is half the inverse of the sampling period, or pixel size. When the incoming image
has frequency components larger than the Nyquist frequency, image distortion originating from
aliasing is inevitable. For example, the pixel pitch of B/W 2"Marlin F 145B2 camera chip is
4.65 pum x 4.65 um, giving Nyquist limiting spatial frequency of approximately 108 Ip/mm.
Camera has 1392x1040 pixels and 8 mm diagonal of the chip. So it is threshold value for objec-
tive resolution which will be used with this camera chip. This is relatively poor resolution com-
pared with that available from fine grain holographic film or thermoplastic one (typically up to
1000 I/mm). It is a major limit of speckle image quality of DHI.

When characterizing the resolution of an imaging system, it is extremely useful to refer to
the Modulation Transfer Function (MTF). An easy way to interpret MTF results is to think of
imaging a target with black and white lines (100% contrast). No lens (even theoretically perfect)

at any resolution can fully transfer this contrast to the image because of the diffraction limit. In
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fact, as the line spacing is decreased (i.e. the frequency increases) on the target, it becomes in-
creasingly difficult for the lens to efficiently transfer this contrast (see Fig. 4.14). Therefore, as
the frequency increases, the contrast of the image decreases. The MTF of an objective is a meas-
urement of its ability to transfer contrast at a particular resolution level from the object to the
image. In other words, MTF is a way to incorporate resolution and contrast into a single specifi-
cation, which will relevant the aim of measuring.

Any optical software like ZEMAX, CODEV, TracePro, RayCad etc, can calculate MTF of
objective. Our choice is ZEMAX [199]. Vendor in the form of .zm file for optical software can
supply optical components datasheets in some cases. In this case, import of components prescrip-
tion is needed. Optical software ZEMAX provides the most comprehensive import and export
features which were used. Even though ZEMAX offers the import design prescriptions, this is
hardly helpful in most practical cases as they only support the very basic features (such as thick-
ness, radii, distance, semi-diameter and glasses properties) and advanced features like special
apertures, coordinate transformation, glass names, components decentre may be lost. In almost
all cases (except simple systems like single lens) it is usually requires extensive manipulation of
the imported data in order to make the system to work. For obvious reasons, they all lack the
provision of decent export to other design package. So the better way is to have the components
prescription data file from the same software package.
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Fig. 4.14. Dependence of MTF for two objectives from spatial frequency.
vo — indicates a detector cut-off Nyquist frequency. Dot line shows minimum contrast value

necessary for the detection of fringe structure.

By analyzing the system MTF curve, we can predict which combination of camera and ob-
jective will yield sufficient performance. In some metrology applications, for example, a certain
amount of contrast is required for accurate image edge or dimensions and position of small de-

fects. For example, objective 1 on Fig. 4.14 has lower contrast at v, but higher resolution. Dot
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line of threshold is specific for every detector and means that the detector can get resultant
modulation of an image.

Every component within a system has an associated MTF and, as a result, contributes to
the overall MTF of the system. This includes the imaging objective lens, other optics, CCD cam-
era or CMOS sensor, capture boards, etc. The resulting MTF of the system is the product of all
the MTF curves of its components. Knowing the MTF curves of components allows an integrator
to make the appropriate selection of components to optimize the system for a particular resolu-
tion. Resolution may be specified as an average over the entire format, or specific targets may be
given at certain field points. The task becomes harder as the field angle increases, the f-number
decreases, and resolution requirement increases.

Resolution of the objective and camera must be matched otherwise erroneous results would
cause false image details, for example, contrast reversal at high resolutions can be observed. In
the case of knowing object the image will be seen with some distortions not presented on the
object. In case of ESPI this phenomenon leads the visible speckle image on monitor that you see
seems a good quality. Worse the speckle which looks good but information about pixel phase
and amplitude are lost and during image processing not can be typically corrected with software.
Distortion within an image is not linear, though, nor is always monotonic. Consequently, the last
type of optical distortion of object in acquired image plane can become difficult to image proc-
essing far as DHI set-up uses He-Ne laser there is absence of chromatic dispersion of objective

optical glasses and it is possible to reach up to diffraction quality imagery.

Target Point source
o0

Real optical objective

Perfect optical objective

Image of point source

Geometric scaled image .
a)

b)

Fig. 4.15 A resolution test target imaged by perfect objective (a); a poorly imaged point source (b).
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In practical image quality determination, it is common to use test targets as objects for fast
estimation of contrast and resolution of an image. Traceable calibration targets such as USAF,
television test pattern and Siemens star targets ensure the optical accuracy, repeatability and give
possibility to see the effects of blur because of aberrations over field of view. Important, that
pseudo resolution can be analyzed inside image, which in DHI case yields false speckle informa-
tion. Figures above show how fringe object transform by ideal and real optical objective.

Fig. 4.15a shows a resolution target being imaged by a “perfect” optical system. The image
is simply a scaled version of the object. A profile across the image will mimic the object. In Fig.
4.15b we have a point source being imaged by an imperfect optical system. In this case (imper-
fect system), two things can happen to the pattern: 1) its modulation can decrease; 2) the image
can be shifted laterally from its ideal or paraxial location.

For an aberrated system, the image of a point object is a lateral blob of light (Fig. 4.15b).
The resulting image is a fuzzy blob instead of a point. This blob is called the point spread func-
tion (PSF). If we now combine the two objects so that we image the resolution target with the
imperfect system, the image is of poor quality, as illustrated in Fig. 4.16. What has happened is
that we have essentially replaced every image point in Fig. 4.15a with the blob image in Fig.
4.15h.

Target

*

Convolution with Point Spread Function

o\

Degraded target image

Fig. 4.16. Degradation of the target image due to convolution with blob point image.

Other words, if we are imaging a finite-sized object through the aberrated system, the re-

sulting image can be thought as taking each point in the perfect image and replacing it with the
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aberrated PSF (suitably scaled for local irradiance). Mathematically this can be considered as the
convolution of the aberrated PSF with the perfect image. The convolution operation becomes a
product in frequency space if it is to calculate by the Fourier Transform way. It is often easier to
calculate this product rather than the integral. MTF which is the image contrast versus the fre-
quency and responsible for the reduction in image modulation (or contrast) is pertinent expres-
sion the transmitting ability of optical system.

Our reasons for choosing telecentric lenses in DHI set-up design emerge from the require-
ments to cover all field of view (FOV) with the same magnification and permit an object move
slightly within the depth of field. Telecentricity defines how the amount of magnification of an
object within the FOV changes with object distance. Because telecentric lenses act as if they have
an infinite focal length, magnification is independent of object distance. In our case telecentric ob-
jective is supplied as object-space. Using He-Ne laser as a light source we are limited in power of
illumination. Hence the main application of the DHI set-up is a machine-vision holographic system
for precise repeatable measurements of a small object. As to image plane, we can adjust the camera
position in accordance with chip size without using image-space telecentric design. Note that ob-

ject-space telecentric lenses are commonly used in machine-vision applications.
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Fig. 4.17. Geometrical wireframe model of three lenses telecentric objective of DHI set-up

with f-number =27.7 mm.

The geometrical model of three lenses telecentric objective with f-number =27.7 mm of the
DHI set-up was designed by optical software, which is presented on Fig. 4.17. Object position is
on the left side, and vertical line points out the camera chip position. Wave front of telecentric

objective was calculated for monochromatic light from He-Ne laser with A=0.63 pm.
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Wavefront of three lenses telecentric objective has shown on Fig. 4.18. The sampling for

calculation was put as 32x32.
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Fig. 4.18. Wavefront of three lenses telecentric objective with f-number =27.7 mm of DHI.

Calculation of MTF was made for X-Y coordinates putting entrance pupil diameter

337 mm, uniform apodization and object high 18 mm. Marlin CCD camera resolution was calcu-

lated and presented on Fig. 4.19.
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Fig. 4.19. Calculated MTF of the objective with f-number =27.7 mm.

The diffraction MTF data have been calculated using a Huygens direct integration algo-

rithm. Resolution of objective on 30% level is about 40 I/mm. There is fall of contrast of the ob-

jective at frequencies 55-66 I/mm.
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GRIOD DISTORTION

TELECEMTRIC LEMNS F</Z7.7 OBT.RAOD, L3MH
TUE AFPR 15 2088
FIELD: 7.@7F W T.@7F H MILLIMETEES
IMAGE: 3.85 W 3,95 H MILLIMETERS
MAXIMUM DISTORTIAN: @, Z36@: T ELEEENMITEE & R i
SCALE: 1.@88x, WAVELENCGTH: B.&5Z2ZH pm CONFIGURATION 1 DOF L

Fig. 4.20. Displays a grid of chief ray intercept points to indicate distortion. Crosses point rays

position with respect to image grid.

Notice the information about field and image dimensions. Grid distortion option has shown
for the object 7 mm x7 mm (Fig. 4.20). It is possible to see that maximum distortion over all grid

surfaces is equal about to 0.3%.

Fig. 4.21. The designed optical part of ESPI setup consists of three lenses telecentric objective

and rectangular diaphragm.

After objective parameters calculation the geometric model of objective and rectangular
aperture was created. Circle on the left side of Fig. 4.21 is the object. Diameter of the object was
put 8.6 mm. Circle on the right side of Fig. 4.21 is the chip of CCD (inscribed diameter 8 mm).

Percentage of the intensity drop with respect to the centre of image intensity often can be
seen on DHI monitor. There are some reasons for that:

Non-uniform object illumination is outcome from the Gauss light distribution of camera
chip illumination by object that is illuminated by multimode optical fiber coupled with He-Ne
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laser and by monomode fiber directed on the chip. It results in light intensity falloff toward the
edges of the digital image.

Another source of intensity falloff is shading introduced by the camera objective due to
changing transmission properties of lenses AR coating from the centre of the objective lenses to
the edges. Optical transmission may have a considerable decrease in illumination near the edge of
the image due to AR coating films properties that were calculated for perpendicular incidence.

Diffraction effects on apertures.

All together, the falloffs of the chip illumination lead to decrease S/N ratio near the edges
of image sensor. These phenomena can be seen as only central position of interference fringes in
the entire image. The distribution of object illumination must be carefully controlled. Illuminated
object by laser can be considered like non-uniform radiator of rays and calculation considers vi-
gnetting, reflection, transmission in the optical system of objective. The distribution of light on
the object surface may be defined to be Lambertian, uniform or etc. Geometric, diffraction image
analyses including Optical Transfer Function (OTF) is good at computing detailed image data.
Obijectives and color camera chips design for application for the human photonic spectral re-
sponse. As some B/W cameras have significantly wider spectral response, extending from blue
to near infrared (1.1 pm). At the invisible 1 pm the sensitivity of B/W silicon camera chip is in
its maximum. For more accurate measurements by DHI, it must be to pay attention for absence
of these spectral components with the exception of the laser line. The stray light performance is
also important. Bright object in the nominal field of view can create veiling glare and spurious
images. They become visible by multiple reflections at the lens surfaces and inside lens barrel.

This ghost reflection of the lens focus is formed by a reflection on the outer surface of the
camera chip window, on the inner surface of the camera window and on the silicon surface.
Bouncing light create multiple points from the one small spot. Dust particles on the all optical
surfaces can be visible as centers of scattering. Better way to use for interferometer camera chip
without cover glass. All these surfaces illuminated with monochromatic light create not only blur
of image but that is worse a Newton’s rings. As the result, blurred image can be observed.

In the conclusion we may say, the system engineering approach applied for DHI system design
and analysis to determine final image quality has been demonstrated by using ZEMAX optical code.
This approach allows us to simulate DHI setup performance for obtaining required image quality
before the construction of the setup. The quantitative criteria were elaborated for determining the

weak points of the system, their role in limiting the image quality, and ways to overcome them.
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4.3. Digital holographic microscopy

Combining microscopy and digital holography offers the unique advantage of simultane-
ously capturing complete 3D information about the specimen, and under coherent illumination it
has been investigated for continuous PC acquisition and identification of different specimens
including technical and biological nature. In contrast to conventional microscopy, no depth scan-
ning focusing at various depths of the 3D specimen are necessary in range of some interference
fringes. Thus, it is possible to overcome the main limitation of confocal microscope to studying
processes that occur on time scales slower than the acquisition time, which is about one second.
If a height of an object overcomes distance of several wavelengths of illumination, it is possible
to put object on stage with 100 nm steps directed by PC with synchronous acquisition of the im-
ages. But the interferometric accuracy of altitude scanning is retained.

DHM is a promising interferometric technique allowing obtaining quantitative phase im-
ages of living or technical samples dynamics with interferometric accuracy. There are many in-
terferometry methods which have been developed for microscopy application. Among them,
DHI is widely used for deformation studies, and it is the most practical and powerful one [200].
In this work, the DHM was developed based on DHI with modifying illuminating and imaging
part to do suitable for hundred nanometers sizes of the samples measurements. As applications of
the proposed measurement technique, some experimental results are presented, which are meas-
ured with DHM developed.

The topography of SRG is the main feature determining the success of DOE application.
The optical quality of the relief surface is very important for designing DOE by recording, print-
ing or master hologram realizing. However, sometimes it is possible to perform direct thermal
printing on polymer film from DOE of a large number of copies without master [201]. Finding
the methods appropriate for the study of DOE topography is a priority task.

Due to the high resolution required, the profile and surface of SRG are conventionally
measured via AFM or SEM [202, 203]. Each of the above methods has advantages and disadvan-
tages. AFM is a precision technology giving detailed images of the sample’s surface, but it is to
be pointed out that the field of view in AFM is restricted, which allows one to view only a lim-
ited part of the surface. In addition, due to the nature of AFM tip, the topography of sinusoid-like
surface structure cannot be measured exactly, which leads to the appearance of the artefacts dis-
torting the surface presentation. To create a SEM image, the incident electron beam is scanned
line by line in a raster pattern across the sample surface. The SEM method requires an electrode
deposited on the surface that would irreversibly change the transmission or damage the surface

profile of the lithographically manufactured DOE. In case of e-beam sensitive medium, the elec-

173



tron irradiation can greatly influence the DOE recording. AFM and SEM are time consuming
scanning methods, requiring expensive equipment and complicated software.

DHM is a non-contact full-field technique, which can partially eliminate the negative ef-
fects of other methods. DHM is a powerful interference technique having several features that
make it an interesting alternative to conventional microscopy. It is worth mentioning that con-
ventional microscopy can easily generate two-dimensional images of a sample surface but can-
not measure the vertical dimension (profile) of the sample. The main characteristic of DHM is
the capability to retrieve amplitude and phase information of a wavefront reflected/transmitted
by a microscopic object. DHM can be used for the measurement of 3D microstructure; more-
over, it has also been applied in many fields including topography examination, morphological
monitoring of biology objects, particle studying, etc. [91]. The phase information allows one to
make the surface topography measurements with nano-meter vertical resolution [204]. Deforma-
tions can be measured by evaluating the changes between the phases recorded at two states of the
sample [205]. Based on the double exposure principle, phase aberrations, which may emerge in a
single off-axis holographic reconstruction, can be compensated, as discussed in [206].

In the work [207] we use DHM together with the noise suppression iterative sparse tech-
nique for the 3D high accuracy reconstruction of SRG pattern on a ChG As,S;-Se NML. We are
concentrated on the image-plane holography because it better demonstrates the advantages of the
sparse modelling of the wavefront than the other holographic methods.

ChG As,S3-Se NML was produced by a computer controlled cyclic thermal vacuum depo-
sition through the mask [134]. The technology enables film deposition control within the whole
sample thicknesses in the range from 0.010 um to 3.0 um. Thermal depositions occur at rather
low temperatures (400—600 °C). The NML sample contains alternating As,S3 nanolayers with the
thickness of 15 nm and Se nanolayers with the thickness of 10 nm. The total number of the
nanolayers was 200, the thickness modulation period of the pair As,S3-Se layers was about 25 nm.
The last-mentioned parameter is critical in the recording process for obtaining high quality surface
relief.

When laser beams with photon energy equal or above the band gap energy irradiates the
ChG thin film, a strong interaction of the light with the material takes place. At relatively low
intensity levels (hundreds of mW per cm?) predominantly photoinduced phenomena, such as
photo-polymerization, photo-viscosity, etc. take place [208]. An interferometric procedure for
producing a step grating relief the SRG on the As,S;-Se NML has been described [201], where a
CW laser with wavelength A = 532 nm and average spot power density on the sample from 150

to 350 mW/cm? have been used for recording. The holographic surface gratings with a period of
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A=1 um were recorded by two cross-polarized (£45°) laser beams with respect to the fringe of
the grating. AFM measurements of the sample surface after recording show that the depth of
grooves is about 120 nm.

An off-axis DHM bright-field configuration in transmission mode has been employed for the
measurement of the SRG topography. The approach to recover the complex amplitude distribution
transmitted by the sample includes: a method to filter the twin image and the zero diffraction order,
a numerical reference calculation, and a numerical reconstruction of sample’s image [209].

The DHM setup is shown in Fig. 4.22. In order to obtain an environmentally robust and
compact setup the laser beam was coupled in a monomode Y-coupler. The spot diameter on the
sample was adjusted by the fiber/sample distance. An oil immersion objective with magnifica-
tion 100x and NA=1.25 has been used. The oil was introduced between the cover slip (0.13 mm
thickness) and the first objective lens. The first diffraction order of the SRG (39°) was accepted
by the aperture angle (55°) of the objective. The CCD sensor was located at the distance of 195
mm from the objective for minimum aberrations in the image. The light source had a wavelength

A=633 nm and thus the resolution of DHM was about 506 nm (the smallest resolvable object de-
tail). The camera resolution was 2592 pixel x 1944 pixel with pixel size 2.2 pm X% 2.2 um. The
period of the SRG was A=1 um, it was twice as large as the resolution limit.

11

Fig. 4.22. Setup of the DHM: 1 — He-Ne laser (A=0.633 um, power=10 mW), 2 — single-
mode fiber launch device, 3 — 2x2 polarization-maintaining single-mode fiber optic coupler,
4,5 — object and reference beams, 6 — sample with surface diffraction grating, 7 — cover-

slip (n=1.51), 8 — immersion liquid (n=1.51), 9 —immersion microscope objective, 10 —

mirror and 11 — CCD camera. I, Il show two positions of object illuminations beams, namely,
| — throughout the grating on NML and 1l — throughout the NML.
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The topography of the SRG was determined by comparing the phases obtained from the
reconstructions of the reference object and the sample [207]. In our experiment, the holograms
recorded from the unexposed parts of the NML sample and with surface grating, were used as
the reference and the object holograms, respectively. The phases of the two reconstructions were
subtracted to obtain the phase map 4¢(x,y) which provided the wavelength A and the refraction
index n are known, can be converted into the topography:

Ap(x,y)

The considered optical setup is clear from Fig. 4.22. Here the microscope objective (9) projects
the object on the CCD plane (11). In this way, we obtain the so-called image-plane holography,
where the object image is reconstructed at the CCD camera plane.

The laser light is split into two beams by a beam splitter: the object beam is directed to-
wards the surface of an object under study; the reference beam is directed towards a mirror
which turns it to camera. The intensity of the sum of those two beams (hologram) is then ac-
quired by a sensor array. The complex-valued wavefront at the sensor plane is given by
us = By exp(jpo) + Ay exp(jor), (4.10)
where u,=Boexp(ipo) and u.=Aexp(jp,) are the object and reference wavefronts, respectively.

For the off-axis configuration and the plane reference wavefront the reference phase ¢, is defined

in the form
21 _ )
Oy = T(x sina, + y sina, ) (4.11)

where x and y are the angles of the reference beam plane with respect to the optical axis z, (X; y)
are the coordinates in the sensor plane and A is the wavelength. Thus, the reference beam at the
sensor plane is a 2D harmonic function of the frequencies sin x/A; sin y/A on x and y, respectively.
The beam intensity of the above-mentioned beam (hologram) is defined as
I =By exp(joo) + Arexp (jo,)|> = B§ + A7 + 2By Ay cos(@y — ¢r). (4.12)
The measurements are assumed to be noisy in the image processing and below they are given as
Y =1+ og, (4.13)
where o is the standard deviation of the noise and ¢ is the standard i.i.d. zero-mean Gaussian
noise, e ~ N (0, 1).
Two methods have been used for data processing and the shape reconstruction. The first
one is conventional and it is based on the Fourier Transform (FT) [210]. In that method the first
order item of FT corresponding to B, Arexp(j(po - ¢r)) is extracted. After the inverse FT of the

above-mentioned item the phase (¢, - ¢r) is calculated and the object phase ¢, is reconstructed
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provided the reference phase ¢, is known. The estimate of ¢, is filtered from noise and in this
way one arrives to the final estimate.

As alternative technique we use the variational approach originated from [211]. The idea of
that approach is to optimize the lost function minimizing the deviation of the estimate from the
measurements. The technique is based on the assumption that the variables B,, ¢,, Ar are invari-
ant in a small neighborhood Xy, of each m-th pixel of the observations and the criterion is of the
weighted least square form
I = q;m w(@) (@ - 17 @10
where w(q), Z, ¢ x» w(q) = 1, is a weight function applied to the variables in the neighbourhood
of xm. Here Xy, is a small square area centered at the pixel Xy, the weight function w(q) is Gaus-
sian and | stands for the true (noiseless) hologram intensity as defined in equation (4.13).

Contrary to the FT method the above variational approach allows one to use full power of
the hologram (in Fourier domain it means the use of all orders of the hologram). That is the prin-
cipal advantage of the variational approach potentially guaranteeing a better accuracy and a bet-
ter resolution of imaging. The criterion (4.14) is highly nonlinear with respect to unknown
quantities Bo, ¢o, Ar. TOo make the variational problem manageable a special replacement of the
variables is proposed in [212].

Further development of that technique was produced in the paper [129]. The key idea of
the new algorithm is the application of the sparse approximation technique for modelling the
object amplitude and phase as functions of the coordinates. The sparsity hypothesis assumes the
existence of such functions. Moreover, both the phase and amplitude can be approximated by a
series of a small number of those functions. This compact approximation enables good noise
suppression and the robustness of the estimates with resecting various disturbances.

The details of this iterative algorithm referred as Sparse Phase and Amplitude Reconstruc-
tion (SPAR) can be seen in [129]. In this paper a number of modifications have been made in the
algorithm in according with features of experiment and sample under unvestigation. First, a
spherical reference wavefront as well as a plane one are incorporated in (4.14) contrary to the
linear wavefront (4.11) which is only exploited in [129]. Second, the operating window dimen-
sions Xy, are 20-by-20 pixels, and Gaussian standard deviation is 5, which have been produced to
improve the reconstruction results.

To discuss new approach let us start with the result obtained by FT technique.
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Fig. 4.23. Topography map (top) and cross-section (bottom) of grating at image plane obtained
by FT technique.

The conventional DHM imaging technique uses a FT algorithm followed by a filtering and an
inverse FT. Topography map and a profile along one-line perpendicular to the grating are shown in
0. A small part of all surface of grating (12 pum x12 um) is chosen for a quick estimation of calcula-
tion algorithm. The total field of view is 40 um x40 pm. The profile along a line shows the maximal
amplitude of about 120 nm. Due to the high noise the grating period (which is supposed to be A=1
um) cannot be precisely determined. Nevertheless, the SRG data coincide with the optical meas-
urements of SRG recorded on the As,S3-Se NML [201]. Note that DHM approach is the full field
express method which can be used without additional sample preparation.

However, it is impossible to see the sinusoidal surface relief definitely. The calculated profile
of lines is shown the maximal sweep of amplitudes being about 130 nm. The period of grating is
not seen clearly because of the high level of noises. In comparison with the calculated period of
grating (A=1 pm) during holographic recording the period of grating is corrupted by noises and is
not clearly seen. Thus, the obtained information about the surface relief is not sufficient.

Fig. 4.24 shows the SPAR reconstructions of SRG. The SPAR reconstructions clearly
demonstrate the denoised images in comparison with quite noisy reconstructions obtained by
standard FT shown in Fig. 4.23. The cross sections show in Fig. 4.24 (bottom) that the SPAR
algorithm eliminates the noise and preserves important profile details.
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Fig. 4.24. Topography map (top) and cross-section (bottom) of grating at image plane obtained
by the SPAR technique.

We may conclude that the high resolution off-axis configuration of the DHM setup is ap-
plicable for SRG nanoscale investigation. The novel variational algorithm developed for the digi-
tal off-axis holography is able to produce a high-quality imaging for quite noisy data. Moreover,
the surface depth and relief of grating are guaranteed in processing.

The other kind of DHM was developed based on DHI with modifying illuminating and imag-
ing part to do suitable for hundred nanometers sizes of the samples measurements [213]. It is well
known that when an optically rough surface is illuminated by coherent light, speckle can be observed
due to phase difference from surface points imaged on a detector. The rate and uniformity of overall
magnification are determined by the camera objective, and their values are sufficient for microscopy
application. So it is needed to fit optical system of DHM with the respect to object dimensions.

Entocentric optics is rather unsuitable for the measuring tasks and the inspection of microob-
jects because it introduces several adverse factors reducing measurement accuracy and repeatabil-
ity: 1) a variation in magnification leads to coma; 2) the distortion of image due to aberration for
parts of object lined away from the optical axis; 3) the perspective errors; 4) the poor resolution.

An illumination system for microscopy must satisfy the following conditions:

1. The object field should be fully and evenly illuminated.
2. The contras of the images should be high with which is weighty for unstained or darker
samples when these are nearly transparent or spoiled by speckle.

3. The NA of the objective should be matching for variable range, from 0.01 to 1.25.
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The developed object-space telecentric objective meets well first condition which proves
by the wavefront and relative illumination. To satisfy condition 2 and partly condition 3 we
choose dark-field epi-illumination that renders the object as bright against a dark background,
considerably enhancing the contrast and visibility of small objects. The epi-illumination can be
used in most microscopic techniques including bright field, dark field, phase contrast, etc. But
careful setting up is required, and some adjustments have to be made in any case.

Our dark-field illumination scheme utilizes the microscope epi-objective in object arm of
DHI. The laser light is delivered through a 2000 um diameter bundle of optical fibers and illumi-
nates the sample under investigation (Fig. 4.25) through the condenser parabolic mirror of micro-
scope epi-objective. The object beam formed by a hollow cone of illumination falls to the object,
and only light backscattered by the object gets to camera. This backscattered light passes through
the lenses of the epi-objective to be imaged. When passed through the objective, the light reflected
from the object is not affected by the light delivered to the sample. In such way more contrast im-
age is produced. An epi-objective does not usually require a cover slip, because it is intended for
use with reflected light on a solid sample. In addition, the illumination through the objective lenses
produces a very bright glare especially in case of low reflection samples unlike the microscope epi-
objective illumination. The light that is reflected by the sample interferes with the reference light
on the camera sensor producing interference speckle pattern.

Y.2. X Rotatlon

Multimode SingleMode DPSS Laser
bundle of A=0,532pum

fibers
/ Y.Z-X t_:oarse
Optical _ Adjustment
lever C'_')
RN S 4 Y-Z-X Fine
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Aperture || camera U

. .................... ; Subtrate
Epi-objective

Fig. 4.25. Configuration of the dark-field DHM optical setup.
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On the Fig. 4.25 we present the configuration of the developed DHM provided with the
microscope epi-objective. There are 100 mW DPSS laser, wedge prism as beamsplitter, bundle
of optical fibers as object arm, biological sample (seed glued on dark glass substrate), object
arm, camera objective, optical lever composed from negative lens and microobjective (60" and
NA=1.25) as positive lens, monomode optical fiber as reference arm, rectangular diaphragm,
Smart Camera, PC.

Compared to classical phase shift interferometers, DHM offers similar performance in
terms of resolution, precision, repeatability, and FOV but can be considered as an attractive solu-
tion as a result of five main features:

The acquisition rate is higher because a complete description of the complex wavefront is
obtained from a single hologram.

The sensitivity to external perturbations (vibration and ambient light) is reduced since the
capture time can be reduced to a few tens of microseconds.

The accuracy is not intrinsically limited by the precision of the control of moving parts,
such as piezoelectric transducers.

DHM instrument can be used without adaptations to investigate a wide variety of micro-
optical component shapes and biological samples.

It is easy to use and flexible for implementations in automated processes for quality control

because of the robustness of the technique regarding positioning tolerances.

4.4. Imaging ellipsometry and AFM measurements

ChG exhibit a variety of properties applicable to optical devices. The photodarkening refers
to a red-shift of the band edge upon illumination, which means an increase in the absorption coef-
ficient in the vicinity of the absorption edge. The photoinduced surface corrugations are connected
with viscosity modification. The photoinduced refractive index change refers to an increase in the
refractive index upon illumination. The absorptive and dispersive changes are connected with each
other [214], and are related to structural rearrangement in the illuminated volume. The As,S;3 ex-
hibits a majority of the photoinduced phenomena [215-217] and is a model material with
stoichiometric composition within the prototypic arsenic-based sulfide glass system.

Since the DE of diffraction gratings are defined by three parameters such as refractive in-
dex change (photorefraction), transmittance change (photodarkening) and relief change (photo-
expansion), it was necessary to investigate the contribution of each parameter in the diffraction
grating formation. For this purpose, optical techniques are suitable and widely used in thin films

inspection and applications thanks their inherent nondestructive nature and high accuracy. Each
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of them has its merits and drawbacks. The refracted near-field measurement [218] can map out
refractive index patterns, but this method is applicable for small variation of index, and the sam-
ple must be immersed in an index matching liquid. Spectroscopy has limited accuracy and inter-
dependent determination of refractive index and thickness of thin films.

Among the optical techniques, ellipsometry is one of the most powerful tools. It allows si-
multaneous independent determination of film thickness and refractive indices with high accu-
racy [219]. However, as the feature sizes of devices become smaller, the application of
ellipsometry in this area is hampered by the large illumination spot size and slow scanning proc-
ess of conventional ellipsometry. Imaging ellipsometry can be used for an assessment of two-
dimensional morphologies of surface. It combines the high vertical resolution of conventional
ellipsometry, which is in the sub-um ringed with a lateral resolution in the micrometer range of
optical microscopy.

In our work, we applied the imaging ellipsometry for study the diffraction grating recorded
on As,S; thin films [137]. The processes of patterning the diffraction gratings on As,S; layers
depending on the exposure were studied in a number of articles [220, 221]. It was shown that
relief diffraction gratings can be obtained with a sinusoidal or cycloid surface profile against the
exposure recording conditions. However, to distinguish the gain of different photoinduced proc-
esses taking place in As,S; layers is important for recording investigation. In addition, to our
knowledge until now the dependence of the profile of phase grating on exposure (where the dis-
tribution of light exposure in the layer defines the refractive index profile) remains under consid-
eration.

In this chapter of the work it is determined the full-field imaging of the refractive index
profile patterned in As,S; layers at different values of amplitude holographic exposure by imag-
ing ellipsometry [137]. As,Ss films were prepared by thermal evaporation in a vacuum chamber
at pressure of 10™ Torr. During deposition, the chalcogenide glass temperature was 270 °C,
yielding a deposition rate about 10 nm/min. Thin As,S3 film (about 1.0 um) was deposited on
optical glass substrate at room temperature. The monitoring of As,S;3 film thickness was carried
out during the evaporation by interference technique at wavelength of 940 nm. An interferomet-
ric holographic recording was used to expose linear grating on the As,S3 film. The period of the
grating A=A/2sin(0/2), where A is the wavelength of laser beam, o is the angle between the inci-
dence laser beams. DPSS single mode laser operated at 532 nm and power density 122 m\W/cm?
was used for recording. The holographic gratings with a period of A =20 um were recorded by
two spatially symmetrical laser beams, the intensity ratio of recording beams was 1:1. The ex-
perimental set up is sketched in previous chapters.
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The holographic gratings with different profiles were obtained depending on the exposure
conditions. DE changes were observing in transmission mode during the recording time. Diffrac-
tion efficiency ny Was measured in real-time at normal incidence of laser diode beam (A=650 nm,
P=5 mW) by monitoring the intensity of the 1% order diffracted beam during the hologram re-
cording. Fig. 4.26 shows the dependence of 1% order diffracted intensity on exposure by laser di-
ode (A=650 nm) during the holographic grating recording. It is seen the maximum value of DE
takes place at exposure 42 J/cm?. The form of curve on Fig. 4.26 coincides with data of [221] for
recording process in chalcogenide glasses. After reaching the maximum, the diffraction intensity is
diminishing due to overexposure of recording media like in the conventional holographic case. It
should be noted that optimum exposure is depend on the recording wavelength and film thickness.
To investigate the exposure dependence, three types of diffraction gratings were chosen corre-
sponding to: 1 — underexposed grating (recording time 4 min, exposure dose 28 Jicm?); 2 —
proper exposed grating with saturation of the photo-induced effects, when no more increasing of
diffraction intensity was observed with further irradiation (recording time 5.9 min, exposure dose
42 Jlem?); 3 — overexposed grating when the diffraction intensity begins to decrease (recording
time 7.6 min, exposure dose 55 J/cm?) (Fig. 4.26).
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Fig. 4.26. Exposure dependence of diffraction efficiency during holographic recording of gratings
by DPSS laser A=532 nm; P=122 mW/cm? 1 — underexposed; 2 — proper exposed; 3— overex-

posed.

It is interesting to compare our results with the exposure dependence of the diffraction effi-

ciency of ordinary holographic gratings, recorded in thin As,Ss films with other wavelength. To
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the best of our knowledge, for the 442 nm recording wavelength (He-Cd laser) the optimum ex-
posure is 70 mJ/cm? [221], for the 488 nm recording wavelength (Argon ion laser) the optimum
exposure is 2 Jiem? [222], for the 514 nm recording wavelength (Argon ion laser) the optimum
exposure is 30 J/cm? [220], for the 532 nm recording wavelength (DPSS laser) the optimum ex-
posure is 50 J/cm? [221]. Obviously, the optimal exposure decreases with the wavelength in-
creasing for holographic gratings recording process.

The resulting phase gratings were characterized using an Imaging Spectroscopic Ellipsom-
eter Nanofilm-EPSE with integrated spectroscopic ellipsometry (SE) with wavelength field
600—-1000 nm for film thickness determination, Variable angle ellipsometry (VAE) (A = 658 nm,
53-57°) for determination of average refractive index of the patterned area, and Imaging Ellip-
sometry (IE) for imaging of refractive index profile of the patterned area. Used Imaging Ellip-
someter was based on solid state laser (658 nm, 20 mW), separate spectroscopic box with Xenon
Arc lamp and 46 interference filters in the range between 360 and 1000 nm; 768x572 pixel CCD
camera; patented motorized goniometer and 10* objective. For this setup, the absolute error of
measurement is about 5 A for thickness measurement and 0.0002 for refractive index measure-
ment. Since our aim was to measure the refractive index profile in ChG, we were mainly inter-
ested in measuring the peak-to-valley refractive index change due to photomodification and
subsequently the maximum change in refractive index over the recorded diffraction grating.

Imaging Ellipsometry overcomes the limits of classical ellipsometry because it determines
film thickness and optical properties (refractive index) independently by combining nulling ellip-
sometry with microscopy. To add imaging to an ellipsometer one mainly needs an objective and
a spatially resolving detector, e.g. a sensitive CCD camera. The objective image is the illumi-
nated area of the sample transferred onto the camera. Ellipsometric high contrast images from
the surface or/and refractive index map with highest lateral resolution down to 1 pm could be
obtained. With the Imaging Ellipsometer one not only gets immediate qualitative information but
it is also possible to restrict ellipsometry analysis to a particular region of interest within the
field-of-view. A general problem of Imaging Ellipsometry is the inclined observation angle.
Thus, only a limited area of the image appears to be well-focused when using conventional op-
tics. The Imaging Ellipsometer overcomes this limitation by using a motorized focusing mecha-
nism to collect a series of images with different foci within the field-of-view. A digital image
processing system then superimposes only the focused parts of an image series, resulting in a
digitized image sharp from edge to edge. Since motion of the objects under observation is criti-
cal, a variable scanner speed is provided to adapt the system to a wide range of experimental

situation. Simultaneously, it is possible to generate maps of ellipsometric data with spatial reso-
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lution down to a micrometer, while preserving the sub-nm film thickness resolution of a classical
ellipsometer.

For the non-exposed thin As,S; film the thickness and the refractive index were deter-
mined by spectroscopic and variable angle ellipsometry respectively. The thickness of As,S; thin

film averages 966 nm + 9 nm, and the refractive index of As,S3 film 2.5873 + 0.0002
(A=658 nm), which coincides with [221].

a)

Fig. 4.27. The topography of extinction coefficient k of recorded diffraction gratings: a — un-

derexposed; b — proper exposed; ¢ — overexposed. Scale in left up is 50 nm.
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Fig. 4.28. The profile of extinction coefficient k of recorded diffraction gratings: a — under-

exposed; b — proper exposed; ¢ — overexposed.

Fig. 4.27(a—c) shows the topography of extinction coefficient (k) obtained by imaging el-
lipsometry for three different areas: underexposed, proper exposed and overexposed gratings. It

Is seen that with exposure increasing change not only contrast of recording gratings, but also
their form: the distance between fringes and width of them.
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Fig. 4.30(a—c) shows the topography of refractive index pattern of area with underexposed,
proper exposed and overexposed gratings, obtained by imaging ellipsometry. On the Fig. 4.28
the profiles of the ellipsometric enhanced contrast micrographs calculated for three different
gratings are presented by using Vision Assistant LabVIEW from National Instruments. The pro-
file of underexposed grating (Fig. 4.28a) repeats the light field distribution which is similar to
sinusoidal profile at holographic recording. With increasing exposure (Fig. 4.28b) we observe
the increase of the amplitude of profile and modifying its form: flattening the maximums and
minimums. The profile of overexposed gratings departures from the sinusoidal form and the val-
leys becomes narrow. The contrast of the fringes falls down.
Fig. 4.29(a—c) shows the topography of extinction coefficient and Fig. 4.30(a—c) the topog-

raphy of the refractive index pattern of area with underexposed, proper exposed and overexposed
gratings, obtained by imaging ellipsometry.
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Fig. 4.29. The topography of extinction coefficient k of recorded diffraction gratings: a — un-

derexposed; b — proper exposed; and ¢ — overexposed.

At the lower exposure, the refractive index grooves are relatively shallow, the widths of
peaks and valleys differ insignificantly, and the grating profile is close to sinusoidal, but the refrac-
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tive index profile depth is relatively small (~0.02). Because of this, the grating recorded at this ex-
posure exhibits low diffraction efficiency. It is known that refractive-index change by means of
light exposure in As,S;3 glasses is, in general, about 0.03. At the highest exposure, the grating pro-
file changes to cycloidal. The peaks of refractive index become flat and wide; the valleys, deep and
narrow. In case of intermediate exposure — proper exposed grating, the tendency is the same with
an increase in the exposure: the peaks flatten and the valleys become narrower and deeper.
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Fig. 4.30. Refractive index profile and real refractive index 3-D image of recorded diffraction

gratings: a — underexposed; b — proper exposed; ¢ — overexposed.

For proper exposed grating the refractive index profile depth is about 0.035 for A=658 nm.
For overexposed grating the decreasing of refractive index modulation (up to 0.03) takes place
due to changing the grating profile. Transmission of grating profile from sinusoidal form to cyc-
loidal one decreases the nonexposed area of sample which leads to flattening of refractive index.
It can be explained by cumulative action of actinic laser light and photoinduced saturation.
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The significant changing of samples thickness under exposure we did not observe. There-
fore, it was shown the formation of diffractive gratings conditioning mainly by photoinduced
changing of extinction coefficient and refractive index.

AFM measurements.

The surface quality of films is one of the most important characteristic of optical materials
defining the recording properties. To study the surface of NML As,S3-Se the profile of samples
has been measured by AFM before grating recording (Fig. 4.31).

The surface roughness is the vertical variation from the baseline of the surface profile, this
ignores the extreme values. Based on these data it is observed that the surface roughness is ir-
regular and has the mean value of heights about 15 nm (see 3 A cursors on vertical scale on the
right-hand side of Fig. 4.31a).
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Fig. 4.31. a) Surface of NML As,S;-Se investigated by AFM before grating recording; b) Profile
of NML As,Ss-Se surface (from Fig. 4.31a) before grating recording by AFM.

The diffraction gratings with 1 um period were recorded direct one step on NML As,S3-Se
by two laser beams with S-S polarization with synchronous DE # measurement by LD light in
the first diffraction order. The surface profile of the holographic grating on NML As,S;3-Se
measured by AFM is shown in Fig. 4.32a, b.

It can be observed that grating recording on NML As,S3-Se provides high optical quality
of the obtained relief with depth of the grating surface about ~ 100 nm at the total NML As,Ss-
Se structure thickness 2500 nm and thickness modulation period of layers N=25 nm. The ripples
of surface observed before grating recording (Fig. 4.31a) become smooth after recording. In ad-
dition, visually bigger signal/noise ratio (smaller halo) in the first diffraction maximum proves

high optical properties of the gratings obtained. It is very important to underline that in contrast
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to most communications about relief grating formation by laser beam in ChG films in our ex-
periment, no wet etching was applied.

Considering the grating profile presented on Fig. 4.32b, one can see that the surface rough-
ness observed before recording does not distort the profile of grating recorded. One can see that the
thickness changes due to surface deformations of NML As;S3-Se is (Ad/d)100% =
(0.1 um/2.5 um) 100% =~ 4.0%. Changing of a-Se film structure under exposure shown in [256]
can trigger processes of mass transfer in chalcogenide multilayer structure due to arising structural
non-uniformity according to intensity distribution during grating recording. In this experiment S:S
polarizations of recording beams does not create the conditions for the vectorial mass transfer, for
which the polarization along the grating vector is needed. We can assume that 4.0% depth of the

grating recorded in NML As,S3-Se structure is mainly the result of scalar deformations.

0r-1.000.dth

Height Range: 1134 nm

Wi

a)
Fig. 4.32. a) Surface of holographic grating recorded on NML As,S3-Se investigated by AFM;

b) Profile of holographic grating (from Fig. 4.32a) directly recorded by two laser beams with S:S polariza-
tion on NML As,S;-Se surface.

The surface relief of the gratings optical recorded intensity holographic configuration on
the GesAs37Ssg-Se NML were investigated by AFM. Diffraction gratings with 1 um period were
recorded by two laser beams with S:S polarization with synchronous DE » measurement by red
laser (A = 650 nm) in the first diffraction order. Surface of holographic grating recorded on
GesAsz7Ssg-Se NML is shown in Fig. 4.33(a and b).

It can be seen that grating recording with the use of NML As37SssGes-Se provides high opti-
cal quality of the obtained relief with depth of the grating surface about ~100 nm at total structure
thickness 1760 nm and thickness modulation period of layers D=17 nm. Grating profile is shown
in Fig. 4.34. It can be seen that the depth of the surface grating is ~100 nm (see Ch. 3). Profile of

the gratings obtained with the use of As3;SssGes-Se multilayers is close to the sinusoidal one.
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Fig. 4.33. a) Surface of holographic grating recorded on GesAs37Sss-Se multilayers; b) 3-D
image of holographic grating recorded on GesAs3;Ssg-Se NML.

The application of NML As37SssGes-Se leads to increase of holographic sensitivity by two
times in comparison with NML As,S3-Se under similar conditions of holographic recording. The
gratings obtained on the base of NML are stable (dependence of diffraction efficiency n on ex-
posure saturates, while for “pure” Asz;SsgGes layers such dependence has maximum with further

decrease of nwhile doze increases).
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Fig. 4.34. Gratings profile of GesAs37Ssg-Se NML (cross-section of the grating shown in O(a

and b) perpendicular to the grooves).

The surface roughness of PEPC thin film measured by AFM and shown in Fig. 4.35 is
enough good quality, but it is obtained before structures recording.
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Fig. 4.35. AFM image of the surface of thin films of PEPC.

To prove the estimation of DE for the poly(PEPC-co-DO) film (Ch. 3.2) the holographic grat-
ing recorded by P:P polarization with up to 30% of DE was observed with AFM. The AFM analysis
revealed the creation of a surface relief modulation with high quality. In the next Fig. 4.36 the 2D

image of holographic grating with frequency 750 I/mm recorded by P:P polarizations is shown.
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Fig. 4.36. 2D AFM image of holographic grating recorded on the poly(PEPC-co-DO) film.

The h of such modulation (peak-to-peak amplitude) of the obtained grating (see Fig. 4.37)
was measured to be about 440 nm. Despite sinusoidal distribution of intensities during holo-
graphic recording, the profile of grating is not sinusoidal. Possible reason for that is nonlinear

response of polymer on intensities exitation.
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Fig. 4.37. AFM image (a) and cross-section (b) of surface relief grating recorded in
poly(PEPC-co-DO) film (thickness 1600 nm, azo dye content 30 mass%) in P:P polarization

configuration up to DE 30% measured at 650 nm.

4.5. Conclusion to Chapter 4

1.  The recording Kinetics of DE of SRG patterned on NML As,S;-Se by one-step polarization
holographic recording were investigated in dependence of the intensity grating periods. The high-
est possible efficiency of the one-step surface relief holographic recording can be achieved using
LCP:RCP and +45° polarizations (~45%). The light intensity contrast of interferograms is very
close to zero and the electric field intensity gradient plays the main role for the direct surface relief
patterning. The estimation of the Klein Q parameter for the NML As,S3-Se was shown the gratings
with period A more than 1.4 um can be considered as thin gratings with Raman-Nath diffraction.

2. The behaviour of mass transfer and thus the resulting recording gratings is related to inter-
action between the photo-induced anisotropy in nanolayer with enhanced or decreased polariza-
bility of molecules and their drift under the electrical field intensity gradient.

3. The optical performance of DHI system has estimated on the base of ZEMAX code. Geo-
metrical model of three lenses telecentric objective and rectangular diaphragm, MTF, wavefront
and grid of chief ray were presented and analysed. Resolution of the objective and chip of the
camera were considered.

4.  We demonstrated that the high resolution off-axis configuration of the DHM setup is ap-
plicable for SRG nanoscale investigation. The novel variational SPAR algorithm developed for
the digital off-axis holography is able to produce a high-quality imaging for quite noisy data.
Moreover, the surface depth and relief of grating are guaranteed in processing. The reconstruc-
tion results demonstrated a better effectiveness of our approach in comparison with standard FT.
5. Imaging ellipsometry technique for the characterization of laser-written diffraction gratings
in As,S; films was applied. We performed quantitative diagnostics for photodarkening effect and
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photoinduced index gratings formed by holographic recording in As,S3 thin films. The thickness
measurement showed a sensitivity of 5 A and provided a spatial resolution of approximately 1
um. An index sensitivity of 0.002 was obtained in the index of refraction measurement with the
same spatial resolution. The maximum change in refractive index is 0.035 + 0.0002 for diffrac-
tion gratings recorded in As,S;3 films. The refractive index profile varies with exposure from si-
nusoidal (H= 29 J/cm?) to near cycloidal (H= 42 J/cm?) and to cycloidal (H= 55 J/cm?).

6. A very important finding was discovered by AFM measuring: the grating recording on
NML As,S3-Se provides high optical quality of the obtained relief with depth of the grating sur-
face about ~ 113 nm at total NML As,S3-Se structure thickness 2500 nm and thickness modula-
tion period of layers 25 nm. In addition, in the recording process visually bigger signal/noise
ratio (smaller halo) in the first diffraction maximum proves high optical properties of these grat-

ings.
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5. APPLICATIONS OF DIFFRACTIVE OPTICS

In recent years, demand for optical 3D imaging sensors has become increasingly relevant, and
has led to the development of instruments that are now commercially available [223]. During the
1970s and 1980s their development was mainly performed in research laboratories, and was aimed at
designing new techniques exploiting the use of light beams (both coherent and incoherent) instead of
contact probes, in view of their application in the mechanical manufacturing industry, for measure-
ment and quality control applications. Novel measurement principles were proposed, and suitable
prototypes were developed and characterized to prove their performances [224-226].

In parallel, we participated in a considerable effort directed towards the miniaturization
and integration of optical light sources, detectors and components in the electronic equipment
and the mechanical structure of the sensors. In the last decade, the availability of techniques and
components has led to the production of a wide spectrum of commercially available devices,
with measurement resolution from a few nanometers to fractions of a meter, and ranges from
microns to a few kilometers.

In recent times, the trend has been to produce devices at decreased costs and with increased

ruggedness and portability.

5.1. Security hologram elements

The DOE is a sophisticated new generation security element which has been developed
without the usual restrictions imposed by the substrate, or printing processes. It is a light-
diffracting structure embedded into a transparent window of glass or polymer substrate.

Currently, security holograms are one of the most reliable ways to protect products and
documents against forgery. Protective holograms are diffractive optical elements with variable
diffracting properties. The project “Printing and identification of protective quasiholographic
label on precious metals articles” was a development work carried out by the “Recording Media
and Photonics” laboratory for the Assay Chamber of Moldova Republic under contract “Devel-
opment of quasihologram technology to increase the protection level of products made from pre-
cious metals”. According to the results of this work it was determined that for the qualitative
printing of the labels on the surface of precious metal, which is not flat, it is necessary to focus
the laser beam to the point of radius less than 10 microns. In this project, the developed technol-
ogy was applied to the protective quasihologram printing with a new telecentric objective to im-
prove the focusing of the laser radiation. During the reading out or identifying processes the
protective sign is restored which allows to verify its authenticity. The comparison of the protec-
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tive holographic sign under test with reference one is conducting in the Fourier domain. The
digital Fourier transform of quasihologram is calculated using the computer program for re-
cording of digital holograms also developed in the above mentioned contract.

The aim of the project was the elaboration of laser technology for holographic sign printing
and the portable device for identification of authenticity the state protective sign on the products
from precious metals.

The main objectives of the research:

» To modify the optical system for focusing the laser beam into the spot diameter about 10 um.
It is necessary for printing the diffraction gratings with high frequency;

» To printing the quasiholographic protective sign in according with partner requirements;

» To construct the portable optoelectronic device for recognizing and identifying the developed
protective sign on the surface of the product from precious metals.

In the course of the research have been solved four problems:

1. Development of the optical system for focusing the maximum laser energy to a point less
than 10 microns in diameter followed by selecting the telecentric objective from cata-
logues of known brands.

2. Set the selected telecentric objective into available laser installation.

3. Design and print the protective quasiholographic sign.

4. Development of a portable laser device for optical identification of the protective quasi-
holographic sign.

For the development of optical systems as a methodology to be used a computer simulation
method based on the optical design program ZEMAX (see Ch. 3). The telecentric objective was
selected based on calculated parameters, purchased and installed to NAUTILUS. On the basis of
the previous contract and opportunities derived from the installation telecentric objective, the
protective quasiholographic sign was designed. To recognize this protective label, the portable
laser device has been developed.

Currently used the Moldova state protective mark on products made of precious metals
does not provide a sufficient level of protection, because there were numerous falsified Moldova
state marks of unknown origin. They quite accurately repeat the drawing of the state protective
mark. Only visual inspection by optical methods reveals inconsistencies. However, at mass in-
spection this check is time and money consume. Counterfeits of the state protective mark cause
great material damage to Republica Moldova and are estimated by many tens of thousands of lei
annually. Control authorities bring to light a large number of smuggling of precious metal prod-

ucts already on sale. All of this allows us to conclude that it is necessary to increase the level of
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protection of the state mark and to modify methodes for determining falsifications. The pre-
sented project given the opportunity to realize the tasks set on the basis of modern testing meth-
ods used by the security technology in industry.
Achieving the research’s goal allowed to enhance the level of protection of the state marks em-
bossed on articles of precious metals by adapting the holographic technologies and its use for marking.
The results obtained within the framework of the projectare used by the Camera de Stat
pentru Supravegherea Marcarii to improve the level of protection of the state protective marks

against to counterfeit (Fig. 5.1).

Fig. 5.1. The result of the research - the device for quasi-hologram marking.

We have to enhance the ability of the existing laser device for marker of the protective
mark and to develop laser devices for controlling the embossed marks with enhanced control.
Note that the acquisition of industrial equipment for the application of holographic protection
signs requires an amount of about 100000 Euro, which is currently not available for Camera de
Stat pentru Supravegherea Marcarii.

In order to increase the level of protection of the state trademark, the following work has done.

Optical software ZEMAX was used to calculate the optical scheme of the installation, con-
sisting of the laser, the objective and mirrors. The features of optical setup performance such as
the minimum diameter of the lens focal spot on the subject, the exact position of the objective in
the optical circuit and the simulated image on the product were set by simulating and optimizing
the optical circuit parameters. Based on the results of the calculations, the necessary opto-
mechanical components were selected, including a focusing lens and other components, which
then were purchased to modify the laser installation.

The parameters of the telecentric objective installed in the NAUTILUS laser device (8 W,
A =1.064 um): Focal length = 56 mm; spot of diffraction limit = 10 um (see Fig. 5.2).
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Fig. 5.2. The NAUTILUS laser device with the telecentric objective installed.

With help of video microscopy, the applied drawings of the protective signs made on pre-
cious metals with flat and curved surface were monitored. Also, the quality of laser engraving,
the depth and distance between the points engraved were controlled which determine the resolu-
tion and quality of the mark on the metal. The planned resolution up to 10 um on metal was get.
On the Fig. 5.3 we present the photographic images of the quasi-holograms obtained on the

metal surface by microscopic investigation (400).

Fig. 5.3. The photographic images of the quasi-holograms obtained on the metal surface (400™).
The next step for implementation of project’s tasks was the development of software based

on Visual Basic program to create a holographic image of a protective sign according to a cus-

tomer's drawing.
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The image, selected as protective sign, was computer encoded in form of digital hologram
via the elaborated software. Then this digital hologram (diffraction optical element) was em-
bossed on the surface of objects under protection by scanning with the NAUTILUS type laser.

The examples of digital holograms calculated by developed software are presented in Fig.
5.4. The “MakeHolog” software that has been developed [184] allows us to encode the markup-
ing image in various ways such as the actual image and the Fourier image. This factor allows to

further increase the degree of protection of the marking design.
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Fig. 5.4. The Fourier — images of digital hologram of one (a) and two (b) ellipses.

Based on the experimental researches of the process of forming lines on the surface of pre-
cious metal objects, the parameters of the engraving process were determined to obtain the lines
with the required profile (laser power, frequency and duration of impulses). The software was
installed on the computer. By applying the software, the laser engraves the quasi hologram to the
surface of the metal objects under computer control. The example of a quasihologram, which
was designed and applied on the surface of a gold plate using the developed software, is repre-
sented in the Fig. 5.5.

Fig. 5.5. The example of a quasihologram applied on the surface of a gold plate at different scales.
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Holograms applied to the surface of metal are relief diffraction structures. Using the profile
meter, the depth and frequency of the lines formed for different laser operating regimes were studied.
Fig. 5.5 shows the profile of the quasihologram obtained for the optimal laser operating regime.

On the other hand, quasiholograms represent reflection diffraction elements. This means
that the reconstracted image can be seen at the reflection of light that falls at certain angle on the
metal surface with the hologram. This interference image that is observed (the position of the
maxims and the distribution of the intensity in these maxims) are determined unambiguouselly

by the character of the formed hologram (Fig. 5.5).
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Fig. 5.6. The profilogramm of the relief hologram on the metal surface.

It was studied the surface of the precious metals whith diffraction pattern of quasiholo-
grams under the microscope. This investigation was needed to research the surface of precious
metals at the action of a laser beam. Fig. 5.7 shows the microscope image of the metal surface on
which a microtrees were formed. It is seen that the lines bear a good contrast, they are straight
and the surface of the object is not damaged.

The research has shown that in order to increase the degree of protection of objects it is nec-
essary to embose on the surface of the object such a marking mark which can not be identified in a
microscope with subsequent imitation of it. In addition, it has been established that the embossing
on the metal surface of only a part of the designed mark, the incomplete or with the lower depth of
the mark do not influence the quality of the reconstructed holographic image. So the image has to
be obtained by applying of computer technologies. But the image of the original drawing that was
used to calculate the quasihologram will be identified in any case. The essential difference of the
proposed method is that we used the Fourier image of the drawing. Fig. 5.8 is a photographic im-

age of the metallic object having a quasihologram on its surface. Note that in this case it is impos-
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sible to identify the embossed image on the object, even by a powerful microscope. On the other
hand, this image can be identified by using the holographic image processing method applied to
the object. Besides, the appearance of mechanical defects on the surface of the object does not af-
fect the quality of the holographic image restoration, because the quasihologram can be fully re-

stored even on the basis of only a fragment of the holographic image.

" PR ST | -~

Fig. 5.7. Photographic image of the surface of the  Fig. 5.8. Photographic image of the hologram at

metal object on which the grid was formed. the microscope and the scale (10 um division).

The optical device for control and observation of the original image reconstructed from the
hologram embossed on surface of metal was elaborated (Fig. 5.9). The control device includes
the following components:

1. The optical system including optical elements for the observation and control of the origi-
nal image restored from the quasihologram;
2. A semiconductor laser.

A semiconductor industrial laser pointer was used to develop the laboratory model of the
device. The use of semiconductor laser gives the possibility of assembling small device, but
which meets requirements of the laser sources for holographic reading (Fig. 5.10).

Most people are acquainted with secure holograms like the sparkling holograms found on
credit cards as well as bank notes and other kind of documents and stocks. The purpose of these
secure holograms is to authenticate the credit cards or the bank notes, and to safeguard against
counterfeiting. Secure holograms are simple to verify visually and difficult to copy or counter-
feit. This property is caused by the fact that secure hologram contains visible information as well
as data readable only with special optical equipment. The latter effect is quite often achieved by
the use of DOE embedded in the image-containing hologram. One property that can be affected

by the use of sub-micron structures is polarisation.
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Fig. 5.10. The diffraction patterns of

Fig. 5.9. The device for holograms verification.
reconstructed holograms.

The practical application of DOE as secure holograms has been demonstrated in FP7
SECURE-R21 Project in frame of Pilot Ukrain-Moldova Project “Implement Security Holo-
grams utilising Diffractive Optical Elements based on Chalcogenide Glasses and Azopolymers”.
The main objective of the Pilot project is R&D of DOE based on nanomultilayers structures from
ChG and structures from AP as media for recording secure holograms and optical components in
various optoelectronic devices. The existing recording methods (laser/e-beam) have been devel-
oped for creation DOE on ChG and AP media. DOE design was elaborated on the base of sys-
tematic studies of ability NML from CHG and AP thin films to be structured undr direct
recording either by laser or e-beam exposure.

In Fig. 5.114a, the results of e-beam pixel recording of the Ukraine state emblem with the
use of GesAs37Ssg-Se NML are shown. Image sizes of the Ukraine state emblem consisted of
512x512 pixels (pixel size ~2 pm). AFM image of the recorded emblem fragment is shown on
the right side of Fig. 5.11a. It is necessary to note that at the given recording conditions, pixel
height is up to 200-300 nm. Ob shows the results of e-beam pixel recording of the Moldova state
emblem with the use of GesAs3;Sss-Se NML. AFM image of the recorded emblem fragment is
shown on the right side of Fig. 5.11b.

Different surface relief patterns were recorded by e-beam irradiation of nanomultilayer
structures on the base of ChGs. In the Fig. 5.12 AFM image of diffraction grating, recorded in
GesAss37Ssg-Se nanomultilayer structures by computer-accisted raster e-beam with period 2 pm at
the e-beam current 7 nA and expose time at pixel — 0.3 ms, are presented. In this case the re-
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lief’s height reaches 60 nm for 2 pm of period. In Fig. 5.13 AFM image of surface relief struc-

ture recorded by e-beam exposure is shown. Pixel size is 2 um.

Fig. 5.11. Results of e-beam pixel recording of Ukraine (a) and Moldova (b) State Emblems
with the use of GesAs3;Ssg-Se multilayer nanostructure. AFM images of the recorded emblem

fragments are shown on the right sides of figures.
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Fig. 5.12. AFM image of the diffraction grating  Fig. 5.13. 3D image of the diffraction grat-
with period 2 um. ing with period 2 pm.

In the O(a, b) we present the surface relief grating with relatively large amplitude on the
epoxypropylcarbazole (EPC) and azodye Disperse Orange (DO) recorded by holographic
method without any subsequent processing steps. We also found that the R:L polarization con-
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figuration is the best case, which allows to achieve the largest amplitude of SRG about 130 nm
(48% of film thickness). On the other hand, the S:S polarization configuration, providing 100%
of intensity modulation, doesn’t lead to grating formation. The formation of surface relief grating

therefore depends strongly on the polarization distribution.
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Fig. 5.14. Topography, 3D image and profil of the surface gratings recorded under +45° (a)
and LCP:RCP (b) polarization configurations.

From our experiments with AP we concluded that the surface relief grating formation plays

a dominant role in diffraction efficiency evolution.

5.2. Diffractive optics elements

The practical application of DOE recorded in AP thin films as solar cell concentrator has
been demonstrated in FP7 Project “ener2i INNOVATION VOUCHER COMPETITION”. We
hit upon the idea of using a Fresnel concentrator, cheaply made from of transparent polymer
film. The holographic technology is very close to thin polymer Fresnel concentrator for enhanc-
ing light trapping efficiency of photo voltaic cells (PVC). There are at least two problems which
limited PVC implementation: a. cost and b. tracking of panel. Efficiency of PVC is limited by
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modern level of semiconductors technology. But power efficiency of PVC can rise by concen-
trating sunlight. In several times more efficiancy of harvesting sunlight with solar concentrator
can rise of power efficiency and reduce PVC cost as for the same power needed smaller area and
quantity of expensive PVC semiconductors. The reduction in the PVC surface area implies a
considerable reduction in cost when compared with conventional PVC. On the other hand, the
concentrator can harvest diffused sunlight in a cloudy day when PVC produces less power and
power efficiency will be higher. Special optical design of Fresnel concentrator allows omnidirec-
tional harvesting of sunlight. So eliminating/reducing sun tracking needed rise the power effi-
ciency of PVC panel in overall power production. We designed Fresnel concentrator optics and
prepared polymer films.

New applications of the developed AP thin layers have appeared in solar energy, where Fres-
nel lenses are used to concentrate sunlight. It is very important for widespread home applications.

Various methods for Fresnel lenses preparations for sunlight harvest are well known, but in
the lab was elaborated know-how innovative laser method for one step direct recording of optical
components. Steps of the method are: optical computing of concentrator, thin polymer film deposi-
tion on glass substrate, direct recording of concentrator pattern on film by laser beam. This experi-
ence was used in Fresnel concentrator design, testing and producing of the samples. AP thin film
with Fresnel concentrator put on a cover protection glass which absorbs unwanted infrared part of
solar spectrum. PVC output and life degrades by increased temperature. In this way we diminish
heating silicon wafer. Solar panel consists of square wafers cut from circular ones. The dicing of
silicon wafer results the elimination of 4 part of costly wafer. The innovative issue of the project is
application of Fresnel concentrator with circular focus spot on circular wafer not square die.

Our innovative solution consisted in the Fresnel lens design from the AP thin film to im-
prove useful power efficiency. So the holographic Fresnel lens concentrator adapted to producer
needs/items has been elaborated by the following way:

1. The innovation is over all technology of Fresnel lenses production by deposition of AP on
transparent photosensitive polymer film and its surface modification by direct laser expo-
sition. The innovative design of Fresnel lens concentrator was optimized by optical soft-
ware ZEMAX with such concentrator optical properties as circle spot focus (contour of
cell), short focal distance to put film on PVC cover glass, quasi omnidirectional sunlight
harvest;

2. The optical recording on AP thin films the Fresnel lens by using laser beam going through
spatial light modulator and sub-micron stages of the Fresnel lens in accordance with the

design elaborated;
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3. The application of novel one step process of the direct laser surface modifications of films
leading to holographic Fresnel lens formation;

4. Polymer recording media is one of the newest materials of the recording photosensitive
elements. Compared to standard common used photoresists it doesn’t require thermal vac-
uum evaporation and can be obtained as uniform thin films by spin-coating technique.

It is shown in Fig. 5.15 the surface relief a part of Fresnel lens, directly recorded in AP thin

film by the direct polarisation holography method.

Fig. 5.15. The three-dimensional ~ Fig. 5.16. The set-up for Fresnel lens formation: 1 — laser;
view surface relief a part of Fres- 2, 3, 4 — lenses; 5 — photosensitive polymer film for Fres-

nel lens in AP thin film. nel lens formation.

In the Fig. 5.16 we demonstrate the semiconductor laser set-up for Fresnel lens manufac-
ture by direct surface relief formation.

The development of DOE for application in optoelectronics carried out by our group in
frame of the Project Bilateral Moldova- Ukraine “New composite functional materials and struc-
tures on the base of chalcogenide glasses and photopolymers for optical and optoelectronic ap-
plications”. Method of polarized holographic recording for one step direct surface relief
patterning on the azopolymer film was applied. The gratings were recorded at the RCP: LCP
polarization, obtained with computerized LC waveplates with HOLOSTEP v1.0 software. Such
beams configurations not create amplitude modulation, but only phase one. To obtain pointed
above circular polarizations, the waveplates were rotated around the fast axis by computerized
motorized system and set at angles of £45 °, with 0.9° accuracy. Real-time control of DE by
photo detector in first order of diffraction was done. Mathematical modelling of 2 superimposing
diffraction patterns was performed in MATLAB by summing two perpendicular diffraction grat-
ings for the analysis of the diffraction pattern formation. This simulation allowed the modifica-
tion of the hologram recording parameters, the angle of incidence of the beams, grating period,

the wavelength and the intensity of each beam. Pattern of both grating with the spatial frequen-
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cies of 200 I/mm was modelling and recorded. In Fig. 5.17 the simulated in MATLAB the super-
imposed diffraction pattern and diffraction pattern recorded on an azo-polymer film PVA: Me-

thylRed are presented.

a b
Fig. 5.17. Simulated superimposed diffraction pattern in MATLAB (a), diffraction pattern re-

corded on an azo-polymer film PVA: MethylRed (b).

The parameters of recorded diffraction gratings were compared to the gratings simulated in
MATLAB. It has showed a good correlation, indicating the correctness of the simulation. Super-
imposed grating analysis with the MII-4 interferometric microscope demonstrated that the pat-
tern relief is 162 nm [227, 228].

5.3. Digital holography

The developed portable DHI has been applied for visualization and monitoring of wood art
works, the under surface hidden damages — their position, shape and dimensions — by the heat
excitation as the most suitable way of excitation for wood. In our experiments the wood samples
have been heated by Rod Halogen Lamp R7S with reflector HLF-500W, so the thermal excita-
tion of wood samples has been done. If a short heat pulse of lamp (2—4 s) hits at the surface of
test sample, the wood surface changes the shape by the temperature. These changes depend on
different thermal material properties (parallel and perpendicular to the grain of wood) and de-
fects in the sub-surface such as deterioration of wood by insects’ attacks, or detachments under
veneered layer can be revealed. So observing the phase map changing we detect the existing de-
fects under the surface and evaluate the position, size and the shape on these defects [229].

The samples for measuring were made on the model simulating cabinet wood panels for
EU project LASERACT, and they have been kindly placed in our disposal. Similar technique of
furniture was used for ebony cabinets from the early 17" century until the 19" century. We have
used two sets of sliced veneered samples (150mmx150mmx18 mm) distinguishing presence and
absence of damages into support. The illustration of sample structure with and without damages
under the veneer can be seen in Fig. 5.18(a—d). Fig. 5.18(a), (b) presents the face side of the
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samples, and Fig. 5.18(c), (d) — rear side of them. The sample consists of two layers: pine sup-
port (tangential cut) and six layers of plywood with two brasses cutting-off. Visible diagonal cut
in Fig. 5.18(a), (b) is a veneer cut only. The grains of wood support are perpendicular to the

grains of veneer.

c d

Fig. 5.18. Face and rear surfaces of the veneer samples are presented without damages (a), (c);

with insect damages visible on backside only (b), (d).

Our choice of the sample structure is caused by our interest to detect invisible damages.
The face veneer covers the support, so make its damages invisibles. In addition, sawed face ve-
neer with brass cutting-off can influence on data interpretation due to its non uniform structure.
We didn’t test the cut part, only its affected support. The support presents tangential cut two
glued pieces of pine wood. Painted veneer sheets with a thickness of six tenth of millimetre were
glued to the one face surfaces by the adhesive (MC2) of animal origin. The problem faced by
restorers is often related to gluing such as delaminating and “bubble”. Sometimes, little xylo-
phage insects cause damages that are easy to detect but difficult to rate, especially when the sup-
port is deeply attacked in its core, but only a few flight holes are visible on the veneer. Indeed,
veneer woods are often “siliceous and indigestible”, and insects prefer to go out through ends,
joints or some holes dug by more vigorous insects. The damages like delaminating under veneer
layer are not visible on both face and rear edge of the samples.
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The measuring method is based on visual and instrument observation of the thermal out-of-
plane deformation fringes on the surface of the inspected area (objective lens chosen for the field
of view is 20mmx16 mm); the temperature of inspected surface is briefly increased by above
mentioned way. The heating induces micro-expansions (micro-displacements) of the surface,
read by the DHI head (fringe patterns in interferograms), and reveals the possible presence of
defects under the surface and invisible to visual inspection.

The veneered wood sample without worm galleries defects visible inside the wood support
has been tested. As an example, Fig. 5.19(a—c) shows succession of images which reflects the
steps of acquiring and processing of data: (a) intensity interferogram obtained by subtracting im-
ages of heated and unheated (named reference) sample; (b) wrapped phase map obtained from
the intensity interferogram; and (c) unwrapped phase map. By the application of phase shifting
techniques “saw tooth” fringes are generated as the result of DHI deformation measurements.

The Fig. 5.19(a, b) show the possibility of influence or the structure of wood support which
is deformed by different way or veneer delaminating. Veneer delaminating yields smooth bending
of interferogram fringes, but none linear form of the fringes and mainly the break of them could

indicate out the connection of two boards of wood forming the sample support.

Fig. 5.19. Non-damaged wood sample intensity interferogram (a); wrapped phase map (b);

unwrapped phase map (c).

The proof of the support influence can be seen from Fig. 5.20. The Fig. 5.20 are the photos
of sample: the face side of inspected region (Fig. 5.20a), and end cross-section of the sample of
the sample (Fig. 5.20b). The rectangle and the arrows point out the field of measuring. From the
photo it can be clearly seen the presence of two regions inside the wood support with different
directions of growth rings (two boards joint in Fig. 5.20b) and the absence of any other defects in
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the support (e.g. worm galleries or delaminating). The position of the darker straight line in Fig.
5.19c coincides with the position and orientation of two boards joint on Fig. 5.20a (white line).
Parallel delaminating lines of veneer are clear visible on the right down part of the sample sur-

face only (Fig. 5.20, oval).

b
Fig. 5.20. Non-damaged sample with lines of delaminating (a, oval); end cross-section of the

sample (b). The rectangle and the arrows point out the field of measuring.

White line indicates glued section of two parts.

The set of pictures presented in Fig. 5.21(a—c) shows the other region (without brass inset
or cutting) on the same sample. The sequence of the images reflects the paths of data acquiring
and processing similar as presented on Fig. 5.19. From these pictures we can see that the wood
surface displaces uniformly by the heating, so delaminating is absent. Likely on the Fig. 5.19 the

structure of the veneer layer is seen.

Fig. 5.21. Non-damaged wood sample intensity interferogram (a); wrapped phase map (b);

unwrapped phase map (c).

209



Moving on the surface of the sample (Fig. 5.22) we have found the other form of deformed
surface which indicates feature under surface (frequencies and orientation of fringes). Note that
as on the face surface of the sample as on the back surface we do not see the features by naked
eye, both surfaces look uniformly. We suppose that due to the lack of adhesion, the delaminated
region disperses heat at a lower rate than the surrounding regions, and the delaminated region
lies between veneered surface layer and support. Therefore, both the local temperature rise and

the thermal expansion effects are higher for the delaminated region.

C

Fig. 5.22. Damaged wood sample intensity interferogram (a); wrapped phase map (b); un-

wrapped phase map (c).

Set of pictures presented in the Fig. 5.23 shows the intensity interferogram (Fig. 5.23a),
wrapped phase map (Fig. 5.23b), and unwrapped phase map (Fig. 5.23c) of damaged sample. It
is seen brass cutting like the non-damaged sample (Fig. 5.19) and the other defects, which have
not been seen on the surface. The feature of these interferometric fringes is their straight form.
This fact indicates that the whole sample included veneered surface layer and support, displaces
uniformly by the heat excitation.
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a
Fig. 5.23. Damaged wood sample (Fig. 5.21c): intensity interferogram (a);

wrapped phase map (b); unwrapped phase map (c).

Then the damaged sample has been examined, the structure of the sample is shown in Fig.
5.24. The face surface of the sample is the same as in previous case (Fig. 5.20a), the end
crosssection is uniform, but the back side or, in other words, the support of the sample is dam-
aged by worm galleries (Fig. 5.24(c, d)).

Fig. 5.24. Damaged sample face side (a); the end cross-section of the sample (b); the rear side

at different magnification (c — 1%, d — 5).
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The field of view in our experiments is 20mmx16 mm. The Fig. 5.24 presents the face
(Fig. 5.24a), end cross-section (Fig. 5.24b), and back side with magnification 1, (Fig. 5.24c) and
magnification 5) (d) of damaged sample. The face side of non-damaged and damaged samples
are identical (Fig. 5.20a and Fig. 5.24a). From the Fig. 5.24(c, d) we see that the support of de-
fected sample is damaged by worms, and numerous galleries penetrate the support. The distribu-
tion of these galleries is irregular (Fig. 5.24(c, d)), and we have done the scanning of the sample
by DHI system. Interferograms presented on Fig. 5.21 correspond to the face region 1 on Fig.
5.24c.

The set of interferograms in Fig. 5.25 corresponds to the face region 2 on Fig. 5.24c. Note
that all measurements carried out on the face side of the samples where the damages are not
seen. The intensity fringes (Fig. 5.22a, Fig. 5.23a), wrapped phase map (Fig. 5.22b, Fig. 5.23b)
are similar for both regions, but unwrapped phase map with damages are differ (Fig. 5.22c, Fig.

5.23c). So the number of damages and the distribution is seen clear from these figures.

Fig. 5.25. Damaged wood sample (region 2 in Fig. 5.24c): intensity interferogram (a); wrapped
phase map (b); unwrapped phase map (c).

The Fig. 5.26 shows the pseudo 3D-presentation of unwrapped phase map of non-damaged
(@) and damaged (b) samples under heating. This kind of presentation gives possibility not only
to see the existing damages, but to estimate the position, size and depth of them.

Our results indicate that developed variant DHI is well adapted to reveal the under surface
damages in veneered wood samples. The set-up may be used in out-of-laboratory conditions and
without severe anti vibration preoccupations.

So we have developed the friendly used, low cost, full field and portable DHI set-up. Apply-

ing DHI set-up we have determined the presence of different kind of damages located under sur-
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face and invisible by naked eye: under surface delaminating and under surface worm galleries. The
developed DHI is capable of predicting the position, shape and size of revealed damages. The re-
sults presented show that the DHI technique is a promising tool for testing the wood art works.

The control of the composite as a printed circuit boards (PCB) defects by elaborated DHI
was implemented. Nowadays a composite has evolved into a major role in many industries as
aerospace, automotive, wind energy, electronics etc. Devices and components all demand very
high strength but also require low weight. Manufacturing processes is that the material i.e., the
fiber composite, is made and molded in a single stage to create the finished composite product.
The inner architecture and defects of composite structures determines their mechanical and
thermal properties. Sometimes inner defects are invisible by naked eye and optical methods are

therefore frequently used in structural characterization.

mkm

Fig. 5.26. Pseudo 3D-presentation of unwrapped phase map of non-damaged sample (a); dam-
aged sample (b).

PCB structure is laminated structure composed of dielectric layers and copper signal traces
with drilled holes. There are any kinds of defects emerging in PCB which can destroy function-
ing. One of these is micro cracks, swelling in the layers after pressing.

The highly sensitive DHI set-up was design from off-the-shelf components. Here we de-
scribed performance of a developed system DHI (Fig. 5.27) for the detection damages in composite
as PCB. DHI determines the difference after small deformation of the PCB. Optical components of
DHI set-up (Fig. 5.27) were mounted on table which is available to isolate passive the table top
from floor vibrations. There are 30 mW, A=532 nm direct pumping solid state (DPSS) laser (1), (2) -
(3)-spatial filter (micro objective (2), diaphragm (3), collimating lens (4)), prism as beamsplitter (5),
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object (6), mirrors (7) and (10), camera objective (8), lens (9), beamsplitter (11), USB Camera Phil-
ips PCVCB90K (maximum 30 fr/s, 640x480 pixels, 1/4”diagonal) (12), PC (13).

We have taken pictures by camera before and after excitation by halogen lamp of the ob-
ject and subtract them by LabVIEW software. Subtraction is a data analysis process which is
usually based on the extraction of the optical phase distributions encoded by the generated corre-

lation fringes.

Defect area
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Fig. 5.27. Optical set-up of holographic ESPI.

The result of patterns subtraction shows a fringe pattern (Fig. 5.28), which can be inter-
preted as a state of deformation and so damages. Due to LabVIEW software application one can
calculate the size of the defects, position and shape.

The two frames are then subtracted and correlation live fringes are displayed on a monitor
(Fig. 5.28).
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Fig. 5.28. Subtraction of the two speckle images.

The process of measuring by our DHI set-up is reduced to receiving two speckle patterns
by using the video camera of unloading and loading PCB. The loading of the PCB was made in a
simple way by heating PCB with a halogen lamp. Interlayer defects swelled and so it led to
speckles patterns difference. The second step was the image processing of acquired speckle pat-
terns by LabVIEW software for the full-field interferometry map of PCB’s defects. Interfero-
gram map of sample clearly highlights defects in PCB such as delaminating and air gap and
points they position, size and shape.

The studying of biological samples (seed of Orobanche cumana) by using darkfield-
microscopy carried out in frame of the Bilateral Germany-Moldova Project “Digital Holographic
Microscope for Biological Tissues Investigation with LabVIEW program” (N 13.820.15.10/GA).
The samples of Orobanche cumana seeds were collected in different regions of the Republic of
Moldova (Donduseni, Soroca, Balti, Chisindu, Singera, Rezeni, Cimislia, Stefan-Voda, Ciadir-
Lunga, Taraclia), Romania (Fundulea), Ukraine (Izmail) and Spain (Sevilia). Pictures were taken
with reflexion and transmission settings (Fig. 5.29). To focus on different surface regions of the
seeds, manual adjustments were done varying the distance between lens and sample. In addition,
one of the optical pathways was covered to change transmission to reflexion and vice versa.

Comparing the images obtained by using the optical microscope in the UnASM (Fig.
5.30a) and those performed in reflection and transmission illumination at the holographic dark
field microscope of the ITO of the University of Stuttgart (Fig. 5.29) we distinguished differ-
ences significant on the visualization of the morpho-anatomic features of the surface of the seeds
subject under the research, which underlie Orobanche's systematics.

Biological samples typically have a very complex structure and layers which are barriers to

obtaining images with good optical resolution. The most important impediment is the diffraction
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of the biological sample structure. In our investigations, a coherent light microscope was applied
to remove these obstacles. The installation consists of four off-axis digital microscopes merged
into one (Fig. 5.29). It allows us to obtain digital holograms in two lighting modes (dark and
bright field with transmission/reflection configurations). Two independent lasers (diode mode)
with wavelengths A = 660 nm and 405 nm were used to illuminate the biological sample. The
optical properties of the biological sample determine the selection of wavelength of illumination.
Obtaining dark field images by illumination with A = 660 nm in transmission and reflection
mode is an appropriate solution for specimens with curved surface. The acquisition of images in
the light field at A = 405 nm denotes greater resolution and contrast due to high absorption of
biological samples at this wavelengh.
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Fig. 5.29. The optical setup of the digital holographic microscope of both dark and bright field

configurations.

The analysis of the seed images of 13 geographic populations of the O. cumana obtained
using holographic microscopy allows to investigate of the surface architecture of the seeds. Thus,
the high quality of the images resembles the seed crust, which is cross-linked with polygonal and
tangentially elongated cells, sometimes irregular. Also the outer periclinial membrane wall with

a very shifting aspect (drilling, granulous, rusty, etc.) was visible. During the experiment the pic-
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tures of one seed per category, randomly chosen, were taken using transmission and reflexion

adjustments. In samples 1, 2 and 3 more than one seed was taken for testing.

b N

a b c
Fig. 5.30. The images of O. cumana (Singera, RM): a — at the optical microscope; b — in
reflection illumination; ¢ — transmission illumination at the holographic field-dark micro-

Scope.

Applying this method provides us information on the type and layout of the seed's outer
cell layer, as well as the way of thickening the sides of the tangential cells of the seed layer from
the side and inside. The seed coat is dark and opaque, but proper seed illumination allows a clear
view of some surface characteristics, especially contours, and highlights the epidermal cells of
the seed. The anticlinal walls are very deep and thickened evenly, marking the narrow junctions
between the cells, visible to most cells, and the pericinal interior walls are granular or ruddy.

The practical application of a compact digital technique such as DHM in our study has re-
vealed some important features of the method such as the necessity adapting of optical setup and
software of the DHM to the sample properties and mode of preparation. Fig. 5.31 is shown the im-
ages in the reflection and transmission modes of O. cumana seeds from Spain, Sevilia.

The results obtained:

1. LabVIEW-based software for the holographic digital microscope designed to obtain and
process images of native biologic preparations was developed.
2. The possibility of applying the DHM in the analysis of biological samples has been demon-

strated.
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b
Fig. 5.31. The reflection (a) and transmission (b) modes of O. cumana seeds from Spain, Sevilia.

The results demonstrated the DHM technique with software based on LabWIEW is suit-
able for image processing tasks of biological samples, and for the increasing the amount of ob-
ject information it is necessary to vary of modes of illumination (wavelengh,
transmition/reflection, falling angles) of the optical microscopic samples under study.

In order to demonstrate the capabilities of our epi-illumination system in DHM for study-
ing biological sample, we present a preliminary measuring of phase map, which are derived from
an interference fringes imaging of two state of the sample. The main procedure of phase map
calculation described above (Chapter 4).

In our experiments initial (reference) speckle pattern image of the seed samples glued on
black glass substrate has been acquired first. Then the substrate has been heated by quartz Halo-
gen Lamp with reflector, so the thermal excitation of glass substrate has been done. If a short
heat pulse of lamp (5-10 s) local hits at the substrate surface. The sample surface out-of-plane
displaces the seed position by thermal expansion of glass. The temperature loaded speckle pat-
tern image was done. It displaces sample depend on time of thermal excitation. So observing the
phase map changing we detect the existing size and shape of seed surface. We acquire two con-

sequent interference patterns before and after thermal excitation. Then the two speckled inter-
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ferograms are subtracted to control interference quality. The image acquisition was accom-
plished using a Vision Builder Automatic Inspection and consequence speckle patterns process-
ing based on LabVIEW 2011 program. The phase obtained from the evaluation of the
interferograms is in the interval -x to m, and is indefinite to an additive integer. But as we meas-
ure only phase change we do not need an absolute measurement of the phase. Unwrapped phase
map extracted by program gives 3D surface morphology.

The seed photo in white light on the Smart Camera trough epi-objective is presented on Fig.
5.32.

Fig. 5.32. The photo of the seed (~300 um long) glued on black glass substrate.

To compare the results obtained with and without microscope epi-objective we have meas-
ured the phase map of the samples obtained by DSPI with one objective lens and DSPI with mi-
croscope epi-objective. Fig. 5.33(a, b) shows succession of images which reflects the steps of
acquiring and processing of data: (a) intensity interferogram obtained by subtracting images of
heated and unheated (named reference) sample; (b) wrapped phase map obtained from the inten-

sity interferogram. The images presented in Fig. 5.33 were aquired by DSPI.

a b
Fig. 5.33. The intensity subtraction interferogram (a), the wrapped phase map (b) recorded by
DSPI without epi-microobjective. The seed position is marked by oval.
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The surface phase shifts in reflection indicate the differences in height of the seed surface.
Unwrapped phase shift map will be the base for extract the 3D form of the seed surface in micro-
scopic mode. It is seen that the magnification of the DSPI (about 7*) does not allow us seeng the
seed surface which introduces some distortion on the correlation fringes. The field of view

(FOV) is 1 mm x 1 mm of this optical setup.

a b
Fig. 5.34. The intensity subtraction interferogram (a) and the wrapped phase map (b) recorded
by DHM with epi-microobjective.

On the Ob intensity narieties from the black to the white spots in the oval region pointed
out the surface phase shift. The surface phase shifts in reflection indicate the differences in
height of the seed surface. The magnification of the DHM is about 70*, and the FOV is 0.1 mm x
0.1 mm. Unwrapped phase shift map is the base for extract the 3D form of the seed surface in

microscopic mode.

5.4. Conclusion to Chapter 5

1. Nanomultilayered, compositionally modulated ChG-Se nanomultilayers and AP thin films
are perspective for the recording of different kinds of DOE (security elements, Fresnel
lens, optical components). Taking into account that light sensitive and relief formation
properties of nano-layered compositionally-modulated structures depend on composition
and nano-periodicity further complex research is necessary with the use of direct and indi-
rect structure sensitive methods in order to optimize the composition and structure of mul-
tilayers and parameters of the recorded optical elements.

2. The digital holographic method (optical setup, software, device for hologram's reading) was
developed for security marks application on the surface of the precious metals that substan-
tially increase the security level of Moldavian state marks protecting of precious metal arti-

cles.
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3. We have developed the friendly used, low cost, full field and portable DHI set-up. Apply-
ing DHI set-up we have determined the presence of different kind of damages located un-
der surface and invisible by naked eye: under surface delaminating and under surface
worm galleries. The developed DHI is capable of predicting the position, shape and size
of revealed damages. The results presented show that the DHI technique is a promising
tool for testing the wood art works.

4. We have demonstrated the ability of the DHM setup to image seeds by laser epi-
illumination microscopy in dark-field mode through the imaging telecentric microscope
objective. The technique performance with phase analysis of interferograms of the seeds
on a glass substrate by its thermal excitation was validated. The results demonstrated the
DHM technique with software based on LabWIEW is suitable for image processing tasks
of biological samples, and to increase the amount of object information it is necessary to
vary of modes of illumination (wavelengh, transmition/reflection, falling angles) of the

microscopic samples under study.
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Main conclusions and recommendations

A feature of diffractive optics is that it is both an object of human consumption (various illu-
mination and communication devices, biomedicine) and tools for further research and development
of optical instruments. From this point of view, this work has the twofold goal which is the updating
of optical instruments, microscopes and interferometers for acquiring of 3D images, as well as elabo-
rating new diffractive optical components, through which optical devices can be improved.

Optimal design of modern optical components and system is always hybrid of analog (op-
tical) and digital components of the system with appropriately selected functions. The emerging
optoelectronic and computer technology — increasing processing speed and memory capacity,
new sophisticated softs, CCD video cameras instead of holographic films, SLM — have been
used in the work for investigate new possibilities for advanced holographic applications.

To solve the problems of forming and treating of light beams with a given spatial structure and
optical processing of information in real time, it was necessary to have media with increased photo
and polarization sensitivity, speed of recording and reading information, reliability and fatigue.

The main significance of the work is the demonstration that combining the optical and
digital image processing has ability to do progress in modern optical technologies.

The main research results:

» The PC controlled technology of successive vacuum deposition of ChG-Se nanomultilayers
was developed and studied. Comparative investigation of the optical and recording features
of nanomultilayers and the properties of their constituents nanolayers aimed to widening of
DOE applications was done [102, 161, 185, 201, 217, 227].

» The chemical synthesis and spin-coating film deposition of new composition of Disperse Or-
ange doped carbazole-containing polymers (AP) and determination of its recording proper-
ties, induced by scalar and vector holography was developed [103-105].

» It was experimentally determined that in the ChG-Se NML and the AP thin films the surface
relief gratings are formed by one step direct optical and digital holographic recording meth-
ods and are conditioned by vectoral (spatially anisotropic) response of the medium [146, 156,
183, 201].

» The complex variations of optical parameters of the ChG-Se NML and the AP thin films take
place responding to the action of both scalar and vector components of electrical field of light
[134, 137, 160, 207].
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The surface relief gratings patterned on the ChG-Se NML are governed by photoinduced
structuration in nanolayers of ChG and Se that leads to mass transfer in the ChG-Se NML
[106, 107, 160, 216, 227].

The surface relief gratings patterned on the AP thin films are governed by photoinduced

trans-cis-trans transformation in the AP that leads to mass transfer in this media [116, 228].

The high optical quality surface relief holograms, obtained by the one step direct method of

polarization holography, were patterned on the ChG-Se NML and the AP thin films. Thereby,

the etching process which is the most undesirable chemical technological step during the re-

lief holograms manufacturing was excluded [160, 161].

The phase diffraction gratings on the ChG-Se NML and the AP thin films with diffraction

efficiency up to 48% in *1 diffraction orders were elaborated and recorded by the polariza-

tion holography, and their potentials and limitations for practical applications were studied

[166, 175, 215].

The practical application of developed ChG-Se nanomultilayers and the AP thin films to

make use as the diffractive optical components has been demonstrated: the phase masks for

optical processing in DHM, the digital security elements with increased protection level, and
the protective holographic signs for defence of different kind of products from counterfeit
[152, 156, 165, 185, 194, 198, 213, 217, 229, 230].

The following recommendations for further research based on the study findings:

1. The development of the PC controlled technology of ChG-Se NML deposition and carried
out technological experiments open the way to choice among the variety of ChG composi-
tions suitable for the required range of spectrum for laser illumination.

2. Elaborated method of digital holograms calculation with subsequent direct laser ablation of
them on metal surface can be applied for master holograms production by embossing on plas-
tic films.

3. Studying of diffraction efficiencies — the main performance attribute — of surface relief
gratings recorded at different conditions (doze of illuminations, states of polarizations,
grating’s period) widens the range of practical applications of DOE patterned in ChG-Se
NML and AP thin films.

4. Carry out study of photoinduced anisotropy in NMLs as prospective phenomena to dis-
cover new ChG and AP properties.

5. Developing digital holographic interferometry/microscopy technologies allows us to
widen practicable application of advanced optical non-destructive testing in microelec-

tronics, biomedicine, cultural heritage, and security technologies.
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6. The implementation of modern digital hardware (SLM, CCD videocameras, liquid crystal
variable retarders) and software (DH, ZEMAX, LabVIEW, DOE) of optical technologies in

research and academic processes significant increase the level of national science and indus-

try.
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Annex 1

For the determination of film thickness the modified digital MI1-4 interference microscope
with CCD-camera was applied [104, 105]. True optical resolution (snapshots) is 1920x1080pxs
of Logitech HD webcamera. A magnification of 490" was used. The horizontal field of view,
from which a data analysis is performed, was 0.3 mm diameter circle. The optical scheme and photo
of MII-4 is shown in Fig. Al1.1.

CAMERA

Fig. Al.1. Setup and photo of MII-4 interference microscope. 1 — reference beam, 2 — object
beam, O — objectives, D — diaphragms, M — mirrors, P — beam-splitting plate, C — compensating

plate, S— sample.

The interference pattern of light reflected from a flat reference surface and the surface of
investigated sample was recorded in PC. The software tool OpticMeter has been elaborated for
PC processing of interferograms. It permits to fit the interference patterns in an analytical form
and precisely calculate the lines shift corresponding to thickness of submicrometer films. This
enables a height resolution better than 50 nm. The phase shift in interferogram introduced by
different height of layer is shown in Fig. Al1.2.

In case of the interferometer microscope MII-4 the value of calculated thickness h of
opaque or transparent layer is proportional to shift ¢ of interference fringes (Fig. A1.3a) and in-
verse proportional to their width b:

AC p4 _C
2'b’ 2 b(n-1)’

where 1 is the wavelength of light, n — refractive index of the film material. The first ex-

h=

pression refers to the opaque films, and the second — to the transparent films. Using the soft-
ware for interferogram processing in order to determine the parameters b and c allows on the one

hand to greatly improve the accuracy of this determination, compared with the visual method,
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and on the other hand to facilitate the implementation of the measure. In addition, it is possible to

process and store the measurement results in electronic form.

Fig. A1.2. Achromatic interference fringe shift in interferogram introduced by different

height of layer. Photo of interferogram obtained by webcamera and computerized MIl1-4.

Using the software for interferogram processing in order to determine the parameters b and
c allows on the one hand to greatly improve the accuracy of this determination, compared with
the visual method, and on the other hand to facilitate the implementation of the measure. In addi-

tion, it is possible to process and store the measurement results in digital form.

a) b) C)
Fig. A1.3. Example of the interferogram processing: a) b — the distance between two adjacent in-

terference fringes; ¢ — shift of the interference fringe; b) Interactive selection of areas Ny, N, and N3; €)
Determination of coordinates of extreme points of J lines in the Ni area.

As seen in Fig. AL1.3, in order to accurately determine the parameters b and c the extreme

lines (minima or maxima) for the biased and unbiased central interferogram bands must be build
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up to the appropriate precision. For this purpose, the set of extreme points of a given type (min or
max) are defined in the selected in an interactive mode three rectangular areas N1, N2 and N3 (Fig.
A1.3b).

It is important that each rectangle covers only one type of extreme lines pre-selected in the in-
teractive mode (regions of the minima in Fig. A1.3). The rectangles are positioned in areas with the
best image quality of the central achromatic fringes. To improve the quality of the image pre-
processing techniques are provided, especially smoothing and filtering for noise removal.

In the simplest case it is assumed that the interference fringes are strictly parallel to the
frame borders (i.e. borders of the pixel’s matrix) and, therefore, the lines of extreme points
should be parallel to the vertical borders of the frame (Fig. A1.3c). In this approximation the val-
ues of the coordinates J for all extreme lines can be carried out as the average values of the ex-
treme points coordinates j (one per horizontal line in the rectangle). Thus, the coordinates J;, J;
and Js, representing the average coordinates of extreme points for rectangular areas N1, N, and
N3 respectively, are determined.

Rectangles N; and N, are arranged in such a way that they covered the sets of adjacent ex-
treme points of the same type and allow to determine the width of the interference fringes b as
the difference in absolute coordinates of lines | J1 - J2 |. The rectangle N3 is positioned so that it
covers the shifted set of the extreme points with respect to the N, area, so that the difference in
absolute value | J; - J; | determines the shift ¢ of the interference fringes. Thus, the desired thick-
ness h is defined by the formula:

2o 2P0
2b 2033,
In the real measuring process, a strict parallelism can not be achieved (Fig. Al.4a) and the

h

set of extreme points (one per line) is located along the slope to the vertical boundary line (Fig.
Al.4b). Analytical determination of the slope line position can be carried out using mathematical
methods of linear fitting approximation in frame of least-squares method.

For this purpose, for each rectangle the approximation function of extreme line in form

y =ax+b is searched, where a and b are the unknown parameters. In this notation, the x-axis is

perpendicular to the rows of pixels, and y — parallel (Fig. Al.4b). Following the standard least
squares method, we can obtain analytical expressions for the extreme lines in all three rectangles
N1, N, and Ns:
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a) b)
Fig. Al.4. Example of fringes nonparallel to the boundaries of frame, b) slope line of extreme

points.

These lines should be parallel to each other in compliance with the physical condition, so

the distance ¢ between them in a common coordinate system is defined by the formula (4):

5o bi=byf
Ja© +1

The final expression for the desired thickness h has the following form:

_AC_A btYa=b, Y

h
2 b 2 b+Y,—b,-Y,|

Here, the distances Y1, Y, and Y3 are introduced, for which the corresponding rectangles are
separated from the left vertical frame borders.

Optical grade of surface quality and uniformity of the films was confirmed by the smooth
interference fringes in the interferogram obtained by MII-4. Several samples were prepared out
of the same solution. To check the reproducibility of observed structures, the several samples
were prepared in the same conditions and examined. In sample series A, PEPC concentration of
the solution was kept fixed (10 wt% solutions of the PEPC polymer in chloroform CHCI3 boiling
point is 62°C) and set of angular velocities was chosen in range pointed above. In sample series
B, the PEPC concentration was varied (2.5, 5, 7.5, 10, 12.5 wt% solutions in chloroform) and

deposition carried out at fixed angular velocity.
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In this experiment a very accurate surface cleaning was carried out, and it was confirmed by
many repetitions of the preparation that manifest the same morphology. Though each individual sam-
ple shows a different surface features the statistical features of the film morphology remain the same.

The interferograms of the polymer films spin-coated from solutions with different polymer

concentrations taken by webcamera are shown in Fig. AL5.

1] 1N
Y

Fig. AL5. Interference fringe shifts in interferograms MII-4 introduced by step of differ-
ent thickness of series B layers obtained from following concentrations of PEPC solution: 1 —
2.5 wt%; 2 — 5.0 wt%; 3 — 7.5 wt%; 4 — 10.0 wt%; 5 — 12.5 wt%.

The thickness of series B films determined from the fringe pattern in the interferogram was
found to be increased with the increase of polymer concentration in solution. It was shown that by
raising the polymer concentration from 2.5 to 15.0 wt%, the final film thickness increase from 160
to 960 nm at a spin speed of 3000 rpm during 20 s. Applied method of thickness measurements has
shown a quasi-linear thickness dependence on polymer concentration.

Working with computerized MII-4 interference microscope and elaborated software has shown
that precise determination of layer thickness of thin films can be user-friendly. Software can process
the interferograms in the case of interference fringe tilt respect to pixels row angles deviation.

In contrast to conventional layer thickness measuring devices such as profilometers or
atomic force microscopes (AFM), this technique provides the full field analyzing specimens, is
more rapid, noncontact, and does not require complicated specimen preparation. Thanks to these

advantages, the modernized MII-4 interference microscope has great potential as a combined
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analysis system (optical microscope and layer thickness measurement device), particularly in
thin-film engineering. Moreover, the cheaper USB webcamera with more than 2min pxs is a
good alternative to CCD camera and framegrabber. Webcamera uses the low power USB inter-

face for data transfer and provides the plug-and-play functionality.

Annex 2

LabVIEW is a graphical programming language elaborated by National Instruments Com-
pany [151]. LabVIEW programs are called virtual instruments (V1s), because their operation imi-
tates works of physical instruments made by user. Specifically, LabVIEW is used to interface the
computer with programmable measuring instruments. LabVIEW contains a comprehensive set of
tools for acquiring, processing, analyzing, displaying, and storing data. Because LabVIEW
graphical code is easy to comprehend, common programming tasks, like debugging, become
more intuitive as well. LabVIEW provides unique debugging tools that can use to watch as data
interactively moves through the wires of LabVIEW program and see the data values as they pass
from on function to another along the wires between VI or sub VI. Each VI consists of a front
panel and a block diagram. The front panel specifies the inputs and outputs which make up the
user interface. The block diagram consists of icons which represent subroutines and program

control structures [152].
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Fig. A.2.1. The screenshot of a LabVIEW user front panel.

LabVIEW is a program development application, much like various commercial C or
BASIC development systems, or National Instruments LabWindows. However, LabVIEW is

different from those applications in the one important respect. Other programming systems use
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text-based languages to create lines of code, while LabVIEW uses a graphical programming lan-
guage to create programs in block diagram form. Moreover, anybody can use LabVIEW with
less programming experience. However, they are analogous to functions from conventional lan-
guage programs. Vs has both an interactive user interface and a source code equivalent, and ac-
cepts parameters from higher-level VI’s.

LabVIEW has extensive libraries of functions and subroutines for most programming
tasks. LabVIEW contains application specific libraries for data acquisition and instrument con-
trol, data analysis, data presentation, and data storage.

The primary step of our program in LabVIEW is images acquisition and storage. Acquired
images are stored in memory of CCD Smart Camera or in PC ready for processing. The front panel
of our program is shown on Fig. A.2.1. In left side of screenshot one inserts names of two images.

Image acquisition window used for image processing respect options presented on Fig.A.
2.2-A2.4:

» Simple squared difference — Fig. A.2.2;
» Phase map — Fig. A.2.3;
» Rectangular determination for following unwrapped phase map extraction — Fig. A.2.4.

The operator starts the primary task, the data acquisition program, namely the first step is read-
ing a reference image file and a recording image file. Program recognizes image file configurations
such as BMP, TIFF, PNG and JPEG. This type definition edits automatically. The reference image in
our case is unloaded object image. The recording image represents loaded object. Object loading
process can be made by suitable way for object under investigation, for example heating, vibration,
etc. The LabVIEW execution engine then distributes data the three our tasks in dependence of the

problem needed and chosen by operator on front panel. These tasks are a pointed above.
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Fig. A.2.2. The screenshot of a LabVIEW user block diagram of VI’s for simple squared differ-

ence processing.

The simple difference task VI’s serve for squired image to increase S/N ratio. This block
diagram also produces a histogram equalization of the squired image.

Block diagram for rectangular determinations serves for elimination from complex image
low frequencies which are haven’t useful information about the object. After that step VI Mask
recopies image source into new image for processing.

Inside phase map block diagram VI computes optical FFT of both images and creates complex
images in which high frequencies are grouped in the center while low frequencies are located at the
edges. Inverse FFT of complex image after VI Mask calculation must be doing for final step as phase
map calculation. So this block diagram first produces wrapped phase map and then unwrapped phase

map. After final processing surface changes in-plane or out-of-plane will be presented.
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Fig. A.2.3. The screenshot of a LabVIEW user block diagram of VI’s for a phase map mode.

Our work consists of two main objectives: the optical set-up design of fiber-optic ESPI and
elaboration of satisfied LabVVIEW program for refractive index measurement of thin firm sam-
ples. The process of measuring by our installation is reduced to receiving two speckle snapshots

of unloading and loading object, and type of loading may be various.
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Fig. A.2.4. The screenshot of a LabVIEW user block diagram of VI’s for a rectangular deter-

mination.
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These snapshots will be recorded by using the CCD image sensor. Farther with image
processing of speckle patterns and data processing with LabVIEW we can extract phase map,
and finally calculate the required optical parameters by elaborated method. Important feature of
this method are the full-field measuring of object properties which is important for investigations
of optically recorded diffraction elements with very small location of refraction index changes.

In our work the following methods were used:

» Speckle-interferometric measurement of speckle-interferogram with Fourier optical process-
ing in objective plane;

» Digital holographic method of acquiring of images on Smart Camera CCD image sensor;

\4

Method of forward and inverse Fast Fourier Transformations;
» Methods of processing by using LabVIEW such as optical type of FFT, histogram, phase ex-

traction, S/N of image enhances.
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