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ANOTACIJA

Amorfo halkogenidu pusvaditaju (As-S, As-Se, Ge-S, Ge-Se u.c.) planas kartinas izraisa
piecaugosu interesi ka perspektivi materiali informacijas optiskam ierakstam un apstradei.
Biitiskas optisko 1pasibu foto inducétas izmainas, ka lauSanas koeficienta (An lidz 0.8),
viskozitates, mikrocietibas un zonas platuma izmainas (AE, lidz 0.4eV), Sajos materialos dod
iespgju veikt ka fazu ta arm amplitidas ierakstu planas kartinas. Foto induc€tas izmainas
halkogenidu pusvaditajos saistitas ar kimisko saiSu transformaciju, kas arT nosaka So materialu
augsto izgkirSanas spéju (~10* mm™) [1-2]. Sis uzskaititas lictas ari padara amorfos
halkogenidus ka konkurétsp€jigus materialus gan optiskajam ierakstam holografija, gan
virsmas reljefa optisko elementu veidoSana nanolitografija, gan datu parraidé un uzglabasana
informacijas tehnologijas [3-4]. Nesenie pétjjumi rada, ka gaismas iedarbiba mikstos
materialos (ka amorfajos halkogenidos) veidojas ievérojamas deformacijas [5], kas saistitas ar
to jutibu pret starojumu. Sis process ir atgriezenisks un iegiitas deformacijas nav blivuma
efekts, jo ierakstu ir iesp&jams dzest gan termali- izkars€jot [5], gan arT optiski- izgaismojot
[6] paraugu. Uz §is paradibas pamata ari balstds promocijas darbs, kura meérkis ir izpétit
amorfo halkogenidu jutibu pret gaismu. Ka viena no izptes metodeém tiks izmantots tieSais
holografiskais ieraksts, t.i., virsmas reljefa jeb holografisko rezgu veidosana halkogenidos
tiesi ieraksta laika bez jebkadas papildus apstrades ka, pieméram, kodinasanas. Sis metodes
pilniga izstrade paver plaSas pielietojuma iesp&jas optisko elementu razo$ana un pielietoSana,
ka ari jaunu un inovativu tehnologiju ievieSana. V&l joprojam daudz interesantas paradibas
amorfajos halkogenidos nav labi izprastas un izskaidrotas mikroskopiska Iimeni [7-8], un
tapeéc S§1 darba uzdevumi biis tieSi saistiti ar So procesu izpé€ti. Darba tiks apzinata ieraksta
efektivitates atkariba no ta parametriem (intensitates, polarizacijas) un ieraksta apstakliem,
iegiitajam nanostruktiiram tiks pétitas to optiskas 1paSibas- caurlaidiba, atstaroSanas,
difrakcijas efektivitate u.c. legiitas struktiras tiks skatitas ar atomsp&ku mikroskopijas

palidzibu, nosakot to formu un izméerus.

Darbs satur 96 lappuses ar 69 atteéliem un 2 tabulam. Tas sastav no ievada, 5 nodalam un

nobeiguma ar secindjumiem. Pirmas tris ir literattiras apskata nodalas.



ANNOTATION

Amorphous chalcogenide semiconductors (As-S, As-Se, Ge-S, Ge-Se e.g.) thin films
causes increasing interest as promising material for data optical recording and processing.
Significant changes of photo-induced optical properties, such as the refractive index (An to
0.8), viscosity, micro hardness and bandgap changes (AEg to 0.4eV) in these materials make
it possible to perform phase as well as amplitude recording thin films. Photo-induced changes
in chalcogenide semiconductors are related to the transformation of chemical bonds, which
determines the high resolution (~10* mm™) [1-2] of the material. The listed things are those
that make amorphous chalcogenides as competitive materials for optical recording in
holography, as well as in making optical elements of the surface relief in nanolithography,
and also in data transmission and storage in information technology [3-4]. Recent studies have
shown that soft material (such as amorphous chalcogenide) exposure to light forms a
significant deformation [5], which is associated with the susceptibility to radiation. This
process is reversible and the obtained deformation is not a density effect, because the entry
can be deleted thermally - by heating [5], as well as optically - by illuminating the sample [6].
The dissertation is based on this phenomenon, which objective is to do a research on the
amorphous chalcogenide susceptibility to light. As one of the research methods, a direct
holographic record will be used, i.e., creating surface relief or holographic grating in
chalcogenides directly during the recording without any additional processing, like etching.
Complete development of this method opens wide range of usage possibilities in optical
element production and utilization, as well as in introduction of new and innovative
technologies. There is still a lot of interesting phenomena in amorphous chalcogenide that are
not well understood and explained in a microscopic level [7-8] and so this work will be
directly involved in the process of research. Record efficiency dependence from its
parameters (intensity, polarization) and recording conditions will be examined, recording
process in microscopic level will be explained. Optical properties for obtained nanostructures
will be studied, such as transmission, reflection, diffraction efficiency, etc. The obtained

structures will be viewed by atomic force microscopy, determining their shape and size.
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BIEZAK LIETOTO APZIMEJUMU UN SAISINAJUMU
SARAKSTS

DE — Difrakcijas efektivitate;

n — Difrakcijas efektivitate [%];

AFM — Atomspeku mikroskops (no ang/u val., Atomic Force Microscop);
He-Ne — Helija-Neona (lazers);

SRG - virsmas reljefa rezgis (no anglu val.,Surface Relief Grating);
spin-coating — kartinas rotacijas uzklasana;

blade-coating — kartinas lieSanas uzklaSana;

DOKS — Dekarta ortogonala koordinatu sistéma;

Nd:YAG — kristals (Nd:Y3Als0,;) lazera aktivajai videi;

CW — nepartraukta reZima (lazers).



VISPARIGAIS DARBA RAKSTUROJUMS

Pedeja laika tiek aktivi pétita dazadu gaismas jutigu materialu virsmas reljefa foto
inducétas izmainas, kas paver iesp&ju strukturétu virsmu (difrakcijas rezgi, litografijas
maskas, uz rezgiem bazgti rezonatori, filtri vilpvadiem, spektrometri utt.) iegtiSanai atteikties
no sarezgitas kimiskas kodinasanas apstrades. Tiesa jeb foto inducétas virsmas reljefa ieraksta
metode ir arT viena no perspektivakajam virsmas strukturéSanas metodém dazados gaismas
jutigos materialos. Gaismas intensitates gradienta dé] ir iesp&jams iegiit virsmas struktiiras,
kuras biitu daudz griitak ieglistamas kodinasanas cela vai kada cita apstrades veida. Darba tiks
apskatits tieSais ieraksts amorfajos halkogenidos (As-S, As-S-Se u.c.), ka arT salidzinats tas ar
attiecigo ierakstu organiskajos gaismu jutigajos materialos. Galvenais uzsvars tiks likts uz
iespgjamo virsmas reljefa veidoSanas modelu apzinaSanu, kas balstas uz foto inducéta

plastiskuma bazes.

Darba merkis

Darba mérkis ir padzilinati pétit amorfo materialu plano kartinu mehanisko un optisko
1pasibu izmainas optiska starojuma iespaida, pieverSot uzmanibu starojuma vilpa garumam,
intensitatei un polarizacijai.

Promocijas darbs biis magistra studiju laika sakto p&tijjumu turpinajums, kur vairak tiks
pieversta uzmanibu tiesi fizikalajai interpretacijai un procesu izskaidro$anai. Magistra un
bakalaura laika izmantota metodika, iegiitie rezultati un apskatita literatiira biis Joti noderiga

un tiks izmantota ka pamats promocijas darbam.

Darba uzdevumi

Lai sasniegtu darba mérki, nepiecieSams veikt $adus uzdevumus:

1. legtt amorfo halkogenidu (As-S, As-S-Se un Ge-Se savienojumi) planas kartinas ar
vakuumuzputinasanas iekartu,

2. lIzpétit kartinu optiskas 1pasibas un parbaudit tiesa ieraksta iesp&jas tajos;

3. Gan teoretiski, gan eksperimentali izpétit daudzstaru tie$a holografiska ieraksta
iesp&jas amorfajos halkogenidos;

4. lIzpetit tieSo holografisko ierakstu amorfas halkogenidu kartinas ar dazadu vilpa
garuma gaismu, ka arT izpéetit ieraksta atkaribu no gaismas intensitates, polarizacijas
un paraugu mikstinaSanas temperatiiras;

5. Noteikt iegiito struktiiru formu un izmerus atkariba no dazadiem ieraksta parametriem;
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6. Teoretiski izpétit intensitates un polarizacijas sadalijumu holografiska ieraksta laika
un salidzinat dotos rezultatus ar rezgu ieraksta efektivitati;

7. Noteikt masas parneses virzienus holografiska ieraksta laika;

8. Izmantojot taisnstirveida gaismas intensitates sadalfjumu, izpetit tiesa ieraksta
iesp&jas un masas parneses virzienus pie dazadam gaismas intensitateém, polarizacijam

un ieraksta laikiem;

Pétijjumu metodika
Pieejama eksperimentala aparatiira:
e VakuumuzputinaSanas, spin-coating (rotacijas) un blade-coating (lieSanas) iekartas
dazadu paraugu iegtiSanai,
e Augstas kvalitates optika (spoguli, vilnu plaksnites, prizmas, polarizatori u.c.) un optikas
turétaji no Standa;
e OPHIR digitalie jaudas/energijas meritaji;

e Aerotech plasa diapazona datorvadams xyz galdins.

Tiesa ieraksta eksperimentiem:
o lerakstam: Nd:YAG Verdi-8 532nm lazers (0.01 — 8.00W ar 0.01W soli);
e Rezonanses frekvences dubultotajs CW lazeriem: Standa FD-SF-07,
e Citi CW un impulsu lazeri ar vilpa garumu: 325nm, 441.6nm, 488nm, 514.5nm, 632.8nm

u.c.- ieraksta kvalitates nolasiSanai un/vai ierakstam.

Rezultatu apstradei:
e Ocean Optics augstas izskirtsp€jas spektrometrs HR4000CG-UV-NIR,;
e Augstas iz8kirtsp&jas optiskais mikroskops ECLIPSE L150;
e Autoprobe CP atomspéku mikroskops;
e Literaturas analize;

e Teorétiskie aprekini.

Darba struktura

Amorfu materialu kartinu iegtisanai tiks izmantota CFI pieejama vakuuma putinasanas
iekarta. Ar interferences metodi tiks kontroléts kartinas biezums, kas biis robezas no daziem
desmit nanometru lidz 10um. Par putinamas kartinas sastavu tiks izv€l€ti jau ieprieks
magistra studiju laika sevi labi pieradijusie As-S un As-S-Se savienojumi, ka arT tiks mekl&ti

8



jauni, pietiekoS§i nepétiti savienojumi (piem., Ge-S u.c.). Salidzinasanas nolikos un lai
papildinatu apliikoto paraugu klastu, tiks iegiiti arT organisko azo-savienojumu planas kartinas
ar spin-coating metodi. Sie savienojumi ari ir pietieckami gaismas jufigi, bet to kimiskais
sastavs un optiskas/mehaniskas 1pasibas liela méra atSkiras no halkogenidiem, tadgjadi tiesa
ieraksta gaita un taja notickoSo procesu interpretacija varétu nebiit tada pati ka halkogenidos.
Iegiito kartinu virsmas strukturéSanas eksperimentiem tiks izmantota salidzinoSi jauna
un Vel pilniba neizpétita ieraksta metode, .i., virsmas strukturéSana halkogenidos un citos
materialos tie$i staro$anas laika. ST metode paver iesp&ju strukturétu paraugu iegisanai
neizmantot papildus apstrades posmus, pieméram, kodinasanu, kas savukart samazinatu
nepieciesamo izejvielu klastu gatavo optisko elementu iegiiSanas procesam un ieverojami
samazinatu kopéjas izmaksas. ST metode sevi ir jau labi pieradijusi bakalaura un magistra
studiju laika un ir Joti efektiva doto mérku sasniegSanai. Procesa izstradne un atteikSanas no
sarezgitas kimiskas kodinasanas bitu liels solis strukturtu virsmu iegtisanas tehnologiju
uzlaboSanas virziena. Darba tiks aprakstits gan vienmérigd apgaismojuma un noteikta
platuma/dziluma holografiskie rezgi (divu koherentu gaismas avotu interference), gan ari
sarezgitas 3D gaismas polarizacijas atkarigas struktiras (tris un vairak koherentu gaismas
avotu interference), kas tiks iegiitas ar optiskas litografijas palidzibu un nekodinot paraugu.
Izmantojot dazadas attelu iegiiSanas metodes, ka ari iegiistot virkni optisko 1pasibu
raksturojoSus parametrus (caurlaidiba, atstaroSanas, difrakcijas efektivitate un to spektralas
atkaribas), darba noslédzoSais posms sastavés no iegiito struktiiru optisko un reljefa Tpasibu
izp&tes un taja notikusSo izmainu fizikalas interpretacijas. Tiks ar izveidots 2D un 3D datora
vizualizacijas modelis lidz Sim v€l nekur neapskatitam elektriska lauka un intensitates
sadalfjumam koherentu gaismas staru interferences gadijuma. Sajos paraugos ieraksts ir
atgriezenisks (apskatits magistra darba)- to ir iesp&jams dz&st un atkartoti ierakstit, lidz ar to
Saja darba uzsvars tiks likts uz iesp&jamo virsmas reljefa veidosanas modelu, kas balstas uz

foto induceta plastiskuma bazes, apzinasanu.

Darba zinatniska novitate

Sakara ar virkni gaismas induc€tajam izmainam fotorezista kimiskaja sastava, ka ari
viskozitates, absorbcijas un atstaroSanas izmainam (piem., [9-10]) amorfie halkogenidi ir
konkuret sp&jigi materiali optisko elementu razoSanai. KodinaSanas cela §is foto inducétas
izmainas rezista materiala lauj aizvakt specifiskus plana parauga apgaismotos regionus,
iegiistot nepiecieSamo strukturéto elementu. Kimiska kodinasana ir diezgan sarezgits un dargs
process, kas katram materiadlam piemeklgjams individuali. Sis financialais faktors virsmas

reljefu elementu razoSana (rezonatoriem, filtri vilpvadiem, difraktometriem, spektrometriem
9



u.c.) ir devis vienu no galvenajiem impulsiem Chomat ([11] 1976. gada) iesakto tiesa ieraksta
petjumu turpmakai izmekl€Sanai un izskaidroSanai amorfajos halkogenidos un ari citos
gaismu jutigos materialos. Turklat [idzas ar lazeru un izmantojamas optikas attistibu interese
par gaismas un vielas mijiedarbibu palielinas eksponenciali. Visbiezak virsmas reljefa
elementu veidoSanas un izp€tes pieeja ir saistita ar interferometrisku vai holografisku optisko
shému un apgaismojumu, kas tuvs absorbcijas sliecksnim.

Pedgjo gadu laika zinatnieki peta vairaku veidu gaismas inducé€tas izmainas gaismu
jutigos materialos. Saja darba apskatisim dazus to piemérus, ieguvumus un problémas, ar
kuram jasaskaras un jamekI€ risinajumi. Virsmas reljefa veidosanas tiesi holografiska ieraksta
laika [12-15] apstiprina no gaismas polarizacijas atkarigu masas pérnesi, bet dél periodiskuma
nav iespéjams pateikt neko vairak par masas parneses virzieniem. ST procesa izskaidrosanai
arT tiek lietota cita shéma — 1€cu sisteéma jeb viena fokuséta stara ieraksts (piem., [16-17]). Ta
ka ieraksta laika ir nov€rojama nepartraukta masas parnese, $ada veida eksperimentos
ieregulétais fokuss nepartraukti maina savu atrasanas vietu un ieraksta laika parvietojas, kas
noved pie griti interpret€jamiem rezultatiem (ka paradits [18-19]). Lai samazinatu iesp&jamos
klidu avotus, kas rodas no intensitates gradienta normalvirziena (perpendikulari pret
paraugu), ir jaizmanto gaisma, kas $aja virziena ir ar vienmerigu intensitates sadalijjumu jeb
bez intensitates gradienta. Ir virkne eksperimentu, kur tas ir iev@rots: kontaktmaskas
izmantoSana [4, 20], brivi stavoSas plaksnites vai dazadu veidu plaisu anizotropas
deformacijas no vienmériga apgaismojuma [21-23] vai koherentu staru interferences
eksperimenti (piem., [9, 24]). Visos $ajos gadijumos tika noverots, ka reljefa vai deformaciju
veidoSanas ir butiski atkariga no izmantotas gaismas polarizacijas. Tatad ir iemesls ticet, ka
visam pamata ir foto inducéta dubultlausana, kas tiek aktivi petita gan amorfajos halkogenidos
[25], gan arT dazadu veidu polim&ros [26-28]. Ir bitiski turpinat pétit gaismas induc&tos
procesus un pilnveidot tiesa ieraksta procesu, lai biitu iesp&jams ieviest jaunas un inovativas

tehnologijas.

Darba apjoms un struktira

Darbs satur 96 lappuses ar 69 atteliem un 2 tabulam. Tas sastav no ievada, 5 nodalam,
nobeiguma ar secindjumiem. Pirmas tris nodalas ir veltitas literattiras apskatam.

Pirma nodala tiek aprakstiti amorfie halkogenidu pusvaditaji, to struktiira un optiskas
Ipasibas, iesp&jamie foto inducétie procesi un to mehanismi. Savukart otra nodala apliko
vilnu optikas pamatelementus, ka vilnu vienadojumu, gaismas intensitati, jaudu, energiju un
interferenci. Tresa nodala tiek veltita holografiskajam ierakstam- tiek noskaidroti galvenie

hologrammu veidi un holografisko rezgu galvenie parametri. Ceturtaja nodala tiek aprakstitas
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tiesa ieraksta izp&tes metodes, ka arT p&tijumu metodika un piektaja nodala tiek apkopoti gan
eksperimentalie, gan teorétiskie promocijas darba rezultati.
Nobeiguma un secinajumos ir apkopoti promocijas darba rezultati, iztirzati izvirzitie

darba uzdevumi un noformuléti secinajumi.

Aizstavamas tezes

1. Efektivakais tieSais holografiskais ieraksts amorfas halkogenidu planas kartinas
iespéjams gadijumos, kad ierakstoSie stari ir ar -45 un 45 gradu polarizaciju vai ar
pretéji cirkularu polarizaciju;
izmantojot papildus nekoherentu vienmérigu apgaismojumu;

3. Masas parnesi nodroSina gaismas elektriska lauka intensitates gradients, un masas
parneses virziens ir atkarigs no gaismas elektriska lauka intensitates gradienta un
elektriska lauka virziena savstarpéja novietojuma;

4. TieSajam holografiskajam ierakstam ir iespéjams noteikt aktivo ieraksta dzilumu
jeb optimalo kartinas biezumu, salidzinot ierakstus no kartinas un pamatnes (stikla)
puses.

5. Sauras spraugas jeb taisnstiirveida gaismas instensitites sadalijuma izmanto$ana
tieSajam ierakstam dod iespéju modelét holografiskas iekartas viena atseviska

perioda ierakstu gaismu jutiga materiala.

Darba aktualitate un pétijuma novitate

Atra, viena sola un atgriezeniska virsmas tie$a strukturé$ana ir atklata un tiek aktivi
pétita dazados gaismu jutigos materialos, bet ta fizikala interpretacija un pilnigs ieraksta
mehanisma modelis nav vél pilniba saprasts (sikak skatit 1.3.4. sadalu). ST procesa pilniga
izzinaSana sniedz plaSas pielietojuma iesp€jas dazadas iekartas gan virsmas nano/mikro
strukturé8anai, gan arT ka jau gatavas sastavdalas iekartu sastava. legiitie rezgi jau ir tikusi
demonstréti ka optiskie polarizatori [29], lenkiskie vai spektralie filtri [30-31], parejas
optiskajam iericem [32], difraktometros, spektrometros un citas ierices. Tiek piedavati ari
risindjumi fotoniskajiem kristaliem [33] un ar1 tiek izmantoti lazeru razosanai, kur vilpa
garums ir mainams atkariba no rezga geometriskajiem parametriem [34-35]. Tie$a ieraksta
tehnika, protams, var tik izmantota arl datu uzglabaSanas iericés [36]. Atrs, viena sola tieSais
holografiskais ieraksts tiek piedavats ka risinajums momentanu hologrammu veidos$ana [37]

(no anglu val., instant holography), kas noteikti var atrast praktisku pielietojumu dazadas
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sferas. Sie ir tikai daZi varianti no iesp&jam, ko sp&j dot vai uzlabot tie$as ieraksta metodes un
tapec tas ir tik svarigi, lai turpinatos §1 procesa pilnigaka izp€te. Ari Sis promocijas darbs ir
veltits tiesa ieraksta iesp&ju padzilinatai izp€tei gaismu jutigos amorfos halkogenidos. Darba
petijumu novitate ieklauj sevi sekojosas dalas:

o Attelota tiesa holografiska ieraksta dz€Sana ar to pasu ieraksta iekartu, parbidot
interferences ainu par pusi no ta perioda;

e legiits daudzstaru (trTs un Cetrstaru) interferences jeb holografiska ieraksta intensitates
sadaltjums plasa interfergjoso gaismas avotu polarizaciju diapazona, ka ar1 caurskatami
att€lots dota teorgtiska modela iegiisanas process;

e Pirmo reizi ir iegtita detalizéta divstaru tiesa holografiska ieraksta efektivitates atkariba
no papildus apgaismojuma, ta intensitates un polarizacijas, ka ar1 iegiita atkariba no
ierakstoSo staru polarizacijam ar un bez papildus apgaismojuma;

o legiits detalizéts divstaru interferences jeb holografiska ieraksta intensitates, ka ari
polarizacijas sadalijums plasa interferéjoSo gaismas avotu polarizaciju diapazona un
izanaliz€ts dota intensitates sadalijuma polarizacijas spektrs, ka ar1 caurskatami attélots
dota teoretiska modela iegliSanas process;

e Izskaidrots masas parneses process holografiska ieraksta laika, pamatojoties uz
materiala fotoinducgto dubultlausanu un difrakcijas efektivitates kopsakaribam;

e Pirmo reizi veikti masas parneses eksperimenti, izmantojot taisnstirveida gaismas
intensitates sadalijumu, kas ieglits no Sauras spraugas;

e Jeglts detaliz€ts taisnstlirveida gaismas instensitates sadalfjuma tiesa ieraksta
eksperimentu apkopojums pie dazadam gaismas intensitates gradienta un/vai papildus

apgaismojuma polarizacijam, intensitatém un ekspozicijas laikiem

Aprobacija
Promocijas darba saturs ir atspogulots sekojoSos recenz€tos zinatniskajos Zurnalos, kas

atrodami bibliografiskaja datubaze SCOPUS:
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SPIE, Vol.8836, (September 2013), 88360X;

2. U.Gertners, J.Teteris, Photo-induced Mass Transport in Thin Films of Amorphous As2S3,
Physics Procedia, Vol.44, (May 2013), 45 — 51;

3. J.Teteris, M.Reinfelde, J.Aleksejeva, U.Gertners, Optical field-induced mass transport in soft

materials, Physics Procedia, Vol.44, (May 2013), 151 — 158.
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1. AMORFIE HALKOGENIDU PUSVADITAJI

1.1. Halkogenidu pusvaditaju savienojumi

Halkogenidu pusvaditajus veido VI. grupas elementi (S,Se,Te, jeb halkogénu), kas ir
kovalenti sasistiti ar blakus V. grupas (P, As, Sb, Bi) vai ar1 ar IV. grupas (Si, Ge)
elementiem. Halkogenidi var biit divu, trTs un vairaku elementu savienojumi. Ka piemeru var
minét As-S, Ge-Se, As-Se, As-S-Se, As-Te-Si-Ge u.t.t. Tie var atrasties ka kristaliskaja, ta art
amorfaja stavokli (sk. 1.1., 1.2. att.) [38].

1.2. Struktiira un optiskas ipasibas

Vielas amorfais stavoklis ir ciets agregatstavoklis ar tai piemitoSam sekojosam
1pasibam:

1) raksturiga fizikalo (optisko, elektrisko, mehanisko) un formas 1pasibu izotropija jeb
neatkariba no virziena, tai raksturiga lizuma Iinijas neregulara forma.

2) nav precizas stikloSanas temperatiiras, bet gan temperatiiras intervals, kur ta pariet
no Skidra agregatstavokla cieta.

Sis divas mingtas ipasibas ir pilnigi pretéjas kristaliska stavokla ipasibam, lidz ar to
amorfam stavoklim ka sinontmu lieto terminu nekristaliskais stavoklis. Ta ka stikls ir viens no
tipiskajam amorfam vielam, tad $adu stavokli médz saukt ar par stiklveida stavokli, bet tas
nav pilniba korekti. Par stiklveida vielam uzskata tikai tas amorfas vielas, kuram struktiira
amorfa stavokli ir lidziga ar vielas Skidra stavokla strukttru.

Amorfam vielam nav raksturiga tala kartiba, jeb noteiktu atomu vai atomu grupu
periodiska atkatrosanas (kristaliskam vielam ta ir uzbiives pamatipasiba). Savukart amorfam
stavoklim piemit tuva vai arT vidéja kartiba, kas raksturo atomu sakartotibu attiecigi 3-5 A vai
5-20 A attaluma. Tas nozimé, ka amorfai vielai nav regulara atomu rezga. Krisktalaiskai
vielai ar lielu defektu skaitu var arl nebiit reguldra atomu struktiira. Vidéja kartiba (3-5 A
attalumos) raksturo vielas sakartotibas pakapi, ja tas nav, tad amorfa viela Iidzinas

pardzesétam Skidrumam (sk. 1.4. att.) [39].
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(a) (b)

1.1. att. A,B; kristaliskas struktiiras atomu izvietojums divdimensionala telpa
(a) un tas vienkarsotais att€lojums (b) [38]

(@) (b)

1.2. att. A,B; amorfas (stiklveida) struktiiras atomu izvietojums
divdimensionala telpa (a) un tas vienkarsotais att€lojums (b) [38]

Ar1 Skidrumiem, kur dalinas var apmainities vietam, piemit tuva kartiba, tapéc arl
amorfas vielas biezi tiek uzskatitas par pardzesetiem Skidrumiem ar lielu viskozitates
koeficientu (1.4. att.).

Amorfo un kristalisko vielu atomstruktiiras raksturojumam izmanto §adus parametrus:

1) koordinacijas skaitlis jeb tuvako kaiminu (atomu) skaits;

2) valences lenkis;

3) saites garums jeb attalums no kada atoma [idz ta kaiminam,;

4) atoma valence.
Atskiriba no kristaliska stavokla, amorfam stavoklim Sie parametri nav konstanti, bet mainas
pa noteiktiem apgabaliem vai atkariba no vielas sakartotibas pakapes [38-40].

Amorfas struktiiras tuvo un vid&jo kartibu var aprakstit ar tadu struktiras raksturlielumu
ka molekulara struktiiras vieniba. Sadu elementu kopa veido amorfo struktiru (1.2. att.).
Salidzinot 1.1. un 1.2 att€lus redzam,ka amorfam vielam valences lenki sazadas savienojuma
vietas nedaudz atSkiras, kas nojauc vielas talo kartibu. Varbutibu sadalijuma funkcijas

molekularo gredzenu un valences lenkiem ir att€lotas 1.3. attela.
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Ir iesp&jamas tris parejas vielai no skidra stavokla cieta (sk. 1.4. att.):
1) termodinamiski stabila kristaliska stavokli (V veida);
2) pardzeseta termodinamiski nestabila Skidra stavoklt (III veida);
3) amorfa termodinamiski nestabila cieta stavokli (I un II veida).

Viela no pardzeseta Skidruma stavokla var pariet gan stabila kristaliska stavokli, gan
nestabila amorfa stavokli. Kada pareja realizésies, nosaka dotas vielas tendence amorfizéties.
Sis paradibas iemesli vél lidz §im nav pilniba noskaidroti. K& viens no iemesliem vielai
amorfizeties ir atomu koordinaciju skaitlu un valences dazadiba cietviela. Vielas amorfais
stavoklis ir metastabils stavoklis, $ada stavokla relaksacija ir ]oti ilga (sakot ar tukstosgadi).

Tikai dazas vielas atrodas vienigi amorfa stavokli, un tikai dazas var atrasties ka
kristaliskaja, ta ar1 amorfaja stavokli (atkariba no dotajiem apstakliem). Lielakai dalai vielu
amorfo stavokli ieglt ir loti sarezgiti vai ar1 vispar nav iesp&jams. Atkariba no amorfas vielas

iegiiSanas pan€miena mainas to struktira.

(a)

P(n)
P(a)

(b) _I—I_

V. 7 7

3 4 i & 7 g 9 80 100 120 140

1.3.att. Varbiitibu sadalijums amorfo vielu molekularo gredzenu lielumam As,S; (a) un
halkogéna valences lenkiem (b) [38]
Uz ordindatu asim attélota dota varbiitiba un uz abscisa asim attiecigi molekularo gredzenu
lielums un halkogéna valences lenkis

Tilpums (V)

Temperatira (T)

1.4.att. Shematiska ilustracija vielas tilpuma izmainai atkariba no temperattras [39]
- stikls lenas atdzisanas gadijuma, 1I- stikls atras atdzisanas gadijuma,
1II- pardzesets skidrums; 1V- Skidrums; V- kristaliska viela.
T,- stiklosandas (mikstinasands) temperatira, T,- kusanas temperatiira
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Amorfo vielu iegiiSanas panémienus var iedalit sekojosi:

1) uzputinot vielu uz pamatnites;

2) kimiskas reakcijas;

3) atdzesgjot vielas Skidro stavokli;

4) dazadi iedarbojoties uz kristaliskiem materialiem (starojums, mehaniska

deformacija, u.c.).

Planas kartinas ieglist ar pirma veida metodi, bet ar tresa veida - stiklus. Vienas vielas
paraugi, kas iegiiti uzputinot vielu uz pamatnes un atdzesg€jot vielas skidro stavokli, atSkiras
sava starpa pec to struktiiras [39].

Amorfos pusvaditajus parasti iedala divas klas€s: Si-veida ar nesakartotu telpiska rezga
struktliru un Se-veida - izteikti slagainu strukttru [41]. Se-veida amorfiem pusvaditajiem ir
Se, veida (n robezas no 2 lidz 8) molekularie gredzeni. Sadu gredzenu koncentracija dazados
materialos (pieméram, stiklos un planas kartinas) ir butiski atSkiriga. Savukart Si-veida
amorfie pusvaditaji raksturojas ar neregularu atomu reZgi un koordinacijas skaitli 4. STm
amorfam vielam piemit stipra tieksme kristalizéties un So stavokli nevar iegiit atdzesgjot
skidrumu. Si-veida amorfos pusvaditajus iegist plano kartinu veida uzputinasanas cela. S
materialu klase ir I1dziga amorfajiem metaliem, kuriem arT ir stipra tendence kristaliz&ties jau
pie istabas temperatiiras.

Par stikliem sauc tadas amorfas vielas, kas tiek iegiitas atdzesgjot Skidrumu. STm vielam
parasti ir mazaka tieksme kristaliz&ties jeb ir stabilakas salidzinot ar vielam, kuras iesp&jams
iegiit tikai uzputinaSanas cela. Sildot Sadus stiklus, tie sasniedz vielas Skidro stavokli bez
jebkadam krasam ipaSibu izmainam. Tomér tiem stikloSanas temperatiiras Ty, sasniegSana
raksturojas ar II veida pareju (sk. 1.4. att.). Sis parejas laika vielai samazinas viskozitate (ta
kliist mikstaka), pieaug tas termiskas izplesanas koeficients un ari siltumietilpiba. Sis vielas

lielakoties ir pusvaditaji vai dielektriki, piem., Se, As,Ses u. c. [39]
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Optiskas absorbcijas robezu halkogenidos
Vilna garums (nm)

raksturo absorbcijas koeficients o (sk. 1.5. 1240 620 413
att.). Spektru o(v) ir iesp&jams sadalit tris 1 I |
dalas [40]: 1
kur o > 10%cm’”, spektru iesp&ams = E
aprakstit ka pakapes funkciju = X
(7] E
a(v)oc(hv—EgT)”z, 1-1 5 T
(%] 3
4 -1 0 -1 S D i
kur 10°cm™ > a > 10°cm’, spektru iesp&jams 2 3
W
aprakstit ka eksponentes (Urbaha likums) % 3
= - 5 1
funkciju ) 3
F=| 3
h = ~ 1
1% 3
a(v) o« exp{—} 1-2 3
E, ;
o 3
un, kur a < loocm'l, ir noverojama vaja ‘,ﬁj] . 2' L é
absorbcijas aste, kas arT aprakstama ar Fotonu energija (eV)

1.5.att. Optiskas absorbcijas Iiknes As,S; pie

eksponentes funkcij
p Ju istabas temperattras [40]

hv Nepartraukta un partrauktd linija rada
a(v) o« exp E_ . 1-3 absorbcijas spektru dazadiem paraugiem, apli
w rada iegiitos rezultatus izmantojot konstantas

% . _ . _ NPT otostravas metodi
Seit ari tiek definéts aizliegtas zonas J

platums Eg , kur§ As,S; pie istabas

temperatiiras ir Eg =2,36 £0,02¢V. Savukart £, 50meV un £, =250meV.

Halkogenidi ir caurspidigi IR vilpu apgabala. Binariem amorfiem halkogenidiem piemit
pusvaditaju 1paSibas- to aizliegtas zonas platums (E,) ir no daZiem eV lidz to desmitdalam

(atkariba no vielas sastava).

1.3. Foto inducétie procesi amorfajas halkogenidu
pusvaditaju planas kartinas

Optiska starojuma iedarbida amorfas halkogenidu pusvaditaju kartinas tiek inducétas
vesela virkne fizikalkimisko Tpasibu izmainas. Ir iesp&jams noverot fotovadamibu,
fotoluminiscenci, mehanisko un kimisko ipasibu izmainas, ka ar1 optisko ierakstu, u.c. Visus
Sos foto induc@tos procesus izsauc absorbéta gaisma. Tas attiecas ka uz fotorefraktiviem
(lausanas koeficienta n izmainas 4n ), ta arm uz fotohromiem (absorbcijas koeficienta a

izmainas Aa) un fototermiskiem procesiem.
pAV)



Gaismas  absorbciju  halkogenidos

define Bugera-Lamberta likums (1.6. att.)

[42]:
I=1,e" 1-4

Iy, I — krito$as un caurizgajusas gaismas .
intensitate; — 174 I
d- absorbgjosa slana biezums; // 0
U~ linearais absorbcijas koeficients. .-a—-"
Praks€ doto likumu biezi izmanto forma: 1.6. att. Gaismas absorbcija materiala

I=1,. 1 0_”'“‘1, Kur u' = 0.4343 1. (Bugeéra-Lamberta likums)
Attieciba £l =T tiek saukta par caurlaidibas koeficientu.

0
Savukart, kvantitativiem aprékiniem izmanto optisko blivumu:
D=1g(l/1,)=u',d, kurd-parauga biezums. 1-5

1.3.1. Fazu parejas amorfajos pusvaditajos

Amorfie pusvaditaji atrodas metastabila jeb nelidzsvarota stavokli. Grafika (1.7. att.) ir
att€lota brivas energijas atkariba no vielas atomaras konfiguracijas materiala. III stavoklis
att€lo minimalas brivas energijas limeni, kas $aja gadijuma atbilst kristaliskajam stavoklim.
Pargjie stavokli ( I, II utt) att€lo lokalo jeb Skietamo energijas minimumu, kas atbilst vielas
metastabilam stavoklim. Katra iek$€jas energijas vértiba atbilst dazadam metastabilam
stavoklim. Sie stavokli ir atkarigi no dazadiem amorfo pusvaditaju iegfi§anas vai veidoSanas
procesiem. Sie metastabilie stavokli ir atdaliti no III stavokla ar energijas barjeram. Aréjo
iedarbibu rezultata, piem&ram, optiskas, termalas, mehaniskas vai elektriskas iedarbibas
rezultata, vielai ir iesp&ja no metastabila stavokla noklut kristaliskaja stavokl.

Optiskam ierakstam amorfo pusvaditaju materialos tiek izmantotas fazu parejas (1.7.
att.). Parejas amorfais stavoklis < kristaliskais stavoklis (piem., II <> III) visbiezak izmanto
reversivam ierakstam. Abi Sie stavokli ir pietickami stabili, lai novérotu pareju, ir
nepiecieSsams pievadit noteiktu energiju. Sakuma stavokli vielu var atgriezt to sildot (termiski
dz&€Sot) vai ar gaismas iedarbibu (optiski dzE€Sot).  Optiskam ierakstam amorfajos
halkogenidos biezi izmanto amorfa stavokla parejas (piem., amorfais stavoklis I <> amorfais

stavoklis IT). Sis fazu parejas ir atgriezeniskas, lai gan pirmais ieraksts ir visefektivakais [39].
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1.7. att. Fazu parejas amorfajos pusvaditajos [39]
I- sakotnejais amorfais stavoklis, I1- sakartotaki amorfie stavokli, 111- kristaliskais stavoklis

1.3.2. Foto inducéta nomelnosanas

Apstarojot amorfas halkogenidu kartinas, mainas to caurlaidibas spektrs (sk. 1.8. att.).
Caurlaidibas Itkne parbidas uz garako vilpu pusi un tiek noverota parauga foto inducéta
nomelno$anas. ST procesa rezultata mainas ari interferences ekstrémumu izvietojums. Kad
paraugs tiek izkarséts pie 7T, caurlaidibas spektrs parvietojas uz 1sako vilpu pusi, bet tas
neatgriezas sakuma stavokli. Caurlaidibas spektra izmainas tiek raksturotas ar spektra nobidi
pa energijas jeb vilpu garumu asi- AX, ka arT sakuma caurlaidibas kontrasta izmainu vértibu-
T)/T, un atgriezeniskas caurlaidibas kontrasta izmainu veértibu- 73/7,, ka ar1 lausSanas

koeficienta izmainam- An [43].

100~

T.%

| |
500 600 700

A,nm
1.8. att. Optiskas absorbcijas Iiknes izmainas foto inducéto procesu ietekme
As-S planas kartinas [43]
1 - jauns paraugs; 2 - paraugs péc gaismosanas ar Ar’ lazeru; 3 - paraugs péc gaismosanas un
izkars€Sanas pie T,
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Foto inducgtos procesus amorfos halkogenidos ietekm€ vairaki parametri: gaismas
intensitate, temperatiira, vielas sastavs un biezums, ka ari kritosas gaismas vilpa garums.
Paaugstinot vielas temperatiru, samazinas maksimali iesp&amais kontrasts, ka ari foto
inducétas nomelnoSanas gaismas jutiba. Process skaidrojams ar to, ka pie 7, tuvam
temperatiram notiek termiska foto induc€to centru sagrausana. Caurlaidibas spektra nobide
ar1 ir atkariga no vielas sastava attiecibam. Piem&ram, paaugstinot viela arséna daudzumu,
planas halkogenidu AsSe un As3;Se, kartinas pieaug 7,/7> un An, ka ar1 uzlabojas

reversivitate.
1.3.3. Polarizacijas ietekme foto inducetajos procesos

Ka jau ieprieks tika minéts, foto induc&tos procesus viela izsauc absorbéta gaisma. ST
paradiba amorfajos halkogenidos jau tiek pétita salidzinoSi sen. Bet visi Sie merijumi un lidz
ar to ari rezultati ir nepilnigi, jo tas nav apskatits no gaismas polarizacijas viedokla. Saja
apaksnodala tiks ieskic€ta un promocijas darba tiks uzskatami paradita polarizacijas

actmredzama ietekme $ajos foto induc@tajos procesos.
1.3.3.1. Optiski mehaniska deformacija

Paraugs sastav no viendabiga, sub-milimetru biezuma Si,N, plaksnites, kas no vienas
puses parklata ar As-S-Se kartinu (1.9. att.). Apstarojot So plaksniti ar polariz€tu gaismu, ta
noliecas uz vienu vai otru pusi, atkariba no krito$as gaismas polarizacijas. P&c apstaroSanas
partrauk3anas, paraugs ienem sakotn&jo formu. Sadu gaismas iedarbibu pirmais novéroja
Krecmers [44-45]. Seit janem véra ari tas, ka apgaismojums eksperimentu laika ir izvéléts
vienmérigs pa visu paraugu un polarizacijas jutigd noliekSanas ir mazaka par termalo
izpleSanos efektu par 1/5 — 1/10 [45-46]. Sadas deformacijas ieguvusi arf Asao un Tanaka,
apgaismojot tikai nepilnu 1/10 dalu no plaksnites [46].

EX
|/

5

A == | V-
—— 7

|
I
| = % x i
z d z
1.9. att. Shematiska ilustracija optiski mehaniskajam efektam [21]
(tumsi briinais reprezenté halkogenidu kartinu)
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1.3.3.2. Paliekosa optiski mehaniska deformacija

Lidzigi ka jau ieprieks apskatitajai deformacijai, tikai Soreiz ka paraugu izmanto As,S;
monoslani, kas tapat ir viena gala nostiprinats (1.10. att.). Tika izmantota As,S; plaksne ar
dimensijam 10x150x550um, kur biezums ~10um. 1.10. att€la redzam sanskata So
halkogenidu plaksniti, kurai kreisa puse ir fikséta.

Apstarojot paraugu ar vienmérigu lazera gaismu (2.4eV (~540nm), 400mW/cm?), kura
orient€ta pret parauga normali un tas elektriska lauka komponentes ir ortogonalas parauga
garakai malai (b), tieck nov€rota plaksnites deformacijas gaismas izplatiSanas virziena
(~15um/500um). Sis deformacijas ir lidzigas jau iepriek§ apskatitajam, bet tikai Soreiz
deformacijas ir paliekoSas (c). Tad, apgaismojot paraugu ar paral&li polarizétu gaismu (d),
paraugs deforméjas uz pretgjo pusi un ari paliek deforméta stavokli. Sis deformacijas ir
atkartojamas vairakas reizes un lidz ar to So tehniku ir iesp&jams izmantot dazadas atminas

ierices.

before illumination

-

interruption

25 min

1.10. att. As,S; parauga noliek$anas polarizétas gaismas ietekmé [21]
Parauga monoslanis ir redzams sanskata, tas kreisa puse ir fikséta
(a) un (c) attéli uznemti attiecigi pirms un péc apstarosanas, (b) un (c) attéli uznemti
apstaroSanas laika, attélos redzams ari elektriska lauka virziens un laiks no pirmas apstarosanas

24



NoliekSanas mehanisms ir loti spekulativs jautajums. Iespiesanas dzilums As,S; ir
aptuveni 50pum (2.3eV gaisma, absorbcijas koeficients a ~ 200 cm™, n= 2.7 pie fiw = 2.3eV).
Ta ka izveletais paraugs ir tikai 10um biezs, tad ir diezgan lieki runat par gaismas iespieSanas
dziluma efektu $aja zina. Pie tam polarizacijas atkariba un stabila noliece izslédz vairakus
efektus, kas saistiti ar termalo izpleSanos [21]. Tiek mingts arT fakts, ka polariz&ta gaisma rada
materiala anizotropu spriegumu, kas, dél parauga mikstinaSanas (pliistamibas), izpauzas ka

anizotropas deformacijas.

1.3.3.3. Plaisas deformacija

Trunovs ir atklajis foto induc€tu anizotropu plaisas deformaciju As,S; un citos
halkogenidos [22, 47]. Ka radits 1.11. attéla, vienmerigi apstarojot T-veida plaisu ar lineari
polariz€tu gaismu, noveérojam anizotropas deformacijas. Plaisa, kas ir perpendikulara kritosas
gaismas polarizacijai, sakuma stadija veidojot U veida deformacijas, kas vélak pariet uz M
veida deformacijam (1.11. att.). Savukart blakus esoSajai plaisai ievérojamas deformacijas
netiek noverotas. P&c 460min, pagriezot gaismas polarizaciju par 90 gradiem, tick nove&rota
ari otras plaisas deformacijas (1.11. att. (a) un (b)). Sads process tiek skaidrots ar anizotropu

foto inducéto mikstinasanos [48-49].

1.11. att. Anizotropa T-veida plaisas deformacija As-S kartinas [47]

Deformacijas iesp&jams iedalit ka U veida (pirma rinda) un M veida (otra rinda)
Apstarots ar 532nm lazeru (diametrs 500um), jauda ~350mW/cm’, plaisu dzilums viendads ar kartinas
biezumu (3um); pec 460min, pagriezot gaismas polarizdciju par 90 °, novero otras plaisas
deformacijas (b)
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1.3.3.4. Anizotropa M tipa deformacija

Saliminia u.c. ir pétijusi anizotropas deformacijas (M tipa) As,S; halkogenidos [25].
Istabas temperatira ar fokus€tu argona jonu lazera staru (514.5nm, f=95mm) tika apstarota
As;S; kartina, kur apstarotais laukums bija ar diametru ~50um. Pie apgaismoSanas energijas,
kas lielaka par 0.6kJ/cm® tika novérota reljefa modulacija (1.12. att.), kura sastavéja no
centralas ieplakas un uzkalniniem, kuru izvietojums bija atkarigs no krito$as gaismas

polarizacijas. Sie uzkalnini arT noradija krito$as gaismas polarizacijas virzienu.

(a)

Z 1200.000 nm/div

] 0
X 20.000 purdiv

(bl

¥
wonsduy) jo

()

(Swoueduy) Jmy

SN

Position (jum)
1.12. att. Anizotropa M tipa deformacija [25]
(a) polarizétas gaismas apstarotas vieta AFM bilde, jauda ~10mW, apstarosanas laiks ~480sek,
apstarotais laukums ~40-50um, (b) un (c) 2D profili attiecigi paraléli un perpendikulari gaismas
polarizacijai

Attela 1.12. (a) redzam parastu 3D profilu foto inducétai reljefa modulacijai. 2D profili-
(b) un (c) uzskatami parada uzkalninu veidoSanos (neveidoSanos) attiecigi paraléli un
perpendikulari krito$as gaismas polarizacijai. Deformé&ta laukuma lielums tika novérots
aptuveni tads pats ka kritosas gaismas diametrs [25]. Atkartojot eksperimentu ar cirkulari
polariz€tu gaismu, nekadas anizotropas paradibas netiek noverotas. Iegiits simetrisku virsmas

profilu ar vienmérigu uzkalninpu apkart ieplakai. Tanaka piedavatais skaidrojums Sim
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procesam balstas uz foto-elektronu-atomu mijiedarbi, jeb anizotropu foto-inducéto
iekSmolekularo sakartoSanos un tam sekojosu struktiiras relaksaciju [50].
Tiek noveroti ari veél citi foto inducéti anizotropi efekti amorfajos halkogenidu

pusvaditajos, kas ir 11dzigi jau apskatitajiem, tap&c tos Seit neaplikosim.
1.3.3.5. Fokusets un polarizéts stars, ta trikumi

Reljefa ierakstiem biezi tiek izmantota stara fokus€Sanas tehnika (arT ieprieks
aprakstitajam M tipa deformacijam). Sadi eksperimenti ir relativi vienkarsi realiz&jami un nav
nepiecieSami lazeri ar augstu koherenci. Ishitobi un citi 2008. gada [18-19] ir paradijusi, ka
fokus@ta stara izvéle reljefa ierakstam nebiit nav tas labakais variants no ieraksta izp&tes
viedokla- nezinot precizu fokusa atraSanas vietu, rezultats var biit neprognoz&jams.
Respektivi, ir paradits, ka stingri fokus€ta stara izveidotas virsmas deformacijas azo-
poliméros ir stipri atkarigas no fokusa atrasanas vietas (1.13. un 1.14. att.). Sajos attélos
redzam, ka, mainot fokusa attalumu no -5um (fokuss parauga iekSien€) Iidz +5Sum ar 1pm
periodu, ir iesp&jams iegiit visdazadakas formas struktiiras. Pirmais ieraksts tika veikts ar
fokusu Sum virs parauga (atziméts ar “+5” uz att€la) un tad periodiski fokuss tika bidits tuvak
paraugam par lum un veikts jauns ieraksts. Process tika atkartots Iidz fokusa attalums
sasniedza -Sum jeb Sum parauga ieksa. lerakstiem, kur fokuss bija virs parauga tiek noverotas

M tipa deformacijas, bet, fokusam atrodoties parauga iekSieng, tiek noveérotas W tipa

+5 +4 +3 +2

0 nm ~ _  ~ |
\ .’ . - 6of
‘ 40r el Film
— 20
R Gl
1 pm Pol. ¢ lass

+1 0 = 67 nm +500 nm =

o

2 40W . Film
. ‘ ’ ' i £ 0r
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Glass

0 nm -500nm 1
-2 E -4 5 O N ey Fim
2 0 Glass
- . . ) # 0 W
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1.13. att. AFM topografijas atteli dazadiem virsmas 1.14. att. AFM topografijas profils
reljefa deformacijas gadijumiem [19] polarizacijas virziena ka arT shematisks
Ieraksts veiktsPMA-DR1(Aldrich, T,=82C) ar 920nm stara fokusa un parauga att€lojums
gaismu, mainot lazera fokusa attalumu lidz vismai no - gadijumos, kad fokusa attalums Iidz
Sum (fokuss parauga ieksiené) lidz +5um ar 1 um paraugam ir vienads ar 0, +500 vai -
periodu, polarizacijas virziens atzimets ar bultinu, 500nm [19]
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deformacijas. Pie maziem fokusa attalumiem, kur ierakstitais reljefs salidzinams ar fokusa
attalumu (1.14. att.) situacija ir vél sarezgitaka, jo masas parneses rezultata fokusa attalums
biitiski mainas.

Turpmakos eksperimetos, analiz&jot rezultatus, §is visas lietas ir janem vera un péc

iesp&jas vairak jaizvairas no iesp&jamam divdomigam situacijam.

1.3.4. Foto inducéta masas parneses procesa iespéjamie mehanismi

Neskatoties uz to, ka ir iegtti salidzinoSi daudz tiesa ieraksta eksperimentu rezultatu
veselai virknei neorganisko materialu (tai skaita amorfos halkogenidu pusvaditajos) [1, 4-5, 7,
9, 11-12, 14-15, 21, 25, 51-65] ka art dazados gaismu jutigos organiskajos azo molekulu
savienojumos [16, 26, 66-76], pilnigs un visaptveros$s ieraksta mikroskopiskais modelis vai
mehanisms vél joprojam nav atrasts. Lidz Sim visko-elastiskais (jeb viskozas masas pliismas)
ieraksta modelis, tieSi neaprakstot mikroskopiskos spekus, ir loti labi sakritis ar
eksperimentali noverotajiem tieSajiem optisko ierakstu rezultatiem [77]. Vélak modeli tika
nemts vera kartinas biezums un atruma sadalfjums kartipas iekSiene [78-79], kas modelt
noteica ieraksta efektivitati jeb ieraksta dziluma atkaribu no kartinas biezuma. Nakamaja
uzlabojuma tika nemta véra foto-inducéta anizotropija [80], kas turpmak labi aprakstija
anizotropas deformacijas dazados eksperimentos [81]. Galigo elementu linearais visko-
elastiskais modelis sevi ietver arT galigu saspiezamibu [82], no kura izriet arT fakts, ka virsmas
spraigums darbojas ka pretspeks virsmas reljefa veidoSanai, kas savukart izskaidro ieraksta
piesatinajuma efektu. Visbeidzot, reljefa veidoSanas kin&tika jeb nelineara visko-elastiska
plisma un deformacijas tika iegiitas ar Sinas Monte Carlo simulacijas metodi [83-85]. Lai cik
labs butu visko-elastiskais modelis, tas tomér nedod prieksstatu par taja iesaistitajiem speékiem
un to dabu, Iidz ar to joprojam notiek aktiva petnieciba pie mikroskopisko spéku izcelsmes
materiala noskaidroSanas.

Saja dala tiks apskatiti popularakie modeli, kas, iesp&jams, apraksta foto induc&tos
spekus un to virzienus ka rezultata tiek noverota masas parnese kada noteikta virziena. Ta ka
tieSais ieraksts salidzinoSi vairak ir pétits organiskajos materialos, ar1 Sie modeli galvenokart
izveidoti balstoties uz organiskajiem azo savienojumiem, kurus ir iesp&jams ar1 visparinat uz

visiem gaismas jutigiem materialiem.

Asimetriskas difiizijas modelis
Vienkar$u anizotropu masas parneses mehanismu pirmais aprakstija Lefins ar kolégiem

1998. gada [86-87]. Saja modeli masas parnese tiek novérota azo savienojumos sakartotibas
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gradienta iespaida. P&c nejausa parvietojuma principa molekulas, kas satur hromoforus, atras
trans-cis parslégSanas jeb izomerizacijas rezultata parvietojas galvenokart savas garakas ass
virziena. So procesu apraksta difiizijas vienadojums. Parvietojuma varbiitiba ir proporcionala
molekulu izomerizacijas varbitibai, kas, protams, ir atkariga no gaismas intensitates un lenka
starp molekulu asim un gaismas polarizacijas virzienu. Sis modelis paredz molekulu plismu
prom no apgaismotajiem apgabaliem uz neapgaismotiem, kas ari sakrit ar eksperimentu
rezultatiem. Tomeér pretgji eksperimentos noverotajam, asimetriskas difiizijas modelis paredz

labakos rezultatus nevis polimériem, bet gan mazmolekularajiem savienojumiem.

Videja lauka modelis

Mehanisms, kas balstas uz elektromagnétiskajiem spekiem, ir visai daudzsoloss, jo tas
jau pamata ieklauj izmantota starojuma intensitati un ta polarizaciju. So modeli pirmais
aprakstija Pedersens ar kolégiem 1998. gada [88-89]. Organiskajos azo savienojumos
hromofori atrodas kaiminu hromoforu dipola momenta radita potenciala. Vid€ja lauka modeli
gaisma orienté hromoforus noteikta virziena un, vienadi orient€tu dipolu pievilkSanas speku
rezultata, hromofori pievelkas viens pie otra. Sads modelis paredz masas parnesi gaismas
virziena, tadgjadi iegtita reljefa maksimumi sakritls ar gaismas intensitates maksimumiem, kas
izpildas Skidros kristalos, bet ne vienmér eksperimentali izpildas amorfos halkogenidos vai

amorfos polime&ros.

Dielektriskas caurlaidibas (g) gradienta modelis

Modeli, balstitu uz dielektriskas caurlaidibas ¢ telpisku sadalijumu, pirmais ir aprakstijis
Baldus 2001. gada [90]. Seit tiek pienemts, ka kartina tiek inducéts telpiski sadalits lausanas
koeficients, kas savukart ir saistits ar telpiski sadalitu dielektrisko caurlaidibu. Sads
pienémums ir pilniba pamatots, jo lielaka dala gaismu jutigo organisko un neorganisko
materialu raksturojas ar foto orientacijas ipasibu un foto inducéto dubultlauSanu. Elektriskais

lauks un dielektriskas caurlaidibas gradients rada speku:
f= —‘9—2°E2v5 1-6

Dotais spéks ir proporcionals dielektriskas caurlaidibas gradientam un elektriska lauka
intensitatei masas parneses virziena. No formulas seko, ka masa tiek bidita prom no
dielektriskas caurlaidibas gradienta, kas vairums gadijumos nozimé masas parnesi virziena uz
neapgaismoto vietu. No 81 modela seko, ka jebkurai sist€mai ar telpiski sadalitu lauSanas
koeficientu vajadz&tu but iespgjai veidot tieSos ierakstus, bet v&l nekas tads literatiira nav

aplukots.
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Elektriska lauka intensitates gradienta spéka modelis

Kumars ar kolégiem ieviesa mehanismu balstitu uz novérojumiem, ka veiksmigam
tieSajam ierakstam ir nepiecieSama elektriska lauka komponente masas parneses virziena [91-
94]. Sadu modeli var aprakstit ar optiska gradienta speku [95-96]. Telpisks gaismas
sadaltjums jeb elektriska lauka intensitates un orientacijas sadalijums noved pie dielektriskas

uznémibas y sadalfjuma uz kartinas virsmas. Elektriskais lauks polarizé materialu un

inducéta polarizacija ir saistita ar izmantotas gaismas intensitati un lokalo dielektrisko

uznémibu y :

— —

F = ‘C"OZijE

j?

1-7
kur I3l ir polarizacija, &, ir dielektriska caurlaidiba vakuuma, y;ir kartipas dielektriska

uznémiba un E ; Ir gaismas raditais elektriskais lauks. Lidzigi ka uz dipolu elektriskaja lauka

darbojas speks, ta pat ar1 $aja gadijuma no gaismas lauka paradas speki polarizéta materiala.

Laika vidgjots speks ir ar sekojosu izskatu [93]:
7=((B-v)E) 1-8

No $1s formulas redzam, ka ieraksta efektivitate ir saistita ar kartinas dielektriskas uzne€mibas
telpisko sadalfjumu, elektriska lauka lielumu un ta intensitates gradientu. Elektriska lauka
intensitates gradienta spéka modelis sev1 ieklauj ierakstu atkariba no izmantotas gaismas
polarizacijas un tadgjadi labi apraksta eksperimentos novéroto polarizacijas atkaribu. Savukart
cita literatlira tiek aprakstits, ka dotais speks ir nepietickams masas parnesei reala sistéma
[82]. Raksta tiek minéts, ka, piem&ram, divu cirkularu staru interferences gadijuma x-ass

virziena verstais speks var tik aprakstits ka:
f =—ke,yE; sin 0(1 +cos’ H)Sin(kx sin @), 1-9
kur 2 @ir lenkis starp k vektoriem un k=2n/A. Ta ka E; =2Iz,un z,ir vakuuma impedance

(elektriska un magnéetiska lauka attieciba) un / ir gaismas intensitate seko, ka maksimalais
sagaidamais speks ir:
4
f;nax = 780202,/] 1-10

Izmantojot sekojosas vertibas &,=8.854-10">C*(Nm?),

;(| ~1 un z,=377Q, ka ar1 raksturigas
gaismas intensitates un vilpa garuma vértibas I=100mW/cm’® un A=488nm, ieglistam aptuveno
speku 100N/m’. legiita spéka vertiba ir talu prom no sagaidamas vértibas (10" — 10" N/m?)
masas parnesei, turklat ta ir par divam kartam mazaka par gravitacijas spéku, kas pats par sevi

ir nenozimigs lielums.
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2. VILNU OPTIKAS PAMATELEMENTI

2.1. Vilnu vienadojums

Gaisma izplatas vilnveidigi jeb tai ir vilnpu daba. Briva vidé gaismas vini celo ar atrumu
cop. Caurspidigas un homogenas vides (ka stikls) ar lausanas koeficientu n, kas ir lielaks par

viens, gaismas vilni celo ar samazinatu atrumu:

C
c=—" 2-1
n
Matematiski vilnis ir aprakstams ar realu funkciju # no novietojuma r=(x,y,z) un laika t.
ST funkcija u=u(r,t) ir pazistama ka vilpu funkcija un ta apmierina vilpu vienadojumu:
1 0u
Vzu T2 A2 0 2-2
c” ot
Kur V? ir Laplasa operators. Katra funkcija, kas apmierina doto vienadibu, apraksta
iesp&jamo optisko vilni. Ta ka vilnu vienadojums ir linears, superpozicija no atseviskam vilnu

funkcijam u(r,t)=u;(r,t)+u,(r,t) art apmierina doto vienadibu.
2.2. Intensitate [W/cm’], jauda [W] un energija [J]

Intensitate I(r,t) vilnu optika tiek definéta ka jauda uz laukuma vienibu (W/em?), kas ir
proporcionala vid€jai vertibai no vilgu funkcijas kvadrata [97]:

I(7,t) o 2(u’ (7.1)) 2-3

Operators < > apzimé vid€josanu laika intervala, kas ir daudz lielaks par optisko ciklu, bet

daudz mazaks par apskatiSanai derigo intervalu (piem., gaismas impulsa ilgums). Optiska

cikla laiks ir Joti niecigs, tik 2-10™"°s =2fs gaismai ar vilpa garumu 600nm.

Jauda P(t), kas krit uz laukumu A4- perpendikularu gaismas izplatiSanas virzienam, ir
intensitates integralis $aja laukuma:

P(t)= LI(?,t)dA 2-4

legtita energija kada laika intervala ir jaudas P(t) laika integralis $aja intervala.
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2.3. Monohromatisks vilnis

Monohromatisks vilnis ir att€lojams ar vilpu funkciju, kas periodiski atkartojas laika

[97]:
u(F,t) = a(F)cod2mit + (7)) 2-5
ka attlots 2.1a. attéla, kur a(7) - amplituda, ¢(7) - faze, v -frekvence, w=2nv - lepkiska
(b) (©)
Im{U} Im{Uty)
z ) h /
@
»Re{l/} /\ > Re{Ult)}

2.1. att. Monohromatiska vilna reprezentacija fikséta stavoklir [97]

(a) vilnu funkcija u(t) ir harmoniska laika funkcija; (b) no laika neatkarigdas kompleksas amplitiidas
U=a exp (i@) reprezentdcija, (c) kompleksas vijnu funkcijas U(t)=U exp (i2nvt) reprezentacija ka
kompleksas amplitiidas rotésana ar atrumu o=27nv (radiani sekunde)
frekvence. Amplitida un faze ir galvenokart stavokla funkcijas, bet vilpa funkcija ir

harmoniska funkcija laika ar frekvenci v . Optika apskata vilpus frekvencu intervala no

3-10"" Iidz 3-10'°Hz.
2.4. Vilnu funkcijas kompleksa reprezentacija

Reizém ir &rti izteikt realo vilpa funkciju u(r,t) no (2-5) ar kompleksas funkcijas
palidzibu [97]:
U(F, 1) =a(F)exi2mvt +ig(F)| = a(F exlipF) jexli2zv] 2-6

kur
7)) =RUG 0} = [UG.0+U* ) 21

Funkciju U(r,t) sauc par komplekso vilpa funkciju, kas pilniba apraksta doto vilni. Vilna
funkcija u(r,t) ir vienkarsi tas reala dala. Kompleksajai vilpa funkcijai ar jaapmierina vilna
vienadojums:

1 0°U

2
VU-—— =0 2-8
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Vienadojums (2-6) var tikt uzrakstits ka:
U(#,t) = U(F)expli2zn) 2-9
kur no laika neatkarigd komponente U(7)=a(r)exp[ip(7)] tiek saukta par komplekso

amplitiidu. Vilnu funkcija u(r,t) ir saistita ar komplekso amplitidu ka

- - : | . : - :

u(r,t)= Re{U(r) exliz27m)} ZE[U (7) exI{127m)+U *(r) exﬂ—zth)] 2-10

Ievietojot 2-9 izteiksmi 2-8 vienadiba, iegiistam sekojosu diferencialvienadojumu:
(V2 + &2 @) =0 2-11

kur k ir pazistams ka vilnu skaitlis
2rv 2w
k=——=— 2-12
c A

Apskatot velreiz intensitates formulu (2-3) un parveidojot to kompleksas vilpu funkcijas

gadijumam, ieglistam:
2u’(7,1) = 2a* (r) cos’[2zvt + p(F)] = |U (F)[ {1 + cos(2[270¢ + p(7)])} 2-13

So izteiksmi vidgjojot par laiku, kas lielaks par optisko periodu 1/, , otrais loceklis izteiksmé

(2-13) izzud. Lidz ar to, optiska intensitate izsakas ka [97]:
1F) o UG 2-14
Tatad, monohromatiska vilna intensitate ir vienada ar absoliito kompleksas amplitiidas

modula kvadratu, un ta nemainas laikam plistot.
2.5. Divu vilnu interference

Kad divi monohromatiski vilni ar kompleksam amplitidam U;(r) un U,(r) nonak

kontakta, veidojas monohromatisks vilnis ar to pasu frekvenci un kompleksu amplitiidu:
Ur)=U,(r)+U,(r) 2-15
No (2-14) seko, ka katra stara intensitate ir /, = |U 1|2 un /, = |U2|2 un vilpu summas intensitate
[97]:
2 2 2 2 * *
I=|U] =|U,+U,| =lu,| +|U,[ +U,U,+UU, 2-16
IevieSot jaunus apzim&jumus
U,=1""exp(ip,) un U, = I'* exp(ip,) 2-17

Un ievietojot (2-17) izteiksmé (2-16), kur @, un @, abu vilnpu fazes (@ =@, —¢,), iegiistam
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I=1+1,+2(11,)"" cos ¢ 2-18
So izteiksmi sauc par interferences vienadojumu, kas ari redzams no komplekso vilnu

funkciju vektoru diagrammas geometrijas (sk. 2.2a. att.). Ta rada, ka summara vilgu funkciju

amplitida ir atkariga ne tikai no katras vilnu funkcijas amplitidas, bet ari no fazu starpibas @

(a) (b)

[ L
~dr ~-2n O 2n 4n ¢

2.2. att. (a) vilpu funkciju vektoru diagramma divu vilnu ar intensitatém /; un /, un fazu starpibu
@=@,-@; superpozicijas gadijuma, (b) summaras intensitates atkariba no fazu starpibas ¢ [97]

Divu vilpu summas intensitate nav tas pats, kas summa no to intensitatem (2.2b. att.), jo
papildus loceklis rodas d€] interferences starp abiem vilniem, kas redzams art formula (2-18).
Sis loceklis var biit gan pozitivs, gan negativs, raksturojot konstruktivu vai destruktivu
interferenci. Ja I)= L= Iy, tad I=2I,(1+cosp)=4 Icos*(¢/2) (sk. 2.3. att.). Saja gadijuma pie
¢=0, I=41, (summara gaismas intensitate ir Cetras reizes lielaka par katra atseviska vilna
intensitati) un pie =7z summeétie vilni dze§ viens otru un /=0. Savukart, kad ¢p=7/2 vai 7/3,
interferences loceklis paziid un /=2/, (summara intensitate ir katra atseviska vilpa intensitate).
Liela intensitates izmaina, mainoties fazu starpibai ¢, atlauj merit fazu diferenci detekt&jot
gaismas intensitati. Sis princips tiek izmantots loti daudzas optiskas sistemas.

1

41

2Ig

0] 1 24 34 d
2.3. att. Intensitates [ sadalijums divu vilnu superpozicijas gadijuma (katra vilna intensitate vienada ar
Ip) atkariba no vilnu celu starpibas d [97]
Gadijuma, kad d ir daudzkartnis no vijna garuma A, interference ir konstruktiva, bet kad nepara
daudzkartnis no A/2, tad interference ir destruktiva
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3. HOLOGRAFISKAIS IERAKSTS

- virtuals
dalitajs objekts attéls
koh_erenta prieksmeta \
gaisma stars ‘{
atbalsta
stars
i atbalsta )
spoguli
pog stars fotoplate
nhovéerotajs
3.1. att. Tipiska holografiska ieraksta shéma 3.2. att. Telpiska objekta restauréSanas shéma

Holografija ir prick§meta telpiska attéla iegfiSanas process. Sis process sastdv no
vairakam dalam jeb pakapeém. Pirmaja pakapé objektu apgaismo ar koherentu gaismu un
fotoplaté jeb gaismu jutigaja materiala registré dota objekta caurizgajuSas vai atstarotas
gaismas interferences ainu. Lai to panaktu, kritoSo gaismas kili sadala divos, kur ar vienu
gaismas kili apgaismo fotoplati, bet ar otru fotoplati apgaismo tikai péc atstaroSanas no objeta
(3.1. att). Sie divi koherentie- priekimeta un atbalsta stari (kili) parklajoties veido
hologrammu jeb interferences ainu. Lidz ar to hologramma ir interferences aina, kas tikusi
registréta gaismas jutigaja materiala. Hologramma satur optisko priek§meta kodu jeb Sifru, no
kura ir iespgjams iegit telpisko att€lu. Ja priekSmeta un atbalsta stari ir plakani vilni (objekts
tiek aizstats ar spoguli), tad hologrammu veidojosa interferences aina biis sinusoidala, un tas
orientacija bus atkariga no ieraksta nosactjumiem. Savukart, otra holografijas dala jeb pakape
ir saistita ar telpiska objekta restauréSanu (3.2. att.). Hologrammu apgaismojot ar atbalsta
staru, izklied€taja gaisma ir iep&jams noverot ierakstita objekta telpisku att€lu - hologramma
gaismu izkliedé tapat ka objekts. Tada veida ierakstita hologramma restauré objekta
izkliedétas gaismas vilpa fronti. Restaurgjot So vilpu fronti, ir iesp&ams iegut attéla

telpiskumu. Ierakstitais un velak restaurétais att€ls ir objekta preciza optiska kopija.

3.1. Hologrammu Kklasifikacija

Hologrammu klasifikacijai parasti tiek izmantotas interferences ainas ipaSibas vai

registréjosas vides optiskas un mehaniskas 1pasibas. Atkariba no hologrammu ieraksta veida,
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gaismu jutiga materiala optiskajam 1pasibam un biezuma, izSkir sekojosus hologrammu
veidus:

1) divdimensionalas (planas) vai trisdimensionalas (biezas, tilpuma);

2)  amplitidas vai fazes;

3) caurlaidibas (transmisijas) vai atstarojosas (refleksijas).

3.1.1. Divdimensionalas un trisdimensionalas hologrammas

To, vai hologramma bus 2D jeb plana vai 3D jeb bieza (tilpuma), nosaka holografiska
ieraksta interferences ainas perioda A un gaismas jutiga slana biezumu d attieciba.

Planam hologrammam holografiska rezga (interferences ainas) periods A ir lielaks par
gaismu jutiga materiala biezumu d vai ar1 ir vienads ar to. Restaur&jot plano hologrammu, ir
iesp&jams iegiit divus att€lus- gan Skietamo, gan realo. Biezas hologrammas, savukart,
holografiska rezga periods ir mazaks attieciba pret gaismu jutiga materiala biezumu (A<< d).
Ierakstot elementaro hologrammu, biezas hologrammas gadijuma, optiskaja registrgjosaja
vide veidojas 3D holografiskais rezgis. Atskiriba no planam hologrammam, biezas kalpo ir ari
ka difrakcijas (interferences) filtri un att€lu taja ir iesp&jams restaurét ari baltaja gaisma. 3D
tilpuma hologrammas registré ne tikai gaismas vilpu fazes un amplitidu, bet ari to vilpu
vektorus, kuri viennozimigi nosaka gaismas izplatiSanas virzienu un vilpu garumu. Lidz ar to,
restaurgjot biezas hologrammas, ir iesp&jams iegist tikai vienu vienigu att€lu- realo vai
Skietamo, ko nosaka restauréjosa (kritosa) stara virziena un hologrammas attieciba [41].

Atkariba no lepka lieluma starp parauga normali un kritoSo staru, ka arT no gaismas
vilpa garuma, ierakstita holografiska rezga periods ir iesp&jams plasa intervala. Viena un tai
pasa fotoplaté ar uzdotu biezumu var ierakstit gan planas, gan ar1 biezas hologrammas. Tapec

tiek ievest stingraks hologrammas tipa kriteérijs- Kleina kritérijs:

= , kur 3-1
nA

d - registréjosas vides biezums;
A - gaismas vilpa garums gaisa;
A- interferences rezga periods.
n - vides lauSanas koeficients;

Kleina kriterijs saka, ja Q>10 , tad hologramma ir bieza, bet Q<1 -hologramma ir plana.
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3.1.2. Amplitiidas un fazes hologrammas

Atkariba no foto induc€to optisko konstanSu izmainu lieluma, hologrammas vai
registréjosos materialus var iedalit ka amplitiidas vai fazes hologrammas (3.3. att.).

Amplitiidas hologrammai gaismas izraisitas absorbcijas koeficienta izmainas materiala
ir daudzkart lielakas par materiala lausanas koeficienta izmainam (Aa>>An). Saja gadijuma
holografisko rezga ierakstu nosaka A« telpiska modulacija. Plakano vilpu interferences

gadijuma, registréto ainu gaismu jutiga materiala raksturo ar sinusoidalo funkciju:
= = 21
a(x)=a,+a,cos(|K|-x), kur |K|:T’ 3-2

oo- videjais absorbcijas koeficients pec ieraksta,
oy - absorbcijas koeficienta modulacijas amplitida.
x- koordinata gar parauga virsmu,
Fazes hologrammai gaismas izraisitds lauSanas koeficienta izmainas materiala ir
daudzkart lielakas par materiala absorbcijas koeficienta izmainam (Aa<<An). Tada gadijuma
holografisko rezga ierakstu nosaka An telpiska modulacija. Plakanu vilpu interferences

gadijuma, registréto lausanas koeficienta modulaciju var raksturot ar izteiksmi:
n(x)=n,+n, cos(|K |-x), kur 3-3
no — vides vidgjais vides lauSanas koeficients péc ieraksta,
na- lausanas koeficienta modulacijas amplituda.
Jaievero tas, ka izteiksmes (3-2) un (3-3) ir speka vienigi, ja An un A« ir lineari
atkarigas no ekspozicijas. Vispariga gadijuma lauSanas koeficients un absorbcijas koeficients

vid€ mainas nelineari un rezultata hologrammu veido nesinusoidali telpiskie rezgi.

(b) (©)

3.3. att. Holografisko ierakstu veidi [41]
(a) amplitidas (o modulacija); (b) fazes (n modulacija); (c) reljefa (d modulacija)
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Atkariba no izmantotas gaismas vilpa garuma gan ieraksta, gan nolasiSanas laika,
viena un tai pasa gaismu jutiga materiala var ierakstit gan amplitiidas, gan ar1 fazes
hologrammas. Materiala absorbcijas spektra maksimuma tuvuma iesp&jamaks ir
amplitidas ieraksts (anomalas dispersijas rajons). Savukart, vilpu garumu rajona, kas
parsniedz absorbcijas spektra vilpa garumu, dominé fazes ieraksta efekts. Realas vidés

parasti realizgjas jaukts gadijums- gan amplitiidas, gan art fazes holografisks ieraksts.
3.1.3. Caurlaidibas un atstarojosas hologrammas

Caurlaidibas vai atstarojosas hologrammas ierakstu nosaka ieraksta-objekta un
atbalsta stara (ar staru amplitidam attiecigi 4s un Ag) relativie virzieni attieciba pret
optisko registrgjoso vidi (3.4. un 3.5. att.). Ja ierakstoSie stari krit uz gaismu jutigo
materialu no vienas puses, tad tiek iegita caurlaidibas hologrammu. Sada tipa
hologrammu restaurgjot, Skietamais att€ls veidojas caur paraugu izgajusaja gaisma.
Gadijuma, ja ierakstoSie stari kit uz gaismu jutigo materialu no pret€jam pusém- tiek
ierakstita atstarojosa hologramma, un, So hologrammu restaur&jot, Skietamais attels

veidojas nolasos$a stara atstarotaja gaisma [41].

3.2 Holografisko rezgu galvenie parametri

3.2.1. Holografiska ieraksta interferences ainas periods

Plakanu ierakstoSo staru vilnu ar vilna vektoru K un Ky un vilpu amplitiidu 45 un

Ag gadijuma, gaismas intensitates sadalfjums registréjosa vidé apraksta sekojosi [41]:
[(F)= A2 + A2 + 24,4, cos[K, —K,)-7], kur 3-4

F- radiusvektors.

Gaismu registréjosa vide ir iesp&jams izveidot dazadu struktiru interferences ainu,
kas ir atkariga no objekta un atbalsta staru izplatiSanas virziena. Gaismas interferences
intensitates sadalfjums gaismu jutigd materiala izsauc attiecigas lausanas koeficienta n
un absorbcijas koeficienta o izmainas.

Gadijuma, ja tiek uzdoti objekta un atbalsta staru vilpu vektori, tad gaismas
interferences ainu ir iesp&jams raksturot ar vektoru K (3.4.un 3.5. att.):
K=K, -K 3-5
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(@) | (b)

e
2= .

AR s T

N !
Aq A
3.4. att. Interferences ainas struktiira (a) un vilpa frontes restaurésanas shéma (b)

caurlaidibas (transmisijas) hologrammas [41]

() (b)

. ek A,

3.5. att. Interferences ainas struktiira (a) un vilpa frontes restauréSanas shéma (b)
atstarojosas (refleksijas) hologrammas [41]

Plakano vilpu ieraksta gadijuma vektors K ir perpendikulars attieciba pret
interferences ainas joslam un §1 vektora modulis ir apgriezti proporcionals gaismas

interferences ainas periodam A:
&|=2Z 3-6
A
Vienkarsakaja gadijuma, ja ‘]E R‘ :‘K S‘ un objekta un atbalsta staru kriSanas lenki

s o . . . . . .
sakrit, ti., @, =@, =0 = EX tad gaismas interferences ainas periods A ir sekojoss:

A A

= = ) kur 3'7
2sin ®

2sin9
2

A- gaismas vilna garums.

Biezo hologrammu gadijuma (A<<d) veidojas telpisks interferences rezgis, lidz ar

to informacijas optiskajam ierakstam tiek izmantotas visas tris dimensijas. lerakstot
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Sadas hologrammas ir jaievéro gaismas izplatiSanas virziena izmainas, gaismai parejot
no gaisa uz vidi ar lausanas koeficientu n. Ja holografiskaja ieraksta @ un G ir objekta
un atbalsta staru kriSanas lenki un ©g un © .- $o staru lauSanas lenki, tad gaismas

interferences rezga periods plakaniem vilpiem ir attiecigi:

A 2 )

= = 3-8
sin®g +sin®, sin®g +sin®,

kur A- gaismas vilnu garums gaisa un A’- gaismas vilna garums vidg.

Gadijumi, ja ©, =0, =0 = %, formula (3-8) pariet formula (3-7).

3.2.2. Holografiska ieraksta difrakcijas efektivitate

Viens no pasiem galvenajiem holografiska ieraksta raksturojoSiem parametriem ir
difrakcijas efektivitate (DE jeb m), ta raksturo holografiska attéla spozumu. Plakano

gaismas vilnpu gadijuma, DE vértibu nosaka ka attiecibu starp hologrammas difragétas

gaismas vilpa amplitiidas A'S kvadratu un uz hologrammu krito3a stara amplitidas A,

VN2
A
n= (—Sj 3-9
AR

Vienkarsaka gadijuma vai sarezgitiem att€liem DE izsaka ar gaismas staru jaudu

kvadratu (3.4. un 3.5. att.):

attiecibu:

n=-5, 3-10

kur P, - kiTto3as gaismas jauda un PS'- difraggtas gaismas jauda.

Lai sasniegtu pec iepsgjas lielaku difrakcijas efektivitates vertibu, ir jaievero
noteikti nosacijumi gan ieraksta, gan arT nolasiSanas (restauré$anas) laika. RestauréSanas
laika 2D rezgi apgaismojot ar plakanu vilni, izpildas nosacijums (rezga vienadojums)
(3.6. att.):

A(sin ¢ —sina@) =mA , 3-11
kur A- rezga periods; - staru kriSanas lenkis; ¢- difragéta stara lenkis; A- gaismas vilpa

garums; m- difrakcijas maksimuma karta.
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3.6. att. Gaismas difrakcija divdimensionala  3.7. a#t. Gaismas difrakcija trisdimensionala
jeb plakana rezgi [42] jeb tilpuma rezgi [42]

Gadijuma, ja gaisma difrag€ aiz normales, ka gajuma diferences (Ax; un Ax,, 3.6.
att.) pirmajam un otrajam staram summeéjas un Iidz ar to formula (3-11) parrakstas ka:
A(sin ¢ +sin@) = mA 3-12
Apvienojot abas $is vienadibas (3-11) un (3-12), varam teikt, ka ierakstoSo staru slipas
kriSanas gadijuma, ierakstita difrakcijas reZga pilna formula ir $ada:
A(sin ¢ Fsina)=mA 3-13
Ja lenki ¢ un o atrodas viena pus€ normalei, tad vienadiba (3-13) lietojama plusa zime,
ja dazadas, tad- minusa zime [42].
Tilpuma rezgis savukart sastav no vairakam, periodiski izvietotam un
izkliedgjosam plakném. Sadam rezgim ir jaievéro Brega nosacijums (3.7. att.):

A
: 3-14

2Asinp=—
n

kur 7 - vides vidgjais lausanas koeficients (gaisa 7=1), 1 -vilpa garums gaisa, ¢-
lenkis starp kritoSo vai difragéto staru un 3D rezga izkliedéjoso plakni.

Salidzinot izteiksmes (3-13) un (3-14), var secinat, ka (3-14) izteiksme 3D rezgim
uzliek stingrakus nosacijumus difrakcijas novérosanai. Izvéloties $adam tilpuma rezgim
nolasosa stara kriSanas lenki, tiek definéts gan vilpa garums, gan ar1 gaismas difrakcijas
lenkis. (3-13) nosacijums 2D rezgim lauj mainit gan staru skiSanas lenki, gan ar7 vilpa
garumu [42]. No §tm divam izteiksmém 2D un 3D rezgim varam redzét, ka DE un
difragéta stara virziens atkarigs arl no izmantotas gaismas vilpa garuma nolasiSanas
laika. Difrakcijas efektivitati un tas lielumu var izmantot ka fazes komponentes
esamibas noteikSanai ieraksta procesa, jo fazes hologrammu ieraksta DE ir ievérojami

lielaka salidzinot ar amplittidas hologrammam.

41



Iegiita holografiska rezga kvalitati nosaka gaismu jutiga materiala Tpasibas:

1) iz8kirSanas sp&ja

2) gaismas jutiba,

3) relaksacija,

4) signals/troksnis attieciba u.c.

Izveloties holografiskam ierakstam gaismu jutigu materialu, ir butiski janem véra katru

no §Tm materialu raksturipasibam.

3.3. Virsmas reljefa rezgu iegiiSanas veidi holografija

3.3.1. Kimiska kodinasSana péc holografiska ieraksta

Ka jau iepriek$ tika minéts, holografija ir priekSmeta telpiska att€la divpakapju
iegiSanas process- ieraksts fotoplaté jeb fotorezista (gaismas jutigd materiala) un
restauréSana. Lai no ieraksta nonaktu pie restaur@Sanas, ir javeic virkni darbibu ar
apgaismoto fotoplati. Lai novérotu gaismas difrakciju, ir nepieciesSams iegit difrakcijas
rezgi no apgaismotas fotoplates. Kimisko ipasibu izmainas rezista materiala gaismas
ietekm@ dod tiesi So iesp&ju- veikt virsmas reljefa struktur€Sanu ar slapjo vai sauso
kodinasanu. 3.8. att€la varam uzskatami redz&t kodinasanas king&tiku, ¢.i., parauga krasas
biezuma izmainas apgaismotai un neapgaismotai dalai kimiskas kodinasanas procesa
(grafiks no [43]). Tatad ieraksta process sastav no vismaz divam dalam: holografiskais

teraksts un ta attistiSana kodinot.

1,8
1,5 1
> 2
1,2 &
£0,9
>
C06 -
1
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0 T T T T
0 1 2 3 4
t, min

3.8. att. Parauga biezuma izmainas kimiskas kodinasanas procesa
(1) un (2) attiecigi apgaismotd un neapgaismota As-S dala
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Kimiskas kodinasanas process ir viens no paSiem kritiskakajiem posmiem
holografisko materialu izgatavoSana. Ir gandriz vai neiesp&jami nopirkt jau gatavu
kimikaliju risinajumu kimiskas kodinasanas procesam, Iidz ar to tas ir jataisa pasam
individuali. Hologrammu kvalitate ir stipri atkariga no ta, cik precizi un no kadam
kimikalijam ir iegiits kimiskais $kidinatajs. Holografiju tapat ka fotografiju iegtiSanas
procesa izmanto loti daudz un dazadas kimiskas apstrades metodes. Atkariba no
fotoplates un holografiska ieraksta shémas piemekle attiecigas kimiskas vielas un to
procentudlo daudzumu kimiskajai kodinasanai. Pietiek pamainit kadas vielas

koncentraciju kimiskaja skidinataja un rezultats jau biis pavisam cits gaiditajam.

3.3.2. Virsmas reljefa veidoSanas holografiska ieraksta laika

Pedgja laika daudzos organiskos un neorganiskos materialos tiek veikti petijumi
par tieSu reljefa veidoSanos staroSanas procesa laika ar gaismu vai e-starojumu (3.9. att.
piem., [4, 98]).

Daudzu foto inducéto procesu viela (ari anizotropo procesu [47]) rezultata,
amorfajas halkogenidu pusvaditaju planas kartinas holografiska ieraksta laika ir
noveérojama masas anizotropa parnese, kuras rezultata veidojas regularas virsmas reljefa
struktliras. Virsmas reljefa paliekoSais efekts art péc ekspozicijas ir izskaidrojams ar
paSu amorfo halkogenidu pusvaditaju dabu, ti, tos ka materialus raksturo ar
mikstinasanas temperattiru, kas amorfajiem halkogenidiem normalos apstaklos ir
Tg=180°C. Veicot holografisko ierakstu, masas parnesi As,S3 un citiem halkogenidiem
veicina mikstinaSanas temperatiiras foto inducétas izmainas tieSi holografiska ieraksta
laika [23]. Tatad pietiek jau ar istabas temperatiiru, lai veiksmigi veiktu tieSo virsmas
reljefa holografisko ierakstu.

Ne vienmér gaismas gradients ir tas, kas veido So reljefu ieraksta laika. Pat
gadijumos, kad starp interfergjosSiem stariem ir 90 gradi un netick nov€rota nekada
intensitates modulacija, virsmas reljefa veidoSanas tomér tiek noveérota. Tiek izvirzita
hipotéze, ka Sis fakts izskaidrojams ar to, ka $ajos gadijumos virsmas reljefa veidoSana
piedalas summarais mainigais elektriskais lauks (3.10. att.), kas sp&j formét reljefu ar

tadu pasu periodu A. Sis process detalizétak tiks apskatits pasa promocijas darba.
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3.10. att. Divstaru interferences
3.9. art. Atomspeku mikroskopa (AFM) virsmas- summara elektriska lauka
reljefa att€lojums tieSajam ierakstam amorfajos periodiskums gadijumos, kad
pusvaditajos [3] interfergjosie stari ir (a) pretgji

cirkulari, (b) 45 un -45 gradu un (¢) s
un p polarizeti [7]

Sis apskatitas virsmas reljefa iegiiSanas metodes ir loti vilino$a no praktiskas
pielietosanas viedokla, jo dod iesp&ju vienkarSot virsmas reljefa veidosanas tehnologiju.
Ka metode ta ir samera jauna, v€l joprojam notick aktiva darbiba pie jau pieminéto
procesu viela izp€tes un izskaidroSanas mikroskopiska limeni. Ari Sis promocijas darbs
bis veltits amorfo halkogenidu foto jutibas izpétei, ieraksta efektivitates atkaribas

pétijumiem un dazadiem teoretiskajiem aprékiniem.
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4. TIESA VIRSMAS RELJEFA IERAKSTA
IZPETES METODES

4.1 Halkogenidu fotorezistu iegtiSana

4.1. att. Amorfas kartinas uzputinasanas iekarta (a) un tas principiala sheéma (b)
1- vakuumkamera, 2- stikla pamatne, 3- foto diode, 4- tantdla laivina ar sintezéto materialu,
5- pusvaditaja lazers (650nm), 6- izeja uz vakuumsistemu

Vakuumuzputinasanas metode ir tradicionals pan€miens relativi tiru kartinu
iegiSanai. Ta balstas uz uzputinama materiala dalinu plismas radiSanu, tas virziSanu uz
pamatnes virsmu un $o dalinu kondensaciju (4./. att.). Dotais process ietver vairakus
posmus: uzputinama materiala pareja no kondensétas fazes gazveida stavoklr, molekulu
parnese uz pamatnes virsmu, to kondensacija uz virsmas, aizmetnu veidoSanas un

augSana, kartinas veidoSanas.

Vakuumuzputinasanas iekarta sastav no:
* Darba kamera jeb vakuumkamera, kura notiek kartinas uzputinasana;
* Putinamo materialu avoti un to energobaroSanas un vadibas iericém,;
* Gazu atstiknésanas sisteémas, kas nodrosina nepiecieSamo vakuuma iegiiSanu;
 Elektriskas baroSanas sisttma un visu iericu un darba mezglu blokesanas
sistéma;
* VakuumuzputinaSanas iekartas vadibas un kontroles sist€ma, kas nodroSina
uzdoto uzputinasanas atrumu, kartinas biezumu un pamatnes virsmas temperattru;

» Paligierices, tai skaita kameru ieksgjie ekrani, aizbidni u.c.

Petijumiem tika izveleti fotorezisti, kuru sastavs atbilst formulai As,Ss,

As4S;sSess un GeSes savienojumu rezisti. Fotorezists tika ieglits ar kondensacijas
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metodi uz stikla pamatnes péc iztvaiceSanas vakuuma (~5x107 Torr). Ka iztvaicétaju
lietoja tantala laivinu, kura tika ievietots sintezEtais materials. Fotorezista kartinas
biezums 1.7-3.3 um.

Kartinas putinaSanas atrums un biezums tika kontrol€ts reala laika ar interferences
metodi, ti., uznemot caurlaidibas likni perpendikulari pret paraugu kritoSajam lazera
staram. Biezumu kartinai aprékina p&c sekojosas formulas:

m-A
2-n

d , 4-1

kur m- interferences maksimumu skaits,
A- izmantota lazera vilna garums (650nm),

n- kartinas lauSanas koeficients.

4.2. Fotorezistu petiSanas metodes

4.2.1. Raupja virsmas reljefa noteikSana ar profilometra un
optiska mikroskopa palidzibu

Kartinas biezums un liela perioda virsmas reljefs tika noteikts art ar profilometra
palidzibu (4.2. att.), ieskrap&jot kartinu Iidz pamatnei un nolasot kartinas un pamatnes
augstuma atSkiribas. Mg@riSanas princips balstas uz adatas parvietoSanu pa parauga
virsmu. Uz reljefa nelidzenumiem adata maina savu stavokli vertikalas ass virziena ko
fiksé profilometra sensori. 10 pm diametra adatas parvietoSanas atrums un tas svars ir
regul&jams atkariba no ta, cik miksta ir petama kartina.

Kartipas vizualo 1paSibu novérté€Sanai un virsmas topografijas izp€tei, uznemot
mikro-foto att€lus, tika izmantots augstas izskirtsp€jas optiskais mikroskops NIKON
ECLIPSE L150 (4.3. att.). Mikroskops ir piemérots pirmreizgjai att€lu apstradei un
analizei, tai skaita linearo dimensiju, laukumu, lenku un radiusu mérjjumiem. Dota
mikroskopa tehniska specifikacija:

e Palielinajums lidz 1000x;
e Objektivi 10x, 20x, 50x, 100x (atstarota gaisma);
e VienkarSota polarizacijas mikroskopija;

e 5MP Nikon digitala kamera ar krasu matricu attélu iegtiSanai.
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4.3. att. Augstas izskirtsp&jas optiskais
mikroskops NIKON ECLIPSE L150

4.2. att. Profilometrs Veeco Dektak 150.
4.2.2. Materiala caurlaidibas un absorbcijas spektru noteik§ana
Kartinu caurlaidibas spektri tika noteikti 250 — 800nm diapazona ar spektrometra

Ocean Optic HR4000CG palidzibu (4.4. att.). Iekartas princips balstas uz gaismas avota

un caur paraugu izgajusas vai ari atstarotas gaismas spektru salidzinasanu.

-.‘.
e

4.4. att. Spektrofotometrs Ocean Optic HR4000CG.

4.2.3. Atomspéeku mikroskopija

Apstarotie ieraksta apgabali tika pétiti ar Veeco AFM CP-II atomspeku
mikroskopu (4.5. att.). SkenéSanai tika izv€lets apgabals ar minimalu virsmas defektu
skaitu. Virsmu topografijas petijumi tika veikti izmantojot kontakta, pieskares un speka

modulacijas rezimus. Dota mikroskopa tehniska specifikacija:
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e SkenéSanas laukums 11dz100%100 pum;

e Optimalais paraugu izmers: Iidz 10x10 mm;
e Motorizets Z galdins;

e Manuals XY galdin$ 8x8 mm,;

e Optiskais mikroskops (20x) ar adatas un parauga video monitoringu.

LASER

PHOTODIODE

TIP-CANTILEVER
ARRAY

AFM controller
electronics

Z regulation
(feedback)

PIEZOELECTRIC

Declectoq TUBE
Electronics

4.5. att. Veeco AFM CP-II un ta principiala shéma

4.3. Tiesa ieraksta eksperimentu realizéSanas metodes

Lai realiz€tu izvirzitos mérkus un vairakkartigi parliecinatos par iegiito rezultatu
pareizu interpretaciju, tika izveidotas tris tiesa ieraksta sh&€mas: holografiska ieraksta,
optiskas spraugas ieraksts un viena stara ieraksts. leraksta shemu izveide tika balstita uz
nosacijumu, ka taja ir jabut gaismas intensitates gradientam vai (ka vélak noskaidrosies)

tiesi elektriska lauka intensitates gradientam, lai tiktu noveérota masas parnese.
4.3.1. Holografiskas pétjjumu metodes un lietotie apziméjumi

Holografiska pétijumu metode jeb holografiskais ieraksts gaismu jutigos
materialos ir salidzinoSi plaSi pétits zinatniskaja literatiira, tikai p&d€jos gados ir
aktualiz€jies jautajums par iesp&ju neizmantot kimisko kodinasanu, bet iegit jau
strukturétu virsmu tiedi ieraksta laika. Sads process ir interesants ne tikai no praktiska

pielietojuma viedokla, bet armT no zinatniska viedokla. Lai p@titu virsmas reljefa
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veidoSanos tieSi ieraksta laika, tiek izmantots elementaras hologrammas ieraksts.
Elementara hologramma ir periodisks viena vai vairaku paraugu raksturojosu parametru
telpiskais sadalfjums, pieméram, absorbcijas, lauSanas koeficienta, caurlaidibas
koeficienta vai atstaroSanas koeficientu sadalijums. Periodiskas virsmas reljefa izmainas
(difrakcijas rezgis), kuras rodas gaismas jutiga vidé divu parklajusos staru interferences
rezultata ar ir uzskatdmas par elementaro hologrammu. Citiem vardiem sakot,
holografiskais difrakcijas rezgis jeb elementara hologramma nav nekas cits ka divu
plakanu vilnpu holografiskais ieraksts gaismu jutiga materiala. Sis process padzilinati
tiks pétits Saja darba, Tpasu uzmanibu pievérSot gaismas intensitatei, polarizacijai un
ieraksta laika notiekoSo procesu interpretacijai.

Virsmas reljefa jeb holografisko rezgu ierakstu eksperimenti tika realizéti
izmantojot Optiska ieraksta laboratorija izveidotu optisko iekartu (4.6. att.). Ieraksts tika
veikts ar Nd:YAG Verdi-8 CW (532nm) lazeru, tika pétits ta divu simetrisku un vienadu
intensitasu lazeru staru holografiskais ieraksts kartinas ar periodu A=1pum. P&c formulas
(3-7) tiek viennozimigi noteikti ieraksto$o staru lenkiskie parametri. Cetrstaru un

trisstaru holografiska ieraksta eksperimentiem tika izmantotas divas

probe beam M
(650nm)

(a) Sample writing beam
D2 532nm
D1
'3% BS

X M- mirror;
WP- wave plate; M
D- photo-detector;
z

BS- beam splitter

(b)

4.6. att. (b) divstaru holografiska ieraksta iekarta, (a) tas principiala shéma un (c) s un p polarizacijas
plaknes
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4.7. att. Cetru staru konfiguracija holografiskajam ierakstam
Polarizacija tiek defineta ar lenki @, starp elektrisko lauku E; un plakni, kura atrodas vilpu
vektors k; un vienibas vektors z

divstaru optiskas iekartas, kas viena pret otru pagrieztas par 90 gradiem, tadgjadi
veidojot jaunu- daudzstaru holografiska ieraksta iekartu (4.7. att.).

Polarizacija staru slipas krisSanas gadijuma tiek definéta ar lenki starp elektriska
lauka oscilacijas plakni un plakni, kura atrodas attiecigais k-vektors un parauga virsmas
normales vektors. Gadijuma, ja lenkis vienads ar nulli, tad gaisma ir p-polarizéta, bet ja
ar 90 gradiem- s-polariz&ta. 4.6¢c. att€la paraditas elektriska lauka p un s polarizacijas
plaknes. Lidzigi ari ar Cetrstaru iekartu, bet Seit janem véra tas, ka divas divstaru
ieraksta iekartas ir 90 gradu lenkd viena pret otru. Tapat ka ieprieks, ar1 Seit polarizacija
tiek definéta ar lenki @; starp elektriska lauka oscilacijas plakni un plakni, kura atrodas
vilnu vektors ki un koordinatu sakumpunkts vai parauga normales vektors (4.7. att.
redzams tikai k4 staram).

Difrakcijas efektivitate n (jeb DE) tiek definéta ka difragétas gaismas un uz
parauga krito$as gaismas intensitasu attieciba. DE tika kontroléta reala laika, mérot
pirmas kartas refleksijas jeb atstarotas un transmisijas jeb caurizgajusas difragétas
gaismas intensitates. Refleksijas DE tiek meérita ar 405nm vilpa garuma gaismu un
transmisijas DE ar 650nm vilpa garuma diozu lazeru (4.6a. atteéla paradits tikai
transmisijas reZims 650nm vilpu garumam). Ta ka transmisijas DE tiek mérita caur
paraugu difragétai gaismai, tad tas DE raksturo tilpuma ka amplitidas vai (un) fazes
holografiska ieraksta efektivitati. Savukart virsmas reljefa modulacijas jeb starpibu Ad

starp reljefa augstuma maksimalo un minimalo vértibu holografiska ieraksta laika tiek
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kontrolétas ar refleksijas DE (tipisks ieraksts redzams 4.8. att.). Tilpuma ieraksts ari
ietekm@ refleksijas DE, bet §1 atkariba ir neliela un izpauzas tikai ieraksta pirmajas
sekundés ([5], arT 4.8. att. sakuma pikis). Sikak par So procesu tiks runats rezultatu
sadala.

Talakai datu analizei ir nepiecieSams ievest tadu parametru, ka ieraksta
efektivitati. Ta tiek defineta ka refleksijas DE aproksimacijas ar pirmas kartas polinoma
n=cyt slipuma koeficients jeb tg(a)=co=An/At, kur ¢t ir ekspozicijas laiks. Tipiska
refleksijas DE likne ieraksta laika ir redzama 4.8. att€la. leraksta efektivitate tiek
aprekinata ekstrapol€jot sakuma pieauguma linearo dalu (grafika redzama ar partraukto
ITniju) un nosakot ta slipuma koeficientu c.

Gadijumos, kad ieraksta laika tiek izmantots papildus apgaismojums, tad
ieraksta uzlabojums jeb labums tiek defin€ts ka ieraksta efektivitates ar papildus
apgaismojumu attieciba pret ieraksta efektivitati bez tas (ci/cyg). Ka difrakcijas
efektivitate ta arT ieraksta labums sniedz tikai netieSu informaciju par virsmas reljefa
izmainam holografiska ieraksta laika. TieSie reljefa mérijjumi tiks veikti ar atomspeku

mikroskopa palidzibu.

0.6
0.4

0.2 4
¢y =tga =2,2-10°[J "em’]
ﬂ// =13,7-10 7 [sek "

1000 1500 2000 2500

Interferejoso staru apgaismojuma
daudzums, J/cm?

Refleksijas DE, %

4.8. att. Tipiska refleksijas difrakcijas efektivitates Iikne holografiska ieraksta laika
leraksts veikts ar p-polarizétu 532nm lazeru
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4.3.2. Virsmas reljefa veidoSana un izpéte péc
parauga apstarosanas caur Sauru spraugu

Lai izpétitu virsmas reljefa veidoSanos ne tikai holografiska ieraksta cela, tika
izveidota 4.9. attéla paraditda eksperimenta shéma. Realiz€jot vienmeriga intensitates
sadalifjuma (nefokus€ta) un viena stara ierakstu caur ~10um spraugu, ir iesp&jams péetit
virsmas reljefa veidosanos pilnigi kontroléta vide. Sada vienkarsa tiesa virsmas reljefa
ieraksta gadijuma gaismas intensitati un polarizaciju ir iesp&jams piepemt par
nemainigu gan laika, gan ar1 telpa. Lai panaktu dota materiala lielaku pliistamibu, tiks
izmantots ar1 papildus vienmérigs nekoherents apgaismojums no parauga otras puses.
Ka turpmak redz€sim, Sads ieraksta shémas papildindjums dos nozimigu ieraksta
uzlabojumu.

Virsmas reljefa ierakstam un papildus apgaismojumam tika izmantots attiecigi
532nm vilpa garuma Nd:YAG Verdi-8 un tada pasa vilna garuma diozu lazers. Pusvilnu
plaksnites tika izmantotas, lai piemeklétu vajadzigo ieraksta un papildus apgaismojuma
polarizacijas kombinaciju. Polarizacija Saja eksperimenta (staru perpendikularas
krisanas gadijuma) tiek defin€ta attieciba pret spraugu- paraléla spraugas un
polarizacijas gadijuma tiek runats par s-polarizaciju un perpendikulara attiecigi par p-
polarizaciju. Tiks apskatits ieraksts As,;S; kartinas ar biezumiem 1-4pum.

:t;ss:es:es:es:&%lasisting beam

diode laser
wave plate
(532nm) z ’

JZ.S MM

p-polarization
— 0.0 pm
s-polarization Sma s
2 Pt sample with a
Yvey film downwards
© 11T ~10um optical siit 3
. AR . g A
x 0y 2 2210nmfi %
€ > 5 i \
_qé 1 :.‘ \.
: y 3 : \( f ... [ ———
o %
532nm Nd:YAG |—ma—| wave plate £ [ '\/
laser < 0
Twnung beam 0 30

6 12 18 24
Coordinate of the profile, um

4.9. att. 10um optiskas spraugas reljefa ieraksta principiala shéma, ka arT ieglitais virsmas
reljefs un ta profils 3.3um bieza As,S;
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4.4. Merijjumu metodika

Promocijas darba rezultati sastav no trim dalam, kur pirma dala ir veltita darba
izmantoto plano kartinu izpetei. Tiks noteikts kartinu absorbcijas spektrs, péc kura tiks
izveleti noteikta vilna garuma lazeri tie$a ieraksta izpétei tajos. Parliecinasimies par
tiesa ieraksta procesa atgriezeniskumu, dz€sot ierakstu pec principiali jaunas tehnikas.
Ieraksta dz€Sanas iesp€ja, savukart liecina par masas fizisku parnesi nevis par ieraksta
blivuma vai tilpuma efektu. Atgriezeniskuma faktors ir vitali svarigs posms promocijas
darbam, jo viss darbs turpmak balstisies uz masas parneses procesu izp€ti amorfajos
halkogenidos.

Otra dala apskatisimies uz tiesa jeb viena sola (apejot kimiskas kodinasanas
procesu) virsmas reljefa holografisko ierakstu un ta efektivitati. Tiks sikak apskatits
rezga veidoSanas process, ta Tipatnibas- atkariba no polarizacijas un parauga
mikstinaSanas temperatiiras. Lai samazinatu parauga viskozitati un palielinatu ta
plistamibu, tiks izmantots neatkarigs gaismas avots, kas rezga ieraksta laika apgaismos
paraugu. Parliecinasimies par §1 papildus apgaismojuma vilpa garuma un polarizacijas
izvéles biitisko ietekmi uz tieSo virsmas reljefa holografisko ierakstu. Pamatojoties uz
materiala dubultlauSanu, ar netieSiem mérjjumiem tiks noskaidroti masas parneses
virzieni tie$a holografiska ieraksta laika. Tiks iegtts plakanu vilgu interferences
intensitates, ka arT polarizacijas sadalfjuma teor&tiskais modelis, kas bitiski atvieglos
eksperimentalo datu analizi $aja dala.

TreSaja dala tiks apkopoti rezultati par taisnstlirveida gaismas instensitates
sadalfjuma ietekmi uz dotajiem paraugiem. Sada veida gaismas sadalfjums tiks
nodro§inats izmantojot Sauru, aptuveni 10um platu optisko spraugu. Dota iekarta lauj ar
tieSiem mérjjumiem noteikt ieraksta procesu virzibu atkariba no jebkura parametra, tai
skaita intensitates, polarizacijas vai ekspozicijas laika. leraksta iekartas shémas uzbiive
ir loti vienkarSa un raksturojas ar labu izturibu pret vibracijam, lazera intensitates
svarsttbam un sliktu vai neesoSu koherenci, kas kopuma garanté loti precizus un

akuratus rezultatus.
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5. REZULTATI UN TO ANALIZE

5.1. Plano kartinu izpéte

Gaismas un materiala mijiedarbes pétiSanas process sakas ar paSu paraugu
mekl€Sanu un laboratorijas iesp&ju robezu apzinaSanu. P&tamajam paraugam, ka
holografiska ieraksta materialam, jabiit pietiekoSi gaismu jutigam un ar potencialu
virsmas reljefa moduléSanai tieSi optiska ieraksta laika. Visus $adus materialus var
iedalit divas lielas grupas: organiskie un neorganiskie materiali. Saja darba tika izvéleti
neorganiskie materiali, precizak, amorfie halkogenidi (As,S; un citi). Lidz ar to darbs
jasak ar doto materialu optisko 1pasibu izp€ti un laboratorijas aprikojuma izveli. Lai
turpmak runatu par gaismas induc€tu masas parnesi, ir japarliecinas par §1 procesa
atgriezeniskumu. Ja ir iespgjama masas parnese kada noteikta virziena, tad S$im
procesam noteikti jabiit atgriezeniskam jeb, citiem vardiem sakot, ir jabit iesp&jai So
procesu dzest. Pretéja gadijuma nebiitu jaapskata masas parneses procesi, bet gan

tilpuma (blivuma) izmainas.

5.1.1. As;S; plano kartinu absorbcijas spektrs

< 100 T
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20 | 473nm
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0 * s e
400 450 500 550 600 650 700

Vilpa garums, nm
5.1. att. Ar Ocean Optics spektrometru iegiitais As,S; kartinas spektrs
Uz liknes atziméti eksperimentos izmantotie papildus apgaismojuma vilpu garumi: 448, 473
un 532nm

Holografiska divstaru ieraksta iekarta ka interfer&joSie ierasta stari tika izmantoti
vienadas intensitatés sadalita Verdi-6 532nm lazera gaisma. Par papildus apgaismojumu
tika izveleti pusvaditaju lazeri ar pietiekami lielu absorbciju dotajam gaismu jutigajam
As,S; paraugam. Tadi bija tris lazeri ar 448, 473 un 532nm vilpu garumiem (5.1. att.).

Savukart 650nm vilpa garuma gaisma, kas praktiski neabsorb&as materiala, tika
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izmantota transmisijas DE mérjjumiem. Refleksijas DE me@rijjumiem, savukart,

piemgroti ir 448 un 473nm vilna garuma lazeri.

5.1.2. Holografiska ieraksta atgriezeniskums
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5.2. att. Tipiskas difrakcijas efektivitates vertibas holografiska rezga ieraksta laika Transmisijas
DE vértibas kreisaja pusé, refleksijas DE- labaja, rezga periods 1um, ierakstosie stari p-
polarizeti. Péc vertikalas raustitas linijas attélots ari ieraksts pec rezga parbides par /> no ta
perioda

(@ b) (©
Il!!!l : III!!H
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5.3. att. AFM virsmas topografijas mérfjumi difrakcijas rezgim dazados ta ieraksta posmos: (a)
pirmais posms- pirms rezga parbides (sk. 5.2. att.), (b) otrais posms- péc rezga parbides DE
minimuma un (c) tre$ais posms- péc rezga parbides jauna rezga veidoSanas stadija

Balstot promocijas darbu uz tieSo virsmas reljefa (SRG) ierakstu gaismu jutigos
materialos, ir nepiecieSams parbaudit holografiska difrakcijas rezga ieraksta
atgriezeniskumu jeb parliecinaties par masas parneses ieguldijumu difrakcijas rezga
izveide. Lai to 1stenotu, tika veiks [idz Sim vel nekur neaprakstits eksperiments- ieraksta
dzesana ar to pasu ieraksta iekartu, parbidot interfergjoso gaismu par '2 no ieraksta

perioda.
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SRG ieraksts As,S3 planas kartinas tika veikts ar Nd:YAG Verdi6 532nm lazeru,
izmantojot divstaru holografiska ieraksta shému (shéma 4.6..att.). Difrakcijas
efektivitate (DE) tika kontroleta reala laika, mérot pirmas difrakcijas kartas intensitati
transmisijas un refleksijas rezima. Transmisijas DE tiek mérita caur paraugu difragétai
gaismai un ta raksturo tilpuma ka amplitidas vai (un) fazes holografiska ieraksta
efektivitati. Savukart virsmas reljefa modulacijas jeb starpibu Ad starp reljefa augstuma
maksimalo un minimalo vertibu holografiska ieraksta laika tiek kontrol&tas ar refleksijas
DE. InterfergjoSo staru nobide tick realizéta pagriezot viena stara pusvilnu plaksniti par
90 gradiem, tadgjadi, nemainoties polarizacijai, stara faze izmainas par n/2 kam seko
interferences perioda nobide par pus periodu- A/2.

Tipisks SRG ieraksta process planas amorfas As,S; kartinas ir redzams 5.2. attgla
(Iidz vertikalai raustitai linijai). Ta ka absorbcijas un/vai lausanas koeficienta foto
inducétas izmainas ir salidzino$i atrs process, transmisijas DE sasniedz maksimumu
dazas sekundés (5.2. att., nepartraukta likne pie ~55%). Turpinot apstarot paraugu,
tilpuma ieraksta kontrasts pasliktinas un transmisijas DE vertiba kritas un taja pasa laika
refleksijas DE (5.2. att., partraukta likne) sak pieaugt, kas liecina par virsmas reljefa
veidoSanos. Péc salidzinodi ilgas ekspozicijas ($aja gadijumd virs 1kJ/cm?)
jaunizveidotais reljefs dod ieguldijumu ari transmisijas DE vértibai, tad€jadi tas vertiba
nenokritas Iidz nullei, bet 1énam pieaug pieaugot virsmas reljefam. Sis ieraksta process
ir atgriezenisks. Parbidot interfer€joSo gaismu par 2 no ta perioda (5.2. att., vertikala
partraukta taisne), refleksijas DE sak samazinaties lidz sasniedz minimumu- reljefs ir
sacis dzésties. Talak seko refleksijas DE picaugums, kas liecina par jauna rezga
veidoSanos.

Vizualiz€Sanas noliikos, virsmas reljefa ieraksta, dz€Sanas un jauna ieraksta
posmos virsmas topografijas ir uznemtas ar AFM (5.3. att.). Ka jau bija sagaidams,
difrakcijas rezga ieraksts 1. posma (pirms interferences parbides) un 3. posma (kad jau
refleksijas DE ir pieaugusi), salidzinot ar ieraksta dz€Sanas posmu (2. posms), ir ar
vismaz divas reizes lielaku amplitadu.

Difrakcijas rezga ieraksta un dzESanas process ir atkartojams vairakkartigi un
liecina par masas parneses procesiem ieraksta laika. Zinatniskaja literatura lidzigi
secindjumi ir iegiiti arl ar citam metodém, piem&ram, vienmérigi sadalitas gaismas
apstaroSana vai termala dzeéSana metode [9], bet S§1 apskatitd metode ir daudz

vienkarSaka un vieglak realiz€jama un kontrol€jama. ST eksperimentu s€rija sniedz
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5.4. att. Tiesa holografiska ieraksta (a) refleksijas DE slipuma koeficienta relativs salidzinajums
dazadiem As,S; parauga biezumiem ierakstam gan no kartinas puses, gan no pamatnes puses,
(b) iegtta ieraksta augstuma salidzinasana abos $ajos gadijumos
45 un -45 gradu polarizacijas holografiskais ieraksts veikts ar 532nm lazeru
(1,=1,=0.25W/cnm’, A=1pm)

1. Tabula. Tie$a holografiska ieraksta iesp&jas amorfas As,S; kartinas
leraksts veikts ar Nd:YAG 532nm lazeru (I,=1,=0.25W/cm’, A=1um)

leraksta leraksta efektivitate Tiesa ieraksta
polarizacija (An/At), 107/sek. relativs novertgjums
p+p 0.35 Labi (3)
s+ 0.1 Slikti  (4)
s+p 0.04 Loti slikti (5)
45" + 45’ 0.72 Labi (2)
45" + -45° 44 Loti labi (1)

iesp€ju veikt talakos petljumus gaismas un materiala mijiedarbibas izp€tei, balstoties uz

gaismas raditu masas parnesi nevis uz tilpuma vai blivuma izmainam.

5.2. TieSais ieraksts un ta izpéte ar holografiskam metodém

5.2.1. TieSais ieraksts amorfas planas kartinas

Ieprieksgja sadala jau noskaidrojam, ka refleksijas DE likne raksturo tiesa ieraksta
procesu un Iidz ar to tas forma vai precizak slipuma koeficients (An/At) raksturo
ieraksta efektivitati. Lai atvieglo ierakstu relativu salidzinasanu, §1 koeficienta
mérvieniba darba tiek lietota 10”/sek. No 5.4a. un 5.4b. attla grafikiem redzam, ka DE
slipuma koeficienta taisnes dazadiem parauga biezumiem labi raksturo iegiito reljefu
augstumus. Salidzinot ierakstus no kartinas un pamatnes (stikla) puses, redzam, ka

tieSajam holografiskajam ierakstam ir iesp&jams noteikt aktivo ieraksta dzijumu jeb
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optimalo kartinas biezumu, kas $aja gadijuma ir aptuveni 2.5 pm. Sada biezuma paraugi
ar1 turpmakaja darba tiks izmantoti.

lerakstu ar vairakam interfergjoSo staru polarizaciju kombinacijam apkopojums
redzams 1. Tabula. Pec tiesa ieraksta noveért§juma, kas balstits uz slipuma koeficienta
vertibam, redzam, ka tieSais ieraksts ir stipri atkarigs no izv€l&tas polarizacijas. Lai
varétu turpinat datu analizi un noskaidrotu doto rezultatu lielo divergenci, ir
nepiecieSams veikt teorétiskos interferences aprékinus, kas darba ietvaros ari tika

paveikts.

5.2.2. Plakanu vilpu interferences datora vizualizacija

Uzdevums ir eksperimentali noskaidrot holografiska ieraksta veidojoSos virsmas
reljefa rezgu efektivitates atkaribu no izmantotas gaismas polarizacijas, ka arT masas
dalinu kustibu virzienu- vai tas ir gaismas lauka virziena vai prom no ta. Seit ar
apskatisim datora vizualizaciju holografiska ieraksta intensitates sadalfjumam, ko
registré gaismu jutigais materials jeb paraugs, kura veic ierakstu. Ka vélak
noskaidrosies, ka ar divstaru holografijas iekartu pirmaja tuvinajuma nebis iesp&jams
neko noteikt par masas parnesi un tapéc jau tagad apskatisim ari daudzstaru, t.i.,
Cetrstaru (laboratorija realiz€jamu) holografisko ierakstu, kuram specialgadijums ar1 biis
divstaru ieraksts.

Izvélos DOKS ta, lai x-y plakne ir paraléla parauga plaknei un tas centrs atrodas
vienados attalumos no simetriski izvietotiem Cetriem koherentiem gaismas avotiem ta,
ka redzams 4.7. att€la. Izv€lamies ievaddatus talakajiem aprékiniem tadus, kadus biitu
iesp&jams realizét Cietvielu fizikas institiita Optiska ieraksta laboratorija: staru kriSanas
lenkis @=15.4° (no formulas (3-7), lai periods bitu Ium); gaismas avotu vilnpu garums
A=532nm (Verdi V8 CW lazers); vilnu skaitlis &=27/ A.

Katra gaismas avota izplatiSanos telpa raksturo ar ta k-vektoru:

|

. = k(—sing,0,cos @) |

!

, =k(0,—singp,cos @) 5.1

!
1

, =k(sing,0,cos @)

I

k(0,sinp,cosp) |
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Polarizacija tiek definéta ar lenki @;, starp elektrisko lauku E,- un plakni, kura atrodas
vilpu vektors lgl un vienibas vektors Z vai parauga virsmas normales vektors (4.7. att.

redzams tikai prieks E , ). L1dz ar to, elektriskie lauki ir forma:

E, = E(cos @, cos @,sin @,,cos @, sin @)
E, = E(-sinw,,cos w, cos @,cos @, Sin @)
E, = E(—cosw, cos @,—sin @,,cos @, sin @)

—

| E, = E(sinw,,—cos @, cOS,Cco8 @, Sin @) |

Lai vienkarSotu procesu, izv€lamies, lai visu elektrisko lauku absoliitas veértibas ir
vienas un tas paSas un vienadas ar viens, t.i., £ =1. Lidz ar to tiek definéta interfer¢joso
staru intensitate, kas ar1 ir vienada ar vienu vienibu.

Nedaudz parveidojot (2-16) formulu daudzstaru interferences gadijumam,

iegiistam:
I(I_’:) = Z EI . E;eiil;lm'ifi(‘pl ~Pw) 5_3
I,m
Kur Ezm = ]_(; - lgm un fazu starpiba @ =¢, —¢@,, kas tiek izveleta vienada ar nulli.

Gadijuma, kad tiek izmantota lineari polarizéta gaisma, vienadojumu (5-3) iesp&jams

vienkarsot:

I(F)=Y E,-E, +2Y E,-E, cos(k,, - F) 5-4

I=m I<m
Doto interferences sadalijuma funkciju ir iesp&jams vizualizet ar jebkuru 3D zZim&Sanas

programmu, ko arT Seit talak darisim.

Divstaru interference

Lai apskatitu divstaru interferences intensitates sadalijumu, no dota modela ir
jaiznem lauka divi pretgjie gaismas avoti, piemeram, pirmais un tresais. Vienkarsakaja
gadijuma, kad starp abiem elektriskajiem laukiem lenkis ir vienads ar 90 gradi, proti, s
un p polarizeti, gaismas interference netiek noverota (sk. 5.5. att.). Ta ka ortogonalu
vektoru reizinajums ir vienads ar nulli, tad otrais loceklis (5-4) formula ir vienads ar
nulli un lidz ar to interferjoSo staru summara intensitate ir katru atsevisko staru
intensitaSu summa.

Pargjos gadijumos, kad starp interfergjoSo staru polarizacijam modelt arT ir 90
gradi un gaisma nav s un p polarizéta (sk. 5.6. att. a,b), tomer ir nov€rojama arT neliela

interference. Ta ka gaismas avoti krit neliela lenki (15.4 gradi) viens pret otru,
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s un p pol.
4

X,
0 1 2 3 4 5 pm
5.5. art. Divstaru interferences teorétiskais intensitates sadalijjums 5x5um laukuma un ta
profils gadijuma, kad interfergjosSie stari ir s un p polarizeti, starp polarizacijam ir 90 gradu
lenkis

elektriskajiem laukiem tomér veidojas kop€ja komponente, kas ari veido nelielo
interferences ainu. Ir iesp&ams paradit, ka Sajos gadijumos, ievedot korekciju
polarizacijai, var izlidzinat nelielo gaismas interferences ainu. Piem&ram, -45 un 45
gradu polarizacijas gadijumam abiem stariem polarizaciju jaizmaina par aptuveni 2
gradiem (uz -43 un 43), lai starp tiem bitu precizi 90 gradi un gaismas interferenci
nevaretu noverot.

Kad abi interfergjoSie stari ir s polarizéti (sk. 5.6f. att.), ir iesp&jams sasniegt
maksimialo intensitates gradientu. Saja vienigaja gadijuma ari tas interferences
amplitida nav atkarigs no staru kriSanas lenka, kas var€tu bt pozitivs aspekts no
praktiska pielietojuma viedokla. 3D pieméri divstaru interferences gadijumam ir

redzami 5.7. attéla.

(a) (b) (©)
—45un 45 pol. 20 un 110 pol. s un 45 pol.
4 4 4
3 3 3
2 2 )
1 1 1
X, :
o 1 2 3 4 sum - *
» oH 0 1 2 3 4 S pm 0 1 2 3 4 5 pm
(d) (e) ®
45 un 45 pol. punp pol. sun s pol.
4 4 4
3 3 3
2 2 2
1 1 1
X, X, X,
0 1 2 3 4 5 pm 0 1 2 3 4 5 pm 0 1 2 3 4 5 pm

5.6. att. Divstaru interferences teortiskais intensitates sadalfjums, kad lenkis starp interfergjoSo
staru polarizacijam modelt ir 90 gradi (a, b), 45 gradi (c) un 0 gradi (d, e, )
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5.7. att. Maza gradienta (piem., -45 45) un liela gradienta (piem., p p) divstaru holografiska
ieraksta gaismas interferences intensitates sadalijuma 3D datora vizualizacija

(p.p-p.p)
10
4.%10°%
8
6
2.%x107% B
& n ;
4 A P\
21 “ 1 \JI \\ h \_,I \
o v \OX () 16B . )
1 2 3 4 5 pm 0 2.x107° 4.x107°
(s.5.8.5)
10
4.x 1078
8 X
6
4 2% 1070
2.
2
X (y), lﬁ'

0 1 2 3 4 5 um 0 2.x107% 4.x107°

5.8. att. Cetrstaru interferences intensitates sadalfjuma (sanskats un virsskats) 3D datora
vizualizacija 5x5um laukuma un ta profils, kur sarkana linija iet caur sadalijuma
minimumiem, bet zila- caur maksimumiem x vai y ass virziena
Staru polarizacija redzama uz profila ordindtu ass ka vektors, kura komponentes ari apzimé
attiecigi no pirma lidz ceturtd gaismas avota polarizaciju (Saja gadijuma blakus stari ir
ortogondali polarizeti)

Cetrstaru un trisstaru interference

5.8. attéla redzami Cetru staru interferences vienkarSakie gadijumi, kad visu
gaismas staru polarizacijas ir vienadas- p vai s polarizétas (starp blakus staru
polarizacijam ir 90 gradu lenkis). Polarizacija att€los ir atzim&ta vektora pieraksta
forma, kura komponentes arT apzimé no pirma lidz ceturta gaismas avota polarizaciju.
Interferences aina abos Sajos gadijumos ir ar simetriski 2D izvietotiem gaismas
minimumiem un maksimumiem, caur kuriem izméritie profili ir ar vienadam to
amplitidam un ar7 periodiem (5.8. att. sarkana un zila likne).

No gaismas un parauga mijiedarbibas pétiSanas viedokla, interesantaki
teoretiskie rezultati ir iegiiti ar citam polarizacijas kombinacijam. Ja polarizacija ir
versta viena virziena (5.9. att. spsp gadijums)- visi gaismas avoti interferé viens ar otru

un var iegiit gaismas sadalfjumu, kur summaras gaismas intensitate mainas no nulles
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5.9. att. Cetrstaru interferences intensitates sadalfjuma (sanskats un virsskats) 3D datora
vizualizacija 5x5um laukuma un ta profils, kur sarkana linija iet caur sadaltjuma
minimumiem, bet zila- caur maksimumiem x vai y ass virziena.

Staru polarizacija redzama uz profila ordinatu ass ka vektors, kura komponentes art apzime
attiecigi no pirmd lidz ceturtd gaismas avota polarizaciju

lidz 16 reizém no viena gaismas avota intensitates. Savukart 45 gradu polarizacijas
gadijuma, kad starp pret€jiem gaismas avotiem ir 90 gradi un tie neinterferé (5.9. att. 45
-45 -45 45 gadijums) kop€jais punktveida interferences ainas intensitates gradients
tiecas uz nulli. Viesiem pargjiem gadijumiem interferences aina ir ar tadu pasu
geometriju, bet dazadu gaismas intensitates gradientu. Uzmanibas verts ir ari fakts, ka
visos $ajos gadijumos interferences periods ir dubultojies- 1pum vieta ir 2um. Sadi
punktveida intensitates sadalijumi ir saistosi ne tikai no praktiska pielietojuma, bet ari
no parauga pétisSanas viedokla, jo lauj viena piegajiena ierakstit unikalas un augstas
precizitates struktiras, kuras ir viegli sasaistit ar aprékinato interferences sadaltjumu.

Ar Siem péd€jiem apskatitajiem gaismas avotu polarizacijas gadijumiem
vajadzetu pietikt, lai eksperimentali noskaidrotu masas parvietoSanas virzienu tiesa
ieraksta eksperimentos. Ja gaismas intensitates gradienta iespaidd masas parnese ir
virziena uz vietu ar lielaku gaismas intensitati, ieglisim intensitates sadalijjumam lidzigu
virsmas reljefu, pretéja gadijuma (kad tiks biditas prom no apgaismotas vietas) iegiisim

intensitates sadalijumam negativo att€lu jeb nospiedumu parauga.

Trisstaru interference
Cetrstaru holografijas gadijuma aizsedzot, pieméram, ceturto gaismas avotu, Joti

vienkarsi ieglstam trisstaru eksperimentalo iekartu. Ta ka meérkis ir izprast masas
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5.10. att. Tris staru interferences intensitates sadalijuma (sanskats un virsskats) 3D datora
vizualizacija 5x5um laukuma un ta profils, kur sarkana Iinija iet caur sadalijuma
minimumiem, bet zila- caur maksimumiem x vai y ass virziena.

Staru polarizacija redzama uz profila ordindtu ass ka vektors, kura komponentes apzimé
attiecigi no pirmd lidz tresa gaismas avota polarizaciju

parneses procesu apgaismosanas laika, paréjo staru geometrija (k-vektoru virzieni) var
palikt nemainiga. Gadijuma, kad pret€jie gaismas avoti ir vienadi polarizéti un sana-
izvelets ar tadu pasu (5.10. att. sps vai psp) vai tuvu tadai pasai polarizacija, ieglistam
intensitates sadalfjumu nedaudz izstieptu viena no virzieniem. Arl $ajos gadijumos
interferences ainas periods ir dubultojies un ari Seit biitu iesp€jams izdarit kvalitativus

secindjumus par virsmas reljefa veidoSanas procesiem.

5.2.3. Daudzstaru holografijas eksperimentu
salidzinajums ar teoriju

Uzdevums ir eksperimentali noskaidrot holografiska ieraksta laika noverotas
masas parneses virzienu. Zinot daudzstaru interferences teor€tiskos intensitates
sadaltjumus, ir jaizvélas tikai vispiemérotakais gadijums holografiskajam ierakstam, p&c
kura biitu neparprotami redzami procesi, kas norisinajusies ieraksta laika. Saja sadala
parliecinasimies, ka ar daudzstaru (tris un Cetrstaru) holografiska ieraksta iekartu ne
tikai ir iesp&jams iegit dazadu veidu 3D punktveida intensitates sadalijumus, bet ari
ierakstit dazadas 3D punktveida struktiiras.

Pirmie eksperimenti tika veikti ar divstaru holografisko iekartu. Tika ierakstits
vienkar$s difrakcijas rezgis, pagriezts paraugs par 90 gradiem un ierakstits vél viens

difrakcijas rezgis. Ar $ada manevra palidzibu tika ierakstits krustots rezgis (5.11. att. a
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5.11. att. 10x10um AFM virsmas reljefa 3D un 2D att€lojums (a un b) divstaru holografiskajam
ierakstam, paraugs ieraksta laika pagriezts par 90 gradiem, ta salidzinajums ar 3D datora
vizualizaciju (c)

Tiesais ieraksts As,S; kartina ar Nd:YAG 523nm lazeru, p un p pol. 1,;=1,=0.3W/cm’, A=1um

un b). Izanalizgjot iegiitos rezultatus ir secinats, ka no iegiita profila att€la nav iesp&jams
neko pateikt par masas parneses virzieniem. Ierakstot sinusoidalu rezgi un krustam pari
parrakstot citu, neatkarigi no notiekosajiem procesiem ieraksta laika, neko citu ka rezgi
ar kalniniem iegiit nav iesp&jams. P&c Sadiem eksperimentiem ari radas vajadziba péc
Cetrstaru ieraksta iekartas un teor€tiska interferences intensitates sadalijjuma
noteikSanas. Velak, salidzinot Sos iegiitos rezultatus ar teorétiski aprékinatajiem (5.11c.
att.), apstiprinajas ieprieks izvirzita hipot€ze par masas parneses virziena nenoteiktibu.
Cetrstaru holografiskaja iekarta, kur visi gaismas avoti polariz&ti viena virziena,
piem&ram, (p,s,p,s) gadijuma, gaismas interference ir ar stipri izteiktiem pikiem (16
reizes intensivaki par katru no kritoS$as gaismas stariem) un minimumos gaismas
intensitate ir vienada ar nulli. Sada gadfjuma holografiskaja ieraksta redzam, ka iegiitais
virsmas reljefs atkarto intensitates sadalfjumu (5.12. att.). No iegiita rezultata varam
secinat, ka $aja gadijjuma masas dalinas ir parvietojusas gaismas intensitates virziena.
Gadijuma, kad divu pret€jo staru gaismas polarizacijas tiek pagrieztas par 45
gradiem, intensitates sadalfjums paliek loti lidzigs ieprieks apskatitajam. Sadi tiek
samazinats gaismas intensitates gradients un intensitates piki vairs nav tik izteikti,
minimumos intensitate ari vairs nav vienada ar nulli. Eksperimentalajos ieraksta
gadijumos nekas nemainas- masas parnese notiek virziena uz intensivak apgaismotajam
vietam (5.13. att.). Identiska situacija tiek noverota trisstaru holografiska ieraksta, kad
visi tris gaismas avoti polarizeti viena virziena (5.14. att.). Ar1 Seit gaismas interferences
sadalfjums ir Iidzigs jau apskatitajiem un AFM virsmas reljefa att€lojuma vélreiz

parliecinamies, ka reljefs atkarto interferences intensitates sadaltfjumu.
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5.12. att. Cetrstaru holografiska ieraksta As-S-Se kartina (a) interferences ainas datora
vizualizacija un (b, c) AFM virsmas reljefa att€lojums
leraksts veikts gadijuma, kad visi gaismas avoti polarizéti viena virziena, t.i., (p,s,p,s)
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5.13. att. Cetrstaru holografiska ieraksta As-S-Se kartina (a) interferences ainas datora
vizualizacija un (b, c) AFM virsmas reljefa att€lojums
leraksts veikts gadijuma, kad divi pretéjie gaismas avoti polarizéti 45 gradu lenki, t.i.,
(s,45,5,45)

18 nm
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5.14. att. Trisstaru holografiska ieraksta As-S-Se kartina (a) interferences ainas datora
vizualizacija un (b, ¢) AFM virsmas reljefa att€lojums
leraksts veikts gadijuma, kad visi gaismas avoti polarizéti viend virziend, t.i., (s,p,s)
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5.2.4. Halkogenidu foto inducétas mikstinasanas
iespaids uz tieSo holografisko ierakstu

Saja dala tiks apskatits tie$a holografiska ieraksta virsmas reljefa veido$anas
efektivitate, ka ar1 polarizacijas ietekmes anizotropija uz parauga foto induc@to
mikstinasanos un lidz ar to ar uz holografisko rezgu veido$anas procesu.

Teorgtiskie aprekini (5.6. att.) rada, ka holografiskajam ierakstam kopgja gaismas
intensitate periodiski mainas no I, 11dz I,.. ti., divu gaismas avotu interferences
gadijuma ir iesp&jamas lokalas vietas, kur gaisma vispar nenonak (s un s pol., 7,,;,=0).
Tiesa virsmas reljefa holografisko rezgu ieraksta gadijuma tas nozimé, ka uz parauga
atradisies lokalas neapgaismotas vietas. Ta ka paraugs ir amorfa kartipa un nav
Skidrums, $§1s periodiski neapgaismotas vietas praktiski nepiedalas virsmas reljefa
veido$anas procesa un lidz ar to pasliktina rezga ieraksta efektivitati. So problemu
varétu apiet holografiska ieraksta laika kars€jot paraugu. Uzturot ta temperattiru tuvaku
kartinas mikstinaSanas jeb stikloSanas temperattrai (~170°C), varam atvieglot masas
parneses procesu holografisko rezgu ieraksta laika pat no vietam, kur gaismas
intensitate bija vienada ar nulli. Laboratorijas apstaklos Sadi eksperimenti ir parak
nestabili un griiti realiz€jami. Tadu pasu efektu varam iegiit ar papildus nekoherentu
apgaismojumu holografiska ieraksta laika, tad€jadi apgaismojot (mikstinot) tas pasSas
vietas, kur gaismas avotu interferences intensitate vienada ar nulli.

Apgaismojot paraugu ar nekoherentu gaismas avotu ar intensitati /, iegiisim to
paSu periodisko gaismas intensitates gradientu, bet tikai Soreiz nevis intervala no I,
11dz 1,4y, bet gan no 1, +1p lidz 1,,.,+1p. Rezultata ieglistam to pasu karseSanas efektu,
bet ar plasaku ricibas brivibu, parbaudot polarizacijas anizotropo iespaidu uz parauga

foto inducéto mikstinasanos.

Papildus apgaismojuma polarizacijas un vilna garuma izveles ietekme uz tieso virsmas
reljefa hologrdfisko ierakstu

Holografiska divstaru ieraksta iekarta ka interfergjosSie ieraksta stari tika izmantoti
vienadas intensitates sadalits Nd:YAG 532nm lazera stars. Par papildus apgaismojumu
tika izveleti CFI Optiska ieraksta laboratorija pieejamie pusvaditaju lazeri ar pietiekami
lielu absorbciju dotajam gaismu jutigajam As;S; paraugam: 448, 473 un 532nm vilgu

garumi.
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5.15. att. Holografiska rezga ieraksta efektivitate un reljefa veidosanas labums As,S; kartina
atkariba no papildus apgaismojuma vilna garuma, intensitates un tas polarizacijas
Ieraksts tika veikts ar Verdi-6 532nm p un p polarizétiem gaismas avotiem (I,=1,=0.2W/cm’,
A=1um)

5.15. attéla redzams §is dalas eksperimentu apkopojums- holografiska rezga
ieraksta efektivitates (Angr/Af) salidzinajums ar un bez papildus apgaismojuma As,S;
kartipa un ta atkariba no papildus apgaismojuma vilpa garuma, intensitates un
polarizacijas. Mainot papildus apgaismojuma intensitati un vilpa garumu, interferéjoso
gaismas staru polarizacija un intensitate (p-polarizacija un 0.2W/cm”* katra stard) tika
uzturéta nemainiga. No grafika redzam, ka, palielinoties papildus apgaismojuma
intensitatei, virsmas reljefa formésanas efektivitate palielinas loti strauji. Sis efekts
visvairak izpauzas pie papildus apgaismojuma vilnu garumiem, kas atrodas talak no
parauga absorbcijas sliekSna (tiek vairak absorbéti). 532nm apgaismojuma gadijuma,
holografiska rezga ieraksta efektivitate art palielinas, bet vairs ne tik strauji, jo §is vilpu
garums vairs netiek tik aktivi absorbéts materiala (5.15. att. redzams lidz 0,19W/cm?).
P&c lielakas jaudas 532nm vilpa garuma lazera iegades, tika noteikta ar1 piesatinajuma
vertibas pie §1 vilpa garuma papildus apgaismojuma (5.16. att.). Neatkarigi no
apgaismojuma polarizacijas, katra vilpa garuma papildus apgaismojuma ieguldijums
holografiska rezga ieraksta efektivitates uzlabosSana piesatinas pie tai noteiktas papildus
apgaismojuma intensitates (lyssum=0.11 W/em?, Lizzum=0.24W/em?, I532nm=1.25W/cm2).
Pie apgaismojuma intensitates, kas lielakas par $STm veértibam, interferéjosie gaismas
avoti vairs nespg€j pietickami labi formé&t holografisko rezgi, paraugs paliek parak
plustoss, palielinata apgaismojuma intensitate sak pasliktinat ieraksta efektivitati.

No grafikiem (5.15., 5.16. att.) arT redzam, ka ieraksta efektivitate ir stipri
atkariga ne tikai no papildus apgaismojuma vilpa garuma un intensitates, bet arT no ta
polarizacijas. P-polarizacijas ieraksta gadijuma, neatkarigi no papildus apgaismojuma

vilpa garuma, labakos rezultatus holografisko rezgu veidoSanas procesa dod tiesi s jeb
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5.16. att. Holografiska rezga ieraksta 5.17. att. Transmisijas DE maksimalas
efektivitate As,S; kartina atkariba no vertibas atkariba no papildus 532nm
papildus 532nm vilna garuma apgaismojuma apgaismojuma intensitates un polarizacijas
intensitates un polarizacijas Holografiskais ieraksts tika veikts ar 532nm
leraksts tika veikts ar 532nm p un p p un p polarizétiem gaismas avotiem
polarizéetiem gaismas avotiem, ka (1,=L=0.2W/cm’, A=1um)
papildinajums 5.8. att. (I,=1,=0.2W/cn?’,
A=1um)

ortogonali polariz&ts papildus apgaismojums. Salidzinot $is ieraksta efektivitates liknes
pie s un p papildus apgaismojuma polarizacijas, redzam, ka liknes pa pariem atkarto
viena otru, tikai p-polarizacijas gadijuma ordinatas vertibas ir stipri zemakas. Piem&ram,
tikai samainot 473nm papildus apgaismojuma polarizaciju no p uz s, jau ieglistam
aptuveni sesas reizes labakus ieraksta efektivitates radijumus. Seit varam loti labi
parliecinaties par vienmériga apgaismojuma polarizacijas anizotropo iespaidu uz
parauga optiskajam un mehaniskajam ipasibam (sk. feorijas apraksta 1.3.3. dalu).
Anizotrops iespaids ar1 tiek novérots, apskatot pirmo sekunzu transmisijas DE (sk.
tipisku ierakstu 5.2. attéla) maksimalas vertibas (5.17. att.). Transmisijas DE ir tilpuma
ieraksta raksturojoSs parametrs, kas $aja gadijuma, palielinoties papildus apgaismojuma
intensitatei, lineari samazinas pie s papildus polarizacijas un kvadratiski pie p papildus
polarizacijas apgaismojuma.

Difrakcijas efektivitate un lidz ar to arT ieraksta efektivitate (Ang/Af) un reljefa
veidoSanas labums (reljefa ieraksta efektivitate bez papildus apgaismojuma norméta uz
1) sniedz tikai netieSu informaciju par tiesa holografiska ieraksta virsmas reljefa
amplitiidas izmainam ieraksta laika. Eksperimenta ietvaros ir nepiecieSams veikt tieSos
rezga profila mérijumus ar CFI pieejamo atomspéku mikroskopa (AFM) palidzibu un
parbaudit ieprieks izvirzitas hipotézes par papildus apgaismojuma ieguldijumu rezgu

veido$ana.
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5.18. att. Papildus vienmeriga 473nm apgaismojuma pielietojuma (a) holografisko rezgu
ieraksta efektivitates uzlabosanai vizualais AFM 10x10um atteélojums (b-g) 3D, 2D un 1D jeb
profils
Holografiskais ieraksts tika veikts As,S; ar 532nm p un p polarizétiem gaismas avotiem

(,=1,=0.2W/cm’, A=1pm)
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5.19. att. Virsmas reljefa profils tieSajam holografisko rezgu ierakstam gadijumos, kad
paraugs papildus apgaismots ar 0.24W/cm® 473nm s vai p polarizétu gaismu, to salidzindjums
ar parauga virsmu pirms ieraksta
Holografiskais ieraksts tika veikts As,S; ar 532nm p un p polarizétiem gaismas avotiem
(1, =L=0.2W/cm’, A=1um)

Apskatot virsmas topografiju vairakiem holografiska rezga ieraksta gadijumiem
pie papildus 473nm apgaismojuma, vizuali varam parliecinaties par rezga ieraksta
efektivitates uzlabojumiem. Pie tris dazadam s polariz€ta papildus apgaismojuma
intensitatém un pie nemainiga ierakstoSo gaismas avotu uzstadijumiem (5.18. att. a-d),
tiek iegiitas atSkirigas difrakcijas rezgu augstuma izmainas. Pie papildus apgaismojuma
intensitates, kas mazaka par piesatinajuma intensitati (/,73,,=0.24 W/cmz) vai butiski
parsniedz to, difrakcijas reZga izmainas pa z-asi ir zem 70nm lielas (5.18. att. b un d).
Savukart 0.24W/cm’ papildus apgaismojuma gadijuma (5.18a. att. AFM#2) izmainas pa
z-asi palielinas par 50%- lidz 100nm un vairak (5.18c. att.). Lidzigam papildus
apgaismojuma intensitatém, bet tikai papildus p polarizétas gaismas gadijuma (5.18a.
att. AFM#4-6), situacija mainas. Ta ka papildus apgaismojuma grafika visi tris meérijumi
atrodas uz x-asij aptuveni paral€las taisnes, ari ieglita rezga z-ass izmainas ir aptuveni
vienadas- 35nm (5.18. att. e-g).

Tatad, ja Sim konkrétajam tie$a holografiska rezga ieraksta gadijumam (532nm, p
un p polarizacija, I;=I,=0.2W/cm®) izvélamies laboratorija pieejama 473nm lazera
apgaismojumu ar s polarizaciju un intensitati I,73,,=0.24W/cm’, iegiisim maksimali
labako iesp&jamo rezultatu. To pasu arT redzam profilu grafika (5.19. att.), kur paradits

papildus apgaismojuma ieguldijums holografisko rezgu ieraksta.
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5.2.5. Polarizacijas ietekme holografiska rezga
ierakstam un papildus apgaismojumam

So eksperimentu sérijas otraja dala tiek apskatits, kadi rezultati ir iegiistami veicot
holografisko ierakstu pie dazadam polarizacijam. leraksta efektivitate tiek salidzinata ar
rezultatiem, kuri tika iegiiti eksperimentos ar papildus dazadu polarizaciju 473nm lazera
apgaismojumu.

Tatad, 2. Tabula apkopo datus ne tikai prieks p un p polarizacijas ierakstosajiem
stariem, bet ari par visam par€jam polarizacijas kombinacijam. Bez papildus
apgaismojuma labakie ieraksta rezultati ir iegtiti ar pret&ji cirkularam (LC un RC) un ar1
ar 45 un -45 (45° un 135°) gradu ierakstoSo staru polarizacijam. Ja ierakstoSo staru
kriSanas lenkis ir neliels, 45 un -45 polarizacijas gadijuma varam pienemt, ka lenkis
starp ierakstoSo staru polarizacijam ir vienada ar 90 gradiem un interference starp tiem

netiek noverota (sk. 5.6. att.). Tada gadijuma kop€ja gaismas intensitate ir ar vienmerigu

sadaltjumu 7, =1, +1 ,, un ieraksta laika nav neapgaismotas vietas uz parauga, kas

sum
trauc€tu holografisko rezgu ieraksta procesam. Ta ka gaismas intensitates gradients Saja
gadijuma ir vienads vai tuvs nullei, virsmas reljefu, iesp&jams, veido elektriskais lauks,
kas periodiski mainas no p, LC, s lidz RC (sk. teorijas aprakstu 3.3.2. dalu) ar to pasu
periodu A. Sie fakti par intensitates sadalfjumu un elektrisko lauku loti labi izskaidro,
kapec $aja gadijuma (arT pret&ji cirkularu ieraksta polarizacijai) ir iesp&jams iegiit loti
labus ieraksta efektivitates radijumus pat bez papildus apgaismojuma. Izverstak tas tiks
apskatits nakamaja sadala.

Kad tiek izmantots papildus apgaismojums, situacija mainas. Ka jau ieprieks
noskaidrojam, pie p un p (jeb saisinot p:p) interfergjosiem stariem papildus s polariz&tas
gaismas apgaismojums ir nepiecieSams maksimalas rezga efektivitates iegtsanas.
Savukart s:s ieraksta gadijuma, papildus apgaismojumam jabut p polarizétam. Abos
gadijumos ir nepiecieSams ortogonals papildus nekoherentais apgaismojums, kur varam
iegiit reljefa veidoSanas uzlabojumu lidz pat 200 un vairak reizém. Savukart, kad
ieraksts tiek veikts 45:45 gradu polarizaciju, labakie rezultati tomér sasniegti ar s
polariz€tu papildus apgaismojumu. Tas var€tu but izskaidrojams ar to, ka, staru slipas
kriSanas gadijuma, lenkis starp abam polarizacijam nav precizi 0 gradi, bet gan

nedaudz vairak.
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2. Tabula. Holografisko rezgu difrakcijas un virsmas reljefa veidoSanas efektivitates atkariba
no ierakstoSo un apgaismosanas staru polarizacijas
Holografiskais ieraksts tika veikts As,S; kartina ar Verdi-6 532nm lazeru (I,=1,=0.25 W/em?,

A=1um), papildus apgaismojot ar 473nm vilpu garuma gaismu (0 vai 0,24W/cm’)

leraksta ngildgs Iera.k.st_a Reljvefa_ Iera](sts pez Iergksts' ar
P apgaismojuma efektivitate veidoSanas apgaismojuma apgaismojumu
polarizacija polarizacija (An/At), 107" /sek. labums novertéjums novertéjums
s 91 260.0 Loti labi
p:p p 13.7 391
- 0.35 1.0 Labi
s 0.22 22
s:s p 19 190.0 Labi
- 0.1 1.0 Slikti
S 0.17 43 Loti slikti
s:p p 0.035 0.9
- 0.04 1.0 Loti slikti
s 23 31.9 Labi
45° : 45° p 0.2 0.3
- 0.72 1.0 Labi
s 102 2.3 Loti labi
450 - 45 p 90.4 2.1
- 44 1.0
45° 98 2.2 Loti labi
s 58 0.6 Loti labi
LC:RC p 62 0.7
- 90 1.0 Loti labi
LC:LC s 57 100.0 Loti labi
vai p 0.25 0.4
RC:RC - 0.57 1.0 Labi

Savstarpgji ortogonalu ierakstoSo staru gadifjuma, ja izmanto -45 un +45 gradu
polarizaciju, tad, neatkarigi no ta, kadas polarizacijas apgaismojumus tiek izmantots,
ieglistam aptuveni divkart uzlabotu ieraksta efektivitati. Ja holografiskajam ierakstam
izmanto cirkulari polarizétu gaismu, papildus apgaismojums dod daudzkartigu ieraksta
uzlabojumu gadijuma, kad interfer§josie gaismas avoti ir vienadi cirkulari polariz&ti
(piem., LC:LC). Savukart pret€ji cirkularas polarizacijas gadijuma (LC:RC), papildus
apgaismojums tikai pasliktina rezultatus. So rezultatu izskaidro$anai ir nepieciesams
veikt jaunus teorétiskos aprékinus divstaru interferences intensitates sadalijuma sikakai

izp@tei, proti, izpétit polarizacijas sadalijumu divstaru interferences gadijuma.
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5.2.6. Teorétiskais polarizacijas sadalijums divu staru
interferences gadijjumam

No ieprieks apskatitajiem rezultatiem (sk. 2. Tabula) varam secinat, ka ir tadas
ierakstoSo staru polarizaciju kombinacijas (piem., -45 un 45) pie kuram tieSais ieraksts
ir iespgjams ar loti lielu efektivitati. Ta ka aprékinatais intensitates sadaltjums -45:45
gadijuma ir praktiski vienmérigs (sk. 5.6. att.), radas doma, ka rezga ieraksta
nepiecieSamais nosacijums ir polarizacijas jeb elektriska lauka intensitates gradients,
nevis gaismas intensitates gradients. Ir pieejams loti maz zinatniskas literatiras ar
apskatitiem plakanu vilnu interferences elektriska lauka intensitates sadalijumiem un ta
ir nepilniga (ietver tikai dazus gadijumus, informacijas vai paskaidrojumu trikumi u.c.)
un nav paradita vai paskaidrota rezultatu izcelsme (matematiski aprékini, modelis utt.).
Lai atvieglotu eksperimentalo rezultatu interpretaciju un analizi, $aja dala tiks teor&tiski
apskatits visu popularako ierakstoSo staru interferences elektriska lauka sadalijumi.

Teorétisko eksperimentu shéma ir izvéleta tada pati ka tiesa ieraksta
eksperimentiem (sk. 4.3.1. sadaju). Dotais Bregga vienadojums definé lenki 2o starp

abiem k vektoriem, lai, izmantojot 532nm vilna garuma gaismu, iegiitu 1pum periodiskas

struktiiras:
A= /1 5-5
2sina
Nemot skalara vilna vienadojuma atrisinajumu homogéna vide:
w=A-coslk-s—aw-t) 5-6

kur A- amplitida, k- vilpu skaitlis, s- viendimensionala koordinata, ®- lenkiska
frekvence, t- laiks, ir iesp&jams definét vertikali jeb z ass virziena polariz€tu vilni, kas
izplatas gar y asi:

w=1{0,5,w}, 5-7
vai ar1 horizontali jeb x ass virziena polariz€tu vilni, kas izplatas gar y asi:

w={w,s,0} 5-8
Izmantojot koordinatu transformacijas matricu un datu vizualizacijas programmu (piem.,
Mathematica), ir iesp&jams izveidot datora vizualizaciju polarizacijas sadalfjumam divu
staru interferences gadijuma.

Teoréetiski aprékinatais divu plakanu vilnu interferences polarizacijas sadalijums

redzams 5.20. att€la. Ar melno Iikni ir att€lota kop€ja gaismas interferences intensitate,
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s:p setup
Intensity
4

3 Polarization of Sum of the elektric fields in x-y
the beams plane
2 first second |A@:| -m —/2 0 +m/2 +T0
=) | =) | x| a2 [ a0 [ ead [ sAn
L e Pt P PP P00 70 P00 PP PR PP PP PR, S S
n/a I [ I n/a
0 1A 2 3 c t I: | 0.00 | 2.00 | 400 | 2.00 | 0.00
pip setup sis setup . . . . . .
Tntensity Tntensity p P
4 4 . . | i | i .
3 - - | 0.28 | 2.00 | 3.72 | 2.00 | 0.28
5 P
. NO/Z/ON
] c - | 2.00 | 2.00 | 2.00 | 2.00 | 2.00
\/ 45 | 45 ~ O} 0|—
0 A A 3A 0 A 2A A rd AN
LC:LC or 45:45 setup LC:RC or —45:45 setup l: | 186 | 2.00 | 214 | 2.00 | 1.86
Intensity Intensity _A5 _45
4 4 . \ \ \ .
3 \ \ I: | 0.14 | 2.00 | 3.84 | 2.00 | 0.14
RC | RC
1 \\:‘: I: | 0.14 | 2.00 | 3.86 | 2.00 | 0.14
\\ RC Lc -— I \ -—
0
O O I: | 1.86 | 2.00 | 2.14 | 2.00 | 1.86
5.20. att. Teoretiski aprékinatais divu staru 5.21. att. Teorétiski aprékinatais divu
interferences intensitates sadalijjums (melna staru interferences polarizacijas
nepartraukta likne), ka arT summaras intensitates sun p  sadalfjums dazadu interfergjoso staru
komponentes att€lotas ar partrauktam likneém un polarizacijas gadijumiem
iekrasotiem apgabaliem zem tam Interferejosas gaismas intensitate
Interferejosas gaismas intensitate 1,=1,=1 vieniba, 1,=0,=1 vieniba, interferences
interferences periods A=1um, lenkis starp k vektoriem periods A=1um, lenkis starp k
2a=30.86° 1=532nm vektoriem 2a=30.86° 1=532nm

kas ir identiski ar tiem rezultatiem, kas iegiiti pie daudzstaru interferences 5.2.2. sadala
(5.6. att.). Papildus gaismas interferences intensitatei ar raustitam linijam un iekrasotiem
laukumiem ir att€lotas ari tas komponentes- pret kriSanas plakni perpendikulari (s
virziens) un paraléli (p virziens) polarizétas gaismas apgabali. Seit jauzsver tas, ka ir vél
ar1 tresa gaismas komponente ar radialu polarizacijas virzienu (perpendikulari s un p
virzieniem), bet ta ir salidzino$i maza un netiks $aja darba apskatita. Savukart teoretiski
aprékinata summara polarizacija pie dazadam interfergjoSo staru polarizacijam ir
attelota 5.21. attela. Saja attela var arT redz&t summaras polarizacijas un intensitates
absoliitas vértibas pie vairakam interfergjoso vilpu fazu starpibam A¢ (-w; -n/2; 0; ©/2
un 7).

Salidzinot iegiitos rezultatus ar eksperimentalajiem virsmas reljefa ierakstiem (no
2. Tabulas), redzam, ka liels gaismas intensitates gradients (piem., s:s, p:p, LC:LC) nav
noteicosais faktors rezgu veidoSanai. Labakajos ieraksta gadijumos (-45:45 un LC:RC)

gaismas intensitates gradienta vieta ir noveérojams liels s un p polarizéta elektriska lauka
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intensitates gradients. Abu So gaismas polarizaciju intensitates gradientu periodiskums
ir ar pretg§jam fazeém, kas, visticamak, arT ir atbildigs par ieraksta lielo efektivitati.
Gadijuma, kad ir tikai viena no s vai p komponent€m (s:s vai p:p ieraksts) vai abas §is
komponentes ir ar vienadu fazi (45:45 vai LC:LC ieraksts), vai ar1 bez elektriska lauka
intensitates gradienta (s:p ieraksts) ir iesp&jams iegiit vid€jas vai sliktas efektivitates
ierakstu.

Eksperimentali ir paradits (2. Tabula), ka ieraksta efektivitati ir iesp&jams
vairakkartigi uzlabot ievieSot holografiska ieraksta shéma treSo- nekoherento gaismas
avotu. Sis papildus gaismas avots neinterferé ar paréjiem un tadgjadi kalpo tikai ka
papildus apgaismojums, kas ieraksta laika papildus mikstina paraugu. Ieraksta
efektivitates palielinasanos tagad ir iesp&jams izskaidrot: izmantojot papildus
apgaismojumu, ir iesp&jams ieglit summaras intensitates sadalijumu tuvu 45:-45 vai
LC:RC gadijumam (ar s un p komponenteém pret&jas faz€s), tadejadi palielinas ieraksta
efektivitate arl visiem pargjiem ierakstoSo staru polarizacijas gadijumiem. No ta arl
seko, ka, izmantojot ortogonalas polarizacijas apgaismojumu attieciba pret interferéjoso
staru summaro polarizaciju, ir iesp&jams vairakkartigi uzlabot ieraksta efektivitati (2.
Tabula). Pieméram, p:p ieraksta gadijums, kas tika novertéts ka salidzinos$i ,labs”
virsmas reljefa ieraksts, bet izmantojot papildus s polarizétu apgaismojumu, ieraksts ir
ar tikpat lielu efektivitati ka 45:-45 un LC:RC gadijumos. Turklat papildus
apgaismojums 45:-45 un LC:RC gadijumos ieraksta efektivitati nemaina vai ari
pasliktina.

Analizgjot lidz Sim iegiitos ieraksta rezultatus, nav iesp&jams izdarit nekadus
secindjumus par masas parneses virzieniem ieraksta laika- ir zinams tikai tas, ka
holografiski ierakstits rezgis visos gadijumos bis ar sinusoidalu formu un 1um periodu.
Lidz ar to paliek aktuals jautajums par to, kada veida ir iesp&jams identisks ieraksts gan
s:s vai p:p polarizaciju gadijuma, gan ar1 gadijuma, kad interfergjoSo staru polarizacijas
sadalfjums ir abu ieprieks$€jo gadijumu kombinacija un turklat to sadalfjumi ir pretgjas
fazes (45:-45 ieraksts, sadalfjums 5.20. attela). Tas ir iesp&jams tikai tada gadijuma, ja
masu parbida elektriska lauka intensitates gradients, turklat parneses virziens ir atkarigs
no attieciga elektriska lauka virziena. Citiem vardiem sakot, visefektivakais ieraksts ir
iespgjams 45:-45 vai LC:RC gadijuma, kur gaismas interferences intensitates
periodiskas s un p komponentes ir pretejas fazes, jo tas vienlaicigi palidz viena otrai

veidot kalnu un rakt bedri. Katra no komponentém atbild par vienu Siem procesiem.
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Nakamas dalas tiks veltitas §1 procesa smalkakai izp€tei un ieraksta laika notiekosa

interpretéSanai.

5.2.7. Masas parneses virzieni holografiska ieraksta laika,
pamatojoties uz materiala dubultlausanu

No iepriek§ apskatitajam sadalam (sk. 1. Tabula) varam secinat, ka vislabakais
holografiskais virsmas reljefa ieraksts ir iesp&jams pie divam polarizaciju
kombinacijam: -45:45 un pretgji cirkularam. So gadfjumu teorétiski aprékinatais
interferences intensitates sadalijums ir gandriz vienmeérigs- ar loti vaju kontrastu.
Apskatot stkak aprékinato intensitates sadalijumu, redzam, ka tas sastav no periodiskam
s un p polarizacijas komponentém ar lielu kontrastu jeb gradientu (5.20. att. iekrasotas
dalas -45:45 gadijumam). Abu So komponensu periodi ir pretfaz€s. Nemot véra So faktu
un to, ka amorfajos halkogenidos un ari citos gaismu jutigos materialos tiesais ieraksts ir
atgriezenisks (sk. 5.1.2. daju), ir iesp&jams tikai viens vienigs ieraksta procesa
izskaidrojums, kas ar tiks apskatits $aja dala.

Holografiska ieraksta laika, masas parnese tiek noveérota paraléli elektriska lauka
intensitates gradientam (nevis gaismas intensitates gradientam) un ar1 dazados virzienos,
kas ir atkarigi no dota elektriska lauka virziena. Ar holografiska ieraksta shému Sos
masas parneses virzienus ir iesp&jams noteikt eksperimentali, mainot transmisijas DE
lazera polarizaciju no p uz s vai otradi. 5.22a. att€la ir redzams rezga ieraksta process,
kur nepartraukta Iikne atteélo viena ierakstosa stara absorbciju (transmisiju) parauga un
otra likne attélo transmisijas DE ieraksta laika. Seit DE tiek mérita ar p polarizétu
gaismu. Sakuma posma, kad caurlaidiba strauji samazinas, veidojas tilpuma ieraksts jeb
lausanas koeficienta un/vai absorbcijas koeficienta izmainas. Lidz ar straujo
caurlaidibas izmainu apstasanos, paradas neliels DE pikis. Identiskos apstak]os, mérot
ar s polarizetu gaismu, $ads pikis netiek noverots (5.22b. att.). Abi rezultati kopa ar
izceltu sakuma posmu ir redzami 5.22c. attéla. Sadu atSkiribu un reizé ari masas
parneses virzienu var izskaidrot ar parauga foto inducéto dubultlauSanu An.

Amorfajiem halkogenidu pusvaditajiem foto inducéta dubultlauSana ir negativa,
ti, An=n; — ng < 0 [99], kur njun ny ir attiecigi lauSanas koeficienti gaismai
izplatoties paral€li un perpendikulari ierosinosas gaismas elektriskajam laukam. Pirms
holografiska ieraksta lauSanas koeficients paraugam ir izotrops attieciba pret gaismas

polarizaciju. Pirmajas ieraksta sekund€s periodisks lausanas koeficients sak veidot
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5.22. att. (a) un (b) holografiska ieraksta viena ierakstosa stara transmisijas (T) Iiknes
(nepartraukta un punktoti-raustita Itkne) un attieciga ieraksta transmisijas difrakcijas
efektivitates (DE) liknes (punktota un raustita likne) atkariba no DE lazera polarizacijas. (¢)
izcelts abu ierakstu sakuma posms. (d) holografiska ieraksta reljefa veidosanas modelis
leraksts veiks As,S; kartina ar -45 un 45 gradu polarizaciju

tilpuma ierakstu. VienkarSots ieraksta modelis redzams 5.22d. attéla. Pie lauSanas
koeficienta rezga péc nejausibas principa attéla ar tick piekartots ieraksta interfergjoso
staru (sk. -45:45 datora vizualizaciju 5.20. att.) polarizacijas komponentes. Nemot véra
to, ka An < 0, s polariz€tam (5-9) un p polarizé€tam (5-10) DE gaismas avotam, uzsakot
ierakstu, varam uzrakstit sekojoso:

n;-hg>ny-hy 5-9

n;-ho<ns-hy 5-10
kur piereizinata konstante hy ir parauga biezums. Turpinot ierakstu, n; un n, starpiba

pieaug un attiecigi abu eksperimentu DE pieaug, [idz bridim, kad sak veidoties reljefs.
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250

Coordinate,zam

5.23. art. Tipisks virsmas reljefa difrakcijas rezgis un ta profils, iegits ar tieSo holografiska
ieraksta metodi

Reljefa veidoSanas sakuma posma, ieprieks€jas formulas s polarizétam (5-11) un p
polarizétam (5-12) DE gaismas avotam var uzrakstit sekojosi:
ni-hy” > ny-hy’ 5-11
n;-h;” <ny-hy’ 5-12
kur h;” apzimé kartinas lokalo biezumu virsmas reljefa veidoSanas rezultata. Reljefam
augot, h;’ palielinas un h,’ samazinas vai ari otradi- h;’ samazinas un h,’ palielinas. Ka
jau iepriek§ minéts, p polariz€tam DE ieraksta gadijumam vienigajam paradas sakuma
ieraksta pikis. Sis fakts ir izskaidrojams tikai un vienigi ar to, ka ieraksta laika h;’
palielinas un attiecigi h,’- samazinas. Tadgjadi p polarizétam DE ieraksta gadijumam n;,
h;> palielinas un np, hy,’ samazinas- attiecigd DE likne monotoni pieaug. Savukart s
polarizétam DE ieraksta gadijumam np, h;’ palielinas ieraksta laika un n;, h,’-
samazinas. Sakuma posma tilpuma ieraksts nosaka DE augSanu, talak jaunizveidotais
virsmas reljefs sak dzést DE un attiecigajai Iiknei izveidojas sakuma maksimums.
Ierakstu turpinot, difrakcija no Ah’ paliek daudz izteiktaka par ieguldijumu no An un
tam seko p polarizetas (ari s polarizétas) gaismas DE monotons pieaugums.
lerakstita virsmas reljefa uzvedibas izpé&tei tika noméritas DE relaksacijas abiem
gadijumiem pie izslégtiem ierakstoSajiem stariem (5.22. att. grafikos, kur transmisija
nokrit [1dz nullei). Kad DE tika sasniegta aptuveni 4.6%, ierakstoSais l1azers tika izsleégts
un DE nokritas Iidz aptuveni 4%. Saja stavokli DE abos gadijumos palika nemainiga
ilgu laiku, kas liecina par ierakstita reljefa stabilitati. Sadi ir iespgjams ierakstit licla
laukuma, augstas kvalitates un perfektas geometrijas rezgus bez jebkadas papildus
apstrades (ka 5.23. att.), kas no praktiska pielietojuma viedokla, protams, ir liels

ieguvumes.
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5.3. Tiesais ieraksts un ta izpéte péc parauga apstaroSanas
caur Sauru spraugu

Lai eksperimentali parliecinatos par ieprieks€jas sadalas noteikto masas parneses
virzienu un elektriska lauka intensitates gradienta kopsakaribam, tika izveidota jauna
ieraksta shéma (sk. shemu 4.9. att€la). Shémas galvena sastavdala ir aptuveni 10um
Saura sprauga, kas ideala varianta dod iesp€ju apstarot paraugu ar taisnstiirveida gaismas
intensitates sadalfjuma gaismu. Realiz€jot $adu vienmériga intensitates sadalijuma
ierakstu, ir iesp&jams pétit virsmas reljefa veidoSanos pilnigi kontroléta vid€, kur
polarizaciju ir iesp&jams pienemt par nemainigu un konstantu gan laika, gan ar telpa.
Ta ka Seit ieraksta stars krit perpendikulari pret parauga virsmu, polarizacija tiek
defingta attieciba pret spraugas virzienu: paral€las polarizacijas gadijuma (s virziens) ir
iespejams simulét s:s gadijuma holografiska ieraksta viena perioda ierakstu gaismu
jutigd materiala. Perpendikularas polarizacijas gadijums (p virziens), savukart, simulé

viena perioda p:p holografisko ierakstu.
5.3.1. Masas parneses virzieni

Ieprieks apskatitais holografiskais ieraksts tikai netiesi izskaidro masas parneses
procesus ieraksta laika. Izmantojot Sauras spraugas ieraksta shému, ir iesp&jams to
noskaidrot vienkars$i nomeérot iegiito topografiju uz AFM. Pirmie ierakstitie reljefi bija
loti mazi un neizteiksmigi (tikai dazu nanometru izmainas). Lai panaktu dota materiala
lielaku plostamibu, tika nolemts izmantot arm papildus vienmérigu nekoherentu
apgaismojumu no parauga otras puses. Sadu eksperimentu ieraksta polarizacija tiks
saisinata ka a/b, kur a- ieraksta jeb elektriska lauka intensitates gradienta polarizacija un
b- papildus vienmeriga apgaismojuma polarizacija. Ka turpmak redzesim, $ads shémas
papildinajums dod nozimigu ieraksta uzlabojumu.

Realizgjot pirmos s un p polarizacijas ierakstus ar ortogonali polariz€tu papildus
apgaismojumu, redzam, ka ir iesp&jami divi dazadi masas parneses virzieni (5.24. att.).
Tatad, s polariz€tas gaismas ieraksts, stimuléts ar p polarizétu papildus vienmérigu
apgaismojumu (s/p ieraksts), izveido aptuveni 10um platu bedri. Attiecigi p polarizétas
gaismas ieraksts, stimuléts ar s polarizétu papildus vienmé&rigu apgaismojumu (p/s

ieraksts), izveido tikpat platu kalnu. Varam secinat, ka s polarizacijas gaismas
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5.24. att. S polarizeta (s/p ieraksts) un p polarizéta (p/s ieraksts) gaismas intensitates gradienta
iespaids uz masas parneses virzienu As,S; un GeSe; kartinas
leraksta elektriska lauka virziens attélots ar abpuséjam bultinam

(a) (b)
c 200 - € 100 r
€ 4 y =-1.8485x + 166.98 < < =-1.8848x + 76.618
g 150 - 5 50 | Y '
£ R*=0.9905 g R*=0.9903
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5.25. att. Papildus vienmeriga apgaismojuma polarizacijas ietekme uz tieSo ierakstu gadijuma,
ja ierakstosas gaismas intensitates gradienta polarizacija ir (a) p virziena jeb perpendikulari
spraugai vai (b) cirkulari polarizgta
Uz abscisu ass atliktas vértibas apzimée lenki starp papildus apgaismojuma polarizaciju un
izmantoto ieraksta spraugu

intensitates gradients atgriiz no sevis masas dalinas, bet savukart p polarizacijas gaismas
intensitates gradients pievelk masas dalinas. Citiem vardiem sakot, parauga masas
parnese tiek noverota pie elektriska lauka intensitates gradienta, un parneses virziens ir
atkarigs no §1 gradienta virziena un elektriska lauka virziena savstarpgja novietojuma-
abu So virzienu sakriSanas gadijuma masa tiek bidita elektriska lauka intensitates
gradienta virziena. Savukart, ja elektriska lauka virziens ir perpendikulars attieciba pret
doto gradienta virzienu, masa tiek bidita pret€ji elektriska lauka intensitates gradienta
virzienam (prom no intensivak apgaismotas vietas). Seit iegiito rezultatu secinajumi

pilniba sakrit ar ieprieks$€jas sadalas par holografisko ierakstu ieglitiem secinajumiem.
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Gan papildus apgaismojumam, gan ar1 ierakstos$as gaismas polarizacaijai ir biitiska loma
reljefa izveidé. Pie p jeb perpendikulari spraugai polariz€ta gaismas intensitates
gradienta, mainot tikai papildus apgaismojuma polarizaciju no s uz p, iegiitais reljefa
augstums linedari samazinas [idz nullei (5.25a. att.). Gadijuma, ja ieraksto$a gaismas
intensitates gradienta polarizacija ir cirkulara (5.25b. att.), papildus apgaismojuma
polarizacija maina no s uz p lineari ietekmé& gan reljefa veidosanos efektivitati, gan ari ta
veidoSanos virzienu. No grafikiem ari redzam, ka abos aprakstitajos gadijumos linearas
atkaribas slipuma koeficients ir praktiski vienads. Nakama sadala tiks apkopota

informacija ari par visam citam polarizaciju kombinacijam.

5.3.2. Optiskas spraugas eksperimentu apkopojums

Ieraksta shéma ievietojot pusvilpa un/vai % vilpa plaksnites, ir iesp&jams variét
ieraksta un papildus apgaismojuma polarizacijas un iegiitos ieraksta reljefus nomeérit uz
Veeco CPII AFM. Sadu eksperimentu rezultatu apkopojums tiks apskatits $aja sadala.

5.26. attela rezultatu apkopojums ir izkartots tabula. Dazas vietas redzams
ieraksts Ah—0, kas norada uz ieraksta kombinacijam, kuram tika nov&rotas niecigas
reljefa izmainas, kas gruti atSkiramas no lidzenas virsmas. Neizmantojot papildus
apgaismojumu, nenozimigs ieraksts ar1 tika noverots pie visam ierakstoSo staru
polarizacijam (nav atziméts grafika). Pargjas tabulas vietas, kur ir bijis iesp&jams
ierakstit reljefu, ir att€lots ieraksta 3D AFM attéls un ta profils. Apskatot ieraksta
polarizaciju kombinacijas, no kuram veidojas reljefa ieraksts, varam jau daudz vairak
secinajumus izdarit par polariz€tas gaismas intensitates gradienta iespaidu uz paraugu.

Gadijuma, ja ieraksto$a stara polarizacijas virziens sakrit ar spraugas virzienu
(definéta ka s polarizacija), neatkarigi no papildus apgaismojuma polarizacijas (sk.
pirma rinda 5.26. attela: CP- cirkulara, p- perpendikulara spraugai vai 45 gradu
polarizacija), masas parnese tiek nove€rota virzienda prom no gaismas intensitates
gradienta un tiek forméts gravis. leraksta efektivitate jeb izveidota gravja dzilums
mainas no labaka gadijuma, kad papildus apgaismojuma polarizacija ir perpendikulara
ieraksta polarizacijai, tad seko 45 gradu un CP polarizacija. Tas pats ir novérojams ar1
tad, kad ieraksta polarizacija ir perpendikulara spraugai (p polarizacija, sk. otro

rindu attela),
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5.26. att. Optiskas spraugas eksperimentu apkopojums pie dazadam ieraksta jeb gaismas
intensitates gradienta polarizacijam un papildus apgaismojuma polarizacijam, attélota ir AFM
26x13um topografija un ta profils 25umx300nm rami
Teraksts veikts 2.1 um biezd As»S; kartind, ieraksto$a stara intensitate 1000 mW/cm’ un papildus
apgaismojums 1500 mW/cn’, ieraksta laiks 1 h

tikai $aja gadijuma masas parnese tiek noverota tuvak ieraksta zonai un tiek forméts
kalns. Ierakstosa stara polarizacija nav vienigais faktors, kas nosaka masas parneses
virzienu. Neatkarigi no ierakstoSa stara polarizacijas, pie papildus s polarizéta
apgaismojuma tiek noverota kalna veidoSanas (pirma kolona 5.26. att€la), bet pie p
polarizéta papildus apgaismojuma- gravja veidoSanas (otra kolona attela).

Visas ieraksta polarizaciju kombinacijas 5.26. attela ir simetriski izvietojusas
attieciba pret galveno tabulas diagonali. Tas liecina par to, ka masas parneses procesos
nozimigu lomu spélé ne tikai ierakstoSa stara polarizacija, bet arT papildus
apgaismojuma polarizacija. Bez attiecigi polarizéta papildus apgaismojuma ieraksts
netiek realizéts. Vislielaka efektivitate jeb labakais ieraksts tiek iegiits pie savstarpgji
ortogonalu ieraksta un papildus apgaismojuma polarizacijas (s/p un p/s ieraksts), kas pie

dotajiem ieraksta uzstadijumiem ir aptuveni 200nm. Pamainot ierakstoSo staru
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5.27. att. AFM topografijas m&rfjjumi un ta profils optiskas spraugas eksperimentam pie p
polariz&ta 3W/cm? ieraksta un s polarizéta 1.5W/cm” papildus apgaismojuma (s/p ieraksts)
leraksts veikts 3.3 um bieza As,S; kartina, ieraksta laiks 5h

intensitates un/vai ieraksta laiku, ir iesp&jams iegiit lielakus reljefus. Pieméram, 5.27.
attela redzam vairaku stundu p/s shémas ierakstu, kur 3.3um bieza kartina ir izveidots
2.2um augsts reljefs (relativas augstuma izmainas Ad/d attieciba pret parauga virsmu
67%, kopgjas izmainas 83%). Tada paSa veida ierakstam, neizmantojot papildus
apgaismojumu vai izmantojot tadas pasas polarizacijas gaismu ka ierakstoSajam staram,
reljefs praktiski netiek novérots. leraksta spraugas platums ir 10um, par to liecina ari
uznemta profila minimumi (5.27. att., no 10 lidz 20um), bet aktivais ieraksta apgabals ir
aptuveni 19um (no 5 Ilidz 24pum). Lidz ar to Sim ierakstam ir vismaz 4.5um plati
apgabali abas spraugas puses, kas aktivi piedalas reljefa veidosana un ir apgaismoti tikai
ar papildus lazera starojumu. Acimredzot vienmérigs un polariz€ts papildus
apgaismojums anizotropi jeb kada noteikta virziena mikstina paraugu (sarauj kimiskas
saites) un, izmantojot attiecigas polarizacijas gaismas intensitates gradientu, S$im

procesam ir iesp&jams pielikt ar1 virzibu kada noteikta virziena.

5.3.3. Optiskas spraugas eksperimentu ieraksta attistiba laika

Ieprieksgjas sadalas tika noskaidrots, ka amorfajos halkogenidos p polarizetas
gaismas intensitates gradients veido kalnu parauga, bet, savukart, s polariz&ts- bedri.
Citiem vardiem sakot, ja gaismas intensitates gradienta virziens sakrit ar tas gaismas
polarizacijas virzienu, masas parnese tiks noverota gradienta virziena (no mazakas
gaismas intensitates uz lielako). Savukart, ja gaismas intensitates gradienta virziens bis
perpendikulars tas gaismas polarizacijas virzienam, masas parnese tiks noveérota pret&ji
gradienta virzienam (no lielakas gaismas intensitates uz mazako). Reljefa veidosanos

atkariba no
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(a)  ieraksta polarizacija paral€la gradientam
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(b)  ieraksta polarizacija perpendikulara gradientam
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5.28. att. Optiskas spraugas eksperimentu ieraksta attistiba laika
Rezultati iegiiti no AFM mérijumiem, ieraksts veikts As,S; kartind ar (a) p polarizacijas
gaismas intensitates gradientu (p/s ieraksts) un (b) s polarizdcijas gaismas intensitates
gradientu (s/p ieraksts), ieraksta un papildus apgaismojuma intensitates: 4.24W/cm’ un
0.37W/ent’, ieraksta laiks 5, 10, 20, 30 miniites

dazadiem ieraksta parametriem (galvenokart no ieraksta laika un ierakstoSo staru
intensitates) stkak apskatisim $aja sadala.

Reljefa veidoSanas pirmajas 5, 10, 20 un 30 ieraksta mintités ir redzama 5.28.
attela. Aktivas masas parneses rezultata abos p/s un s/p gadijumos reljefs sak veidoties
nevis pie lielaka gradienta (spraugas malas), bet no spraugas vidusdalas. Neliela laika
ierakstam (Iidz 10min) veidojas A vai V veida profils. Ja ieraksta laiks parsniedz 10
minites, masas drizmésands rezultata, ierakstitais reljefa jau ir ar W vai M veida
profilu. Sada veida ieraksta attistiba liecina par to, ka reljefa veidoSanas procesa

piedalas viss tilpums, nevis tikai virs€jais ta slanis.

84



5.3.4. Ieraksta laika un gaismas intensitates sakaribas

Lai izpétitu ieraksta attistibu sikak, tiks apliikoti optiskas spraugas eksperimenti
pie dazadiem ieraksta laikiem un ari plasa ieraksta un papildus apgaismojuma
intensitasu apgabala. Saja sadala tiks apskatiti tikai iegiito reljefu augstumi, kas nomériti
attieciba pret parauga virsmu. Pilnai augstuma izmainai ir nepiecieSams pieskaitit
aptuveni 20% no dotas vertibas.

Kalnu un gravju ieraksts caur 10um optisku spraugu attélots attieciba pret
ekspozicijas laiku ir redzams 5.29. attéla. Eksperimentalie punkti raksturo iegtta reljefa
augstumu pie nosacijuma, ja ierakstosa stara un papildus apgaismojuma intensitates ir
attiecigi 4.24W/cm® un 0.37W/cm®. No grafika redzam, ka gan kalnu, gan bedres
veidoSanos laika ir iesp&jams aproksimét ar taisni. legiito taiSpu slipuma koeficienti
raksturo dotas shémas ieraksta efektivitati, kas ortogonali polarizéta papildus

2

apgaismojuma gadijuma ir +4nm/min (,,+’ no p/s un ,-” no s/p). Kad ieraksta un
papildus apgaismojuma polarizacijas sakrit (p/p ieraksts, 5.29. attéls), iegiitais reljefs
jeb ieraksta efektivitate ir vismaz 25 reizes vajaka (0.15nm/min). Zemas efektivitates
ierakstu uzrada ari s/s ieraksts (nav attelos grafika). Sajos eksperimentos bez papildus
apgaismojuma iegitais reljefa ieraksts praktiski Iidzinas gludai virsmai pie visam
ieraksta polarizacijam un ta intensitatém.

legiita reljefa augstums attieciba pret ierakstosas (gradienta) gaismas intensitati ir
redzams 5.30. att€la. Papildus apgaismojuma intensitate tiek tur€ta nemainiga un tada
pati ka iepriek$gja eksperimenta- 0.37W/cm®, bet ieraksto§as gaismas intensitate tiek
mainita no 0.3 lidz 6.6W/cm®. Visd 6.3W/cm’ ieraksto$d stara intensitates apgabala
visam ieraksta polarizacijas kombinacijam un ekspozicijas laikiem, iegutais reljefa
augstums ir proporcionals ieraksta intensitatei- iegiitas vertibas ar lielu precizitati var
aproksimét ar taisni. Lidz ar to, ja Saja reljefa ieraksta procesa ir negativs termalais
efekts, kas trauc€ ierakstu, tad tas izpauzas tikai pie vél lielakam apgaismosanas
intensitatem. TukSie punkti grafika tika aprékinati teorétiski no ieprieks€jo rezultatu (no
5.29. attéla) aproksimacijas taiSnu vienadojumiem. Ari Sie aprékinatie punkti loti labi
papildina doto ierakstu rezultatus. Salidzinot S§is s€rijas eksperimentu aproksimacijas
taiSnu slipuma koeficientus, varam redzet, ka kalnu veidoSanas salidzinot ar gravju

veidoSanos ir ar nedaudz lielaku efektivitati.
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5.29. att. leguta virsmas reljefa amplitidas atkariba no ekspozicijas laika dazadiem ieraksto$o
un papildus apgaismojuma polarizacijas gadijumiem
leraksts veikts As,S; kartina caur 10um Sauru spraugu (gradienta jeb ierakstosas gaismas un
papildus apgaismojuma polarizacija apziméta ka a/b), ierakstosa un papildus apgaismojuma
intensitdtes attiecigi 4.24W/cm’ un 0.37W/cm®
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5.30.att. legtita virsmas reljefa amplitiidas atkariba no ieraksto$as gaismas intensitates dazadiem
ierakstoSo un papildus apgaismojuma polarizacijas gadijumiem
leraksts veikts As,S; kartina caur 10um Sauru spraugu, ekspozicijas laiks 1.5h vai 2.0h,
papildus apgaismojuma intensitate 0.37W/cm’
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] W p/s setup (1W/cm2 rec.) y =369.08x + 171.76
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5.31. att. legtta virsmas reljefa amplitiidas atkariba no papildus apgaismojuma intensitates
dazadiem ierakstoSo un papildus apgaismojuma polarizacijas gadijumiem
leraksts veikts As,S; kartina caur 10um Sauru spraugu, ekspozicijas laiks 1.5h, ierakstosas
gaismas intensitate 1 vai 3W/cm’
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Ieprieksgjos eksperimentos papildus apgaismojuma intensitate bija nemainiga un
relativi zema- 0.37W/cm?. Iegiita reljefa augstums attieciba pret papildus apgaismojuma
intensitati diapazona no 0.37 lidz 3W/cm® ir redzams 5.31. attéla. Ieraksta intensitate
tika izvéleta 1 un 3W/cm? un ekspozicijas laiks 1.5h. Ari $ajos eksperimentos var
redzeét, ka reljefa veidoSanas visa apskatitaja intensitates diapazona ir stingri
proporcionala dotajai papildus apgaismojuma intensitatei, i., rezultatus ir iesp&jams
aproksimét ar taisni. TukSie punkti grafika tika aprékinati teor€tiski no iepriek$gjo
rezultatu (no 5.30. att€la) aproksimacijas taiSnu vienadojumiem un arf tie labi papildina
iegiitos rezultatus. Saja eksperimentu sérija, mainot papildus apgaismojuma intensitati,
tiek noveroti vislielakie reljefa augstuma ieraksti. Gadijuma, kad ieraksta un papildus
apgaismojuma intensitates ir 3W/cm?, 1.5h ieraksta laika ir iesp&jams iegit aptuveni
1.3um augstas struktiiras. Lidz ar to ir noskaidrots, ka reljefa tieSajam ierakstam

izmantota papildus apgaismojuma intensitatei ar1 ir butiska loma reljefu iegiiSanai.

5.4. Dielektroforézes modelis foto inducéto procesu

fizikalai interpretacijai

Balstoties uz promocijas darba rezultatiem, masas parneses procesu izskaidroSanai
amorfas halkogenidu kartipas ir iesp&jams ievest jaunu, hipotetisku tieSa ieraksta
modeli- foto inducétas dielektroforézes jeb DEP modeli (no anglu val,
dielectrophoretic vai DEP model). DEP speki un DEP modelis $aja sadala tiek apskatits
hipotétiska limenT un ir nepieciesams veikt turpmakos eksperimentus dotaja virziena, lai

pilniba izprastu masas parneses procesus mikstos materialos.

pDEP nDEP

5.32. att. DEP speku ilustracija: pozitivas dielektroforézes jeb pDEP gadijuma dalina tiek
parvietota virziena uz lielaku elektriska lauka intensitati, savukart negativa jeb nDEP gadijuma-
virziena uz mazaku elektriska lauka intensitati [100]
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5.33. att. Divu staru interferences teorétiskais intensitates sadalijums gadijuma, ja interfergjosie
stari ir polarizéti -45 un 45 gradu lenkt (melna nepartraukta likne)
Dotajam intensitates sadalijumam atseviskds s un p polarizacijas komponentes ir attélotas ar
partrauktam ltkném

Modelis balstas uz parauga foto inducéto mikstinaSanos, defektu ar palielinatu vai
samazinatu polariz€jamibu veidoSanos un to parvietoSanos gaismas elektriska lauka
iespaida. Dielektroforéze nav nekas jauns- H. Pohl pirmo reizi to jau pétijis 1951. gada
[101]. Jau ir zinams, ka dazadu Skidrumu sist€mas ir iesp&jams manipulét ar molekulam
un nano dalinam izmantojot tieSi DEP spékus [102], kuri tiek generéti neitralai dalinai
atrodoties nehomogena elektriska lauka. 5.32. att€la ir ilustrativi att€loti Sie DEP spéeki.
Elektriskais lauks dalina inducé ladinu, izveidojot dipolu. Ja ir pielikts nehomogéns
elektriskais lauks, dipola un elektriska lauka mijiedarbibas speki neizlidzinas (Kulona
likums) un tadgjadi veidojas nenulles dalinai uzliktais speks. Ja dalinas polariz€jamiba ir
zemaka ka apkart€jai videi, ta tiek atgrusta no augstaka elektriska lauka intensitates
regiona un kustiba tiek saukta par negativu dielektroforézi. Pretéja gadijuma dalinas
polariz€jamiba ir augstaka un ta tiek pievilkta pie augstaka elektriska lauka intensitates
regiona un kustiba tiek saukta par pozitivu dielektroforézi.

Izmantojot DEP spékus, tiek veiksmigi realiz€tas iekartas, kur, Skidrumam pliistot
caur So iekartu, no ta tiek atdalitas vai saskirotas taja esoSas dalinas [101]. DEP spéki ir
tieSi proporcionali elektriska lauka intensitates gradientam, kas $ada veida Skidrumu
eksperimentos ir relativi mazs, bet rezultats tiek sasniegs. Holografiska ieraksta vai
gaismas interferences gadijuma, elektriska lauka intensitates gradientu ir iesp&jams
iegiit daudzkartigi lielaku, un masas parnese var tikt realizéta ari daudz viskozakas vides
(ka amorfajos halkogenidos). Ka jau tika noskaidrots, 45 un -45 gradu (arT pret€ji
cirkularu) polariz€tu staru holografiska ieraksta laika materiala fiks€to interferences
ainu var izteikt ar divu lineari polariz€tu gaismu komponentém- paral€li un

perpendikulari ierakstita rezga vektoram (5.33. att.). Sada veida gaismas interferences
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gadijumam summara intensitate ir praktiksi homogeéna jeb bez gaismas intensitates
gradienta. Tas nozim@, ka ieraksta laika paraugs tiek vienmerigi izgaismots jebkura
punkta, kas savukart izslédz jebkadus termiskos efektus, kas var€tu traucét vai ka
savadak ietekm@t masas parnesi un S§1 procesa fizikalo interpretaciju. Abam Sim
apskatitajam komponentém elektriska lauka intensitates gradienta virziens sakrit ar
rezga vektora virzienu. Polarizacijas modulacijas rezultata, amorfos halkogenidos
veidojas polari foto inducéti defekti. Atkariba no polarizacijas un elektriska lauka
intensitates gradienta virziena attiecibas, So defektu polariz€jamiba pieaug par attiecigi
p elektriska lauka komponenti un samazinas par s elektriska lauka komponenti. DEP
speku ietekme, amorfos halkogenidos masa tiek parnesta prom no s polarizéta gaismas
intensitates gradienta iek3a p polarizéta gaismas intensitates gradienta. Sis process ir
pret€js organiskajos azo-savienojumos (salidzinajums ar organiku skatit pielikuma) un

varetu tikt raksturots ar pavisam citiem (trans-cis pargrup&€sanos) procesiem parauga.
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NOBEIGUMS UN SECINAJUMI

Doktora darba ietvaros tika veikti visi iepriek$ paredzetie uzdevumi: ir apzinata
tiesa ieraksta efektivitates atkariba no ta parametriem (intensitates un polarizacijas) un
ieraksta apstakliem, apskatits gan intensitates, gan aril polarizacijas sadalijjuma
teorctiskais modelis dazadiem staru interferences gadijumiem. Izmantojot unikalu un
relattvi vienkarSu iekartu ir izp&titas tiesa ieraksta iesp&jas un masas parneses virzieni ar
taisnstiirveida gaismas instensitates sadalijumu pie dazadam gaismas intensitatém,
polarizacijam un ieraksta laikiem.

Ka jau tika minéts, holografiska ieraksta laika, apgaismojot paraugu ar papildus
nekoherentu apgaismojumu, ir iesp&jams palielinat rezgu ieraksta efektivitati- dazos
gadijumos pat vairak neka simts reizes. legiitic rezgi ir augstas kvalitates un praktiski
nav iegiistami ne ar kodinasanas, ne litografijas, ne art kadu citu metodi. Lai iegiitu
noteiktu difrakcijas efektivitati, papildus apgaismojot paraugu, ir iesp&jams stipri
samazinat rezgu ieraksta laiku, kas ari uzlabo to kvalitati un iegt$anas tehnologiju.
Iegttais holografiskais rezgis ir stabils pie istabas temperaturas un, kopa ar reala laika
virsmas reljefa ieraksta amplitidas kontroli, iegiitas zinaSanas un tehnologija var atrast
praktisko pielietojumu gan optika (holografija, litografija, anti-refleksijas parklajumi,
saules baterijas u.t.t.), gan elektronika (mikro un nano matricu veidoSana), gan

nanotehnologijas (top-down metode), gan ar1 vél daudzos citos sektoros.
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PIELIKUMS

1. Pielikums. Augstas kvalitates difrakcijas rezgis
Ieraksts veikts As;S; ar CW Nd:YAG 532nm (p+p pol.) lazeru pie papildus p-pol.
apgaismojuma

50 nm
0 nm

{

x: 20 pm

y: 20 pm

(13,96 pm, 11,01 pm): 3,73 nm
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2. Pielikums. Daudzstaru holografijas eksperimenti organiska
leraksts veikts ar CW Nd:YAG 532nm lazeru

2)

4.x10°6 -

2.%107%

21 nm
0 nm

L L L 1 L L I 1 L
-6 -6
o 2.x10 4.x10 X 5,0 pm

Cetrstaru (s,s,s,p) polarizacijas ieraksts azo-savienojumos (b), ta salidzinajums ar
teorétisko intensitates sadalfjumu (a)
(masas parnese tiek novérota virziend prom no intensivi apgaismotam vietam)

(a

4 %1078

2.x107%

33n
0nn

x: 5,0 pym

Trisstaru (p,s,p) polarizacijas ieraksts azo-savienojumos (b), ta salidzinajums ar
teorétisko intensitates sadalijumu (a)
(masas parnese tiek novérota virziend prom no intensivi apgaismotam vietam)
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3. Pielikums. Optiskas spraugas eksperimentu salidzinajums amorfajos halkogenidos un
organiskajos azo savienojumos

vhaml

Ieraksts caur 10um platu spraugu As,S; kartina (kreisa pus€) un poliuretana (laba pusg);
A gadijuma veikts p/s ieraksts (ieraksta staram elektriskais lauks perpendikulars
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This report present the studies of direct holographic recording of the surface relief gratings on amorphous
As,S3 films by 532 nm laser light. By giving extra time for recording exposure (more than necessary for
volume amplitude-phase optical recording, e.g. Kikineshi, 2000 [2]), changes of surface relief in the resist
material can be observed. This direct surface relief formation phenomenon during holographic recording
is discussed here from the side of recording light polarization. Efficiency of the relief formation may also
depend on softening temperature of the film material and this influence was studied as well by using
additional incoherent light for extra exposure during recording. The results show several times larger
grating efficiency during recording in case of extra exposure by additional incoherent light. Also the
mechanism of the direct recording of surface relief on amorphous chalcogenide films based on the pho-
toinduced plasticity has been discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The key element for the production of surface relief holographic
optical elements is photoresist or light sensitive material. Changes
of the local chemical properties, optical parameters, microhard-
ness, viscosity and some other characteristics [1-3] induced in
the resist material by light or e-beam exposure enable the surface
relief structuring by wet or dry etching. Therefore this process in-
cludes at least two steps: recording and following development
by etching. Due to polarization dependent anisotropic changes in
the resist material, like opto-mechanical [7], M-shaped [8] or
anisotropic crack [9] deformations during exposure it is possible
to obtain a structured surface relief optical elements without
etching.

A number of organic and inorganic materials have been studied
for direct surface relief formation during the process of exposure
by light or e-beam [4-6]. It is very promising for practical applica-
tions, it makes possible to simplify the technology of surface
patterning.

Also in this report the surface relief formation during holo-
graphic recording in amorphous chalcogenide semiconductor thin
films is presented. A number of studies have been carried out on
photoinduced structural transformation in amorphous chalcoge-

* Corresponding author. Tel.: +371 2 875 1557.
E-mail address: gertners@gmail.com (U. Gertners).

0925-3467/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.optmat.2010.01.008

nides during the past few years [4,10,11], but in this case particular
attention is given to the polarization state of exposure light.

The intensity distribution of the two coherent, equal intensi-
ties and p-polarized beams interference can be approximated
by sin function: Iigcal = Imax-Sin?(n-x/A), where A-period of the
light interference (usually around 1 pm) and x-profile coordinate.
This formula shows that the local intensity of the light periodi-
cally varies from zero to I.y, i.e. there are places where light
intensity equals to zero. In case of holographic recording and di-
rect surface relief formation during the exposure process it
means that there are local unexposured places on the sample
which do not participate in surface relief formation process and
moreover it may disturb the relief formation efficiency. If and
how can we change this situation? What happens if we during
recording process extra illuminate the sample by additional inco-
herent light with intensity Iy, which do not participate in the sur-
face relief formation processes? We keep the same local light
gradient and lift up total local light intensity in range from I
to I + Ihax — eXposure also places where intensity of the record-
ing beams are equal to zero. This lead to softening temperature
decreasing and increasing efficiency of the direct surface relief
formation during holographic recording. Main task for this report
is to investigate this influence of the surface relief formation by
using additional incoherent laser light for extra illumination dur-
ing holographic recording.

There are other methods or techniques what cause softening
temperature changes and are suitable for holography like heating
of the sample during recording process etc. In our case extra expo-
sure is more stable and easy to realize and control.


http://dx.doi.org/10.1016/j.optmat.2010.01.008
mailto:gertners@gmail.com
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat
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2. Experimental

Amorphous As,S; films were obtained by thermal evaporation
in vacuum of ~5 x 1076 Torr onto the glass substrates. Thickness
of the film was controlled in real time by diode laser and it was
from 0.5 to 10 pm.

The surface relief formation experiments were performed using
a holographic recording system (see scheme in Fig. 1a) where Ver-
di-6 532 nm wavelength laser beam was spitted into two of nearly
equal intensity beams that were used for interference experiments.
Diffraction efficiency (1) was controlled in real time by measuring
the first order intensity of the reflected and transmitted recording
beams. During holographic recording the changes in volume were
controlled by measuring the transmission diffraction efficiency
(DE) 51 (like those in absorption and refractive index). The changes
in surface relief modulation were controlled by measuring the
reflection DE #ng. The volume gratings also affect the reflection

Mirror

Verdi-6 laser
Beam

spitter

Mirror Mirror

W2 or M4

Sample

DE, however contribution is insignificant (see [2]) and will not be
discussed here.

For future data analysis we need to define some parameters like
recording efficiency that is defined as the slope of the first order
polynomial equation 7 = co-t, i.e. ¢o = An/At (here t is the time of
exposure). The enhancement of relief formation is defined as the
efficiency of recording with extra illumination divided by effi-
ciency without extra illumination. Diffraction efficiency and
recording efficiency as well as relief formation enhancement pro-
vides only indirect information about changes of the surface relief
depth, direct measurements of the surface relief profile was ob-
tained by atomic force microscope (AFM).

The polarization state is defined by the plane where the electric
field oscillates versus the x-y plane where both recording beams
are located (see Fig. 1b). Therefore, if both planes have the same
orientation this means that the light has a p or horizontal polariza-
tion state; otherwise, if both the planes are at an angle to each

Fig. 1. (a) Experimental setup for holographic recording experiments; recording was performed by YAG Verdi-6 532 nm laser and (b) polarization is defined by the x-y plane
where both recording beams are located - in this case both laser beams are vertically polarized, i.e. are in s-polarization state.
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Fig. 2. Surface relief formation enhancement during holographic recording versus intensity of the extra illumination laser light (dots: experimental data) in the case of extra
illumination at different wavelengths and polarization states of incoherent laser light (if Ixra = O the relief formation enhancement equals one). Recording was performed by
p&p-polarized light on As,S; sample by Verdi-6 532 nm (p-polarized) wavelength laser light where I, = I, =0.19 Wem ™2 and period A =1 pm.
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other (e.g. 10°) we say that the light has a 10° polarization state; if
this angle is 90°, there is s or vertical polarization of the light.

3. Results and discussion

Fig. 2 shows dependence of the recording efficiency on its
parameters, i.e. the efficiency of surface relief formation versus
intensity of the incoherent light (softening by extra illumination)
during holographic recording. Other recording parameters (record-
ing light, its intensity and polarization state (532 nm, 0.2 Wcm ™2
and p-polarization)) are constant.

First of all, from Fig. 2. we can see that the surface relief forma-
tion efficiency changes a lot by increasing extra illumination inten-
sity. We can describe each curve in the linear part of these curves
(up to 0.1 Wem™2 for 448 nm extra illumination light and up to
0.2 Wem~2 for 473 nm light) by its slope: for 473 nm p-polarized
extra illumination it is about 75 W~ cm?, for 473 nm s-polarized
- 675W~'cm? for 448nm p- and s-polarized - 64 and
1300 W~ ! cm?. Here we can easily calculate our gains of the setup
parameters compared to the same setup, but without extra illumi-
nation during holographic recording. For example, by using
448 nm s-polarized 0.08 Wem 2 wavelength light for extra illumi-
nation during experiment, relief formation enhancement increases
(proportional to #g) from one to about hundred (1300 W~! cm
multiplied by 0.08 Wem™2).

All these curves somewhere reaches theirs maximum, i.e. for
every wavelength light what is used for extra illumination exist
recording conditions for the best performance. By changing extra
illumination wavelength light, maximum performance illumina-
tion intensity also varies. As we can see from Fig. 2, by changing ex-
tra illumination wavelength A from 448 nm to 473 nm the best
performance is reached when Ly73,m = 0.26 Wem ™2, which is differ-
ent from 448 nm case (I44gnm = 0.11 Wem™2). This can be explained
by the fact that 473 nm is closer to absorption edge of the sample,
i.e. for the same effect we need to illuminate it by the light of high-
er intensity.

Here (Fig. 2, recording by p&p-polarized light) we see that the
recording efficiency depends not only from the extra illumination
wavelength light and its intensity but also from its polarization
state. In case of all extra illumination wavelengths (448 nm and
473 nm) the best performance is reached by its s-polarization state.
In fact, we can initiate constant coefficient ay bigger then one
which would show how much s-polarized light improves perfor-
mance compared to p-polarized light (the intensity is not impor-
tant). For example, we need just change the extra 473 nm p-
polarized illumination light to s-polarized and we get seven times
better result (in case of 448 nm light - about two times). Here we
very well can see anisotropic impact to the sample of the linearly
polarized light, like the polarization-dependent deflection of
As,Ss flakes in [7].

Table 1 summarizes the data not only of p&p-polarized record-
ing light but also of all other polarization combinations. Here it is
important to pay attention to the recording polarization state
and the extra illumination polarization state for the maximum per-
formance. As it is shown, the best recording performance without
any extra illumination is reached by opposite circularly and
45&—45 (i.e. 45° and 135°) degree polarized light. Note that in
the last case angle between recording beams is equal to 90° and
interference of the light vanishes. In other words, light intensity
distribution Is,,, is equal to squared moﬂduleﬁof the electric field
vector: Isum = |Equm|* = 57 - E; exp[—i(ki — k)] (phase of the
beanls cpose[l to be zero). In 45&-45° setup E;-Ef =0 for i)
and E; - E; = |E; orj| for i =j, therefore lym =I5 +1 45 and light
intensity will be uniformly distributed, without unexposured
places on the sample which do not participate in the surface relief

Table 1

Surface relief formation efficiency during holographic recording (Ang/At) versus
polarization state of extra illumination (473 nm 0.26 Wcm™2 incoherent laser light)
and recording laser light. The recording performed on As,Ss; sample by Verdi-6
532 nm (p-polarized) laser light (I; =, = 0.25 Wem ™2, A =1 pm).

Extra illumination Recording Ang/At Relief formation
polarization polarization (1077/sec) enhancement
s p&p 91 260
p 13.7 39

- 0.35 1

s s&s 0.22 2.2
p 19 190
- 0.1 1

s s&p 0.17 4.3
p 0.035 0.88
- 0.04 1

s 45&45 23 32

p 0.2 0.28
- 0.72 1

s 45&—45 102 23
p 90.4 2

- 44 1

45 98 2.2
s L&R 58 0.64
p 62 0.69
- 90 1

s L&L 57 100
D or 0.25 0.44
- R&R 0.57 1

formation process. The gradient of the recording light interference
is equal to zero and surface relief forms the electric field which
periodically changes from horizontal, left circular, vertical to right
circular polarization [10] with the same period A. These facts
about the intensity distribution and electric field explain very well
why in these cases (also for oppositely circular-polarized recording
light) it is possible to reach outstanding grating efficiency without
extra illumination during recording process.

However, when we start to use extra illumination the situation
changes. First, we can see that in the case of p&p recording polar-
ization an extra s-polarized illumination is needed for the best per-
formance, but in s&s case p-polarized illumination, i.e. in each of
the cases cross-polarized extra illumination is required for equal
linear recording polarization states. In these cases the enhance-
ment of relief formation changes from 1 (extra illumination was
not used) to ~200 . In case of 45&45° polarized recording beam set-
up - the best results are reached by extra s-polarized illumination
where the relief formation enhancement grows up to 30.

The situation is different when cross-polarized recording beams
are used for holographic recording. For —45 and 45° polarized
recording beams all polarization states of the extra illumination
gives the same results for the best performance, i.e. it is not impor-
tant what kind of light polarization is been used for extra illumina-
tion, we will get the same relief formation enhancement. If
recording beams have s&p-polarized, it is possible to get only four
times better results by using s-polarized extra illumination.

In the case of circularly-polarized recording light, extra illumi-
nation gives an excellent result if both recording beams are polar-
ized in the same direction and the extra illumination light is in s-
polarization state (enhancement of relief formation is changing
from 1 to 100). If both recording beams are oppositely circular-
polarized, the extra illumination only reduces the efficiency of
the surface relief formation.

Fig. 3 shows the surface morphology AFM images induced by
holographic recording. By (O) the surface of the amorphous chalco-
genide As,Ss film before holographic recording is indicated, and by
(A and B) - the same surface after recording at extra illumination
by p- and s-polarized light. Exact (A) and (B) places (maximum
performance setup) are shown in Fig. 2, and its surface relief
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55 nm
0nm
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x:10.0 um

0.12 um
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Fig. 3. AFM surface pictures of exposed (A and B) and unexposed (O) parts of the sample. (A) and (B) Parts were extra illuminated in real time by p-polarized and s-polarized
473 nm wavelength light (for A and B see also Figs. 2 and 4). The recording was performed on As,S; sample by Verdi-6 532 nm (p-polarized) laser light (I; = I, = 0.19 Wem 2

Iextra =0.26 Wem 2 and A =1 pum).

=== P pol. illumination (A) ==#—S pol. illumination (B) ==—a=—unexposured place

Fig. 4. Surface relief profile after recording at 532 nm wavelength p-polarized light
(I =I,=0.19 Wecm™2) in the case of extra illumination by 473 nm 0.26 Wcm ™2
wavelength s-polarized (line that represents relief which the largest amplitude
changes) and p-polarized (line that represents relief which the middle amplitude
changes) light and its comparison with unexposed spot of the sample; (dots:
experimental data).

profile — in Fig. 4. As it was expected from Fig. 2, where the relief
formation enhancement for s-polarized extra illumination is
about 10 times bigger than it is for p-polarized, the surface relief
is expressed much stronger in the case of s-polarized extra
illumination.

4. Conclusion

The main conclusion that can be drawn from the results of work
is as follows. It is possible to raise the efficiency of holographic

recording by extra illumination of the sample by incoherent laser
light during the recording process. In some cases even more than
hundred times better recording efficiency can be reached. It is pos-
sible to obtain much stronger diffraction than without extra illumi-
nation, or, alternatively, much less time is needed to reach the
same diffraction efficiency as without extra illumination. Produced
surface relief is very stable at the room temperature and together
with real time surface relief depth control by controlling diffraction
efficiency measurements that can find practical application in op-
tics (holography, lithography, anti reflection coatings, sun batter-
ies...), electronics (micro and nano matrix structures),
nanotechnology (top-down approaches) and in more other sectors.
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The synthesis of different variants of azo-polyurethane
polymers for optical recording

A. GERBREDERS', J. ALEKSEJEVA, U. GERTNERS, J. TETERIS

Institute of Solid State Physics, University of Latvia

The method of synthesis of photosensitive polyurethanes polymers on glycerine, toluenediisocyanate and Disperse Red 1
base was described. Two types of polymers with different amount of Disperse Red 1 fragments in macromolecules were
compared. Films of the polymers were obtained from solutions in organic solvents on glass substrate. The dry film thickness
was in the range of 3,5 — 4.5 pm. The transmission spectrums of the films were studied. Possibility of formation of side
product in the process of synthesis was observed. The photobirefringence measurements of polymers films were
performed. Surface relief grating (SRG) formation was observed during polarization holographic recording process. A profile

of SRG was studied by AFM.
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1. Introduction

The last time many photosensitive polymers (PP) for
different optical devices were synthesized and described
[1-6]. The advantage of photosensitive polymer films
(PPF) in comparison with another composition (for
example, inorganic) based on two features: relative
simplicity of coating on the substrate and wide
possibilities for chemical modification of materials. The
simplicity of coating of PP on the substrate reached by
using of spin-coating or applicator methods, but the
possibilities for chemical modification — by adding of
different chemical groups in macromolecules. Also
formation of composite films is possible on PP base.

However, the price of such polymers on the market is
relatively high. The reasons of that are multiphase
synthesis, subsequent cleaning and separation of products.

One of the perspective directions of PP evolution we
consider synthesis of polyurethanes (PUR) photosensitive
materials. The interaction between —OH and —NCO
groups take place at low temperature (lower 100 °C ), this
reactions are good investigated [7] and there are many

catalysts for PUR synthesis.
v ™0
trans cis

T, darkness
Fig. 1. Isomerization mechanism of azochromophores.

Synthesis and studies of optical properties of some
photosensitive polyurethanes were described in the
publications [6, 8, 9, 10]. The photosensetivity of this
polymers based on presence of azochromophores parts in
macromolecules. Photoisomerisation mechanism of

azochromophores is showed in Fig. 1. Described polymers
by structure can divide on two types:

1. Group N=N is the part of main macromolecule
chain (Fig. 2a).

2. Group N=N is the part of side chain (fig. 2b).

For polymer synthesis in the first case azocompounds
with two or more —OH groups in different sides rather
N=N bond were used [8,9]. In the second case, the
photosensitive PUR formation from diazodiols with two —
OH groups in the one side rather N=N was described
[6, 10].

In this publication we describing another mechanism:
for main chain formation we use glycerol as polyol, but
N=N groups incorporated in macromolecule through
diisocyanate. Such scheme gives th possibility to use
azocompound with only —OH group in molecule, for

example — Disperse Red 1 (DR1).
1,
n

Fig. 2. Two types of azo-polymers structures.

2. Experimental

Disperse Red 1 (DR1) delivered by Fluka (CAS 2872-
52-8); N,N-dimetylformamide pure (DMF) (CAS 68-12-
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2); 2,4- and 2,6-toluene diisocyanate (TDI) in the ratio 67 :
33, purity >99,5% and glycerol pure (CAS 56-81-5) were
used as raw materials. N,N-dimetylformamide and
glycerol were dried directly before synthesis.

2.1 The polymer G-DR266 synthesis

e TDI-DR semiproduct preparation.

116 g 1,3 % (wt) filtered solution of DR1 in DMF
through dropping funnel was added in flask with magnetic
stirrer, where preliminarily was loaded 2,2 g of TDI. The
DR-1 solution was added not fast 5 hours at temperature

] " 60°C . L
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333 K. After adding, the mixture was exposed at 363 K
during 2 h.

e  The polymer G-DR266 solution preparation.

0,55 g of glycerol was loaded in flack with magnetic
stirrer and was dissolved in 5,00 g of DMF. 58 g of the
TDI-DR solution and 0.3 g of TDI during 3 h through
dropping funnel was added in reaction flask with the
glycerol solution at 333 K. After that, the reacting mixture
was heated up to 363 K, and the vacuum evaporation of
DMF was performed while the non-volatile components of
polymer solution were 50+5 % (wt).

oo
i oo S o1
FOetn S N
G-DR342

S
R

e m@f

{0
G-DR266

Fig. 3. Reactions of polymers G-DR342 and G-DR266 synthesis.

2.2 The polymer G-DR342 synthesis

e TDI-DR semiproduct preparation.

131.5 g 1,3 % (wt) filtered solution of DR1 in DMF
through dropping funnel was added in flask with magnetic
stirrer, where preliminarily was loaded 2.45 g of TDI. The
DR-1 solution was added not fast 5 hours at temperature
333 K. After adding, the mixture was exposed at 363 K
during 2 h.

e  The polymer G-DR342 solution preparation.

0,84 g of glycerol was loaded in flack with magnetic
stirrer and was dissolved in 5,00 g of DMF. 133.9 g of the
TDI-DR solution during 3 h through dropping funnel was
added in reaction flask with the glycerol solution at 333 K.
After that, the reacting mixture was heated up to 363 K,
and the vacuum evaporation of DMF was performed while
the non-volatile components of polymer solution were
5045 % (wt).

2.3 Polyurethane and DR1-TDI-DR1 composite
solution preparation

e The polymer G-TDI solution preparation.
10 g of glycerol was loaded in flack with magnetic
stirrer and was dissolved in 23 g of DMF. 20 g of the 62 %

(wt) TDI solution in DMF during 3 h through dropping
funnel was added in reaction flask with the glycerol
solution at 333 K. After that, the reacting mixture was
heated up to 363 K during 5 h. The content of non-volatile
components of polymer solution was 70,7 % (wt).

e DRI-TDI-DR1 synthesis and composite solution
preparation.

9.8 g 1,4 % (wt) filtered solution of DR1 in DMF and
0.15 g TDI were loaded in a flack with magnetic stirrer,
the mixture heated up to 363 K during 5 h. After that the
vacuum evaporation of DMF was performed while the
non-volatile components of solution were 50£5 %.

0.16570,7 % (wt) filtered solution of G-TDI was

added in the flack and mixed during 1 h.

2.4 Fabrication of the polymer films

Fabrication of films from the polymer solutions were
performed by company BYK Gardner GmbH applicator,
the thickness of liquid layer was 30 pum. A glass plates
were used as substrate. The films were dried in oven at
temperature 423 K during 10 min and after that 8 h in dark
place at room temperature. The thickness of dry films was
3.7540.25 pm, determined by the Veeco Dektak 150
surface profiler.
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Fig. 4. Reaction of DR1-TDI-DR1 formation.

2.5 Photobirefringence measurements and
holographic record

Photobirefringence =~ measurements  have  been
performed in both G-DR266 and G-DR342 polymers and
composite films. Detailed procedure and scheme were
described in [11]. As pump laser Verdi-6 with 532 nm
wavelength was used. As probe laser was used 634 nm
diode laser with intensity 1=0.4 mJ/cm”. Refraction index
changes [n were calculated by formula:

An(t)=/1arcsin( Iltj &y

d o

For holographic recording Verdi-6 laser with
wavelength A,=532nm was used. Experimental set-up was
shown in [11]. Holographic recording was performed with
orthogonally circularly polarized two beams — L-R/R-L
(left-right/right-left). An angle between recording beam
and normal was 15,4°, thus, grating with period A=1.0 um
was recorded according to interference maxima condition.
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Fig. 5. Transmission spectra of the films: (1) G-DR266;
(2) G-DR342; (3) Composite, containing DR1-TDI-DR1.

Diode laser with A=632.8 nm and A=650 nm was used
as reading beam. +1 diffraction maximums were measured
in transmission mode with photodiodes which were
connected to PC. After recording, the surface relief of the
samples was analyzed by Atomic Force Microscope
(AFM).
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Fig. 6. Surface relief of polymers films after holographic

record. Polymer G-DR342 (each recording beam P=0.7

W/cm?, left picture) and G-DR266 (each recording beam
P=0.5 W/cm?, right picture).

3. Results and discussion

The additional complication for polymer synthesis on
DRI base gives the fact of low solubility the
azocompound in anhydrous DMF. We could reach only
1.5 % (wt) in our experiments. So the first part of polymer
synthesis is gone in low concentration environment. The
macromolecules form very slowly, that is why solvent
vacuum evaporation was used. Besides, DMF has high
value of surface energy and the low-viscosity solutions on
it base very bad wet the glass surface.

The reactions and prospective structures the
synthesized polymers are showed in figure 3.
Theoretically it is possible formation of dendroid structure
of the macromolecules, but because of low activity of
secondary —OH group of glycerol we assumed that is
improbable. As can see, the difference between the
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polymers is amount of DR1 fragments in macromolecules,
i.e. conditionally — quantity N=N bonds in polymers.

In the first phase of synthesis it is possible formation
of collateral product as showed in figure 4. We tried to
estimate how the compound DR1-TDI-DRI1 can influence
in optical properties of the polymer films. For this task we
specially synthesised glycerol — TDI polymer and mixed it
with DR1-TDI-DR1 as described in paragraph 2.3. The
amount DR1 fragments amount in the composite is the
same it amount in the polymer G-DR342 — 34.2 %.

Fig. 5 shows the transmission spectra of the polymers
G-DR266 and G-DR342 films and the spectra of the
composite G-TDI + DRI-TDI-DRI1 film. It is visible that
the presence of DR1-TDI-DRI in polyurethane polymer
increase optical scattering of the film. The reason of the
scattering probable is thermodynamic incompatibility of
composite components. As the spectra of the polymer G-
DR266 and G-DR342 films have low value of scattering,
we assumed that the amount of DRI-TDI-DRI in the
polymers is insignificant.

We measured the photobirefringence of polymer G-
DR266 and G-DR342 films. The curves and more detailed
description presented in [11] but here we show only dn
values under 532 nm laser-light illumination: for polymer
G-DR266 film dn is 0.083, but for G-DR342 dn=0.066.
The dependence dn of the polymers on concentration of
N=N bonds probable will be the theme of further studies.
The dn value of composite film (DRI-TDI-DRI1 in
polyurethane polymer) is 0.035.

The holographic record by method of polarization
holography [12] was performed in the polymer films by
laser 532 nm. Fig. 6 shows AFM images of grating
surface. The intensity of each recording beam were 0.5
W/em?® for G-DR266 polymer film and 0.7 W/cm® for G-
DR342. The grating relief depth in the first case (G-
DR266) was 40-50 nm, and in the second case (G-DR342)
was approximately 70 nm. More detailed data about
difraction efficiency presented in [11].

4. Conclusions

The synthesised polymers G-DR266 and G-DR342
can be used as media for holographic record. The
photobirefringence of the polymers give possibility to
record relief diffraction grating by polarization
holographic method. The depth of the gratings relief
reached 70 nm in the G-DR266 and 40-50 nm in the G-
DR342 film.

Presented in the work the two-stage synthesis method
can be used for producing the same polymers with
different amount of DR1 fragment in the macromolecules
below 35 %. The possibility to obtain the polymers with
more high concentration of DR1 fragment in molecules
can be the next studies theme.

Theoretically, another polyol or oligomers with free —
OH groups can be used except of glycerin. However, in
this case the reactivity of the —OH groups must be note for
gel formation avoiding.
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This work is devoted to the topical issue— photo-induced formation of surface relief gratings (SRG) in thin layers of
chalcogenide vitreous semiconductors (ChVS).This direct surface-relief formation during light illumination phenomenon is
being discussed with special attention focused on the polarization and intensity of the corresponding light. Holographic
recording setup and illumination through adjustable optical slit are used and theoretical model for light interference pattern
has been built. We have showed that the efficiency of the surface relief formation strongly depends not only on the writing
beam properties but also on the assisting beam. Also SRG formation and mass transfer processes which are based on the

photo-induced plasticity on As,S3 are discussed in this paper.
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1. Introduction

Photo-lithography is one of the most common
methods from all types of lithography for surface-relief
structure patterning. Light induced changes of the
chemical properties in a resist material enable a selective
removal of regions on a thin film or on the bulk of the
illuminated material by developing and etching (e.g. [1]).
Comparatively recently a number of materials have been
studied for direct surface-relief formation during the
exposure process [2-5]. The physical interpretation of this
incompletely understood phenomenon of light and matter
interaction is interesting for many researchers in the field
of soft materials like ChVS [6-9] and azo-polymers [7, 10-
12]. There is a wide range of techniques used for an
interpretation of the anisotropic surface-relief modulation
process: some of them based on the intensity of light [e.g.
12], others on the direction of the electric field oscillations
[e.g. 6]. Since the intensity of light is proportional to the
squared module of the electric field, the light field
experiments follow from the electric field induced
anisotropic surface-relief modulation experiments but not
vice versa. Thus it is necessary to discuss this anisotropic
surface-relief modulation process from the point of view
of the electric field.

Focused Gaussian beam experiments [e.g. 10] where
the anisotropic mass transfer process depends on the
direction of polarization are doubtful — there is a
continuous mass transfer during illumination thus the
adjusted focus moves into or out of the matter and the
results (as shown in the [13]) can be interpreted
incorrectly. The same applies to experiments where the
focus is adjusted incorrectly from the beginning (distance
from the surface comparable to wavelength of the writing

beam). Therefore, it is necessary to use other experimental
methods for a more precise investigation.

In the last few years researchers have been studying
different kinds of anisotropic light induced deformations
in the light sensitive materials. Under a uniformly
distributed light illumination anisotropic T or X shaped
scratch deformations show that only particularly oriented
scratches tend to change their shape. These deformations
change differently in different materials: chalcogenides
show deformations in the direction parallel to the electric
field vector [14] and azo-polymers — orthogonal to the
electric field vector [15]. The same occurs in the
experiments (shown by Tanaka [9] in chalcogenides)
where uniformly illuminated free-from-substrate flakes
tend to curl upwards only in the direction parallel to the
electric field vector. This phenomenon can be explained
by the anisotropic fluidity in the particular direction which
is induced by the polarized light. The release of the tension
forces in that direction leads to the flake curling in the
perpendicular direction.

A new kind of investigation and interpretation of
anisotropic  light induced, polarization dependent
deformations in ChVS are discussed in this paper. To fully
understand this mass transfer process a theoretical model
of the light interference is obtained. For these experiments
a holographic recording setup and its modified version
(one beam illumination through optical slit) are used.

2. Experimental
Amorphous As,S; films were obtained by thermal

evaporation in vacuum of ~5.10° Torr onto glass
substrates. The thickness of the film was controlled in a
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real time by a 650nm diode laser and it was from 1 to
Tum.

One of the most common methods to investigate the
surface relief grating (SRG) formation is direct
holographic recording technique, thus high light gradient
can be obtained maintaining constant interference pattern
in the z-direction.

Recently ([2] in 2010) a huge SRG formation
dependency from chosen light polarization and other
factors was shown. For example, outstanding SRG occurs
only in particular combinations of the writing beams
properties: unusual polarization combinations (i.e.,
orthogonal: -45 and 45 degree, left/right handed circular:
LC and RC) gives the best impact on the SRG formation
efficiency, i.e., on a ratio of the produced surface-relief
versus the time. Therefore it is necessary to discuss
polarization dependent interference of the two coherent
beams theoretically and compare its impact on the SRG
formation. That will be discussed in this paper.

Other group of experiments that will be discussed in
this paper contains one unfocused beam writing system
(see scheme in Fig.1.). This recording system allows
producing of each individual grating from the gratings
made by direct holographic recording system. One beam
exposure through the slit as close as possible to the surface
of a sample reduces the diffraction scattering effect and
enables to investigate SRG formations dependency on
light intensity and its polarization to the individually
separated grating. To better understand the involved
physics and increase the recording efficiency (like in [2])
extra illumination, i.e., incoherent assisting beam was also
used in this recording system. For the writing beam a
532nm Nd:YAG Coherent Verdi 8W laser and for the
assisting beam other incoherent 532nm diode laser were
used.

incoherent assisting
l beam (532nm)

sample with a
film downward

~10um wide slit

] writing beam
(532nm)

Fig.1. Holographic recording simulator, i.e., one
unfocused beam illumination through adjustable optical
slit enabling to produce individual grating

3. Results and discussion

According to [2] it is possible to arrange various
polarization combinations by impact on direct SRG
formation quality quantitatively through reflection
diffraction efficiency (nr) which means: the worst for s:p
(writing beams are with s and p polarization), poor for p:p,
s:s, 45°:45°, LC:LC and the best for 45°:-45°, LC:RC

setup. An interesting thing (as to [2]) is that there were no
polarization combinations which could give an impact on
the SRG formation as ‘good’ ones, in other words, no
middle quality recording was possible. For future
investigations this polarization-driven relief modulation
phenomenon should be discussed theoretically.

The scheme for those theoretical experiments is
chosen the same as it was for the direct holographic SRG
recording experiments discussed above. Therefore, the
Bragg equation defines the angle 2« between the
corresponding k-vectors for 1um interference period A by
using a bandgap 532nm light:

-4 (1)
2sina
By taking solution for a scalar wave equation in a
homogeneuos medium:

w=A-cos(k-s—w-t) )

where  A—amplitude; Kk —wave number; S—one
dimensional coordinate; @ —angular frequency; t — time,
it is possible to define a vertical polarized wave that
propagates along y-axes:

wW=1{0,5,w} @)
or horizontal polarized wave that propagates along y-axes:
W = {w,s,0} (4)

Together with the coordinate transformation matrix
and a data visualization program (e.g. Wolfram
Mathematica) it is possible to build a theoretical model of
the polarization dependent interference.

Visualized polarization dependent light intensity
distribution of two coherent beams interference is shown
in Fig.2a. We can see that the strong light gradient which
is present in most of the polarization combinations (i.e.,
S:S, p:p, 45°:45° and LC:LC setup) is not the main factor in
obtaining SRG. So, why is the recording efficiency and
therefore the direct recording possibilities in s:p case the
worst although in a similar case where the intensity is also
uniformly distributed (45°:-45°, LC:RC in Fig. 2 (a)) the
recording efficiency is excellent? The answer is in the
polarization distribution. Since intensity of a light is
proportional to a squared module of the electric field,
instead of uniformly distributed intensity the direction of
the electric field vector may vary. It is shown in Fig.2a.
where two of the intensity distribution components are
highlighted: dotted and dashed curves with corresponding
masks under them correspond to the intensity from the
polarization directions parallel  (p-direction) and
perpendicular (s-direction) to the plane of incidence
respectively. Note that there is also the third component of
intensity distribution, which is with radial direction
(orthogonal to the s and p direction) but it is comparatively
small and not pointed out. Besides theoretical polarization
distribution of the two coherent beams interference versus
polarization combinations of the interfering beams are
shown in Fig. 2b. There we can see not only absolute
values of the intensities of different phase shifts Ap (-x;
-n/2; 0; w/2 and m) but also corresponding polarization
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distribution for all combinations of the interfered light
polarizations.

Now if we compare the previously arranged
polarization combinations by impact on direct SRG
formation quality with theoretically calculated polarization
components of the intensity distribution in Fig.2a., it is

clearly visible that for

the best direct

recording

possibilities (45°:-45° or LC:RC setup) instead of high
intensity gradient electric field gradients— s and p
components with are a half-cycle out of phase is needed.

e S:p setup p:p setup s:5 setup
f . :
nf insny ln‘tinsny Intensity
3 3
2 2
0 1A 2A 3A 0 1A 2A 3A 0 1A 2A 3A
LC:LC or 45:45 setup ~ LCRC or —45:45 setup
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4 4
3
2
) / N Y / A - !
VY WAy Y
1 i k. ] i i i3
..-‘\ F -"\ koA
N /I 7 N 7 w % /
0 1A 2A 3A
(@)
Polarization of Sum of the elektric fields in x-y
the beams plane
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=) | (=) | x| -A2 | -Ad]| 0 | a4 ]| a2
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+:f 15 -~ 0|l Ol
I: 186 | 2.00 | 214 | 2.00 | 1.86
-45 -45 \ \ \
\ \ I: | 014 | 2.00 | 3.84 | 2.00 | 0.14
RC RC o O O
O O I: | 014 | 2.00 | 3.86 | 2.00 | 0.14
2; g -/} IN |-
I: | 1.86 | 2.00 | 2.14 | 2.00 | 1.86
(b)

Fig.2. (a) Theoretical light intensity distributions (solid curves) for two coherent beams interference (a:b symbols denote a
polarization combination for the writing beams), dashed and dotted curves corresponds to the s and p polarization components
of the intensity respectively; intensity of the interfered light I,=I,=1 unit, A- period, angle between corresponding k-vectors
a=30.86° (i.e., A=1um, A=532nm); (b) Theoretical polarization distribution at the two coherent beams interference versus
polarization combinations of the interfering beams; period A=1xm and intensity of the interfered light 1,=1,=1 unit, angle
between corresponding k-vectors =30.86 °

In case of just one s or p component electric field
gradient (s:s or p:p setup) or when both the components
are in phase (45°:45° or LC:LC setup) or without gradient
(s:p setup) it is possible to obtain rather poor SRG

structures. These facts lead to some conclusions: s and p
polarized light gradients with a half-cycle out of phase
help each other to form a SRG, i.e., on both of the periodic
gradients the matter interacts differently. That is the reason
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why intensity distributions where both the components are
in phase (LC:LC or 45°:45° setup) or without one of the
components (with periodic unexposured areas like it is for
s:s or p:p setup) do not give outstanding results for the
direct SRG recording.

Experiments show that for some polarization
combinations of the writing beams it is possible to
dramatically increase the recording efficiency by optional
illumination during direct SRG formation process [2].
Extra incoherent light does not interfere with the light
from the writing beams and therefore it just raises the total
light intensity distribution. The idea of this process is as
follows: by using extra illumination to make intensity
distribution as it is for 45°:-45° or LC:RC setup with a
half-cycle out of phase for s and p intensity components,
therefore to make recording efficiency as good as it is for
the above mentioned setups. And as expected, extra
illumination with polarization orthogonal to the
polarization of the interfered light gives the best SRG
formation enhancing effects. For example, p:p polarization
setup previously arranged as ‘poor’ one combination for
formation of the SRG, now with extra s polarized light
illumination is as good as it is for 45°:-45° or LC:RC
polarization setup with or without extra illumination. In
fact, extra illumination for 45°:-45° or LC:RC setup just
decreases SRG formation efficiency [2]. This fact again
leads to different influence on the mass movement process
by s and p polarized light gradients respectively.

Due to the mass transfer, direct SRG formation
experiments are possible in soft materials where light can
transfer the mass to some particular places. Since the
period of the holographically produced SRG is always
sinusoid-like, how can it be that the geometry of the
produced SRG by using p:p or s:s recording setup is the
same as it is for the polarization combinations which give
impact on the sample as it is for p:p and s:s setup
recording simultaneously with a half-cycle out of phase
distribution (as in Fig.2b. for 45:-45 or LC:RC setup)?
Thus there are just two mass transfer versions possible: the
mass moves parallel to the intensity gradient and in a
different direction according to polarization of the
intensity gradient. Therefore the best SRG were obtained
with 45°:-45° or LC:RC holographic setup— s and p
intensity components (Fig.2a.) which are a half-cycle out
of the phase, ‘help’ each other to form a ditch and a hill at
the same time. To investigate this polarization dependent
influence on the mass transfer process a new kind of
recording system is needed where we can link the
coordinate system of the substrate with one of the AFM
measurements. Due to the periodicity all the obtained
surface-relief structures on an AFM will look the same no
matter what kind of mass transfer processes were
participating. By modifying the holographic recording
setup of the two beams for more precise experiments a
recording setup for individual SRG period was made

(Fig.1.). Using one beam illumination through the optical
slit enables to determine the impact of individual electric
field gradient on the mass transfer process. Therefore by
illuminating a sample through ~10um wide slit by light
with polarization parallel (s-direction) or perpendicular (p-
direction) to the slit will enable to investigate polarization
dependency of light gradient impact on the matter.
Unfortunately these experiments did not show any
considerable mass transfer thus an incoherent assisting
beam with the same wavelength (532nm) was used.

The results (Fig.3.) confirm that for writing beams
with different polarization the transfer of the mass process
is different— for s polarization (s/p setup: polarization of
the writing beam is along the slit) the mass has been
transported away from the illuminated area thus forming a
ditch, but for p polarization (p/s setup) vice versa— the
mass has been transported into the illuminated area thus
forming a hill. Note that orthogonally polarized assisting
beams were used for both these cases thus making the
recording environment more like it is for LC:LC or
45°:45° holographic recording setup (symbols a/b denote
polarization for light that is going through the slit and
polarization for extra illumination respectively). For the
assisting beam with polarization in the same direction as
for the writing beam (p/p setup in Fig.3.) the obtained
gratings also formed a hill (like for p/s setup) but with
more than 20 times weaker amplitude than the
corresponding p/s setup. The amplitude of the gratings
obtained by illumination through the slit is strongly linear
with the time of the exposure (Fig.3.) but as follows from
the slope coefficients formation of hills instead of ditches
is slightly effective.

600  Mp/swritingsetup
i p/pwriting setup
400 [ ®s/pwritingsetup

y=4.20x-22.52
R?=0.95

y=0.15¢-0.71
R?=10.86

200

500 90 120

L ]

[ y=-4.08x+4.11

600 L R?=0.97
Time of the exposure, min

-400

Amplitude of the SRG, nm
=

Fig. 3. Amplitude of the SRG versus time of the exposure
for different polarization combinations of the writing and
assisting beams (a/b symbols denote polarization for the
writing and the assisting beams respectively) for optical
slit experiments, intensity of the writing beam equals to
4.24Wfcm? and for the assisting beam 0.37W/cm?
recording performed on a 3.3um thick As,S; film.
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Fig. 4. Amplitude of the SRG obtained by AFM versus time of the exposure (5, 10, 20 and 30 minutes) for 4.24W/cm? writing
and 0.37W/cm? assisting beam, recording performed on a 3.3um thick As,S; film, the electric field vectors of the writing and the
assisting beams are parallel and perpendicular to the optical slit, i.e., s/p setup respectively

Comparing the profiles of the gratings obtained by the
s/p setup for different exposure time (5, 10, 20 and 30
minutes in Fig.4.) it is clearly seen that the mass transfer in
this case starts from the middle of the slit. For illumination
more than 20 minutes (20, 30, etc) due to active mass
transfer small hills were formed along the ditch thus
forming a M-shaped profile. This fact confirms the theory
that a long impact of the polarized light gradient on a
photo-resist acts as a mass transfer in a specific direction.

4. Conclusions

The main conclusion that can be drawn from the
results is that the mass transfer process for ChVS depends
on the polarization of the light. It depends on the relation
between the polarization and the electric field gradient of
the writing beam: if the directions from both of them
match, the mass will be transported into the electric field
gradient those forming a hill, otherwise (both the
directions will be orthogonal) forming a ditch. By using
incoherent assisting beam (best results for cross-polarized
assisting beam) it is possible to rise the efficiency of the
mass transfer during the writing process.

A direct SRG recording technique is a comparatively
new solution for lithography and as shown in this article,
provides new experimental techniques for better
understanding of the interaction between light and matter.
The obtained gratings are very stable at room temperature,
so this method can replace some of the chemical etching
techniques and find practical application in the applied
physics.
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Abstract. This work is devoted to the topical issue — photo-induced formation of surface relief
gratings (SRG) in thin layers of chalcogenide vitreous semiconductors (ChVS) without
following complicated chemical processing. Holographic recording technique is one of the
advanced methods for direct surface relief patterning in light sensitive materials. Because of
the high light and electric field gradient it is possible to obtain surface structures directly in
time with illumination. This incompletely explored process which is based on the photo-
induced plasticity has been discussed in this paper from the side of a light intensity and its
electric field on As,S; and other ChVS.

1. Introduction

Photolithography is one of the most common methods from all types of lithography for surface-relief
structure patterning. Light induced changes of the chemical properties in a resist material enable a
selective removal of regions on a thin film or on the bulk of the illuminated material by developing
and etching [e.g.1]. Comparatively recently a number of materials have been studied for direct
surface-relief formation during the exposure process [2-7]. The physical interpretation of this
incompletely understood phenomenon of light and matter interaction is interesting for many
researchers in the field of soft materials like ChVS [8-11] and azo-polymers [9, 12-15]. There is a
wide range of techniques used for an interpretation of the anisotropic surface-relief modulation
process: some of them based on the intensity of light [e.g. 14], others on the direction of the electric
field oscillations [e.g. 8]. Since the intensity of light is proportional to the squared module of the

—(2
electric field (i.e. [ oc ‘E‘ ), the information is lost. Thus it is necessary to discuss this anisotropic

surface-relief modulation process from the side of the electric field.
Focused Gaussian beam experiments [e.g. 12] where the anisotropic mass transfer process depends on
the direction of polarization are doubtful — there is a continuous mass movement during illumination —
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Figure 1. Experimental setup of photo-induced surface-relief grating (SRG) formation; recording was
performed by Nd:YAG Verdi6 532nm laser

the adjusted focus moves into or out of the matter and thus the results can be interpreted incorrectly
[16]. The same applies for experiments where the focus is adjusted incorrectly from the beginning
(distance from the surface comparable to A). Therefore, it is necessary to use other experimental
methods for a more precise investigation.

In the last few years researchers have been studying different kinds of anisotropic light induced
deformations in the light sensitive materials. Under a uniformly distributed light illumination
anisotropic 7 or X shaped scratch deformations show that only particular scratches tend to change their
shape. These deformations change differently in different materials: chalcogenides show deformations
in the direction parallel to the electric field vector [17] and azo-polymers- orthogonal to the electric
field vector [18]. The same occurs in the experiments (shown by Tanaka [11] in chalcogenides) where
uniformly illuminated free-from-substrate flakes tend to curl upwards only in the direction parallel to
the electric field vector. This phenomenon can be explained by the anisotropic fluidity in the particular
direction which is induced by the polarized light. The release of the tension forces at that way leads to
the flake to curl in the perpendicular direction.

In this paper a new kind of investigation and interpretation of anisotropic light induced,
polarization dependent deformations in ChVS are shown. For these experiments a holographic
recording setup is used. Holography lies between focused and uniformly distributed light illumination
— periodic light distribution with high light gradient can be obtained maintaining constant interference
pattern in the z-direction. Therefore this opens a new field of research about the anisotropic light
induced mass transfer in soft materials.

2. Experimental

Amorphous As,S; films were obtained by thermal evaporation in vacuum of ~5-10° Torr onto the
glass substrates. The thickness of the film was controlled in a real time by a diode laser and it was
from 0.5 to 10pum.

Surface-relief grating (SRG) formation experiments were performed using a holographic recording
system (see scheme in figure 1.) where Nd:YAG Verdi6 532nm wavelength laser beam was used. For
a better understanding of the involved physics and an increased recording efficiency (like in [2]) an
extra illumination was used for this recording setup.

Diffraction efficiency (DE or 77) was controlled in real time by measuring 1* order intensity of the
reflected and transmitted probe beams (probe beam 1 and 2 in figure 1.). Absorption and refractive
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Figure 2. Diffraction efficiency (nr values on the left side ordinate axis, ng- on the right side) changes
during SRG recording process by two p-polarized beams with 1um period of interference pattern,
recording kinetic after shift of light distribution by half period (after dashed vertical line)

index changes in the volume were controlled by transmission DE 7 from the probe beam 2 and
changes in the surface-relief modulation were controlled by reflection DE 7z from the probe beam 1
respectively. The volume gratings also affect reflection DE, however their contribution is insignificant
[19] and will not be discussed here.

The phase shift experiments were performed by rotating the half-wave plate by 90 degrees for one
of the recording beams, therefore the polarization for that beam remained the same but the phase
shifted by m/2 and thus the interference pattern shifted by a half period — A/2.

The diffraction efficiency provides only an indirect information about the produced SRG. Direct
measurements of the surface-relief profile were obtained by atomic force microscope (AFM).

3. Results and discussion

In the typical SRG recording process (shown in figure 2.) diffraction efficiency changes with time (up
to dashed vertical line) for amorphous chalcogenide semiconductor films. As the absorption and
refractive index photo-induced changes in resist material are comparatively fast, transmission DE 7y
(solid curve) reaches maximum (~55% DE) very quickly. Due to overexposure the contrast of the
volume grating decreases — 777 starts to decrease. At that time the reflection DE 7z (dashed curve)
starts to increase linearly, which is an evidence of the surface-relief formation (stage 1 of the SRG
erasing experiment at figure 3.). This recording process is reversible. By shifting interference pattern
by half its period (in figure 2., after dashed vertical line), reflection DE starts to decrease until it
reaches the minimum — which corresponds to SRG erasing (stage 2 of the SRG erasing experiment).
Afterwards DE starts to increase once more, at this point a new SRG formation restarts (stage 3 of the
SRG erasing experiment). After a long exposure (in this case more than 1kJ/cm®) SRG makes major
contribution to the transmission DE, thus if there will be SRG — 7y will always be greater than zero.

To make this erasing process more obvious AFM measurements of the SRG at the different erasing
experiment stages were obtained (figure 3.). As expected, the SRG obtained before shift of the
interference pattern and after shift of the interference pattern at the new SRG formation stage are with
more than twice bigger amplitude than it is at the erasing stage.



Annual Conference on Functional Materials and Nanotechnologies — FM&NT 2011 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 23 (2011) 012007 doi:10.1088/1757-899X/23/1/012007

)

(al l lslj‘l |

[{{1I]

30 —=—Profilestage_1 20 —=—Profilestage 2 20 ——Prpfilestage 3
20 20 20
10 10 10
0 0 0

Figure 3. Atomic force microscope measurements of the SRG at different erasing experiment stages:
(a) stage 1: before shift of the interference pattern, (b) stage 2: after shift of the interference pattern at
the reflection diffraction efficiency minimum and (c) stage 3: after shift of the interference pattern at
the new SRG formation stage

This process is repeatable many times and indicates that the produced SRG is product of the local
light induced mass transfer. Similar results for ChVS erasing of a SRG have been obtained by a
uniformly distributed light illumination or thermal erasing method [20] but this new method is more
trivial to realize and control in the laboratory. This and other similar experiments will open new
frontiers for interaction of light and matter process investigation what is based on light induced mass
transfer and not on volume or density changes.

Other kinds of experiments are based on direct SRG recoding process enhancing by a third extra
incoherent laser light illumination. This one does not interfere with the light from writing beams,
therefore just lift up total light intensity distribution and helps to form SRG.

Experiments show that there is possible to dramatically increase recording efficiency and for some
cases enhancement of the relief formation (changes of the 77; slope coefficient) are more than 150
times [2]. In these experiments for extra illumination were used wavelengths (448 and 473nm) other
than recording ones. For more precisely experiments in this paper were discussed results for extra
illumination light at the same wavelength as it is for recording light.

These experiments are shown in figure 4.: direct SRG formation enhancement during holographic
recording versus extra illumination, its intensity and polarization. As in [2], for experiments were used
532nm p-polarized laser light but for extra illumination- a incoherent 532nm laser. Interference period
and intensity for each beam were held the same, i.e. 1um and 0.19W/cm®. As expected, cross polarized
extra illumination (figure 4., dotted curve) enhances direct SRG formation- in the best case even 40
times (~1W/cm® for extra illumination). That is far away from the best cases obtained earlier for
enhancement of the direct SRG formation (around 150 times [2]). This can be explained by the fact
that 532nm is closer to the absorption edge of the ChVS thus 532nm light gives weaker impact on
SRG formation. Extra illumination by the same polarization (figure 4., dashed curve) does not show
any enhancing effects of the SRG formation. It is a new way that proves anisotropic impact on a
sample by polarized light illumination. Similar results have been obtained by much smaller and
constant (0.11W/cm?) extra illumination but varying intensity of p-polarized recording beams (figure
6.). There also enhancement maximum was observed.

Transmission DE results (probe beam 2 from figure 1.) for these experiments are shown in figure 5.
where maximal obtained DE values are pointed out. In the case of p and p polarization recording with
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Figure 5. Maximum value of transmission DE
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Figure 6. Direct SRG formation enhancement, i.e., changes of the 7z slope coefficient versus its
recording p-polarized light intensity I; and I, (dots: experimental data) on As,S; sample; extra
illuminated by 0.11W/cm? 532nm s-polarized beam (vertical dotted line)

s-polarized extra illumination (figure 5., pp+s curve), these values tend to linearly decrease with extra
illumination intensity. For the pp+p case these values are decreasing non-linearly. This is the other
way how to look at anisotropic light and matter interaction. As expected, this decreasing came from
the fact that extra illumination disturbs absorption and refractive index contrast thus can not form as
high quality volume gratings as without extra illumination.
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4. Conclusion

It is possible to raise the efficiency of the direct SRG recording with extra illumination by incoherent
laser light. This process is anisotropic and occurs only by particular combinations of used light
polarization. Direct SRG recording technique is comparatively new solution for lithography and as
shown in this article, provides new experimental techniques to better understand the involved physics
of light and matter interaction. Produced SRG is very stable at a room temperature, so this method can
replace some of the chemical etching techniques and find practical application in the physics.
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The surface relief grating formation in amorphous As,S;
films strongly depends on the polarization state of re-
cording beams. The surface relief grating formation effi-
ciency of s-s and p-p recording beam combination can be
essentially enhanced by additional illumination with or-

1 Introduction In 1976, Chomat et al. [1] showed
that a thin film of an amorphous As,Se; subjected to a low-
intensity modulated red light interference pattern is signifi-
cantly altered: a relief hologram is formed on the surface
of the film. A similar phenomenon for thin layers of azo-
benzene-containing polymers was observed by Rochon et
al. [2] in 1995: a flat film can reach a corrugation whose
amplitude may be up to fifty per cent of the initial thick-
ness. This suggests that the material moieties are put in
light-induced lateral transfer regarding the propagation di-
rection of exciting light. The most commonly used method
to induce mass motion is holographic recording with which
a sinusoidal modulated intensity pattern can be obtained at
the submicron scale. Recently, it has been demonstrated
that surface relief structures can be formed also by a tiny
focused light spot [3], in the case of contact mask applica-
tion [4] and even with optical near-field [5]. Recorded sur-
face patterns can be erased by homogenous illumination or
heating above glass transition temperature of recording
media. The surface relief grating (SRG) direct formation
by two coherent laser beam interference have been ob-
served in several disordered materials: in amorphous inor-
ganic (As-S, As-Se chalcogenides [1, 4, 6], Sb-P-O oxide-
containing glass [7]) and organic (azobenzene-containing
organic polymers [2, 8], acrylamide photopolymers [9],
azocellulose [10]) compounds.

It was observed that the formation of SRG on the azoben-
zene containing polymer and chalcogenide semiconductor
films strongly depends on the polarization state of the re-
cording beams [6, 11-13]. The two s-polarized recording
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thogonal polarization. It is shown that the direction of
mass transport on the film surface is determined by the
direction of light electric vector.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

beams produce the largest light intensity modulation in in-
terference pattern. But this configuration only produces a
SRG with very low diffracion efficiency and small surface
modulation. Under the s-p polarization recording condi-
tions, the two writing beams possesses orthogonal polari-
zation and the resultant electric vector of light on the film
surface has the largest variation but the light intensity is
uniform over the entire exposed area. This purely polariza-
tion recording condition also produces very small surface
modulation. The largest SR modulation was obtained un-
der +45° -45° and RCP: LCP recording conditions. This
indicates that the existence of both light intensity and re-
sultant electric field variations are essential to the forma-
tion of SRG on amorphous chalcogenide and azobenzene
polymer films.

In 2001 Jager et al. [14] showed that an efficiency of
SRG formation on azobenzene polymer films can be essen-
tially enhanced by an assisting light with an orthogonal po-
larization to s-s holographic recording light. This process
can be explained by “photo softening” the medium through
enhancing the trans-cis-trans isomerization cycling [10].
Similar enhancement of SRG formation by assisting light
was observed also in amorphous chalcogenide As,S; and
AsSe, films [13, 15, 16].

The main goal of this paper is to report the dependence
of surface relief grating formation efficiency in amorphous
As,S; films on recording parameters such as polarization
state of recording beams and incoherent assisting light.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental Thin films of amorphous As,S; with
different thickness (4.5-6.5 pm) were prepared by thermal
deposition on glass substrates at room temperature. The
pressure during deposition was around 10° Torr and the
rate of evaporation was ~20 nm/s.

The surface relief (SR) formation experiments were
performed using both a holographic recording system (Fig.
la) and an illumination of amorphous films through optical
slit (Fig. 1b). After splitting by a beam splitter two 532 nm
recording beams I; and I, of equal intensity interfere on the
film surface. The two interfering beams independently pass
through half or quarter wave plate W), to provide a control
over the polarization state of the writing beams. Interfering
beams with p-p, s-s, s-p, L-L, L-R or 45°-135° polarization
combinations were used for SR grating recording. The
formation of bulk phase and SR gratings is monitored in
real time by diffracting a low power red (640 nm) and blue
(405 nm) probe beams (Pb, and Pb,), respectively, from
the spot where the two recording beams interfere. The +1
order diffracted beam from the grating in the transmission
and reflection mode is detected and recorded by photodi-
odes PD, and PDy, respectively. The diffraction efficiency
(DE) is defined as the intensity ratio of the first-order dif-
fraction of the probe beam to the incident one. An addi-
tional illumination of grating performed during the holo-
graphic recording by an assisting beam (Ab) of p- or s-
polarization incoherent to the recording beams comes from
another laser operating at 448 nm or 473 nm. The SR grat-
ing recording efficiency is

d
__E'b 5(640nm)

1<

~ A
Ab Wi -.._*_‘_

I}d— -

Figure 1 Experimental setup for formation of surface relief
structures by holographic recording (a) and illumination through
optical slit (b).
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defined as a tangent of the slope angle a for the linear part
of reflection DE (405 nm) growing curve (see Fig. 2).
Since the diffraction efficiency of SRG is proportional to
its height, we can see the SRG formation efficiency
through the change of DE. The enhancement of SR forma-
tion by additional illumination with assisting light beam
(Ab) is defined as a ratio of SR formation efficiency with
assisting light to that without assisting light.

The scheme for SR formation on the amorphous films
by illumination through optical slit is shown in Fig. 1b.
The sample (S) has been illuminated from the film side
with a single recording light beam Iz (532 nm) through a
slit SI1 with a width of 10 um. From the opposite side the
film was illuminated through the substrate by assisting
light beam I, (532 nm) coming from another laser, i.e. in-
coherent to beam I. The intensities of the beams were Iz=
0.5 W/cm® and 1,=0.43 W/cm®. The wave plates Wpl and
Wp2 were used for the combination of polarization states
of the beams. The As,S; samples with 4.5 um thickness
were exposed 180 min. at room temperature.

The photo-induced surface relief of the films was
measured by an atomic force microscope (AFM).

3 Experimental results Figure 2 shows the de-
pendence of the DE in transmission (curves 1, 3, 5) and re-
flection (curves 2, 4, 6) mode on exposure dose by holo-
graphic recording two p-linear (curves 3-6) and orthogonal
circular (curves 1, 2) polarized beams in amorphous As,S;
film with a thickness of 6.5 pum. The transmission DE
measured by red 640 nm laser line characterizes the bulk
grating formation due to the photo-induced refractive index
changes. The reflection DE measured by blue 405 nm laser
characterizes the SRG formation. The formation of SRG
on amorphous As,S; films is strongly dependent on the po-
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’ v (3) — — transm. DE by p-p rec., s-assisting (1)
! (4) = . — . ref DE by p-prec., s-assisting "
! (8) = .+ =transm.DE by p-p rec. / ®
6 . ‘ (6) ref. DE by p-p rec. = -
3 20 L
2 ! \ @ - o o
- ] , o ’;
L | v e P o
a . N g
1 o1 @ . ‘) gla)
T R
l = s
| e
i

0 1000

2000
Exposure dose, J/cm?

Figure 2 The diffraction efficiency as a function of the exposure
dose for grating with a period of 1 pm recorded in amorphous
As,S; film with p-p (curves 3-6) and L-R (curves 1 and 2). The
inset shows the initial stage of the grating formation. The inten-
sity of recording beams I;= 1T, = 0.25 W/cm?, grating period 1 pm.
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larization state of the writing beams. The SRG recording
efficiencies under different polarization state of writing
beams are summarized in Table 1.

4 Discussion

4.1 Holographic recording of SRG It is known
that the efficiency of SRG formation in amorphous chalco-
genide and organic azobenzene polymer films essentially
depends on the polarization state of the holographic re-
cording beams [6, 11-13]. The curves 2 and 6 in Fig. 2
show the dependence of reflection DE on exposure dose
for L-R and p-p recording, respectively. A large difference
in SRG recording efficiencies has been observed.
The dependence of SRG recording efficiency on polariza-
tion state combinations of recording beams and contrast of
interference patterns at the sample surface during holo-
graphic recording are summarized in Table 1. The contrast
of interference pattern (K) in amorphous As,S; film for a
period of 1 um was calculated according to [17] using a
value of refractive index of 2.6 at recording wavelength of
532 nm.°
Under the intensity modulated holographic recording con-
ditions, the two parallel linear (s-s and p-p) and circular (R-
R or L-L) polarized beams produce the largest light inten-
sity modulation, when the contrast of an interference pat-
tern is equal to ~1. However, there is no spatial modulation
in the direction of the resultant electric vector of light.
These configurations only produce a very low DE and
small SR modulation. Under the polarization modulated
holographic recording , the two orthogonal linear (s-p and
+45°: -45°) and circular (R-L) polarized beams produce the
largest variation in the resultant electric field direction on
the film surface but the light intensity is uniform over the
entire exposed area (K~0). Very small DE and SR modula-
tion were obtained for s-p recording configuration. For this
configuration there is no component of resultant electric

Table 1 Dependence of SRG recording efficiency on polariza-
tion and contrast of interference patterns at the sample surface
during holographic recording using a variety of polarized re-
cording beam combinations.

Recording Contrast SRG
polarization Electric field in xy plans ofinterf | reconding
pattern eff au
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Figure 3 The dependence of SR formation enhancement as a
function of the intensity and polarization of assisting light at addi-
tional illumination by 448 nm (curves 1 and 2) and 473 nm
(curves 3 and 4) light during holographic recording with p-p po-
larized 532 nm laser beams. Recording with I;=1, = 0.19 W/em?,
grating period A= 1 pm.

vector of light along the grating vector direction. The larg-
est DE and SRG modulation were obtained for orthogonal
linear (+45°: -45°) and circular (R-L) polarized beam con-
figuration. For these configurations there are components
of resultant electric vector of light parallel and perpendicu-
lar to the grating vector direction. This indicates that the
resultant electric field and its direction variation are essen-
tial to the formation of SR gratings on the amorphous chal-
cogenide films.

4.2 Enhancement of SRG holographic re-
cording by assisting light Figure 2 illustrates that the
SRG formation efficiency at p-p polarization combination
of holographic recording beams can be essentially en-
hanced by an additional illumination with orthogonal po-
larization (see curves 4 and 6). The enhancement effi-
ciency strongly depends on the wavelength, intensity and
polarization direction of an assisting light (see Fig.3). The
results on the studies of the dependence of SRG formation
efficiency and enhancement by assisting light on the po-
larization state combinations of recording and assisting
beams are summarized in Table 2. We can see that even in
s-s polarized writing conditions, a significant SR grating
formation enhancement can be achieved if an incoherent
assisting beam with orthogonal (p) polarization is used. It
is believed that the assisting beam causes a softening of the
dark places of the grating significantly enhances the SR
formation efficiency [10]. An effective enhancement by an
additional illumination has been observed for all intensity
modulated holographic recording conditions, the two paral-
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Table 2 Dependence of SRG formation efficiency and enhance-
ment by assisting light on polarization state combinations of re-
cording (532 nm, 1,=,=0.25 W/cm?) and assisting (473 nm,
1,=0.26 W/cm?) light.

SRG formation SRG forma-
efficiency, a.u. tion enhance-

Polarization Recording
of assisting  polarization

light ment

s p:p 91 260

p 13.7 39

- 0.35 1

S S:s 0.22 2.2

p 19 190

- 0.1 1

s s:p 0.17 43

p 0.035 0.88

- 0.04 1

s +45°:-45° 102 2.3

p 90.4 2

- 44 1
LR 58 0.64

p 62 0.69

- 90 1
L:L 57 100

p or 0.25 0.44

- R:R 0.57 1

lel linear (s-s and p-p) and circular (R-R or L-L) polarized
beams producing the largest light intensity modulation,
when the contrast of an interference pattern is equal to ~1.
However, a difference of an enhancement between s- and
p-polarized assisting beams suggests the idea that the ma-
terial photo-induced softening in the dark places of the
grating is not the only reason for this phenomenon. Actu-
ally, the additional illumination of s-s or p-p holographic
recording combination with orthogonal assisting beam cre-
ates the electric field distribution in the interference pattern
that is similar with the L-R and +45° : -45° recording situa-
tion without the assisting light when the largest SRG for-
mation is observed. It means that the assisting light with an
orthogonal orientation regarding the s-s or p-p recording
beams stimulate the SRG formation process.

4.3 SR relief formation by illumination through
optical slit In order to study the influence of polarization
state of the recording and assisting beams on SR formation
direction and efficiency we performed experiments with an
illumination of amorphous As,S; film through optical slit.
The scheme is shown in Fig.1b. The sample (S) was illu-
minated from the film side with a single recording light
beam I (532 nm) through a slit S11 with a width of 10 um.
From the opposite side the film was illuminated through
the substrate by assisting light beam I, (532 nm) coming
from another laser, i.e. incoherent to beam I. The intensi-

WWwWWw.pss-c.com

ties of the beams were Iz= 0.5 W/cm? and 1,=0.43 W/cm>.
The wave plates Wp1 and Wp2 were used for the combina-
tion of polarization states of the beams. After illumination
the SR of the samples was studied by AFM.

The single beam experiments with the writing beam po-
larization parallel to the optical slit are similar to the holo-
graphic recording of SRG with s:s polarization, and the
single beam experiments with the writing beam polariza-
tion perpendicular to the optical slit are similar to the p-p
holographic recording.

The illumination of the samples was performed with s-, p-
and circular polarized recording beam (Iz) in combination
with s-, p- and circular polarized assisting beam (I,). The
results of the experiments are summarized in Table 3. In
case of single beam illumination without assisting light
very small expansion (+10 nm) was obtained for s- and p-
polarization, but with circular light excitation no changes
in surface relief were observed. The largest SR changes are
observed for s- and p- polarized recording beams assisted
with orthogonal p- and s- polarized additional illumination,
respectively (Fig. 4 and Table 3). It is seen that the direc-
tion of the photo-induced matter transport in both cases is
with opposite sign. From the Table 3 it follows that s-
polarized recording beam creates a contraction of the film
or a formation of dip but p-polarized recording beam cre-
ates an expansion of the film or a formation of hill. These
results are in agreement with a conclusion obtained by
Trunov [15] that the direction of the material displacement
for p-p holographic recording with s- assisting light
(scheme p-p:+s) is in phase and for scheme s-s:+p out of
phase to the maxima in the light interference pattern. In
case of recording beam with circular polarization the direc-
tion of matter motion is determined by polarization of an
assisting beam.

Figure 4 AFM measurements of SR structures on As,S; film il-
luminated through optical slit. A — p-polarized recording beam (E
vector perpendicular to slit) and s-polarized assisting beam (E
vector parallel to slit); B — s-polarized recording beam and p-
polarized assisting beam.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3 Dependence of SR formation direction and value for
amorphous As,S; films illuminated through optical slit on variety
of polarization state combinations of recording (Egr) and assisting
(Ea) beams. (+) denotes expansion or formation of hill; (-) de-
notes contraction or formation of dip. (s) — electric vector of light
is parallel to slit, (p) — electric vector of light is perpendicular to
slit, LCP and RCP — left and right circular polarized light.

Ex Without
s p LCP or | assisting
Er RCP light
K -380nm | -500 nm | -370 nm +10 nm
p +610 nm | +190 nm | +250 nm +10 nm
LCP or
RCP +190 nm | -210 nm -20 nm 0

5 Conclusions We have shown that the surface relief
grating formation in amorphous As,S; films strongly de-
pends on the polarization state of recording beams. The
surface relief grating formation efficiency of s-s and p-p
recording beam combination can be essentially enhanced
by additional illumination with orthogonal polarization.
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Abstract. In this report direct a photo-induced formation of surface relief gratings (SRG) in
thin layers of arsenic sulfide (As,S3) are shown. This anisotropic light-induced mass transfer
phenomenon has been discussed with the special attention focused on the polarization and
intensity of the corresponding light. The experimental setup for the SRG recording is straight-
forward consisting of ~10um optical slit through which an unfocused beam of light is projected
on the surface of sample. The verified sets of experimental parameters (light intensity,
polarization and slit opening) were chosen. Additionally the evolution of surface relief in
dependence from the recording time and polarization has been investigated in detail. The
processes of SRG formation and mass transfer which are based on the photo-induced plasticity
in As,S; have been discussed.

1. Introduction

Holographic recording is a perspective method for obtaining high quality diffraction gratings amongst
other applications. The possibility of direct surface patterning without the necessity of development
and etching is even more appealing thus the effects of surface forming processes in holographic
recording are of vital importance.

Non-contact mass transfer is known for a few decades now — it can be found in optical particle
traps and optical tweezers (first reported in 1970 by A.Ashkin [1]). The idea behind this is the
movement of individual particles with light intensity gradient. One might think that somewhat similar
processes apply to holographic recordings (first reported in 1975 by Chomat et al [2]) but further
investigations are required. The look in this direction has been thrown and there are works showing
relief forming in dependence of focused light, polarization and so forth [e.g., 3, 4]. The results on
influence of light polarization though are quite inconclusive (as shown in the [5]) and require further
investigation.

From earlier works it is known that an effective materials for obtaining direct surface formation are
vitreous chalcogenides — As,S; in particular is attractive because of sample preparation simplicity and
its optical properties. This well known group of materials has been studied for many years and various
results have been obtained but less attention has been paid to the significance of light polarization.
Thus the aim of this work was to investigate the influence of light polarization on mass transfer
processes in A,S; thin films.

" To whom any correspondence should be addressed
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2. Experimental
Amorphous As,S; films on glass with thickness of 0.5-4.0 um were obtained by thermal evaporation.

A single beam recording setup (shown in Fig.1.) was utilized to obtain surface modulation in the As,S;
p-polarization Incoherent assisting
-— beam (532nm)
s-polarization
© Sample with a
/ﬁtm downwards

~10pm wide slit T
Writing beam
(532nm)
Figure 1. Experimental setup (top
view) for formation of surface-
relief structures by illumination
through an optical slit

samples, which were illuminated by homogenized 532 nm laser light through 10 um wide optical slit.
An optional assisting incoherent 532 nm laser source was used for softening purposes of As,S; film
thus improving the recording efficiency. Polarization of recording and assisting beams was varied by
halfwave and quarterwave plates. The obtained surface relief was mapped by atomic force microscopy
(AFM) using Veeco CPII.

3. Results

When recording by using a holographic setup it is difficult to understand the mass transfer processes
because of the periodicity of the surface relief — it is hard to define the point of origin and analyze the
mass transfer direction. To avoid this limitation a simplified single beam recording setup was
introduced. The main object of which was a narrow optical slit. Through this slit a sample was
exposed by a uniformly distributed and unfocused monochromatic light with a particular polarization.
The resulting intensity distribution then is well defined and the formed surface relief thus has to be
symmetric which allows introducing well defined coordinate system.

The first obtained recordings independently from the polarization were insignificant (few nm in
height) and could be attributed to photo-induced expansion effect [6]. As previous experiments with
direct holographic recordings showed that relief forming efficiency can be significantly improved by
additional incoherent assisting beam [7], the same approach was utilized for further experiments. It has
been determined that the polarization of the optional assisting beam causes isotropic or anisotropic
softening which in conjunction with polarization of the recording beam might show some peculiarities.
In Fig.2. the summary of obtained results has been presented as table. Certain cells are carrying a
value n/a — this means that with such polarization configuration the obtained relief is insignificant
(few nm) and basically represents smooth surface. The remaining cells which do carry values
different from zero are represented by AFM images and profile height distributions.

As can be seen from combinations that produced an observable surface relief modification, the
mass transfer can manifest in different ways. If the polarization of recording beam coincides with the
direction of optical slit (defined as s-polarization), then independently from the polarization of the
assisting beam (in the 1% row: CP- circular, p- perpendicular to the slit or 45 degree) a mass transfer
away from the recording region can be observed — formation of a groove. The efficiency of recording
or the depth of groove changes from the best case, when the polarization of assisting beam is
perpendicular to that of the recording beam, then follows the 45 degree and finally CP polarization.
The same applies when the polarization of recording beam is perpendicular to the slit (the 2™ row in
Fig.2.), only in this case mass transfer is directed towards recording region — formation of a ridge.

The polarization of recording beam is not the only factor, which determines the direction of mass
transfer. Independently from the polarization of recording beam, consistent formation of a ridge, when
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the assisting illumination is s-polarized (1* column in Fig.2.) or formation of a groove, when assisting
illumination has p-polarization (2™ column in Fig.2.), can be observed.

Therefore all recording combinations are symmetrically aligned in respect to the main diagonal of
the table. This observation means that the polarization of both — recording as well as assisting beam
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Figure 2. The correlation between polarization and light-induced mass transfer
processes in 2.1 um thin layer of As,S; sample for different polarization combinations
of the writing and assisting beams (1000 mW/cm® and 1500 mW/cm® for 1 h
respectively) in optical slit experiments. The inset contains the 2D 26x13um AFM

topography pictures and its profiles in the 25umx300nm frame
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Figure 3. The time evolution of SRG profiles extracted from the AFM measurements. Recording
performed on the As,S; sample with a: (a) p/s and (b) s/p setup. The energy densities for the writing
and assisting beam were 4.24W/cm” and 0.37W/cm” respectively, Corresponding exposure lengths: 5,
10, 20 and 30 minutes

play a significant role in the process of mass transfer. As can be seen the most effective mass transfer
occurs when s-p polarization combinations between recording and assisting illumination beams are
implemented. Thus the time dependent evolution of direct SRG formation for those cases is shown in
Figure 3. As mentioned above, in the case of different polarization of the writing beams the direction
of mass transfer is opposite. For the s polarization (s/p setup: polarization of the writing beam is
parallel to the slit) the mass is transported away from the illuminated area thus forming a groove, but
for the p polarization (p/s setup) this process is inverted — the mass is transported into the illuminated
area, forming a ridge. Note that the assisting beams were polarized orthogonally to the writing. The
symbol a/b denotes the possible combinations of polarization, a — for the recording beam and b — for
the assisting beam. It is clearly seen that for the both recording setups (p/s and s/p) the mass transfer
starts from the middle of 10 um optical slit used in these experiments. For the short time exposure (in
this case up to 10 min) A- or V-shaped profiles appear. If the recording time exceeds 10 minutes an
active mass squeezing takes place and the profiles are changing to W- or M- shaped.

The behaviour of mass transfer and thus the resulting recording could be related to interaction
between the polar photo-induced defects and the polarized electric field of recording and assisting
illumination. Depending on the configuration of the resulting electric field, mass transfer can be
directed both ways — towards or away from the electric field intensity gradient.

4. Conclusion

It has been shown that the formation of surface relief grating in amorphous As,S; films closely
depends on the superposition of electric field of recording and assisting beams. The recording
efficiency in an arbitrary recording setup using linearly polarized light can be significantly improved
by introducing additional incoherent orthogonally polarized assisting illumination.

A direct recording technique of SRG is a comparatively new solution for lithography and, as
shown in this article, provides new experimental techniques for better understanding of the interaction
between the light and matter. The obtained gratings are very stable at room temperature, so this
method can replace some of the chemical etching techniques and find a practical application in the
applied physics.
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Abstract

The dependence of the surface relief formation in amorphous chalcogenide (As;S; and As-S-Se) and Disperse Red 1
dye grafted polyurethane polymer films on the polarization state of holographic recording light beams was studied. It
is shown that the direction of lateral mass transport on the film surface is determined by the direction of light electric
vector and photoinduced anisotropy in the film. We propose a photoinduced dielectropfhoretic model to explain the
photoinduced mass transport in amorphous films. Model is based on the photoinduced softening of the matrix,
formation of defects with enhanced or decreased polarizability, and their drift under the electrical field gradient of
light.
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1. Introduction

The interaction of light with matter has extreme scientific and technological importance. The
properties and the application of “soft materials” including organic and inorganic polymers are based on
weak but nevertheless long-range interactions among the molecular or supramolecular constituents [1].
These interactions lead to the formation of static and frequently also dynamic structures and changes of
physical and chemical properties that can be changed by light. Photoinduced structural changes in soft
materials play the key role in advanced technologies: chalcogenide thin films are used as storage media of
information (audio/videodisks); organic and inorganic photoresists and related materials necessary to
produce advanced electronics hardware. Photoinduced alignment of molecules in azo-containing
polymers causes an appearance of optical birefringence — the basic condition for polarization holographic
recording materials. Recently it has been shown that under influence of linear polarized light a lateral
transfer of matter is possible allowing to realize “one step” surface patterning.
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Chomat et al [2] already in 1976 showed that a thin film of an amorphous As,Se; subjected to an
intensity modulated red light interference pattern was significantly altered: a relief hologram was formed
on the surface of the film. Almost twenty years later a similar phenomenon for thin layers of azobenzene-
containing polymers was observed by Rochon ef al [3] and Kim et al [4]. A flat film can reach a
corrugation whose amplitude may be up to fifty per cent of the initial thickness. This suggests that the
material moieties are put in light-induced lateral transfer regarding the propagation direction of exciting
light. The most commonly used method to induce mass motion is holographic recording with which a
sinusoidal modulated intensity pattern can be obtained at the submicron scale. Recently, it has been
demonstrated that surface relief structures can be formed also by a focused light spot [5] and illumination
performed via a metal microgrid placed on the sample [6]. The surface patterns can be erased by
homogeneous illumination or heating above glass transition temperature of recording media. The surface
relief grating (SRG) direct formation by two coherent laser beam interference has been observed in
different disordered materials: in amorphous inorganic (As-S, As-Se) chalcogenides [2,6,7], Sb-P-O
oxide-containing glass [8]) and organic (azobenzene-containing organic polymers [3,4,9], acrylamide
photopolymers [10], azocellulose [11], organic molecular glasses [12] ) compounds.

The efficiency of SRG formation on the azobenzene containing polymer and chalcogenide
semiconductor films strongly depends on the polarization state of the recording beams [7,13-15]. The two
s-polarized recording beams produce the largest light intensity modulation in interference pattern. But this
configuration only produces a SRG with very low diffraction efficiency and small surface modulation.
Under the s-p polarization recording conditions, the two writing beams possesses orthogonal polarization
and the resultant electric vector of light on the film surface has the largest variation but the light intensity
is uniform over the entire exposed area. This purely polarization recording condition also produces very
small surface modulation. The largest surface relief (SR) modulation was obtained under +45°:-45°
(linearly orthogonal polarization with a direction 45° regarding the plane of recording scheme) and
RCP:LCP (right and left circular polarization of beams) recording conditions. This indicates that the
existence of both light intensity and resultant electric field variations are essential to the formation of
SRG on amorphous chalcogenide and azobenzene polymer films.

A number of models have been proposed to explain the origin of the driving force responsible for SRG
formation in the azo-polymers under the light illumination on the molecular level, including mean-field
theory [16], permittivity gradient theory [17], gradient electric force model [18] and other. There is still
not general agreement on the origin of the driving force for this process and no mechanism yet proposed
accounts for all experimental observations.

The main goal of this paper is to explore the dependence of surface relief grating formation efficiency
in amorphous As,S; and azobenzene containing polymer films on recording parameters such as
polarization state of recording beams and incoherent assisting light as well as to establish the spatial phase
relationship between the surface features and the light intensity distribution.

2. Experimental details

Thin films of amorphous As,S; were prepared by thermal deposition on glass substrates at room
temperature. The pressure during deposition was around 10 Torr and the rate of evaporation was ~20
nm/s. A series of polyurethane polymers containing chemically bonded azobenzene dye DRI was
synthesized [19]. The solution of polymer was cast on glass substrate and dried.

The surface relief (SR) formation experiments were performed using both a holographic recording system
described in [20] and an illumination of amorphous films through optical slit (Fig.1). An additional
illumination of grating performed during the holographic recording by an incoherent assisting beam (I,)
of p- or s-polarization regarding the recording beams comes from another laser. The SR grating recording
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efficiency was defined as a tangent of the slope angle o for the linear part of reflection diffraction
efficiency (DE) growing curve [20].

The scheme for SR formation on the amorphous films by illumination through optical slit is shown in
Fig.1. The sample (S) has been illuminated from the film side with a single recording light beam I (532
nm) through a slit with a width of ~10 um. From the opposite side the film was illuminated through the
substrate by assisting light beam I, (532 nm) coming from another laser, i.e. incoherent to beam Iz. The
intensities of the beams were Izg= 0.5 W/cm® and 1,=0.43 W/cm®. The wave plates WP1 and WP2 were
used for the combination of polarization states of the beams. The As,S; and polyurethane samples with
thickness 4.5 um and 3.75 pm, respectively, were exposed 180 min. at room temperature. The optical
transmittance of As,S; sample in photodarkened state for 532 nm light was about 5%.

The photo-induced surface relief of the films was measured by an atomic force microscope (AFM).

1 assisting beam (532 nm)
WP,

Sample (S) with
a film downward

'

Fig. 1. Experimental setup for formation
of surface relief structures by

I recording beam (532 nm) illumination through optical slit.

3. Experimental results and discussion
3.1. Holographic recording of SRG.

It is known that the efficiency of SRG formation in amorphous chalcogenide and organic azobenzene

polymer films essentially depends on the polarization state of the holographic recording beams [7,13-15].
A large difference in SRG recording efficiencies has been observed. The dependence of SRG recording
efficiency on polarization state combinations of recording beams and contrast of interference patterns at
the sample surface during holographic recording are summarized in Table 1. The contrast of interference
pattern (K) in amorphous As,S; film for a period of 1 um was calculated according to [21] using a value
of refractive index of 2.6 at recording wavelength of 532 nm.
Under the intensity modulated holographic recording conditions, the two parallel linear (s-s and p-p)
polarized beams produce the largest light intensity modulation, when the contrast of an interference
pattern is equal to ~1. However, there is no spatial modulation in the direction of the resultant electric
vector of light. These configurations only produce a very low DE and small SR modulation. Under the
polarization modulated holographic recording, the two orthogonal linear (s-p and +45°: -45°) and circular
(RCP:LCP) polarized beams produce the largest variation in the resultant electric field direction on the
film surface but the light intensity is uniform over the entire exposed area (K~0). Very small DE and SR
modulations were obtained for s-p recording configuration. The largest DE and SRG modulation were
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Table 1. Dependence of SRG recording efficiency on amorphous As,S; film with (column [,=260) and without
(column 1,=0) assisting illumination on polarization and contrast of interference patterns at the sample surface during
holographic recording (A=532 nm, [;=[,=250 mW/cm?, A=1 pm) using a variety of polarized recording beam
combinations (x-axis coincides with the direction of grating vector). Assisting illumination was performed by 473 nm
light with intensity [,=260 mW/cm?; polarization state (S or P) of an assisting beam is shown in cells.

Polarization Contrast | SRG recording
of recording Resulting electric field vector pattern (x-y plane) | of interf. | efficiency, a.u.
beams pattern
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obtained for orthogonal linear (+45%-45") and circular (RCP:LCP) polarized beam configuration. 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 SR gratings on the amorphous chalcogenide films.

3.2. Enhancement of SRG holographic recording by assisting light.

In 2001 Jager et al [22] showed that an efficiency of SRG formation on azobenzene polymer films can be
essentially enhanced by an assisting light with an orthogonal polarization to s.s holographic recording
light. This process was explained by “photo softening” the medium through enhancing the trans-cis-trans
isomerization cycling. Similar enhancement of SRG formation by assisting light was observed also in
amorphous chalcogenide As,S; and AsSe, films [15, 23].

The enhancement efficiency strongly depends on the wavelength, intensity and polarization direction of
an assisting light [20]. The results on dependence studies of SRG formation efficiency and enhancement
in As-S film by 473 nm assisting light on the polarization state combinations of recording and assisting
beams are summarized in Table 1. We can see that even in s:s polarized writing conditions, a significant
SR grating formation enhancement can be achieved if an incoherent assisting beam with orthogonal (p)
polarization is used. An effective enhancement by an additional illumination has been observed for
intensity modulated holographic recording conditions (s:s and p.p). However, a difference of an
enhancement between s- and p- polarized assisting beams suggests the idea that the material photo-
induced softening in the dark places of the grating is not the only reason for this phenomenon. Actually,
the additional illumination of s:s or p:p holographic recording combination with orthogonal assisting
beam creates the electric field distribution in the interference pattern that is similar with the LCP:RCP and
+45°:-45° recording situation without the assisting light when the largest SRG formation can be obtained.
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3.3. SR relief formation by illumination through optical slit.

The phase relationship between the exciting light field and the resulting surface deformation is crucial in
understanding the mechanism of SRG formation. Early investigations on azopolymer films showed that
the light and surface relief are 180° out of phase [17]. It means that light intensity maxima correspond to
valleys in the surface relief. In other words, material is moved out of the light intensity maxima into the
dark regions.

In order to estimate the influence of polarization state of the recording beams on SR formation direction
and efficiency we performed experiments with an illumination of amorphous As,S; and azo-benzene
containing films through optical slit. The experimental scheme is shown in Fig.1. After illumination the
SR of the samples was studied by AFM.

Actually these experiments simulate the recording of single line grating enabling to evaluate the
dependence of photoinduced mass transport direction on the polarization state of recording light. The
single beam experiments with the writing beam (Ir) polarized parallel to the optical slit are similar to the
holographic recording of SRG with s:s polarization, and the single beam experiments with the writing
beam polarization perpendicular to the optical slit are similar to the p.p holographic recording.

The illumination of the samples through slit performed with s-, p- recording beam (Iz) in combination
with, p-, s- polarized assisting beam (I,) simulates the SRG formation with +45°: -45° and RCP:LCP laser
beams combination at holographic recording. In case of single beam illumination without assisting light
very small SR changes (~10 nm) were obtained for s-and p- polarization recording. The largest SR
changes in amorphous As,S; films are observed for s- and p- polarized recording beam assisted with
orthogonal p- and s- polarized additional illumination, respectively (Fig.2a). It is seen that the direction of
the photo-induced matter transport in both cases is with opposite sign. Consequently, s-polarized
recording beam assisted with p-polarized light creates a contraction of the film or a formation of valley
but p-polarized recording beam assisted with s-polarized light creates an expansion of the film or a
formation of hill. These results are consistent with a conclusion obtained by Trunov [23] that the direction
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Fig. 2. AFM measurements of SR profile on As,S; (a) and polyurethane (b) films illuminated through optical slit. A —
p-polarized recording beam (E vector perpendicular to slit) and s-polarized assisting beam (E vector parallel to slit);
B — s-polarized recording beam and p-polarized assisting beam.
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Fig. 3. The position of the surface relief grating

of the material displacement in amorphous chalcogenide thin films for p:p holographic recording with s-
assisting light (scheme p:p:+s) is in phase and for scheme s:s:+p out of phase to the maxima in the light
interference pattern.

The similar experiments were performed on DRI grafted polyurethane films. Fig.2b shows that in this
case the direction of the photoinduced matter transport is opposite to that obtained with As,S; films. The
surface deformation goes down when the recording beam polarization is perpendicular to the slit and goes
up when the recording beam polarization is parallel to the slit. Consequently, the photoinduced mass
transport process depends not only on the polarization direction but also on the properties of material.

The interference of two orthogonal, circularly (LCP:RCP) or +45° :-45° linearly polarized beams causes a
space-varying polarization pattern on sample (Fig.3 and Fig.4). That space-varying polarization is linear
changing periodically along the x direction. The peak of the SRG is formed at the position of p-
polarization state for As,S; films (Fig.3A) and s-polarization state for azobenzene polymer films (Fig.3B)
in the polarization modulated pattern. This fact is crucial to evaluate the direction of the driving force for
SRG formation. Since the SRG is formed by molecular migration, we can consider that the force drives
the migration from s-polarization state toward the position of p-polarization state in case of As,S; films
and in the opposite direction for azobenzene polymer films.

3.4. Photoinduced dielectrophoretic model of SRG formation.

We propose a photoinduced dielectrophoretic model to explain the photoinduced mass transport in
amorphous films. Model is based on the photoinduced softening of the matrix, formation of defects with
enhanced or decreased polarizability, and their drift under the electrical field gradient of light.

It is known that molecules and nano particles can be manipulated in fluidic systems using
dielectrophoretic (DEP) forces [24]. A DEP force is generated when a neutral molecule or particle is
suspended in a non-uniform electric field. This electric field induces electrical charges within the particle
to establish a dipole. If a non-uniform electric field is applied, the ends of the dipole experience unequal
Columbic forces, which result in a total non-zero, imposed force. If the particle is less polarizable 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 referred to as positive dielectrophoresis.

An interference pattern on sample surface at +45%-45° or LCP:RCP polarization recording can be
expressed as a sum of two linearly polarized light components (see Fig.4): with electric vector parallel to
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grating vector (P) and with electric vector perpendicular to grating vector (S). For both components the
electric field gradient vector is parallel to grating vector. Due to polarization modulation linear polarized
light in azo dye containing polymers causes an arrangement of the photo active molecules (see Fig.4). As
a result their polarizability regarding the light electric field gradient direction has been increased by S-
electric field component and decreased by P-electric field component. Due to the dielectrophoretic forces
azo-polymer material is moved out of the P-polarized light component region into S-polarized regions.

4. Conclusions

We have shown that the surface relief grating formation in amorphous As,S; and azobenzene grafted
polyurethane films strongly depends on the polarization state of recording beams. The surface relief
grating formation efficiency of s-s and p-p recording beam combination can be essentially enhanced by
additional illumination with orthogonal polarization. It is shown that the peak of the SRG is formed at the
position of p-polarization state for As,S; films and at s-polarization state for azobenzene polymer films in
the polarization modulation pattern. The photoinduced dielectrophoretic model to explain the
photoinduced mass transport in amorphous films has been proposed. Model is based on the photoinduced
softening of the matrix, formation of defects with enhanced or decreased polarizability, and their drift
under the electrical field gradient of light.
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Optical-field induced volume- and surface-relief formation
phenomenon in thin films of vitreous chalcogenide semiconductors
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ABSTRACT

In this report the study of direct recording of the surface relief gratings on amorphous chalcogenide thin (2.5-5um) films is
presented by three different recording setups. Recording was performed on As,S; by 532nm wavelength laser light.
Additionally the evolution of surface relief in dependence from the recording time and polarization has been investigated in
detail. The mechanism of the direct recording of surface relief on amorphous chalcogenide films based on the
photo-induced plasticity has been discussed.

Keywords: polarization, electric field, AFM, chalcogenide thin films

1. INTRODUCTION

The optical recording in photo-resist is based on photo-induced structural transformations which lead to changes in the
optical parameters of the material*. These changes in a resist material enable a selective removal of regions on a thin film
or in the bulk of the illuminated resist by developing and etching. This chemical process is rather complicated requiring
various developing solutions (etchants) for different resist materials. Obviously this can turn out to be a bothersome
process lowering the overall efficiency of the surface-relief element production process (increased processing time and
costs). The demand for lower cost surface-relief elements (grating-based resonators or filters for waveguides,
diffractometers, spectrometers, etc) is one of the main driving forces for the investigation of direct light-induced relief
formation. This phenomenon was pioneered by the Chomat’s et al in 1976 on the surface of thin amorphous chalcogenide
As,Se; films®. Nowadays the most common techniques for fabricating and investigating these surface-relief gratings
involve an interferometric or holographic exposure by laser with the wavelength near to the band gap of the material.

For the last few years researchers have been studying different kinds of light induced deformations in light sensitive
materials. The direct surface-relief formation during the holographic recording process*® confirms the polarization
dependent mass transport. There is a wide range of techniques used for an interpretation and investigation of this
polarization-driven mass transport. Number of models has been proposed to explain the origin of the driving force on the
molecular level responsible for the surface-relief grating (SRG) formation under the light illumination, these include
mean-field theory’, permittivity gradient theory®, gradient electric force model’ and others. Still there is no general
agreement on the origin of the driving force for this process and no mechanism yet proposed accounts for all
experimental observations.

The interpretation of surface-relief forming processes in the situation of lens based setup is not fully thorough. In this
case during the illumination a continuous mass transfer occurs, thus the adjusted focus continuously moves into or out of
the matter, which might cause an incorrectly interpretable results (as shown in the [12]). To minimize the error caused by
the intensity gradient in the normal direction (the consequence of focused light) the light has to be uniformly distributed in
the normal direction of initial surface. There is a group of experiments where it has been achieved: the application of
contact mask'> '*, anisotropic deformation of free standing flakes or multiple cracks on the thin film caused by the uniform
illumination'® and coherent beam interference experiments™ '®. In all the previously mentioned cases it was observed that
the formation of surface reliefs is substantially affected by the polarization state of recording beam(s) (a detailed
dependency for a holographic recording can be found in [2]). Therefore, there is a reason to believe this is a photo-induced
birefringence related process which is being investigated in chalcogenide vitreous semiconductors'’ as well as in various
types of polymers '*2°.
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The main goal of this research is to explore the light induced, polarization dependent deformations in amorphous As,S; and
to establish the spatial phase relationship between the surface features and the light intensity distribution. The mass
transport dependence on the polarization of light has been investigated using three different direct recording setups.

2. EXPERIMENTAL

Thin films of amorphous As,S; with different thickness (2.5 — 5.0um) were prepared by thermal sputtering on glass
substrates. The pressure during deposition was around 10 Torr, the rate of deposition was ~20 nm/s and thickness of the

films was controlled in a real time by a 650nm diode laser.
The surface relief (SR) formation experiments were performed using three different direct recording setups: holographic,
one individual grating and one beam recording setup. The photo-induced surface relief of the films was measured by an

atomic force microscope (AFM).
2.1. Direct holographic recording setup

A beam splitter is used to split 532 nm coherent beam into two beams with equal intensities I; and I,, after which at an angle
of 30.8 degrees they interfere on the surface of the film, producing an interference pattern with 1 um period (Figure 1a.).
The two interfering beams independently pass through half wave plate WP to provide a control over the polarization state
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Figure 1. (a) holographic recording setup with false-color plot of a calculation showing polarization distribution for a 45 and -45
degree or circular - anti-circular polarization setup for 1 micron period, (b) one individual grating recording setup with optional
incoherent assisting beam and (c) one beam recording setup with false-color plot of a calculation showing polarization
distribution for a linearly polarized writing beam passing through the polarization sensitive optical element (P-OE)
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of the writing beams. In this case interfering beams with -45 and 45 degrees (i.e. 135 and 45 degree) polarization were used
for SRG recording. One of the beams after passing through the sample is registered by a photo-diode D,. The formation of
bulk phase and SR gratings is monitored in real time by diffracting a low power red (650 nm) probe beam from the spot
where the two recording beams interfere. The first order diffracted beam from the grating in the transmission mode is
detected and registered by a photo-diode D,. The diffraction efficiency (DE) and transmission (T) are defined as the
intensity ratio of beams registered by D, and D, to the incident ones, respectively.

2.2. Direct single grating recording setup

When recording by using a holographic setup it is difficult to understand the mass transfer processes because of the
periodicity of the surface relief. It is hard to define the point of origin and analyze the mass transfer direction. To avoid this
limitation a single beam recording setup was introduced. The main object of which was a narrow ~10um width optical slit
(Figure 1b.). Through this slit a sample was exposed by a uniformly distributed and unfocused monochromatic light with a
particular polarization. This recording system allows producing of each individual grating from the gratings made by direct
holographic recording system and enables to investigate SRG formations dependency on light intensity and its polarization
to the individually separated grating.

As previous holographic recording experiments with linearly polarized beam showed that the relief forming efficiency can
be significantly improved by additional incoherent assisting beam®, the same approach was utilized for this setup.
Therefore for the writing beam a 532nm Nd:YAG Coherent Verdi 8W laser and for the assisting beam other incoherent
532nm diode laser were used. The wave plates WP were used for the combination of polarization states of the beams. The
As;S; samples with 2.1 pum thickness were exposed 60 min at a room temperature.

2.3. Single-beam recording setup with polarization-sensitive optical element

Other group of experiments that will be discussed in this paper contains a single-beam recording system with
polarization-sensitive optical element (P-OE, scheme in Figure 1c.). This optical element converts linearly polarized light
from a monochromatic source to a beam of light with spatially varying polarization. False-color plot of calculation
showing polarization distribution for a linearly polarized source beam passing through the optical element is shown in
Figure lc. These periodic structures are with period ~2mm thus to investigate light-matter interaction a lens system was
used to focus the image on the surface of sample. For the writing beam a 532nm Nd:YAG Coherent Verdi SW laser was
used.

3. RESULTS
3.1. Direct holographic recording

If we consider various combinations of polarization in the case of holographic recording it has been determined that the
highest possible modulation of direct SRG recording can be achieved only in two cases — using -45:45 degree and
circular:anti-circular (RC:LC) polarization®. Both of these combinations stand out in the theoretical interference pattern
calculations (shown in Figure 1a). The contrast in these cases is very close to zero — almost uniform intensity distribution,
but the electric field distribution contains s and p components which are in opposite phases and the contrast for each
component is 1. Since in monolayers of amorphous chalcogenides (and other certain photo-resist materials) this
direct-recording process is reversible'®, there is only one possibility for the lateral mass transfer: the mass moves parallel to
the intensity gradient and in an opposite direction with respect to the polarization of the electric field gradient.

It can be verified experimentally with this holographic recording setup by changing polarization of the probe beam from p-
to s-polarization and/or vice versa for the same experiment. The dotted and dashed curves in Figure 2 show the dependence
of transmission DE on p- and s- probe beam polarization state, respectively. At the start-up phase where the transmission
drops, the formation of bulk phase gratings is monitored: the transmission curve clearly saturates and the peak in the
diffraction efficiency of p-polarization probe beam appears (inset in Figure 2a). For the s-polarized probe beam no
maximum in DE was observed at this point, which can be explained by the photo-induced birefringence An. In covalent
chalcogenide glasses the birefringence is negative, i.e., An=n, —n, <0 ', where n; and n, are the refractive indices
parallel and perpendicular to the electric field of excitation light, respectively. Therefore, before holographic recording
refractive index for the As,S; film is constant. At the first recording seconds periodic refractive index starts to form a bulk
phase grating (see simplified model in Figure 2b), thus (by taking into account that An<0) for the s-polarized (1) and
p-polarized (2) probe beam:
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Figure 3. Typical high quality large area diffraction gratings and
its profile made by direct holographic recording setup

n;-hg >n;,-hy

(1)
)

where hg thickness of the As,S; film. This difference between n;hg and nyhy grows and DE increases for both of them until
surface-relief formation takes place. Then for the s-polarized (3) and p-polarized (4) probe beam:

n;-hg<nyhg

n;-hy” >ny-hy’

3)
“
where h;’ thickness of the As,S; film during SRG formation. Subsequently h;’ increases and h,’ decreases or vice versa. As
mentioned above, at the start-up phase for the p-polarized probe beam a maximum in DE appears whereas for the
s-polarized beam- not. It can be only explained by the fact that h;” increases and h,’ decreases during the direct holographic
recording. Therefore for the s- polarized probe beam where ny, h;” are increasing and n,, h,” are decreasing, the DE curve
rises continuously. Other sequence of events is for the p- polarized probe beam where n,, h;’ are increasing and n;, h,’ are
decreasing during recording. At the beginning formation of bulk phase gratings occurs, which causes the growth of DE.
Afterwards newly formed surface-relief starts to erase DE thus a maximum appears. Following is a steady increase of DE
because Ah;’ takes over An; which is true for both polarizations.

To investigate the behavior of newly produced surface-relief gratings, relaxation of the DE for the p- and s-polarized probe
beam was monitored: when DE reached ~4.6% (dotted and dashed curves in Figure 2a) the writing laser was switched off
and after that the DE of both polarizations relaxed to ~4%. As can be seen in Figure 3 it is possible to obtain large area and
high quality gratings which are very stable at a room temperature.

n;-h)” <ny-hy’
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Figure 4. Surface-relief 2D topography and its profile (obtained by Figure 5. Profilometer profile and 2D picture of a focused one beam

AFM) of an optical slit experiments showing different mass transfer experiment (scheme in Figure 1c.)

directions with respect to the writing and assisting beams polarization

state (mentioned as a writing-polarization/assisting-polarization)

(169 ym, 12.2 ym): 74.8 nm (65 pm, 102 ym): 1458 nm

3.2. Direct single grating recording

Previously viewed holographic recording only indirectly explains the mass transfer processes during recording. In order
to verify the influence of polarization state of the recording beams on SR formation we performed experiments with an
illumination of amorphous As,S; films through optical slit (scheme is shown in Figure 1b), afterwards the formed SR of
the samples was studied by AFM. Actually these experiments simulate the recording of single line grating enabling to
evaluate the dependence of photo-induced mass transport direction on the polarization state off recording light. The single
beam experiments with the writing beam polarized parallel to the optical slit are similar to the holographic recording of
SRG with s:s polarization, and the single beam experiments with the writing beam polarization perpendicular to the
optical slit are similar to the p:p holographic recording.

The first obtained recordings independently from the polarization were insignificant (few nm in height). As previous
experiments with direct holographic recordings showed that relief forming efficiency can be significantly improved by
additional incoherent assisting beam®, the same approach was utilized for further experiments. The illumination of the
samples through slit performed with s- or p-polarized recording beam in combination with orthogonally polarized assisting
beam simulates the SRG formation with +45°:-45° or RC:LC polarized beams at holographic recording. It is seen (Figure
4) that the direction of the photo-induced matter transport in both cases is with opposite sign. Consequently, s-polarized
recording beam assisted with p-polarized light (s/p setup) creates a contraction of the film or a formation of valley but
p-polarized recording beam assisted with s-polarized light (p/s setup) creates an expansion of the film or a formation of a
hill. These results are consistent with a conclusion obtained in the 3.1. section.

3.3. Single-beam recording setup with polarization-sensitive optical element

As it turns out it is possible to obtain periodic polarization distribution (as it is for the -45:45 holographic setup) from a
single laser beam- just by using a polarization-sensitive optical element which converts linearly polarized light from a
monochromatic source to a polarization that varies spatially. The gratings obtained with this particular optical element are
with period ~2mm at 532nm thus to observe measurable results a lens system (scheme in Figure 1¢) was used. Due to this
focusing option it is very difficult to estimate the direction of mass movement versus the polarization, therefore we just
establish the fact of mass transfer. As shown in Figure 5 this SRG recording technique works well- periodic surface-relief
structures with 55um period and 500nm amplitude was obtained. This once more confirms that the mass transfer can
manifest in different ways. This direct SRG recording technique is very promising due to its simplicity, stability and lack of
requirement for expensive coherent laser.
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3.4. Photo-induced dielectrophoretic model of SRG formation

We propose a photo-induced dielectrophoretic model to explain the photo-induced mass transport in amorphous films.
Model is based on the photo-induced softening of the matrix, formation of defects with enhanced or decreased
polarizability and their drift under the electrical field gradient of light. It is known that molecules and nano particles can be
manipulated in fluidic systems using dielectrophoretic (DEP) forces™. A DEP force is generated when a neutral molecule
or particle is suspended in a non-uniform electric field. This electric field induces electrical charges within the particle to
establish a dipole. If a non-uniform electric field is applied, the ends of the dipole experience unequal Coulombic forces,
which result in a total non-zero imposed force. If the particle is less polarizable 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
referred to as positive dielectrophoresis.

An interference pattern on the surface of sample at +45°:-45° or LC:RC polarization recording can be expressed as a sum of
two linearly polarized light components (see Figure 1a) with electric vector parallel to the grating vector and with electric
vector perpendicular to the grating vector. For both components the electric field gradient vector is parallel to grating
vector. Due to polarization modulation linear polarized light in amorphous films causes an arrangement of polar
photo-induced defects. As a result their palarizability regarding the light electric field gradient direction has been increased
by p-electric field component and decreased by s-electric field component. Due to the dielectrophoretic forces material is
moved out of the s-polarized light component region into p-polarized regions.

4. CONCLUSION

We have investigated that the light-induced mass transfer process for amorphous As,S; strongly depends on the
polarization of the light. The behavior of mass transfer and thus the resulting recording could be related to interaction
between the polar photo-induced defects and the polarized electric field of recording beam. It has been shown that the
mass transfer can be directed both ways — towards or away from the electric field intensity gradient. Since the SRG is
formed by molecular migration, we can confirm that the force drives the migration from s-polarization state toward the
position of p-polarization state in case of As,S; films. The recording efficiency in an arbitrary recording setup using
linearly polarized light can be significantly improved by introducing additional incoherent orthogonally polarized
assisting illumination.

A direct recording technique of SRG is a comparatively new solution for lithography and, as shown in this article, provides
new experimental techniques for better understanding of the interaction between the light and matter. The obtained
gratings are very stable at room temperature, so these methods can replace some of the chemical etching techniques and
find a practical application in the applied physics.
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Abstract

In this report direct photo-induced formation of surface relief gratings (SRG) in thin layers of arsenic sulfide (As,S3)
are shown. This anisotropic light-induced mass transfer phenomenon has been discussed with the special attention
focused on the polarization and intensity of the corresponding light. The experimental setup for the SRG recording is
straight-forward consisting of ~10um optical slit through which an unfocused beam of light is projected on the
surface of sample. The evolution of surface relief in dependence from the recording time and polarization has been
investigated in detail. The processes of SRG formation and mass transfer which are based on the photo-induced
plasticity have discussed.
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1. Introduction

Due to the wide range of light induced anisotropic changes of chemical properties, fluidity, viscosity,
absorption and refraction (birefringence) [e.g., 1, 2] amorphous chalcogenides are very attractive for
a multiple patterning. These changes in a resist material enable a selective removal of regions on a thin
film or in the bulk of the illuminated resist by developing and etching. This chemical process is rather
complicated requiring various developing solutions (etchants) for different resist materials. Obviously this
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can turn out to be a bothersome process lowering the overall efficiency of the surface-relief element
production process (increased processing time and costs). The demand of lower cost surface-relief
elements (grating-based resonators or filters for waveguides, diffractometers, spectrometers, etc) is one of
the main driving forces for the investigation of direct light-induced relief formation on the surface of thin
amorphous chalcogenide As,Se; films, which was pioneered by the Chomat’s et al in 1976 [3]. In fact due
to the constant advancements in the field of lasers and related optics the interest about the interaction of
light and matter is growing exponentially. The most common techniques for fabricating and investigating
these surface-relief gratings involve an interferometric or holographic exposure by laser with the
wavelength near to the band gap of the material.

In the last few years researchers have been studying different kinds of light induced deformations in
the light sensitive materials. The direct surface-relief formation during the holographic recording process
[4-6] confirms the polarization dependent mass transfer. There are a wide range of techniques used for an
interpretation and investigation of this polarization-driven mass transfer. The interpretation of surface-
relief forming processes in the situation of lens based setup [e.g., 7, 8] is not fully thorough. In this case
during the illumination a continuous mass transfer occurs, thus the adjusted focus continuously moves
into or out of the matter, which might cause an incorrectly interpretable results (as shown in the [9]). To
minimize the error caused by the intensity gradient in the normal direction (the consequence of focused
light) the light has to be uniformly distributed in the normal direction of initial surface. There is a group of
experiments where it has been achieved: the application of contact mask [10, 11], anisotropic deformation
of free standing flakes or multiple cracks on the thin film caused by the uniform illumination [12] and
coherent beam interference experiments [e.g., 2, 13]. In all the previously mentioned cases it was
observed that the formation of surface reliefs is substantially affected by the polarization state of
recording beam(s) (a detailed dependency for a holographic recording can be found in [2]). Therefore,
there is a reason to believe this is a photoinduced birefigence related process which is being investigated
in chalcogenide vitreous semiconductors [14] as well as in various types of polymers [15-17].

Holographically the largest possible modulation of SRG can be obtained by orthogonal -45:45 degree
or circular:anti-circular polarization of the recording beams [4]. In contrast, more trivial recording
conditions (p and p, p and s, s and s setups) produce a very low diffraction efficiency and small surface
modulation. In the latter cases the recording efficiency can be improved by introducing an optional
incoherent assisting light with a specific polarization [4]. If the right conditions are met the diffraction
efficiency is more or less similar for all recording beam geometries (excluding s:p setup). Thus it is
relevant to investigate this anisotropic light-induced mass transfer in finer details for a better
understanding of involved physics and improvements in the production technology of optical elements.

In this paper a new kind of approach of anisotropic light induced, polarization dependent deformations
in amorphous As,S; is shown. In order to minimize misleading interpretations this approach excludes
focused light or periodic light patterns (as it is used for holographic recording). The mass transfer
dependence on the intensity and polarization of light has been investigated using a simple setup of optical
slit illuminated by uniform field of light.

2. Experimental

Amorphous chalcogenide As,S; films on glass with thickness of 0.5-4.0 um were obtained by thermal
evaporation and the thickness of the film was controlled in a real time by a 650nm diode laser. A single
beam recording setup (shown in Fig.1.) was utilized to obtain surface modulation in the As,S; samples,
which were illuminated by homogenized 532 nm laser light through 10 um wide optical slit. An optional
incoherent assisting 532 nm laser source was used for softening purposes of the film thus improving the
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recording efficiency. Polarization of recording and assisting beams was varied by half-wave and quarter-

wave plates. The obtained surface relief was mapped by atomic force microscopy (AFM) using Veeco
CPIL.
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Fig.1. (a) experimental setup for formation of surface-relief structures by illumination through an adjustable optical slit; (b) 3D
AFM topography picture and its profile of the 3.3um thick As,S; sample obtained by p-polarized 3W/cm? illumination through
optical slit and with incoherent s-polarized 1.5W/cm? assisting beam (p/s setup), the length of exposure was Sh.
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3. Results

If we consider various combinations of polarization in the case of holographic recording it has been
determined [4] that the highest possible modulation of SRG can be achieved only in two cases — -45 and
45 degree or anti circular RCP and LCP setup. Both of these combinations stand out in the theoretical
interference pattern calculations [10], their contrast is very close to zero (the intensity distribution is
almost uniform). In contrary, the electric field distribution in these cases contains s and p components
which are in opposite phases and the contrast for each component is 1. Since in monolayers of amorphous
chalcogenides (and other certain photo-resist materials) this process is reversible [13], there is only one
possibility for the lateral mass transfer: the mass moves parallel to the intensity gradient and in a opposite
direction with respect to the polarization of electric field gradient. To investigate the mass transfer in
these directions, a single unfocused beam recording system has been used. Unfortunately these
experiments did not show any considerable mass transfer for any polarization and intensity thus an
optional incoherent assisting beam with the same wavelength (532nm) was used (see recording setup in

Fig.1a.) to simulate the holographic recording conditions as it is in the case of -45 and 45 degree or RCP
and LCP polarization setup.
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The cross-profiles of SRGs obtained in the optical slit experiments with an assisting beam are shown
in Fig.1b. Due to the mass transfer a huge ridge (Ad/d=67% from the initial surface and 83% total
deformation) has been obtained by the p/s setup (polarization of the writing and assisting beam are
perpendicular and parallel to the slit respectively). Our opinion is that it is possible to obtain even greater

600 r
- y=3,89%+0,78
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g 400 | A p/p writing setup
5  s/p writing setup
2 200 y=0,15x- 0,71
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[e]
9] 0
©
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a - [
g 200
<
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y = -4,08x + 4,11
-600 - R2=0,97

Time of the exposure, min

Fig. 2. Amplitude of the SRG versus time of the exposure for different polarization combinations of the writing and assisting
beams (a/b symbols denote polarization for the writing and the assisting beams respectively) in optical slit experiments,
intensity of the writing and assisting beam kept constant at 4.24W/cm? and 0.37W/cm? respectively

relief by longer exposure or by varying the intensity of writing and assisting beams. Therefore a major
restriction for the growth of the SRG is only the thickness of photo-resist film. The minimum positions of
the obtained profile (Fig.1b., 9 and 20 um) correspond to the location of slit edges, i.e., positions of high
electric field gradient. It appears that in these regions the mass transfer is the most active, resulting in the
formation of W-shaped profile. Thus the active region for the mass transfer was ~19um (Fig.1b., from 5
to 24 um) therefore there were at least 4.5 um thick regions on both sides of the slit which were
illuminated only by the assisting beam but, nevertheless, they had an impact on the process of relief
formation.

To identify the influence of outside factors on the surface-relief formation, experiments with various
exposure times and a wide range of intensities for the writing and assisting beam has been conducted. The
time dependent formation of ridges and grooves for the 10um wide slit are shown in Fig.2. where the
experimental points are the surface profile amplitudes (from the initial surface). As can be seen, in the
case of different polarization of the writing beams the direction of mass transfer is opposite. For the s
polarization (s/p setup: polarization of the writing beam is parallel to the slit) the mass is transported away
from the illuminated area thus forming a groove, but for the p polarization (p/s setup) this process is
inverted — the mass is transported into the illuminated area thus forming a ridge. Note that the assisting
beams were polarized orthogonally to the writing beams making the recording conditions similar to those
for RCP and LCP or -45° and 45° holographic recording setup. The symbol a/b denotes the possible
combinations of polarization, a — for the recording beam and b — for the assisting beam.

It can be seen that the formation of ridges as well as grooves in Fig.2. are strongly linear thus the data
are approximated with linear trend lines. As the slope coefficients show, the gain of this surface-relief
formation by orthogonally polarized assisting beam is +4nm/min (“+” for p/s and “-” for s/p setup). After
a Sh exposure the amplitude will reach 1200 nm which is a half of the amplitude obtained by 3 and
1.5W/cm® for the writing and assisting beams respectively (7.4nm/min, Fig.1b). Therefore, additional
experiments are required to determine the optimal recording parameters for the best efficiency of direct
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surface-relief formation for this setup. When the polarization of the recording and assisting beams
coincide (e.g., p/p setup in Fig.2.), the obtained grating was with more than 25 times lower amplitude.
Similar results have been obtained by s/s setup forming shallow grooves (not depicted in this work). Thus
the direction of mass transfer is restricted only by the polarization of the writing beam. The relief
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Fig.3. Amplitude of the SRG versus intensity of the writing beam for different polarization combinations of the writing and
assisting beams and exposure lengths (1.5 and 2.0h) in optical slit experiments, The intensity of assisting beam kept constant at
0.37W/cm’

formation can be substantially enhanced by an assisting beam with a specific polarization. Note that the
relief obtained without assisting beam was unnoticeable for all recording parameters and exposure
lengths, thus in order to investigate SRG obtained only with a single writing beam, more sensitive
experiments and AFM measurements are necessary.

The obtained amplitudes of SRG’s made in optical slit experiments versus intensity of the writing
beam is shown in Fig.3. The intensity of assisting beam was held the same as in the experiments depicted
in Fig.2.: 0.37 W/cm2 but for the intensity of writing beam was changed from 0.3 up to 6.6 W/cm®.
Despite the wide changes in the intensity of the writing beam, for all combinations of the recording setup
and time of exposure the formation of surface-relief is strongly linear. The blank points which were
calculated from the Fig.2. trend line equations fit well in the results for a particular recording setup.
Therefore, if there is a negative thermal affect in the process of surface-relief formation, it probably
manifests only at higher radiation densities. By comparing the slope coefficients for this case it can be
seen that the formation of ridges is slightly more effective than the formation of grooves.
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Fig.4. Amplitude of the SRG versus intensity of the assisting beam for different polarization combinations of the writing and
assisting beams in optical slit experiments. The intensity of the writing beam kept at 1 and 3W/cm?, the time of exposure 1.5h

In the previously reviewed experiments the intensity of the assisting beam was held constant and
comparatively low, i.e., 0.37W/cm®. The amplitude obtained in the optical slit experiments with the
assisting beam intensity varied from 0.37 up to 3W/cm” is shown in Fig.4. The intensity of the writing
beam was 1 or 3W/cm? and the exposure were kept at 1.5 h. In this case the formation of surface-relief is
also strongly linear for a wide range of assisting beam intensities. The blank points have been calculated
from the trend line equations of Fig.3., they fit well in the extended trend lines of the corresponding
recording setups. By adjusting the intensity of assisting beam it is possible to obtain comparatively
greater surface-relief structures. When the intensity of writing and assisting beams are kept at 3W/cm?
after a 1.5h long exposure it is possible to obtain roughly 1.3 micron structures. Therefore the intensity of
assisting beam is not meaningless for the direct surface-relief structure patterning.

4. Conclusion

We have investigated that the light-induced mass transfer process for amorphous As,S; strongly
depends on the polarization of the light. The behavior of mass transfer and thus the resulting recording
could be related to interaction between the polar photo-induced defects and the polarized electric field of
recording and assisting illumination. It has been shown that the formation of surface relief grating in
amorphous As,S; films closely depends on the superposition of electric field of recording and assisting
beams, thus the mass transfer can be directed both ways — towards or away from the electric field
intensity gradient. The recording efficiency in an arbitrary recording setup using linearly polarized light
can be significantly improved by introducing additional incoherent orthogonally polarized assisting
illumination.

A direct recording technique of SRG is a comparatively new solution for lithography and, as shown in
this article, provides new experimental techniques for better understanding of the interaction between the
light and matter. The obtained gratings are very stable at room temperature, so this method can replace
some of the chemical etching techniques and find a practical application in the applied physics.
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