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Predmluva

Zdenék Remes

Prvni roénik Zimniho odborného a vzdéldvaciho
semindre probihajici ve dnech 11-12. unora 2010
na rekreacni chaté FZU AVCR, v.v.i. v Rokytnici
nad Jizerou se setkal s velkym ohlasem zvldsté
mezi studenty vzhledem k mozZnosti vyuZit volny
cas ke sportovnim aktivitdm. Prondjem chaty byl
hrazen z grantu GA202/09/0417 (poskytovatel
GACR) a proto od ucastnikii nebyly vybirdny

Zadné poplatky za ucast a ubytovdni. Dopravu a
stravu si kazdy ucastnik hradil individudIné.
Prijezd na chatu se uskutecnil spolecné viakem
ve stfedu 10. unora vecer, odjezd opét vlakem
vsobotu 13. unora dopoledne. Predndsky a
diskuze probihali ve ¢tvrtek a pdtek od 16:00 do
22:00 ve spolecenské mistnosti s provizorné
nainstalovanym promitacim pldtnem a datovym
projektorem. Spartansky charakter celé akce
bohaté vyvdZila pratelska a tvirci atmosféra
pfitomnych ucastniku. Cilem semindre bylo
sezndmit  studenty s  technologiemi a
charakterizacnimi metodami dostupnymi na
vybranych pracovistich FZU AVCR, v.v.i. a
poskytnout jim prostor k prezentaci vysledku
dosaZzenych v rdamci jejich vlastni prdce.
Predndsky védeckych pracovniki byly pojaty jako
obecny tvod do 3 vybranych tematickych okruhi
s prihlédnutim k redlnym moZnostem na
pracovistich FZU AVCR, v.v.i. (Fourierovskd
spektroskopie v infracervené oblasti,
Ramanovskd spektroskopie a Technologie rustu
tenkych  diamantovych vrstev). Predndsky
studentu se tykaly problematiky resené v ramci
jejich doktorantského studia. Prvniho roc¢niku se
zucastnili 3 védecti pracovnici a 4 PhD. studenti,
a to z oddéleni 26 (Oddéleni tenkych vrstev a
nanostruktur) a 27 (Oddéleni optickych
materidli). Doufdme, Ze v ndsledujicich letech
navdZeme na zddrné zapocatou tradici a Ze se do
nasich semindri zapoji i studenti z dalSich
oddéleni FZU AVCR, v.v.i. Abychom Zimni
odborné a vzdéldvaci semindre v Rokytnici nad
Jizerou jesté vice zatraktivnili, chceme v druhém
rocniku pldnovaném na 17-18. unora 2011
mimo jiné napr. zorganizovat predndsky z
pocitacové grafiky a digitdini fotografie.
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Opticka spektroskopie tenkych vrstev ve stredni infraCervené oblasti

Zdenék Remes

FyzikdIni ustav Akademie véd Ceské Republiky, v.v.i, Cukrovarnickd 10, Praha 6, 160 00, Ceskd Republika,

remes@fzu.cz

Abstrakt. V tomto ¢lanku shrnuji nékteré své zkusenosti s mérenim optickych vlastnostir tenkych vrstev.
Clanek je zaméFen na méfeni optickych spekter ve stiedni infradervené oblasti, tak jak je provadime ve

Fyzikalnim Gstavu Akademie véd CR, v.v.i .

Infracervend spektroskopie patfi mezi
nejdllezZitéjsi metody optické spektroskopie.
Zacala se rozvijet jiz pred 2. svétovou valkou
jako fyzikalni metoda umoZniujici studium
molekulovych vibraci a kmitl krystalové mfizky
(fonond) [1]. Casté je dnes pouZiti této metody
jako metody chemické analyzy ke studiu
funkénich skupin organickych latek a to v
plynném, kapalném i pevném skupenstvi.
Dlouhou dobu se vsak jednalo o velmi
specializovanou, malo dostupnou metodu. Napft.
v 70-tych letech 20. stoleti fungovalo v
Ceskoslovensku jen nékolik specializovanych
laboratofi vybavenych klasickymi infraervenymi
disperznimi spektrometry. Teprve po roce 1990
se rozsifily moderni infracervené spektrometry
zaloZzené na metodé FTIR. Zatimco v klasickém
disperznim spektrometru je hlavnim optickym
elementem difrakéni mfizka nebo hranol,
pracuje  FTIR  spektrometr na  principu
Michelsonova interfererometru, kde hlavnim
optickym  elementem je  délic  svétla
(beamsplitter). FTIR spektrometry jsou dnes
relativné dostupné (jiz za cenu okolo 10 tis. €) a
nenaro¢né na ovladani i udrzbu, a proto se
Siroce pouzivaji nejenom v zadkladnim ale i
aplikovaném vyzkumu. Komeréni FTIR
spektrometr je fizeny pocitaéem za pomoci
uzivatelsky privétivého software a je pro
snadnou obsluhu vhodny i pro vyuku studentd.
V nasi laboratofi pouzivdme tzv. research grade
FTIR spektrometry jak pro méreni ve stredni
infraCervené oblasti (MIR: vinocet 4000—400 cm’
' tj. vinova délka 2,5-25 um) tak v blizké
infratervené oblasti (NIR: 15000-4000 cm™, tj.
0,7-2,5 um) a dokonce i ve viditelné oblasti (VIS:
vinoget 25000-15000 cm™, tj. vinova délka 0,4—
0,7 um) .

Spektroskopie ve stfedni infracervené oblasti
je opticka méfici metoda vyuZivajici interakce
molekulovych elektrickych dipdla a
elektromagnetické viny. Kmity krystalové mftizky
¢i pritomnost polarnich funkénich skupin at uz v
objemu ¢ na povrchu vzorku se projevi
charakteristickou absorpci. Pokud molekula
nebo krystal nema elektricky dipdl (napf. O, N,),
pak obvykle neinteraguje s infracervenym
svétlem vilibec, nebo jen slabé. Proto je suchy
vzduch je vinfratervené oblasti dobfe
propustny. Naopak poldrni molekuly H,0 silné
absorbuji v oblasti spektra 3900-3500 cm™ a
1900-1300 cm™ V oblasti 2400-2300 cm™ navic
absorbuje oxid uhlicity [2].

Na naSem pracovisti mdme nainstalované
dva komeréni FTIR spektrometry Nicolet Nexus
870, kazdy v pofizovaci cené okolo 100 tis. €.
Cena za prislusenstvi k FTIR spektrometru (tj.
razné nastavce, detektory, ATR krystaly,
polarizatory, atd.) se obvykle pohybuje v fadu
nékolika tisicl €.

1. Zdroje svétla: halogenova lampa (25000-
2800 cm™), zhavena keramicka tycinka (9500-50
-1
cm™)

2. Detektory: Si fotodioda (25000-8600 cm™),
termoelektricky chlazeny pyrodetektor na bazi
deuterovaného triglycinu sulfatu DTGS (12500-
350 cm™), fotodioda MCT (mercury-cadmium-
telurid) chlazena kapalnym dusikem (11000-800
cm™)

3. Délice svétla (beamsplitters): kfemen
(25000-2800 cm™), (a-Ge)-KBr (7400-375 cm™),
(a-Si)-CaF, (14500-1200).



4. Beam condenser (Spectra-Tech, Inc.) pro
méreni transmisnich spekter malych vzorkd o
rozméru nékolika mm

5. 10SPEC 10 degree specular reflectance
accessory (standardni reflexni spektra)

6. The Hot-One Transmission Cell for High
Temperature Sample Analysis (do 700°C v
ochranné atmosfére dusiku, chlazeno vodou)

7. Diffuse reflectance accessory (PIKE
Technologies) (reflexni spektra rozptylujicich
vzork()

8. Gateway ATR 6 reflection horizontal
accessory (kapalné a praskové vzorky, ATR
hranoly ZnSe, Si a Ge)

9. Monolayer/Grazing Angle Accessory
(Specac Ltd.) vhodné proméreni reflexnich
spekter s variabilnim Uhlem dopadu (8-859),
polarizatory pokryvaji spektrum 11000-600 cm™

10. Pfrislusenstvi pro méreni fotoproudu
metodou Fourier-Transform photocurrent
spectroscopy (FTPS): Keithley 6517A electrometr
(slouzi téz jako zdroj konstantniho napéti),
zesilovace Stanford Research Systems SR560 a
SR570, EG&G Princeton Applied Research lock-in
amplifier 5210

11.  Zajimavym  rozsifenim k  FTIR
spektrometru je z hlediska aplikaci infracerveny
mikroskop  umozniujici  skenovani  vzorku
s rozliSenim aZ 10 um (cena nad 10 tis. €, zatim
nezakoupeno).

Standartni méfeni ve stfedni infraCervené
oblasti spektra  4000-400 cm™  provadime
pomoci infraterveného zdroje svétla a délice
svétla (a-Ge)-KBr. Jako detektor pouzivame bud
pyrodetektor nebo fotodiodu. Nevyhodou
fotodiody je nutnost chlazeni kapalnym dusikem
a omezeny spektralni rozsah (svétlo s vinoctem
nad 800 cm™, tj. s vinovou délkou pod 12,5 um).
Naopak podstatnou vyhodou je asi o 2 rady vyssi
citlivost oproti pyrodetektoru. V Tabulce 1
uvadim prehled metod infracervené
spektroskopie, které pouzivdme v nasi
laboratofi.

Laborator FTIR spektroskopie musi byt
klimatizovana, nebot FTIR spektrometr je citlivy
ke zméndam teploty. FTIR spektrometry musi byt
umistény na stabilnich, nejlépe antivibra¢nich
optickych stolech. Pfi méfeni ve stfedni
infraCervené oblasti je nutné méfit v ochranné
atmosfére, napf. suchy vzduch nebo destilovany
dusik o pratoku 10 litrd/min za standardni
teploty a tlaku. To predstavuje spotiebu
kapalného dusiku asi 1 litr/hod. Proto je tfeba
pocitat s naklady na spotiebu kapalného dusiku
v fadu desitek tisic K¢ rocné. Je treba si davat
pozor na kontaminaci FTIR spektrometru
organickymi latkami, napf. prachem usazenym
na optickych soucdstkach, kterd se projevi
hlavné absorpci v oblasti okolo 2900-2800 cm™
(vibrace CH3/CH, vazeb). K potlaceni prasnosti v
optické laboratofi je tfeba udrZovat v laboratofi
mirny pretlak pomoci ventildtoru, ktery vhani do
mistnosti teplotné stabilizovany a Cistény vzduch
pres HEPA filtry které je treba pravidelné
vyménovat. Je tedy tfeba zdlraznit, Ze naklady
na provoz FTIR spektrometru  nejsou
zanedbatelné.

Ve FTIR spektroskopii témér vidy méfime za
stejné konfigurace podil dvou spekter. Prvni
spektrum méfime bez vzorku (background B) a
druhé se vzorkem (sample S). Napf. pokud
mérime v transmisnim mddu, mérime referencni
spektrum B s prazdnym drzackem bez vzorku, do
kterého poté vloZzime vzorek a zméfime
spektrum S a vypocteme transmitanci T=S/B. V
reflexnim médu mérime spektrum reflektance R
rdzné, napf. tak, Ze pfi méreni referenéniho
spektra pouZijeme zlaté zrcatko nebo podlozku
bez tenké vrstvy. Absorpéni spektra v médu ATR
méfime tak, Ze nejprve zméfime referencni
spektrum s Cistym hranolem a poté hranol
pokryjeme zkoumanou latkou. V infradervené
spektroskopii nds zajima hlavné zména AT, AR
nebo AATR vzhledem k referenénimu spektru.
Navic dlleZité nejsou ani tak zmény celkové
(napf. AT) jako spiSe zmény interni (napt. ATY)
korigované na ztraty reflexi na rozhrani tenké
vrstvy a vzduchu, pfipadné tenké vrstvy a
podlozky. V minulosti se infracervend spektra
zobrazovala jako funkce vinové  délky
A[um]=10000/v[cm™]. Dnes je zvykem vynaset
spektra jako funkce vilnoctu viem™]
v obrdceném poradi.
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Tab. 1 Prehled vybranych metod FTIR spektroskopie.

Metoda / pozn.

Priklady pouziti

Transmisni spektroskopie

Tenkd podlozka oboustranné lesténd, tenka
vrstva na pruhledné podloZce, membrana, zfedéna
kapalina vkyveté (fedidlo napf. chloroform),
prasek ziedény KBr praskem a slisovany do
tablet.

Infrared reflectance-absorbance spectroscopy
(IRRAS)

Maly Uhel dopadu a nepolarizované svétlo

Tenka vrstva na dobre reflektujici neabsorbujici
jednostranné leSténé podloZce, vhodné napf. pro
polymerni vrstvy na jednostranné leSténé
kfemikové podloice, nevhodné pro vrstvy na
absorbujicich podlozkach jako napt. na skle.

Attenuated total reflectance (ATR)

Casto  nahrazuje  metody  transmisni
spektroskopie kapalnych nebo praskovych vzork(

Kapalina, prdsek nebo pruznd membréna.
Prasek je treba nanést tak aby vytvofil souvislou
vrstvu, napf. adsorpci zaschnutim z roztoku);
membranu je treba duikladné pfritlacit k ATR
hranolu.

Grazing angle reflectance (GAR)

Méfi se podil reflexe p- a s-polarizovaného
svétla dopadajiciho pod velkym uhlem (~75°)

Monovrstvy organickych latek deponované
pfimo na kovové podloZce, typicky na zlaté.

Brewster angle reflectance (BAR)

Reflexe p-polarizovaného svétla dopadajiciho
pod Brewsterovym Udhlem pfed a po
funkcionalizaci povrchu; vyhodou této metody je
potlaceni interferenci v tenké vrstvé, uhel dopadu
se fidi indexem lomu tenké vrstvy.

Studium funkcionalizace povrchu neabsorbuijici
tenké vrstvy deponované na kovové podloZce.

Fourier transform photocurrent spectroscopy
(FTPS)

Obvykle v kryostatu pfi nizkych teplotach

Fotocitlivé tenké wvrstvy na nevodivych
podlozkach, napf. donory, akceptory a defekty
v tenkych vrstvach polovodi¢di deponovanych na
skle.
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Obr. 1 Transmitance monokrystalu diamantu
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interni (T‘). Spektrum ukazuje multi-fononovou
absorpci kmit( diamantové krystalové mrizky.
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Obr. 2. Absorbance monokrystalu diamantu
tloustky 0,5 mm. Spektrum ukazuje slabou multi-
fononovou absorpci kmitl krystalové mfriZky.
Absorbance byla korigovdna na zdkladni ¢daru v
oblasti zanedbatelné absorpce pod 1500 cm™.

Pro lepsi ndzornost slouZi nasledujici pfiklad.
Zméfili jsme infracervené spektrum T krystalu
diamantu vylesténého do tvaru desticky tlusté
0,5 mm jako podil FTIR spektra méreného se
vzorkem (S) a bez vzorku (B), tj. T=S/B, viz Obr. 1.
Vzhledem k tomu, Ze diamant vykazuje pomérné
silnou ale spektralné malo zavislou reflexi
R=0,27, vypoclteme interni transmitanci jako
T'=T/(1-0,27). Spektrum interni transmitance
ukazuje  multi-fononovou absorpci  kmitd
krystalové mfrizky diamantu. Energie optického
fononu odpovida vino¢tu 1332 cm™ a je dobre
zndma z méfeni spekter Ramanova rozptylu.
V diamantové mfiice je jednofononova opticka

Nevyhodou zobrazovani FTIR spekter v
linedrnim méritku je omezeny dynamicky
rozsah, kvuali kterému neni mozné detailné
zobrazit zaroven slabé i silné absorpcni pasy. Je
proto vyhodnéjsi zobrazovat optickou absorpci v
logaritmickém méfitku, viz Obr. 2. V praxi se
vzilo uZivani optické absorbance A = - log(S/B) - C
definované jako zdporné vzaty dekadicky
logaritmus  podilu  spektra vzorku S a
referencniho spektra B a normovany pomoci
voliteIného parametru C na nulovou hodnotu v
té oblasti spektra, ve které predpokladdme
zanedbatelnou  absorpci.  Vyhodou  takto
definované optické absorbance je to, Ze stejnou
definici Ize pouZit nejen pro transmisni, ale i
reflexni a ATR spektra. Veli¢ina C se nazyva
korekce zakladni ¢ary (background correction) a
obvykle se jednd o konstantu, v odlvodnénych
pfipadech lze pouzit i spektralné zavislou
korekci, napf. pfimku rostouci s vinoétem pro
korekci spektra na rozptyl. Ctenar ziskd cit pro
hodnoty optické absorbance pomoci Tabulky 2.

Pro organické tenké vrstvy, napf. polymery,
plati pravidlo, Ze hodnoty A fadové odpovidaji
tloustce vrstvy v mikrometrech. Z toho vyplyva,
e optimdini tloustka pro méfeni optické
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absorpce v organickych tenkych vrstvdch je 100-
1000 nm. Pro anorganické latky toto pravidlo
neplati, napf. tenkd vrstva diamantu tloustky
nékolika set nm vykazuje neméfitelné malou
absorbanci vinfracerveném spektru (A<0,001).
To je ovsem vyhodné, pokud pouzivdme
diamant jako neabsorbujici podlozku. Napf.
v soucasné dobé reSime problém jak méfit FTIR
spektra monovrstvy protein (tloustka nékolik
nm) adsorbovanych na diamantovém povrchu.
Zjistili jsme, Ze vhodnou metodou je mérfeni
reflexe p-polarizovaného svétla dopadajiciho na
tenkou vrstvu nanokrystalického diamantu pod
Brewsterovym Uhlem za predpokladu, Ze
diamantovd vrstva je deponovana na kovové
podloice. Jednda se o origindlni metodu
vyvinutou v nasi laboratofi. Vysledky budou
presentovany formou prednasky na mezindrodni
konferenci 21st European Conference on
Diamond, Diamond- Like Materials, Carbon
Nanotubes, and Nitrides (Diamond 2010) konané
5-9. zafi v Budapesti.

Pritomnost volnych nositelli ndboje ovliviiuje
opticka spektra reflexe v infracervené oblasti.
Tohoto jevu vyuzivdme k bezkontaktni analyze
difuznich profild kfemikovych desek vyrabénych
primyslové firmou Solartec s.r.o. v Roznové pod
Radhostém. Vroce 2010 jsme podali v ramci
souté’e Technologické Agentury CR (TACR)

prihlasku projektu ,Modifikace jednotlivych
technologickych zarizeni ddavkovych procesu pro
zvyseni vytéznosti vyroby vysoce ucinnych
kfemikovych  soldrnich  ¢ldnki s vyuZitim
modelovacich softwarti technologickych procest
CFD-ACE+ a Flow Simulation”. Projekt je
planovan na roky 2011-2014. Uhlové zavisla
optickd reflexe dopovanych kfemikovych desek
bude méfend ve FZU AV CR, v.v.i. pomoci
infracerveného spektrometru Nicolet FTIR Nexus
vybaveného  pfislusenstvim  pro  méfeni
polarizované reflexe pod proménnym uhlem 8-
85° v oboru spekter 1 - 20 um.

Podékovani Tento prispévek vznikl za podpory
Vyzkumného zaméru AV0Z10200521 a grantd
MEB0810081 (poskytovatel MSMT CR) a
GA202/09/0417 (poskytovatel GACR)
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Vliv excitacni vilnové délky na méreni a interpretaci Ramanovskych

spekter tenkych vrstev kifemiku

Martin Ledinsky

FyzikdIni ustav Akademie véd Ceské Republiky, v.v.i, Cukrovarnickd 10, Praha 6, 160 00, Ceskd Republika,

ledinsky @fzu.cz

Abstrakt. Vtomto clanku se budeme zabyvat vlivem vinové délky pouzitého excitacniho laseru na méreni a
interpretaci Ramanovych spekter. Budou diskutovany efekty jako zahFivani vzorku pfi méfeni, luminiscenéni pozadi
a degradace vzorku mérenim. Podrobnéji se budeme vénovat vlivu absorpce budiciho zafeni na interpretaci
Ramanovych spekter a popsané efekty aplikujeme pro pfipad tenkych vrstev amorfniho a mikrokrystalického

kifemiku.

Vliv excita¢ni vinové délky

Vybér vhodné excitacni vinové délky je prvni a
velmi dllezitou casti planovani experimentu. Pro
pfipad nerezonan¢niho Ramanova rozptylu je
mozné jeho intenzitu vyjadfit vztahem [1]:

Is= 471070 | e. ace|? d (1)

kde «a je tenzor rozptylu (popisujici symetrii
problému), e, a e, jsou jednotkové vektory ve
sméru excitacniho a rozptyleného zareni,
a =1/137, I. je intenzita dopadajiciho zareni a vy
je vinocet rozptyleného zareni. Signal je tedy
pfimo Umérny intenzité excitace a Ctvrté
mocniné  absolutniho  vinoCtu.  Intenzita
Ramanova rozptylu je proto pfi excitaci HeCd
laserem na 442 nm 10x vy3si neZ pfi buzeni
diodovym laserem o vinové délce 785 nm o
stejném vykonu.

Podstatné zesileni Ramanova signalu se objevuje
také v pripadé, Ze je excitacni vinova délka v
prerezonancni nebo rezonancni oblasti spektra
mérené latky. Jednd se o pfipad, kdy je energie
fotonu blizka, respektive rovna energii prechodu
do vyssiho elektronového stavu. Kromé zesileni
mUZe dojit k vyraznym zménam spektra jako je
posun car, pfipadné objeveni ¢ar novych (v
nerezonancnich podminkach pro detekci pfilis
slabych) [2]. Nejdulezitéjsi pro vybér optimalni
budici vinové délky je absorpce vzorku a to hned
z nékolika hledisek:

Vliv zvysené teploty - pokud méreny vzorek silné
absorbuje budici zareni, méni se energie
svételného svazku v tepelnou energii. Pokud
neni zajistén odvod tepla (napfiklad kvali malé

tepelné vodivosti materidlu), vzorek se zahfiva a
spektrum Ramanova rozptylu se vyrazné meéni
(rozsituje se, pripadné muze dojit i k posuvu [3]).
Méreny signal prestava byt prfimo Umérny
intenzité budiciho svazku (dochazi k saturaci).

Degradace vzorku - zejména v pfipadé
fotocitlivych materidld nebo rlznych druhd
polymerd mulZe pfi ozafeni intenzivnim
laserovym paprskem dojit k trvalym chemickym
zméndm vzorku. Ty se mohou projevit ve zméné
Ramanova spektra zkoumaného materidlu,
popfipadé i ve zméné optickych vlastnosti
pozorovanych  optickym  mikroskopem (v
extrémnim pfipadé muze dojit k vypaleni mista
na vzorku).

Luminiscence - absorpce excitaéniho zareni
vzorkem je casto doprovdzena luminiscenci.
Luminiscencni signal je typicky velkou polositkou
(Gasto se objevuje ve formé pozvolna
narUstajiciho pozadi), jeho intenzita mize byt o
nékolik fadd wvyssi nez intenzita hledaného
Ramanova rozptylu. Luminiscencni signal od
Ramanova signalu pozndme pti zméné vinové
délky budiciho zareni. Posun Ramanova signalu
od budici ¢ary je vidy stejny, luminiscencni pas
se v takovém pfipadé méni.

Zména aktivniho objemu - absorpce excitacniho
zareni ofAg) vrstvou zplisobuje exponecialni
pokles intenzity budiciho zareni I, se zvétsujici se
hloubkou priniku do materidlu x:

I(x) = 1,e7“%) (2)

Intenzita Ramanova signalu je Umérna intenzité
budiciho zareni v misté interakce. Pokud méfime



v geometrii zpétného rozptylu, prochazi
ramanovsky signdl materidlem pred detekci
jesté jednou - zpét (s delsi vinovou délkou a tedy
i jinou absorpci af/g)). Proto mizeme celkovou
intenzitu ramanovsky rozptyleného signalu R,
vyjadrit integralem:

d
R, ~ IO Ioe‘“(*E)Xe‘“(ﬂR)xdx (3)

Pokud je tloustka vrstvy d vétsi nez efektivni
hloubka praniku excita¢niho svétla do materialu
1/ a absorpéni koeficienty afl:) a afAz) ve
vzorci (3) se pfilis nelisi, potom plati:

o |
R ~| le?2*eXdy=— "0 _ 4
B A 20(/) @

le tedy zfejmé, Ze Ramanlv signdl je pro
dostatecné tlusté vzorky uUmérny poloviné
efektivni hloubky priniku budiciho zareni do
materialu. V literature je tato hodnota casto
oznacovdna jako ramanovskd sbérna hloubka,
Raman Collection Depth (RCD) [4]:

RCD = o (5)
2a(Ag)

Z toho je zfejmé, Ze se zménou excitacni vinové
délky (absorpce) ménime efektivni objem
materialu, ktery se svétlem interaguje. Tento
fakt je velmi podstatny zejména pro tloustkové
nehomogenni materidly jako je napfiklad
mikrokrystalicky kfemik.

Interpretace Ramanovych spekter
amorfniho a mikrokrystalického kiremiku

Krystalicky kfemik patfi ke standardim
Ramanovy spektroskopie, jeho nejintenzivnéjsi
pas leZici u 520,5 cm™ se pouziva ke kalibraénim
ucelllm. Ramanova spektroskopie je vhodna k
charakterizaci kiemiku ve vsech jeho podobach.
V pfipadé tenkych vrstev mikrokrystalického
kfremiku dokdzeme pomoci Ramanovy
spektroskopie odlisit amorfni a
mikrokrystalickou formu kfemiku. Tohoto faktu
se vyuziva pfi zjistovani objemového podilu
krystalické faze (krystalinity) mikrokrystalickych
vrstev.

Intenzita

2.54

2.0
a)

154

1.0+ b)

054 ©)

d)
0.0 T T T T T
420 450 480 510 540

Ramanuv posun [ cm™]

Obrazek 1: Spektra Ramanova rozptylu a)
krystalického krfemiku, b) plné mikrokrystalické
kfemikové vrstvy, c) vrstvy s obsahem amorfni i
mikrokrystalické faze a d) amorfni vrstvy
(spektra jsou kvuli prehlednosti vertikdlné
posunuta).

7:
] 325 nm
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6
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N
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Obrazek 2: Absorpcni spektra krystalického,
amorfniho a mikrokrystalického kfemiku v
Sirokém spektrdlnim oboru. Svislymi ¢arami jsou
zndzornény pozice excitacnich zdroju dostupnych
ve FzU AV CR.
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Ramanova spektra krystalického kfemiku a ti
reprezentativnich vzorkl tenkych vrstev kiemiku
jsou vynesena do obrazku 1. Ramanovo
spektrum krystalického kfemiku (a) vykazuje
zky (4 cm™ $iroky) pas o posunu 520,5 cm™. Ten
odpovida interakci  budiciho  zafeni s
longitudinalnimi a transverzalnimi optickymi
(LO-TO) fonony. Mirné asymetricky spektralni
tvar pasu je dan hustotou fononovych stav( a
zdkonem  zachovdni momentu  hybnosti.
Spektrum (b) bylo naméreno na mikrokrystalické
tenké vrstvé s vysokym obsahem krystalitd. Jeho
spektralni tvar je podobny pdsu krystalického
kiemiku, obvykle je ale posunuty k 517 cm™.
Jeho Sitka je diky relaxaci zdkona zachovani
hybnosti v neidedlnim krystalu vyrazné vétsi
(okolo 14 cm™), asymetrie pasu je vyrazn&jsi.
Rozsiteni mikrokrystalického spektra k budici
Care je zplUsobeno rdznou mérou interniho
stresu v jednotlivych mikrokrystalickych zrnech
[5]. V ptipadé Ramanova spectra amorfniho
kiemiku (d) nachazime velmi Siroky pas (60 cm™)
lezici u 480 cm™. Pro amorfni latky ji prestava
byt zakon zachovani momentu hybnosti
omezujici, proto je tvar Ramanova spektra dan
zejména hustotou fononovych stavli. Ramanova

spektra tenkych vrstev s obsahem obou fazi
vykazuji mikrokrystalicky i amorfni spektralni pas

(c).

Posun Ramanova pasu mikrokrystalického
kifemiku ze standardni pozice C.s = 520,5 cm’
muzZe byt zplsoben dvéma efekty. Prvnim z nich
je vnitfni pnuti ve vrstvé, které méni mfizkovou
konstantu kfemiku a tim i polohu LO-TO pasu.
Pokud je pas posunut blize k budici ¢are, je pnuti
o ve vrstvé tahové, v opaéném pripadé se jednd
o pnuti kompresivni. Pro vypocet vnitiniho pnuti
v mikrokrystalické vrstvé najdeme v odborné
literature tento vztah [4]:

0x[GPa] =-0.27(C,,_g., —C,_s)cm™] (6)

kde Cyc.sin je pozice mikrokrystalického pasu.

Druhym jevem zpUsobujicim posun
ramanovského pasu muizZe byt relaxace zakona
zachovani momentu hybnosti v pfipadé malych
mikrokrystalickych zrni¢ek (projevuje se jen pro
zrnicka mensi nez 10 nm, coZ obvykle neni
ptripad mikrokrystalického kiemiku). Raman(v
pas je v tomto pripadé posunut smérem k budici
frekvenci a rozsiten [6].

Excitace a—Si:H pe—Si:H c-Si
[nm)] « RCD o RCD o RCD
/[eV] [em™'] | [nm] | [em™'] | [nm] | [em™'] | [nm]
785 /1,58 | 50,5 |1.10° | 1,31-10% | 3800 | 1,5-10% | 3300
633 /1,95 | 1,23-10" | 400 |9,69-10° | 500 | 3,3-10% | 1500
514 /2,41 || 1,25-10° | 40 | 5,1-10* | 100 | 9,7-10% | 500
442 /2,81 | 3,32:10° | 15 | 1,63-10° | 30 | 2,510 | 200
325 /3,821 1,2310°| 4 [1,3810°| 3.5 |1,36:106| 3,5

Tabulka 1: Tabulka shrnuje hodnoty absorpcnich koeficientii a RCD v amorfnim, mikrokrystalickém a
krystalickém kifemiku pro excitacni vinové délky pouZité v této prdci.

Jak jiz bylo zminéno vySe, podstatnou roli pro
méreni a interpretaci Ramanova spektra tenké
vrstvy mikrokrystalického kfemiku (zejména
kvlili jeho tloustkové nehomogenité) hraje

vinovd délka budiciho laseru, respektive
absorpce laserového zafeni ve  vrstvé.
Nasledujici tabulka shrnuje hodnoty absorpcniho
koeficientu amorfniho, mikrokrystalického a
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krystalického kremiku namérené na vinovych
délkach laserli pouzitych v této praci. Hodnoty
absorpce byly ziskdny z dat pouzivanych pro
modelovani solarnich ¢lankl (viz obrazek 2 kde
jsou zaroven vyznaceny dostupné zdroje
laserového zareni). Z téchto dat byly nasledné
vypocteny hodnoty RCD (viz vztah (5)), které
vypovidaji o efektivnim objemu materidlu, z
kterého je sbiran Ramanuv signal.

Z hodnot uvedenych v tabulce mizZeme vyvodit
nékolik daleZitych pozorovani. Prvni se tyka UV
excitace, kdy hloubka praniku je v pfipadé tenké
kfemikové vrstvy porovnatelnd s tloustkou
oxidové vrstvy na povrchu (ktera jiz v UV neni
plné transparentni). Signdl je velmi slaby a neni
vhodny k rutinnim charakteriza¢nim ucelim. Pfi
pouziti laseru s vinovou délkou 442 nm, je
intenzita Ramanova rozptylu vyrazné vyssi.
Hodnota RCD ukazuje, ze zkoumame vrstvu u
povrchu vzorku o tloustce nékolika 10 nm. P¥i
méreni kompletnich tenkovrstvych slunecnich
¢lankd je hodnota RCD.;, porovnatelnd s
tloustkou dopované (N/P) vrstvy, kterou timto
zpUsobem zkoumame selektivné. Podobnou
informaci dostaneme i pfi méfeni s budici
vinovou délkou 514 nm (do spektra jiz ale zacne
pfispivat i intrinsickd vrstva). Pokud je vrstva
deponovdna na podlozku prihlednou pro
excitacni laser, je moziné méfit ramanovska
spektra i skrz podlozku (tedy efektivné z druhé
strany). To umoznuje zkoumani nukleacni vrstvy
a tedy i nukleace, kterd je zdsadnim faktorem
pro vyslednou strukturu vzorku.

RCD pro zbyvajici vinové délky (633 a 785 nm) je
vyrazné vétsi. Pro obvyklou tloustku tenké
kfemikové vrstvy kolem 1 um je v pfipadé
excitace na 785 nm absorpce zanedbatelnd a

Ramanovo spektrum poskytuje informaci o celé
tenké vrstvé. Pro 633 nm potom excitovany
objem odpovida priblizné 1/2 tloustky tenké
vrstvy. Podrobnéjsi diskuze o interpretaci
Ramanovych spekter v zdvislosti na hloubce
praniku budiciho zafeni je provedenav [5, 7].
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Growth of poly- and nano-crystalline diamond thin films by microwave
plasma CVD process in ellipsoidal cavity reactor

A. Kromka*, Z. Remes, S. Potocky, |. Potmésil and M. Vanécek

Institute of Physics, Academy of Sciences of the Czech Republic, 162 53 Praha, Czech Republic, kromka@fzu.cz

Abstract. We present growth of polycrystalline and nanocrystalline diamond films on silicon and glass substrates by
microwave plasma enhanced chemical vapor deposition (CVD) technique. The growth of crystals with size from tens
of nanometers to hundreds of micrometers is achieved by varying the deposition parameters. The shift in growth
process from micro- to nano-sized grains is characterized by decrease in the growth rate and lowering of the
activation energy. The optical and electrical properties are systematically investigated by Raman spectroscopy,
optical transmittance and reflectance spectroscopy and photocurrent spectroscopy. The surface morphology is
characterized by scanning electron microscopy. Generally, our diamond layers exhibit excellent optical/mechanical
properties and are photosensitive. We also review our recent technological progress in growth of nanocrystalline
diamond thin films deposited at substrate temperatures as low as 370°C. These films exhibit similar intrinsic

properties to films grown at high temperatures.

Keywords: diamond, CVD deposition, low temperature growth, scanning electron microscopy

Introduction

Diamond is a unique material with several
outstanding physical and chemical properties.
The growth of polycrystalline diamond layers on
various substrates has been considerably
optimized in the last 20 years [1]. However,
polycrystalline diamond films are often limited
in their industrial applications because of the
high surface roughness. Therefore, the
deposition of the smooth nanocrystalline
diamond films has attracted many researchers
[2]. In addition, the CVD techniques for diamond
growth usually require relatively high substrate
temperature above 700°C [1]. The CVD diamond
growth at low temperature is still not a trivial
task often resulting in a low growth rate and an
increased incorporation of non-diamond phase
resulting in degradation of properties of
deposited film [3-6].

In this paper we review several experiments
provided in our CVD process, during which we
are able to grow both microcrystalline and
nanocrystalline (NCD) films. Microcrystalline
films grow faster (2-4 um/h) due to high
operating pressure (up to 250 mbar).
Nanocrystalline films, defined as films consisting
of grain up 100 nm in size, grow at lower
pressure range (<40 mbar). In addition, we

succeeded in optimization of the growth process
at substrate temperature below 400°C.

Experimental

Diamond films were grown on (100) oriented
silicon wafers or on 1x3" (2.54x7.62cm) glass
slides by microwave plasma enhanced CVD in
the ellipsoidal cavity reactor [7]. Prior to
deposition process, the substrates were either
mechanically seeded in ultrasound bath with a
nanodiamond powder or they were pretreated
in the bias enhanced nucleation step at negative
substrate bias of -180 V for 10 minutes, 5% of
methane in hydrogen and at 850°C. After the
nucleation followed the diamond growth,
provided at a constant methane concentration
(1% CH, in H,) for all samples. The final
crystalline character of the film was controlled
via process pressure ranging between 30 to 250
mbar and at varied substrate temperature
ranging from 370 to 1100°C. Diamond film
surface and morphology have been investigated
by scanning electron microscopy (SEM). Film
thickness and refractive index were calculated
from optical measurements [8,9]. The diamond
crystal quality was confirmed by Raman
spectroscopy. Results of other analytic
techniques are also briefly summarized.


mailto:kromka@fzu.cz

Results and discussions

Polycrystalline diamond films Polycrystalline
diamond films with a relatively large grain size

ranging from hundreds of nanometers to
hundreds of micrometers were grown at so
called high pressure regime, i.e. at total process
pressure ranging from 125 to 250 mbar. The
substrate temperature was dependant on the
total pressure, it raised up from 750 to 1100°C
with the pressure increase from 125 to
250 mbar. Similarly, the growth rate showed a
nearly linear increase from 0.7 to 4.5 um/h as
the total pressure increased. During such a fast
growth, the well faceted diamond crystals were
observed by SEM [10]. The crystal size varied
from 20 to 50 um. Figure 1 shows a cross-

section view of a 100 um thick diamond layer.
The crystals have tendency to enlarge their size
from bottom to top in columnar structure. It is
well known that some crystals can grow at
different rates due to their different
crystallographic  orientation. After certain
process time there survive and are growing only
diamond crystals with the highest growth rate
(evolutionary selection growth mode [11]). In
our case it was found that the growth is similarly
influenced with the evolutionary selection
model until ~1 hour of deposition [12].
Therefore all the deposition rates presented
here were calculated for films grown longer time
than this evolutionary time period (i.e. longer
than 1 h).

Fig. 1: Cross-section view of a 100 um
thick diamond film
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Fig. 2: Raman spectra of a thick polycrystalline
diamond film

Raman measurements were similar for all
polycrystalline films and a typical Raman
spectrum is shown in fig. 2. The Raman
spectrum displays one dominant peak centered
at 1333 cm™ (optical phonon in diamond) that
confirms the diamond character of deposited
film [13]. In addition, non-diamond carbon
phases (bands centered in the range from 1100
to 1600 cm™) were sometimes observed. Silicon
related photoluminescence at 1.68 eV is usually
attributed to Si diffused from the substrate [14-
16]. Moreover, the CVD diamond is often

contaminated during growth by nitrogen related
to photoluminescence peaks as 1.95 and 2.15
eVv. Rutherford back-scattering (RBS)
measurement confirmed the presence of light
elements (Si, C, N, O) by using 2.4 MeV protons
as projectiles [10]. All other elements were
under the detection limit of the RBS
measurements. A molybdenum contamination
was found in the detailed X-ray photoelectron
spectra after prolonged time of acquisition. The
“near-surface” contamination of diamond films
by Mo varied from 0.1-0.2%. The detection of
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Mo was complemented by observation of 4 new
absorption lines located between 0.5 and 1.2 eV
by Fourier transform photocurrent spectroscopy
(FTPS). The FTPS technique seems to be unique
for detection of low contamination level (ppb) in
diamond films due to its high sensitivity [17,18].

High pressure growth allows us to deposit
robust and thick (~¥500 um) self standing
polycrystalline diamond disks up to 2.5 inch in
diameter. On the other side, surface of these
thick films is very rough (in order of few
microns) and polishing is required as the post-
processing procedure. Therefore, in the last few
years we focused on growth of significantly less
rough nanocrystalline diamond films. .

Nanocrystalline diamond films Nanocrystalline
diamond (NCD) films were grown at low

pressure regime, i.e. at total process pressure
lower than 40 mbar. A crucial technological task
to grow thin NCD films is a high nucleation
density. We were able to achieve nucleation
density up to 10 cm™. The growth step was
modified to enhance the secondary nucleation
resulting in growth of films with grains in size
below 100 nm. A typical surface roughness, as
measured by AFM, is 20-50 nm (mainly
depending on the substrate temperature). The
detailed process conditions have been
previously published in ref. [2,19].

Fig. 3: Surface morphology of a NCD
film grown on Si substrate at 800°C,
total film thickness was 600 nm [2].

Transmittance/Reflectance

Fig. 4: The transmittance and reflectance spectra
of a NCD film deposited on low alkaline
borosilicate glass. Transparency in IR and UV
is suppressed due to absorption in the glass
substrate.
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Our NCD films exhibited in Raman spectra the
diamond line centered at 1333 cm™. Figure 3
shows the surface morphology of NCD film
grown at 800°C. The high substrate temperature
range results in growth large crystals up to 150
nm. Film grown at lower substrate temperature
(< 600°C) consisted from smaller crystals up to
50 nm. Continued increasing of film thickness
shifts the grain size from nanocrystalline to
microcrystalline  character. However, the
nanocrystalline character is still dominant up to
film thickness of 2 um. NCD films of thickness
500-1000 nm are enough robust and

mechanically stable to be use as transparent
membranes. These membranes are fully
optically transparent from UV to far IR range.

We have also achieved a remarkable
technological progress in growth of NCD films
over glass substrates. In this case, the nucleation
pretreatment was realized ultrasonically using
5 nm diamond powder. As glass substrates were
used low alkaline borosilicate glass (Schott AF
45, able to withstand the high process
temperature) and/or a soda-lime glass used in
microscopy slides. High temperature growth of
NCD on borosilicate glass is similar to the high
temperature growth of NCD on silicon. The
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growth rate is as high as 400 nm/h for
temperature of 800°C. However, at the
substrate temperature above 700°C the NCD
films often delaminate from the glass substrate
due to different thermal expansion of diamond
and glass.

The growth of NCD films on soda-lime glass is
possible only at a relatively low temperature
about 400°C with the growth rate drop down to
10 nm/h. These NCD films are usually 60-150 nm
thick with a grain size about 20 nm (ultra-thin
NCD). Thus, the NCD layer is extremely smooth
(surface roughness below 10 nm).

Figure 4 shows typical transparency/reflectance
spectra of the NCD layer deposited on low
alkaline borosilicate glass substrate. The film is
optically transparent in broad spectral range
from infrared to ultraviolet light. The film
thickness and index of refraction were
calculated from transmittance spectra using the
interference fringes [8, 20]. The calculated
refractive index in our NCD films was typically
2.3-2.4 very close to the refractive index of
single crystal diamond (2.42) and was not
dependant on the substrate temperature [21].
Most of the deposited NCD films were
photosensitive indicating a good quality of
deposit. The investigation of the correlation
between the electrical quality (i.e.
photosensitivity, surface conductivity, etc.) and
crystal size are in progress.

We can summarize that microwave plasma
enhanced CVD can result in a successful growth
of nanocrystalline films. The shift from
microcrystalline to nanocrystalline character is
achieved via lowering of the total pressure (and
thus via varying chemical potential in the growth
environment). The observed tendency is in a
good agreement with previous predictions [22].
The long-term deposition results in developing
of large columnar crystals and the
microcrystalline character starts to dominate.
Further optimization is under progress. It is
important to note that the growth in the whole
temperature range resulted in constant ratio of
sp’ to sp” bounded carbon over the film surface,
as dedicated from XPS measurements [23]. This
is an excellent sign for successful low
temperature growth, which extend family of
possible applications of NCD films [2,24].

Conclusion

We reviewed our technological progress in
growth of polycrystalline diamond films from
the methane-in-hydrogen plasma over variety of
substrates in the same microwave plasma
reactor. The smooth nanocrystalline diamond
films were grown on variety of substrates
(silicon, glass) in a wide temperature range from
370 to 1100°C. The main technological challenge
is that non-diamond bounded carbon content in
nanocrystalline diamond was not dependant on
the substrate temperature, which indicates an
excellent sign for crystal quality. The low
temperature process allows deposition of
diamond films over temperature-sensitive
materials like cheap soda-lime glass slides of
standard size 1x3"” that may have interesting
applications in life science and biochemistry.
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One of the basic technological processes in the
field of the micro- or nanodevice fabrication
based on the synthetic diamond thin films is the
controlled etching. By etching we can reach
different structures, e.g. tips, waveguides,
membranes, or we can modify surface
properties which are necessary for specific
applications. For diamond etching are used
primary dry etching methods. The most
commonly used techniques are inductively
coupled plasma (ICP), reactive ion etching (RIE),
electron cyclotron resonance (ECR) plasma
etching methods or their combinations and
modifications.

The differences between the above mentioned
dry etching plasma techniques are in the details.
Inductively coupled plasma reactive ion etching
(ICP-RIE) is a suitable technology for fabrication
of such tip structures with short processing
times because of the high-plasma density and an
independent control of ion flux and ion energy.
There are several reports about diamond
etching by ICP-RIE to improve etching rate and
anisotropy, for field emitters, for micro-lenses,
and for fabrication of tip structures. [1] The big
advantage of ECR-assisted microwave plasma,
which is working at low substrate temperatures
and pressures, is that this method produces very
clean structures with small feature sizes and
sharp edges. [2] In the most commonly used
conventional RIE methods the gas species are
excited by the rf power. In this case, the etching
rate is slower in comparison with ICP technique
because of lower ion density and power. But RIE
allows higher control of surface properties [3],
and it was the one of the main reasons why we

used it first for studying the etching processes of
diamond.

The dry etching of synthetic diamond uses
different active gas species such as oxygen,
argon, CF, and SFg; with metal or SiO, masks.
Depending on gas ratio and parameters such as
pressure, power, bias voltage, it is possible to
obtain  various surface properties, e.g.
roughness, smoothness. In this article we
introduce our study of polycrystalline diamond
etching using RIE plasma technique. For analysis
of the samples we used Scanning Electron
Microscopy (SEM), Talistep (Profilometer),
Atomic Force Microscopy (AFM) and Raman
Spectroscopy. The details and results are briefly
discussed.

The used diamond thin films were deposited in
microwave plasma-enhanced CVD reactor using
a cavity resonator (Aixtron P6) under typical
deposition conditions [4] on Si substrates. The
thicknesses of diamond thin films were ~1 um.
Ni thin film with thickness 50 nm was used as a
mask. Etched and non-etched area of diamond
thin films were analyzed by above mentioned
methods.

The type of RIE equipment was Phantom Il
System from company Trion Technology. In first
experiments was investigated the influence of
the gas ratio of the 0,/CF,/Ar mixture. The
pressure, time and power were the same for
each experiment, i.e. 80 mTorr, 10 min, 300 W,
respectively. The gas flow was 50 sccm, only the
gas ratio was changed. The etching effect of
pure O,, Ar and CF, separately, and with their
different combination was studied. Some results
are shown in Fig. 1.



Fig. 1 SEM images of the etched diamond surface under various conditions: (a) with , (b) O,/CF, 30/20 sccm and (c)
0,/Ar 40/10 sccm gas ratio

It was found out that O, makes sharp diamond
tips, while CF, makes more flat surfaces with low
roughness. Argon in the gas mixture improves
the etch rate, which was determined 60-90
nm/min from Talistep measurement. By AFM
measurements the surface potential was
investigated and the etch rate was confirmed.

Acknowledgements

The research work at the Institute of Physics was
supported by the Institutional Research Plan No.
AV0Z10200521, by the projects No.
IAAX00100902, KAN400100701, KAN400100652,
KAN400480701, LC 510, GA202/09/0417 (GACR)
and by the Fellowship J. E. Purkyne.

References
[1] H. Uetsuka , T. Yamada, S. Shikata Diamond
Relat. Mater. 17 (4-5) 2008, 728-731

[2] Shuji Kiyohara, Yukie Yagi and Katsumi Mori,
Nanotechnology 10 (1999) 385-388. PIl: S0957-
4484(99)01966-2

[3] W..Zhang, Y.Wu, C.Y.Chan, W.K.Wong,
X.M.Meng, l|.Bello, Y.Lifshitz, S.T.Lee, Diamond
Relat. Mater. 13 (2004) 1037-1043

[4] Kromka, O. Babchenko, H. Kozak, K. Hruska,
B. Rezek, M. Ledinsky, J. Potmesil, M. Michalka
and M. Vanecek, Diamond Relat. Mater. 18 (5-8)
2009, 734-739



Automotive control, data aquisition and evaluation of measurements -
software for researchers: Labview

Tibor 1Zak12, Zdenék Remes$!, Halyna Kozdk!
! Institute of Physics, Academy of Sciences of the Czech Republic, 162 53 Praha, Czech Republic

? Department of Microelectronics, Faculty of Electrical Engineering and Information Technology, Slovak University of
Technology, 812 19 Bratislava, Slovak Republic

software for automotive control, data
acquisition and evaluation is LabView from
National Instruments [1]. In our presentation we
introduce LabView software, their principle,
operation and how to use it as a useful and
simply communication interface between PC
and the measurement devices. We show some
examples and applications, which was designed
and realized and now are used in our institute
either for electrical measurements (I-V, C-V,
impedance, four-point probe, van der Pauw
electrical measurement) or optical
measurements (laser beam induced current
measurement [2], laser scanning optical
microscope [3]), etc. In the presentation we are
going more detailed into the programming in
order to familiarize colleagues and seminar’s
participants with LabView software.

Recently, automotive control of measurements,
equipments and processes is everywhere self-
evident. It is the same in R&D. Measurements
are fully or partially controlled by computer.
That means more saved time for researchers,
and higher precision and reproducibility of the
measurements. In addition to automotive
control, simulations are also highly preferred as
first step before the experimental realization. All
those things (simulations, automotive control of
measurements, data acquisition and evaluation)
are realized by specific software. Therefore, a
good researcher for his effective work must be
improved not only in his specific scientific field,
but also in basic programming languages and
software, which are used for the simulations and
measurements. The most commonly used
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Fig. 1 lllustration of graphical programming and dataflow representation [1]

LabView is a graphical programming intuitive graphical icons and wires that resemble
environment used by millions of engineers and a flowchart. LabVIEW offers unrivaled
scientists to develop sophisticated integration with thousands of hardware devices

measurement, test, and control systems using



and provides hundreds of built-in libraries for
advanced analysis and data visualization. [1]

Recently, most of devices and equipment used
for different measurements are programmable
and include drivers for LabView. That means
each user can design their specific user friendly
control interface. Communication interfaces are
controlled either with GBIP (General Purpose
Interface Bus) cable or RS-232 serial cable. In
some cases are used USB cables or wireless
connection and PXI cards between
measurements devices and control unit. We use
mainly USB-GBIP cable because of its simplicity,
universality and low price. In presentation we
are going more detailed to graphical
programming, i.e. what the front panel and
block diagram is, and how to build them; how to
use control, function and tools palettes. We
introduce the basic programming facilities of
LabView in order to improve programming skills
of colleagues and seminar’s participants and to
familiarize with LabView software.
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Introduction

It should not be spoken too much about EPR as
fascinating and unique method for studying
electron states and structure of point defects in
dielectrics and semiconductors. This method is
placed next to classical basic spectroscopic
methods, such as: absorption, Raman, emission,
photoconductivity. This is, indeed, essential and
almost sole method which provides full
information about microstructure (symmetry,
crystal field) of the local centers, whatever they
are — intrinsic or extrinsic.

Main purposes for application of such a
powerful method was:

1) In the framework of collaborations with
Department of optics section 4, FJFI and
Institute of new materials, Kiev, here were
studied impurities, photorefraction centers and
their influence on electric properties of single
crystal and ceramics PbTiO5-PbZrO; finding wide
application in piezoelements and variety of
other devices, including sonars and phones.

2) According to mentioned above collaboration
a range of questions corresponding to a problem
of local phase transition in KTaO; and SrTiO; is
solved. Those materials, despite of their cubic
structure in wide temperature span, in places of
intrinsic point defects or in places of embedded
impurities, are able to alter local symmetry,
mostly at temperature T<40 K. Explanation of an
accompanied to that processes is one of basic
task in modern physics of ferroelectrics
microstructure. EPR is basic method for
registration and description of the structure,
charge state and local environment of those
distortions.

3) In the frameworks of “Crystal clear
collaboration”, laboratory participates with
project R&D-18 CERN in the field of studying
new radiation persistent scintillators properties.

These scintillators are required for mounting
new calorimeter. In narrow collaboration with
luminescent laboratory of our department and
Single Crystal, Turnov were studied structural
and charge states of luminescent centers
determining way and circumstances of energy
transfer in scintillating materials of a view
PbWOQO, and Ce-doped perovskites and further
Ce-doped substances. That study is connected to
EC Network “Search for new and better
scintillators”. Laboratory is also collaborated
with Institute loffe in St. Peterburg.

4) Accordingly to the project GA CR “Nanocrystal
phase in dielectric matrices” structure and
charge states of the nanocrystal phase (impurity
ions Cu’, Ni**, Mn*) in the kind of matrices
CsPbCl; were studied. Supported with NATO
grant HTECH.LG.

5) It was applied for a grant project GA AV
“Spectroscopy of the defects in CVD diamond
films” which is in touch with study of optical and
EPR properties of CVD diamond films. In
collaboration with Institute of the new materials
Limburg University Centre and with support of
exchange NATO grant the way of embedding
and charge states of impurities which have
general influence on photoelectrical properties
of diamond films were studied. That is a very
perspective material for application in the field
of detectors working in aggressive condition.
This part of investigation intended to enhance
signal-to-noise ratio and in such way improve a
sensitivity of set up.

Brief historical preview

During the work, standard EPR spectrometer
technique is used. EPR spectra were recorded by
the EPR spectrometer ERS-230 in the X-band
microwave region. Presented spectrometer was
produced in 1978 and has been working since
1979.



Electronic paramagnetic resonance was firstly
discovered by Zavojski in Kazachstan in 1944 and
Bleaney with colleagues in Oxford after Second
World War. Conventional objects of
investigation seemed to be paramagnetic
complexes of transition metals. For a long time
these materials were prior for physical study.
But in fiftieth chemists conceive this method
and began to use mostly for inquire organic m-
radicals.

At the beginning, there was the problem
connected with instability of radicals presented
in liquids. But after not a long time, in the midst
of 50", Lewis and Leapkin acquired the fact of
stabilizing instable radicals by preparing them in
solid matrices for uncertain periods of time. But
the difficulty comprised in impossible
interpretation of obtained spectrum from
investigation of powders and glasses on the
count of their complexity. Also, irradiated single
crystals were studied.

On the same side, with observing captured
radicals, caused by irradiation, the second
branch of study was given rise. Method EPR was
applied for inquiry of radiation-type defects in
inorganic solids. Formerly, one of the most
powerful methods of solid state physics was
study of ultraviolet spectrum of such crystals. In
cooperation with this fact such centers often
called “color centers”. Basically such centers
represented interest in their influence on
electrical properties of solids.

At present rigorous investigations in this field
are carrying out. It has been observed and
described a lot of new radicals. That is a main
aim of the laboratory.

Spectrometer set up

The Cavity system;

e The Source;
e The Magnet system;
e The Modulation and Detection system.

The cavity system.

Resonant cavity is one of the important parts of
the spectrometer. The resonant cavity serves as
for holding sample and for aiding interaction of
incorporated electrons within material, and
incident microwave power. It should be

mentioned that according to dimensions of the
cavity resonant frequency changes. For avoiding
presence of the noise inside the system,
Helmgoltz coils are used for field modulation
with frequency 100 kHz. It is implemented for
vanishing influence on signal “1/f” noise.

Modulation.

When the magnetic field is scanned through the
region of resonance, the spin system in the
resonant cavity absorbs microwave energy, and
produces a faint change in the resonant
frequency of the microwave cavity. The DC
detection of ESR is strictly limited, however, by
the shift of the amplifier and the 1/f noise. For
these reasons, ESR spectrometer involves
magnetic field modulation which transforms
signal from DC to AC. When the magnetic field is
modulated at the angular frequency w., an
alternating field superimposed on the constant
magnetic field. Thus, the signal at the input of
the detector is sinusoidal with the frequency w,.

Main principle of resonant cavity is its possibility
of energy storing within the cavity by standing
wave. Sample introduces into a cavity through
the hole in the base of resonator and fixes in the
center of the magnetic field lines, where
intensity of the magnetic field is higher than
elsewhere inside the cavity. While microwave
irradiation evokes absorption of the microwave
power at resonant frequency — reflected signal
from sample will be detected and analyzed by
phase-sensitive detector. In general, research is
carrying out by means of liquid helium, what
makes influence, by its low temperature,
according to alternating dimensions caused by
warm due, on the cavity walls. That vyields
frequency offset and experiment breaks. For
avoiding such negative effect from warm
oscillations, the system of Automatic frequency
control was developed.

The source.

As the source of microwave power Gunn diode
is used. Stable oscillators are most easily
designed by mounting a Gunn diode in a coaxial
cavity or in a waveguide cavity. It produces
microwave power with frequency about 10 GHz.
Perturbations of frequency can occur if there
will be noticeable backward reflections. The
circulator serves as non-reciprocal device which
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really passes microwave power in forward
direction and diminishing any reflections. The
wavemeter is a cylindrical cavity, the length of
which is adjustable to an integer number of half-
lengths. The attenuator adjusts the level of the
microwave power incident upon the sample.

The magnet system.
The magnet is only a source for stable magnetic

field. Maximal output value is 1 T. Measurement
of the magnetic field at the sample accomplishes
by means of nuclear magnetic resonance (NMR)
probe placed beside the microwave cavity.

Detection. Phase-sensitive detection.
A lock-in detector compares the ESR signal from
the detector with a reference signal and only

through. Thus a lock-in detector only accepts
signals that "lock " to the reference signal. So
detector chooses correct signal and let it go. The
principle of a lock-in detector is simple. A
reference oscillator produces a reference signal
S,. At resonance the sample absorbs microwave
energy and produces the ESR signal voltage S,
with another phase angle that may be close to
reference. The multiplier produces an output
that is the product of the ESR signal and
modulated voltages. Adjusting equality between
reference signal phase and ESR signal we
approach maximal sensitivity.
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& Fig. 2. Magnet system and resonant cavity between the
;D magnet poles

Fig. 1. Schematic representation of
resonant cavity
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Uvod

Tento prispévek shrnuje dosavadni prace na
projektu GA202/09/0417 - Novd nedestruktivni
technika méreni V-A kfivek sloZenych soldrnich
Clanki poskytnutého na obdobi 2009-2010
Grantovou agenturou Ceské republiky (GA CR).
Tenkovrstvé solarni ¢lanky jsou nejrychleji
expandujicim odvétvim fotovoltaického
pramyslu. Snahy o wvyssi efektivitu vyroby
sméruji rychle na jedné strané k multi-
prechodovym solarnim ¢lankdm a na druhé
strané ke  zvySovani  plochy  moduld.
Tyto struktury jsou sloZeny z vice sub-¢lankl a
pravé moznost kontroly kvality jednotlivych sub-
¢lanka se stava nezbytnosti. Projekt
GA202/09/0417 si klade za cil navrhnout a
probadat zplsob pouziti nejuniverzalnéjsi
metody kontroly kvality, a to metody méfeni
volt-ampérovych charakteristik, pravé tak, aby
bylo moino méfit jednotlivé sub-¢lanky.
Védecky vyznamné pro nase pracovisté bude i
nasledné srovndni s vysledky nasi materidlové
diagnostické metody Fourierovské
fotovodivostni spektroskopie, kterd nyni
nové umozZiuje méfit rovnéz jednotlivé c¢lanky
slozenych  struktur. Metoda vychazi ze
zakladnich znalosti o} elektrickém
chovani soldrniho ¢lanku v obvodu.

Postup prace na projektu v roce 2009

Reseni grantového tkolu ma 2 &asti: teoretickou
a experimentalni:

Teoreticka ¢ast:

Na zacatku projektu stadla myslenka pouzit pro
méreni separovanych voltampérovych kfivek
slozenych ¢lank( ideu zaloZzenou na méreni
modulace fotoproudu pri selektivnim
podsvétléni, kterd byla publikovana ve sborniku
22. Evropské fotovoltaické konference. Idea pro
méreni malych modulaci se zddla byt vyhodna

také kvali moznosti pouziti diferencialni analyzy,
v niz se jinak sloZité teoretické vztahy popisujici
problém vyrazné zjednodusuji. Pfesto vsak je
vypocet separovanych voltampérovych kiivek
relativné komplikovany problém. Plvodnim
zamérem bylo vyjadrtit hledané voltampérové
kfivky analyticky pomoci parametrd a ty pak
urCovat z namérenych vysledkd fitovanim.
Takové fteSeni se vSak ukdzalo byt pfilis
komplikované. Daleko praktic¢téjsi a jednodussi
pfistup se podafilo nalézt kombinaci fitovani a
pfimého vypoctu. Fitovani se pouzije pouze pro
uréeni jednoho parametru (celkovy sériovy
odpor) a jeho znalost pak umozZnuje vysledné
krivky spocitat ptimo.

Findlni podoba metody vypoctu z namérenych
hodnot byla prezentovana na 24. Evropské
fotovoltaické konferenci (publikace ¢. 1) kde
vzbudila velmi dobry ohlas. Na zakladé toho byla
dohodnuta spoluprace suniverzitou EPFL ve
Svycarském Neuchatelu.

V prlibéhu dalsich Gvah a resersi se zpétné
ukazalo, Ze zvolena metoda malych modulaci je
skutecné opravnénd metoda, protozZe jednodussi
alternativa, kterd se také nabizi a ktera by
vychazela z metody variabilniho osvétleni (Suns-
Voc), by fungovala pouze pro idedlné se
chovajici krystalické clanky. Nikoliv vsak pro
moderni tenkovrstvou technologii.

Experimentalni ¢ast:
V experimentdlni ¢asti bylo v prvni fazi béhem
prvniho roku potreba resit dva zakladni ukoly:

1) sestavit vhodny zkusebni vzorek.

2) na zakladé pokusli predevsim detailné
stanovit podminky metody a vytipovat vhodné
experimentalni vybaveni pro automatizaci
experimentu.

Jako zkusebni vzorek se podafilo sestavit tzv.
Ctyftermindlovy tandemovy clanek slozeny



z tenkovrstvého amorfniho a mikrokrystalického
¢lanku. Ctyfterminalové usporaddni umoiriuje
méfit voltampérové krivky pro kazidou ¢ast
tandemového ¢lanku zvlast.

Na zakladé predbéinych experimentd bylo
vyrobeno pole pfisvétlovacich a modulaénich
svételnych  diod, které byly napdjeny
multifunkénim zdrojem modulovaného signdlu
Elab800. Voltampérové krivky byly méreny
zakoupenym  stabilizovanym  zdrojem a
ampérmetrem, modulované signaly byly méreny
synchronnim detektorem. Podrobnéjsi analyzou
technickych pozadavkll na experiment byly
prehodnoceny nékteré planované pozadavky na
technické vybaveni. Vétsina zkuSebnich méreni
byla provedena pomoci laboratornich pfistroj.

Postup prace v roce 2010

Projekt je nyni ve fazi, kdy pfipravujeme
impaktovanou publikaci, ktera bude znovu avsak
SirSim zplsobem pojednavat o metodé jako
takové. Ddle se zaméfime dva ukoly:1) na
pouzivdni  této metody pro  studium
tandemovych solarnich ¢lankli a korelaci
vysledkli  svysledky FTPS. 2) Chceme
demonstrovat pouzZitelnost této metody i na
moduly sloZené z vice ¢lankd. Vysledky dosazené
v pFistim roce by mély byt prezentovany na 25.
Evropské fotovoltaické konferenci ve Spanélsku
konané v zafi.
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A nano-crystalline diamond is one of the
most attractive materials with a wide range of
extraordinary physical, chemical and biological
properties, which make it a highly perspective
material for various applications. Unfortunately,
diamond chemical inertness and mechanical
hardness prohibit using a wet etching as the
conventional method for realization of
microelectronic devices [1]. Nevertheless, a
successful structuring of diamond films s
feasible either by applying dry etching [2] or by
selective area deposition [3]. Removing a
diamond seeds or suppressing the growth on
defined areas there are two standard methods
to determine a diamond pattern formation [4,5].
Unfortunately, aggressive chemicals, applied for
treatment, limit the amount of material which
can be used.

In the present work a technological
approach in the selected-area deposition of
diamond structures without damaging of
substrate surface is described. A set of three
samples (named A, B, C) was fabricated. As the
treatment techniques for the nucleation layer
we used A) reactive ion etching (RIE), B) photo-
lithographical processing with two polymer
layers and C) selective area ultrasound seeding.

Polished Si (100) 550 um thick wafers
with 1.5 um thick LTO silicon dioxide layer were
used as the substrates. During the sample
processing  the  following  technological
procedures were employed: ultrasonic agitation
in a diamond powder suspension for substrates
nucleation, spin-coating for polymer
distribution, UV lithography for polymer
processing (formation a structure of 100 um
wide stripes and gaps). The typical seed density
after the ultrasonic nucleation is in the range up

to 10"cm™. The aim of any treatment was to
remove the seeds from the defined areas.

In the Set A, diamond seeds, also called
the seeding layer, were localized under the
polymer structures which were used as the
masking material during the RIE. Etching of
seeds was performed by oxygen and/or CF,/O, rf
plasmas over the area not protected by
polymer. The etching process was 5 min. Thus
seed patterns were fabricated.

In the Set B diamond seeds were packed
between 2 photosensitive layers. Such
geometrical ordering (polymer-seeding layer-
polymer) allows a fabrication of geometrical
structures by a photo-lithography without any
additional step.

In the strategy C, the polymer structures
were prepared before the nucleation procedure.
After then, polymer structures were dissolved in
acetone and thus, diamond seeds stuck on the
polymer were removed.

Finally, the growth of polycrystalline
diamonds (PCDs) films on all pre-treated
substrates was performed in a microwave
plasma CVD system (AIXTRON P6) from a
methane/hydrogen gas mixture. The growth was
performed under following  conditions:
microwave power 2.5kW, 1% methane in
hydrogen, total gas pressure 50 mbar and the
substrate temperature 850°C.



Fig. 1: Morphology of grown PCD films where seeds patterns were formed as result of: a) reactive ion
etching in O, plasma, b) CF,/0, plasma, c) photolithography, and d) selective area seeding. As “Diamond”

are marked on-stripe areas (red-dashed rectangles).

The selectivity and quality of grown
diamond structures were investigated by
scanning electron microscopy. Images of formed
structures obtained from all sets are shown in
Fig. 1. A clear difference between the areas with
wished (on-stripe) and unwished (off-stripe)
diamond growth is observed for all samples. A
fully closed diamond film is found on the wished
areas (red-dashed rectangles), but the densities
of parasitic grains (off-stripe) differ significantly.

In the Set A, samples prepared by
etching in O, plasma, the growth on unwished
areas resulted in porous film (Fig. 1a). Due to the
high etching rate, etching in CF,/0, gas mixture
resulted in formation of isolated and randomly
distributed diamond crystals with density up to
8x10°cm™ (Fig. 1b). The crucial limitation for
this strategy is a short time processing which can
withstand the masking polymer. As the
outcome, some of the diamonds seeds survived

the etching period and they initiated the growth
of diamond crystals on the undesirable area.

In Fig.1c shows formed diamond
structures using the Set B where the seed
patterns were prepared only by optical
lithography. The sandwich-like organization of
nucleation layer, implemented in this strategy,
resulted in better growth selectivity than the set
A using O, plasma pre-treating. However, the
growth selectivity was worse than the patterned
diamond growth using CF,/O, plasma pre-
treating. The revealed density of residual
diamond crystals was as high as 5x10” cm™. We
assume that the residual diamond crystals
obtained in the inter-structural space on
samples Set B appear after the re-seeding during
the lithographical step. It was also found that
the handling of the substrate in upside-down
position during the polymer developing
enhanced the growth selectivity.
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In Fig. 1d are shown diamond structures
prepared by implementing the Set C in which
the seeding was employed after preparing the
polymeric structures. The density of residual
diamond crystals on unwished areas varies from
105cm™ up to porous diamond film. This
strategy is less appropriate for the patterned
growth. Prepared polymeric structures were
partially damaged during the ultrasound
treatment. As a result, grown diamond
structures were not geometrically well defined.

The most efficient selective area growth
was obtained by combining the strategy A) and
B). Applying and combining strategies A) and B)
it is possible to obtain a good enough selectivity
for patterned growth. After this treatment
procedure, the density of residual diamond
crystals was as low as 10°cm™. It should be
noted that all methods above described omitted
any treatment in aggressive chemistries and
thus damaging of substrate surface was
minimized. All employed treatment techniques
are simple in use, applicable for large areas and
fully compatible with standard semiconductor
processes.
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