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Abstrakt: Vtéto praci jsme se venovali chemické modifikaci povrchii polovodicovych
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provedeny i dalsi experimenty - napr. UV osvétleni vzorkii, laserové osvétleni pri sniZeném
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Abstract: The topic of the diploma thesis is chemical treatment of the surfaces of
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The strongest changes were observed by samples soaked in water, pyridine and aqueous
solution of pyridine. The observed effects were explained by partly dissolving of nanocrystals
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The second part of this diploma thesis deals with photochromic properties of silver
nanoparticles in a titanium oxide matrix. The photochromic behaviour of the samples was
examined in detail. A phenomenological model of photochromic changes was suggested in
analogy with the hole burning spectroscopy. In order to better understand the microscopic
processes in this composite material other experiments were realized — e.g. samples were UV
irradiated, or laser illuminated under lowered air pressure, pump & probe experiment. Under
laser irradiation optical extinction of some nanoparticles was decreased. Simultaneously,
changes of plasmon resonances of the rest of nanoparticels were observed, even though these
nanoparticles had their plasmon resonance far from the incident light frequency.
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Predmluva

Tato diplomova prace shrnuje poznatky ziskané béhem mych poslednich dvou let
magisterského studia. Jezto mi byla nabidnuta moZnost zahrani¢ni stdZe v pracovni skupiné
Prof. Dr. Gero von Plessena na oddéleni Optiky nanostruktur pii RWTH Aachen v Némecku,
k ptivodnimu tématu povrchu polovodicovych nanokrystalti piibylo téma nové — stiibrné
nanocastice v matrici TiO,, vykazujici fotochromické chovani. Toto téma je z diivodu nutnosti
konzultace s némeckou stranou zpracovano v anglickém jazyce.

Problematika modifikace povrchi polovodi¢ovych nanokrystali ve formé tenkého
nanokrystalického filmu deponovaného z roztoku a problematika fotochromickych materialt
zalozenych na principu optické deaktivace kovovych nanocastic jsou velmi mladd a velmi
oteviend témata na poli nanotechnologii. V obou castech této diplomové prace je kladena
podobnd otazka, jaké déje probihaji na rozhranich stfibrnych nanocastic, resp. povrchu
polovodicovych nanokrystalti? Dalsi vlastnost, ktera oba typy vzorkd spojuje, je nehomogenni
rozSiteni optickych spekter v disledku raznych velikosti a tvarii Castic ve vzorcich.

Na jedné strané bylo pifijemné pracovat na dvou pomérné odlisnych tématech, ale
na strané druhé to bylo ¢astecné na ukor hloubky propracovani jednotlivych témat. Nicméné
pokud mi to bude umoznéno, rada bych pokracovala ve studiu vlastnosti obou materiall i

v budoucnosti.



1. Vliv povrchu polovodi¢ovych nanokrystali

na jejich vlastnosti



1.1 Uvod

1.1.1 Optické vlastnosti polovodi¢ovych nanokrystalu

Polovodi¢ové nanokrystaly a jejich vlastnosti jsou zkoumany jiz po né€kolik desetileti.
Predstavuji formu latky, kterd stoji na pomezi mezi objemovym krystalem a molekulami.
Fascinuji svymi jedine¢nymi vlastnostmi a maji obrovsky potencial aplikacnich mozZnosti —
fluorescencni mikroskopie a biozobrazovani, aktivni prostfedi laserti, materidly pro vyrobu
diod, nachézeji vyuziti v detekci rtiznych latek... Polovodiové nanokrystaly se vyskytuji
ve formach koloidnich roztokt, poréznich filmii; byvaji umistény v riznych matricich — sklo,
sol-gel atd.

Rozméry polovodicovych nanokrystalli se pohybuji mezi jednotkami az desitkami
nanometrt a jejich vlastnosti jsou dany pfedevSim prostorovym omezenim nosi¢li naboje,
s ¢imz souvisi nezbytnost pouziti kvantové teorie pii vysvétlovani vlastnosti polovodi¢ovych
nanokrystall, proto také Casto byvaji v literatufe oznaceny jako kvantové tecky.

Existuji dva zakladni pfistupy k pochopeni optickych vlastnosti kvantovych tecek. Prvni
je zalozen na modelu pohybu nosicli naboje v potencidlové jame (model aproximace efektivni
hmotnosti) a druhy vychazi zkvantové chemického pfistupu a popisu chovéani celého
nanokrystalu v zavislosti na uspofddani jednotlivych atomid (napf. metoda linearnich

kombinaci atomovych orbitall). [1-3]

Model aproximace efektivni hmotnosti

Vychazi z kdysi cist¢ akademického problému — urceni vlnovych funkci a vlastnich
energii ¢astice uzaviené v 3D potencidlové jamé. Hodnota potencidlové bariéry se v prvnim
priblizeni voli nekone¢na, v realngj§im popisu se hodnota potencidlu urcuje s ohledem
na pouzité materidly (nanokrystal — okolni prostiedi). Déle tento model pouziva stejné hodnoty
efektivnich hmotnosti elektronu a diry a Bohrova poloméru excitonu, jako plati v objemovém
materidlu. V prvnim pfiblizeni sférické potencidlové jamy se fesi Schrodingerova rovnice
pro pohyb jedné ¢astice o hmotnosti M ve sférickém potencialu V(7) uréené hamiltonidnem

o,
H=———V"+V(r). (1.1)
2M

Tuto rovnici fesi vlnové funkce



Vim(1) = k\/%j;(kr)f’zm(&(/)) ; (1.2)

kde j; je Besselova funkce /-té¢ho tadu, Y;, je kulova funkce. Kvantova ¢isla nabyvaji hodnot

1=0,1,2..., m=-1-1+1,...,0,...,I-1,] a k je pro nekone¢nou potencidlovou bariéru dano vztahem

e
oM

(1.3)
Vlastni hodnoty energie vyplyvaji z okrajové podminky y(r)=0 pro ptipad nekonecné bariéry

2 2
=L (14)
kde y.; je m-ty kotfen Besselovy funkce /-té¢ho tadu. [4]

V dal$im kroku pifi modelovani vlastnosti nanokrystalu metodou aproximace efektivni
hmotnosti se pfistupuje ke dvéma limitdm. Prvnim znich je ptipad slabého kvantového
omezeni, tj. kdyz polomér nanokrystalu a je mnohem vétsi nez Bohriiv polomér excitonu ag
prislusny danému materidlu (pro CdSe az=4,9 nm, [1] ). V nanokrystalu elektron a dira mohou
vytvofit stav podobny vodikovému atomu - exciton. V disledku kvantovani pohybu excitonu,
s ohledem na vztah (1.4) a skutecnost, Ze foton mulize vytvofit exciton pouze s nulovym
momentem hybnosti jsou energie optickych pirechodt predpovézeny vztahem

1 & Wr'm’

E =E ——- + , 1.5
"o n? 2ga, 2(m,+m,)a’ (1.5)

kde E, je energie zakdzaného pasu, n je kvantové cislo odpovidajici kvantovému stavu
excitonu, ¢ je dielektrickd konstanta materialu a m, , m;, jsou efektivni hmotnosti elektronu a
diry.

Druhym ptipadem je limita silného kvantového omezeni, tj. kdyZ rozmér nanokrystalu je
mensi nez Bohriv polomér exctitonu. Pokud vtomto modelu zanedbame coulombickou
interakci mezi elektronem a dirou, dostaneme obdobny vysledek jako (1.5), bez prostiedniho
¢lenu charakterizujiciho vazebnou energii excitonu a celkova hmotnost excitonu je nahrazena
redukovanou hmotnosti elektronu a diry g Toto zjednoduseni je pfilis silné, a tak v praxi je
nutné zapocist ptitazlivou interakcei elektronu a diry, ¢imz dochazi k naruSeni sférické symetrie
a problém je zapotiebi fesit numericky. Energie prvniho optického piechodu je pfedpovézena

vztahem



Pro materidly CdS a CdSe je piehled uzivanych hodnot materidlovych konstant v tabulce

Isls — g

N (m, + mh)ﬂzh2

(m,.m,)2a’

¢ L.1..

wWmo | Eq [eV] 3
Cds 0,12 2,49 8,8
CdSe 0,11 1,74 9,8

1,876 = E, + =+ 1,876 —.

Tab. ¢.1.1.. Prehled materialovych konstant polovodicii CdS a CdSe, my je hmotnost elektronu
[2].

Ptiblizeni tohoto modelu bliZe k realité¢ se docili pomoci zapocteni konecné bariéry mezi
nanokrystalem a okolim, uvéazenim dielektrickych jevii, odstoupenim od predpokladu
parabolické aproximace disperznich kiivek, miSenim dérovych stavii... [1,2]

Prvni opticky pfechod v aproximaci silného omezeni byva oznacovan (1Ss3., 1s.), kde
1S3/, oznacuje prvni dérovy stav odpovidajici kvantovym c¢islim n=1, L=S=0 (prvni kotfen
Besselovy funkce 0.-tého fadu), F'=L+J=3/2 — kvantové¢ ¢islo charakterizujici celkovy moment
hybnosti, kde J ptislusi momentu hybnosti ¢asti vinové funkce splnujici Blochovu rovnici a L
je kvantové ¢islo momentu hybnosti odpovidajici feSeni Schrodingerovy rovnice pro sféricky
potencidl. [2]

V ptipadé priblizné stejné velikosti nanokrystalu a excitonu a je-li efektivni hmotnost
diry vyrazné vétsi nez efektivni hmotnost elektronu, tak je volena aproximace, ve které je
vySetfovan pohyb diry ve vystfedovaném potencidlu rychle se pohybujiciho elektronu. Dira se
nachézi ve stfedu nanokrystalu. Nékdy se o tomto ptipadé uvazuje také jako o nanokrystalu
s donorovym stavem ve svém stiedu. [7]

Ze ziskanych vysledka (1.5) a (1.6) je dulezité si povSimnout nékolika zavért.
V disledku prostorového omezeni dochéazi ke vzniku diskrétnich energetickych hladin. Nastup
absorpce svétla se objevuje u vyssich energii nez je tomu u objemového materidlu, a tento
posuv, je tim vétsi, ¢im men$i je nanokrystal. V literatufe byva posuv ndstupu absorpce

ztotoznovan s energii kvantového omezeni AE
AE=E -E, (1.7)
kde E; odpovida pozici prvniho absorpéniho maxima.

HIlubsi a detailn&jsi teoreticky popis vlastnosti polovodicovych nanokrystalti 1ze nalézt

napt. v [1]a[2].



Kvantové chemické pristupy

Dalsim zptsobem jak teoreticky predpovidat vlastnosti polovodi¢ovych nanokrystali je
pouziti metod kvantové chemie — vyjit zvlastnosti jednotlivych atomt, zkterych se
nanokrystal skldda. Tento pfistup je vzhledem k ¢asové néarocnosti numerickych vypocth
pouzitelny pouze u malych nanokrystalti (~100 atomt). Kvantové chemicky pfistup pouziva
tyto metody: adiabatické aproximace (separace pohybu tézkych jader oproti pohybu elektront),
jednoelektronové aproximace (vysledna vinova funkce je dana jako linedrni kombinace
jednoelektronovych vinovych funkei za¢astnénych atomti, MO-LCAO), na vyslednou vlnovou
funkci se klade pozadavek, aby vyhovovala Pauliho vyluCovacimu principu (Hartreeho —
Fockova metoda)... Podrobnosti viz [1].

Energie odpovidajici prvnimu absorpénimu maximu je dana

E=E

LUMO —

E om0 (1.8)

cv v

pasu v objemovém polovodi¢i) a Epomo je energie nejvysSiho obsazeného molekularniho
orbitalu (obdoba valen¢niho pasu).
V polovodi¢ovych nanokrystalech CdSe se na orbitalu LUMO nejvice podileji orbitaly Js

od kovovych kationt kadmia, zatimco na orbitalu HOMO 4p anionty selenu.

1.1.2 Vliv povrchu polovodi¢ovych nanokrystalu na jejich viastnosti

Pomeér povrchu ku objemu je u nanokrystalli mnohem vétsi nez u objemového materialu
(nanokrystal s velikosti jednotek nanometrii mé fadové desitky procent atomli na povrchu).
Atomy blizké povrchu nemaji vSechny své vazby nasycené. Jiny druh energetickych
povrchovych stavli muze pochazet zpovrchovych defekti a z molekul adsorbovanych
z okolniho prostfedi. Nesaturované vazby a jiné povrchové anomaélie tvoii pasti pro nosice
naboji, zpravidla energetické hladiny téchto pasti lezi v zakdzaném pasu. Nepiijemnosti téchto
hodnotu luminiscence.

Lokalizace nosi¢li nadboje u povrchu muize téz vést ke sniZzeni ptekryvu elektronovych a
dérovych vilnovych funkci, disledkem ¢ehoz muze nastat pomalejsi priubéh rekombinace a

prodlouzeni doby Zivota nosicli v excitovaném stavu.



Povrchové stavy a defekty oviiviuji relaxacni procesy, jezto nabizeji Siroké spektrum
realnych energetickych stavi, ptes které mohou probihat rekombinace. Pro studium jevu jako
jsou Augerovy rekombinace nebo elektron-fononové a dira-fononové interakce, je zaddouci vliv
povrchovych stavill co nejvice omezit, aby mohlo byt dosazeno dobrého porovnani teoretickych
predpovédi s experimentem, nebot vétSinou nejsou k dispozici teoretické predpovedi
energetickych poloh a vlastnosti povrchovych stavi.

V této kapitole bude podan ptehled nékterych metod pouzivanych ke studiu povrchovych
stavll v nanokrystalech a latek pouzivanych k Gipravé povrchu. Diraz bude kladen na latky
siln¢ modifikujici optické vlastnosti nanokrystali, nebudou zde zminény metody biochemické
funkcionalizace nanokrystall, které slouzi napt. k vyrobé pienasect 1éciv, fluorescencnich

znacek, k detekci jedd, trhavin... [5,6]

Pasivace povrchovych stavu

TOP, TOPO, TOPSe

Koloidni nanocastice ptfipravované organometalickou syntézou byvaji pasivovany TOP
(trioktylfostin), TOPO (trioktylfosfin oxid), TOPSe (trioktylfosfin selenid), nebo libovolnou
kombinaci téchto latek jiz v pribéhu samotné ptipravy nanokrystald. Tyto latky nejen, ze
zvysuji kvantovy vytézek luminiscence, ale zaroven zabranuji shlukovani koloidu a stabilizuji
povrchové poméry nanocastic [6-8]. Divodem, pro¢ jsou tyto slouceniny pouzivany, je jejich
vysoka teplota bodu varu (organometalické syntézy byvaji provadény pfi teplotach nékolika set
stupnit Celsia) a schopnost navézat se, jak na kovy, tak i na chalkogenidy [6]. Jsou
propracovany i metody, které dokazi chemickou cestou vyuZzitim vlastnosti molekul
TOP/TOPO, ziskat vzorky s velmi uzkou distribuci velikosti vyslednych nanocastic ~5% [5].

TOPO bylo pouzito i k modifikaci polovodi¢ovych nanokrystalickych filmi CdS. Zde se
projev pasivace povrchovych stavii projevil ve zvySeni miry rekombinaci nosi¢li naboja
ptes vlastni vnitini stavy nanokrystald [9].

Dalsi chemické latky, které se pouzivaji ke zlepSeni povrchovych vlastnosti
polovodicovych nanokrystalti bud’ samostatné a nebo v kombinaci s vySe zminénymi jsou napf.

hexadecylamin a kyselina stearova [6].

Pasivace polovodicem se Sirokym zakdazanym pdsem

Jsou-li nanokrystaly pokryty vrstvou polovodie se $irSim zakdazanym pasem, neZ ma

materidl samotného nanokrystalu, dochazi ke vzniku potencidlové bariéry, kterd nuti
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fotogenerované e-h pary zlistat uvnitf jadra této kompozitni ¢astice. Zaroveil dochazi k pasivaci
povrchovych stavi. Vytézek luminiscence takto pripravenych nanokrystald je az dvojnasobny
oproti nanokrystalim upravenym TOP/TOPO.

Pro dokonalou pasivaci povrchovych stavil je zapotiebi, aby miizkové konstanty obou
material byly blizké, nicméné to miize na druhé strané vést ke snadné&jSimu pronikani
vlnovych funkci excitonti z jadra do obalu a nechténému cervenému posuvu absorpéniho a
emisniho spektra. Pfikladem méze byt pasivace nanokrystalt CdSe (E,=1,74eV, a=6,0504,
sfalerif) materidly CdS (E,=2,42eV, a=5,8324, sfalerit) a ZnS (E;=3,68eV, a=5,424, sfalerit).
Zatimco nanokrystaly pokryté CdS vykazovaly vys$i luminiscencencni zisk (oproti ZnS-
CdSe), vyhodou nanokrystalti pokrytych ZnS byla moznost ladéni vinové délky emise svétla

pres celé viditelné spektrum [5,10].

Spektroskopie s pouzitim elektronovych, resp. dérovych akceptort

Dynamiky dér a elektronl lze ovliviiovat pouzitim silnych dérovych akceptor (napf.
pyridin, 4-aminothiofenol, thiokresol [7, 10]) a elektronovych akceptor (napt. benzochinon,
metyl viologen, benzyl viologen [7, 11]). Pouziti téchto latek v kombinaci s pump and probe
experimenty vyuzivajicimi IR pulsy (ke studiu relaxaci uvnitf jednoho pasu) predstavuji silny
nastroj ke zkoumani relaxacnich cest nosicli naboje uvnitt nanokrystalu.

Akceptory nosici se pouzivaji k odliSeni signalti nalezejicich elektronim a diram
v méfenich Casové rozliSené absorpce. Jednim z dilezitych parametrti pouzivanych latek je
rychlost, s jakou jsou schopny nosi¢e navazat (napi. pyridin zachyti diry béhem 400-500 fs
od jejich vygenerovani [8]). Dalsim parametrem je doba zivota takto vytvorené¢ho nabitého
komplexu (napt. doba Zivota zaporné nabité molekuly benzochinonu je 2,7 ps [7]). Bohuzel ne
vzdy jsou tyto doby u experimentli uvedeny.

V této kapitole budou zminény dva zajimavé experimety provedené na koloidnich
nanocasticich CdSe. Jeden srovnavajici vliv elektronového a dérového akceptoru provedeny
skupinou M. El-Sayeda [7] a druhy s tii pulsnim pump and probe experimentem srovnavajici

rizné dérové akceptory uskutecnény V.I Klimovem [8].

Benzochinon, 4-aminothiofenol

Byl proveden pump and probe experiment na tfech skupinidch koloidnich nanocastic
CdSe (prvni dovoleny absorp¢ni piechod na 560 nm, distribuce velikosti 10%). K jedné
skupiné byl ptidan elektronovy akceptor benzochinon (BQ), ke druhé skupiné dérovy akceptor

4-aminothiofenol (TP), tieti skupina ziistala nemodifikovana. Femtosekundovy excitacni puls
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mél stfedni vinovou délku 400 nm a energii pulsu 0,8 pJ. Byly pouZity tii sondovaci vinové
délky — 570 nm, 1960 nm a 4800 nm.

Po excitaci doslo k poklesu absorpce na vinové délce 570 nm a k nardstu absorpce
na zbylych dvou vinovych délkach spadajicich do IR spektralni oblasti, viz obr.¢.1.1a-c.
Benzochinon (BQ) dokaze rychle odebrat elektrony z vodivostniho pasu a utvoii kratko Zijici
(2,7 ps) zéporn¢ nabity komplex molekula — nanocéstice, elektron se po rozpadnuti komplexu
vraci do zakladniho stavu. 4-aminothiofenol (TP) ma nizky ioniza¢ni potencial a funguje jako
dérovy akceptor, zaroven dokaze saturovat mélké elektronové pasti.

Z méteni nemodifikovanych vzorkii byly pozorovany stejné cCasové pribcéhy zmény
poklesu absorpce na 570 nm a zmény nartstu absorpce na 4800 nm — s dvéma Casovymi
konstantami 2 ps a 30 ps, z ¢ehoz Ize usuzovat, ze oba procesy souviseji s rozpadem totozné
populace. Pfi sondovéani na vlnové délce 1960 nm byl pozorovan rychly pokles nartstu
absorpce s ¢asovou slozkou 1,2 ps.

Pii sondovani na 570 nm dochdzi k maximalnimu poklesu absorpce po 200 fs. Jsou-li
nanocastice v kontaktu s BQ, dochdzi k velmi rychlému monoexponecidlnimu (2,7 ps) navratu
absorpce skoro k ptivodni hodnoté, coz souvisi s dobou zivota komplexu nanocastice — BQ.
Absorpce vsak zlistdva mirn¢ snizena, coz muze byt zpisobeno tim, Ze ne u vSech nanocastic
dojde k pteneseni elektronu z vodivostniho pasu do valen¢niho pasu prostfednictvim molekuly
BQ. Pfi pouziti dérového akceptoru (TP) doslo k vyraznému nartstu doby Zivota excitovaného
stavu (>>1 ns). Diry ve valen¢nim pasu jsou rychle neutralizovany, resp. kladny naboj se
ptesouva k okraji nanocastice. Nartst doby Zivota excitovaného stavu je spojovan se snizenim
prostorového piekryvu vinovych funkei elektronu a diry a s redukci mnozstvi elektronovych
pasti diky naplnéni elektrony uvolnénymi molekulami TP. Pokles absorpce na této vinové
délce je spojovan hlavné s obsazenim elektronovych stavli ve vodivostnim pasu.

Bylo zjisténo, ze signdl na 1960 nm sleduje dynamiku dér. Pfidani elektronového
akceptoru BQ neovlivnilo ¢asovou konstantu poklesu narGstu absorpce — 1,2 ps, doslo
k poklesu intenzity zmény na 40%. Dérovy akceptor TP zkratil relaxacni proces na této vinové
délce na 850 fs a intenzitu snizil na 20%, zcehoZz byla odhadnuta doba Zivota diry
ve valenénim pésu pii piitomnosti TP na > 3 ps. Casova konstanta 1,2 ps je spojovana
s relaxaci dér ve valen¢nim pésu.

Nartst absorpce na 4800 nm ma stejné cCasové konstanty (u nemodifikovanych
nanokrystall 3 ps a 30 ps) jako pokles na 570 nm, a tedy je téZ spojovan s dynamikou
elektronti. U nanokrystalti v ptitomnosti elektronového akceptoru BQ dojde ke zkraceni obou

dob Zzivota na 2,6 ps a na 12 ps. Pfi modifikaci dérovym akceptorem naopak dochdzi
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k prodlouzeni doby zivota na 100 ps, jezto diry jsou efektivné neutralizovany molekulami TP a
elektrony zlstavaji déle ve vodivostnim pasu.

Shrneme-li pozorované jevy, tak pouzitim dérového akceptoru TP dochazi k vyraznému
prodlouZeni doby Zivota excitovaného stavu (z 30 ps na fadov€ ns). Diry jsou zachyceny
u povrchu nanokrystalu, a tak dochazi k redukci pfekryvu vinovych funkei. Zaroven dochazi
k obsazeni mélkych elektronovych pasti elektrony uvolnénymi z dérového akceptoru.

Ptitomnost elektronového akceptoru BQ wurychluje ptechod excitovanych elektront
z vodivostniho pasu do valencniho péasu. Existence zdporné¢ nabité molekuly BQ je
v experimentech pozorovana v obdobi 200 fs - 2,7 ps. Nicméné i uvolnénim elektronu
do valen¢niho pasu nedochazi k iplnému navratu absorpce na 570 nm na ptivodni hodnotu.
Existuji dvé vysvétleni tohoto jevu. Jedno piedpokladd, Ze nebyl pienesen elektron
z vodivostniho do valen¢niho péasu u vSech pozorovanych nanocastic. Druhé predpoklada, ze
pro dokonaly navrat absorpce ze zakladniho stavu, je zapotiebi, aby byl vodivostni pas prosty
od elektront a zaroven valencni pas prosty od dér.

V luminiscen¢nich méfenich bylo zjisténo takika Uplné pohasnuti signalu v IR oblasti
v piipad¢ kontaktu nanocéstic s benzochinonem a 4-aminothiofenolem. Z tohoto pozorovani
byl vyvozen zavér, Zze vzorky v této spektralni oblasti emituji svétlo elektron — dérovou
rekombinaci a ne relaxaci jednoho nosi¢e vramci pasu. Z Casové rozliSenych méfeni
luminiscence bylo zjisténo, Ze luminiscence ve VIS oblasti (580 nm) relaxuje s konstantou
43 ns, v NIR (2000nm) s konstantou 130 ns a vIR (5000 nm) na Skale 1 ps. Dochazi
k vyraznému Cervenému posuvu luminiscence v zavislosti na dob¢ od excitace. Tento jev je

vysvétlen postupnym piechdzenim nosicti do hlubsich a hlubsich pasti [7, 12].
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Obr.1.1a — Zména absorpce vzorkii po excitaci (400 nm, 0,8 pJ) na vinové délce 570 nm, viozen graf se zavislosti
poklesu absorpce na vin. délce (max. pokles po 200 fs). Prevzato z [7].
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Obr.1.1b — Zmena absorpce vzorkii po excitaci (400 nm, 0,8 1J) na vinové délce 1960 nm. Prevzato z [7].
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Obr.1.1c — Zména absorpce vzorkii po excitaci (400 nm, 0,8 1J) na vinové délce 4800 nm. Prevzato z [7].
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T¥i pulsni experiment — pyridin, ZnS

Studium vlivu stavu vlnové funkce diry na relaxaci elektronu bylo zkoumano
u koloidnich nanokrystalit CdSe (s polomérem 1,15 nm a distribuci velikosti mensi nez 9%),
jejichz povrchy byly pasivovany TOPO/TOPSe, ZnS a pyridinem. Excitace byla provadéna
dvéma pulsy — prvni (3,1eV (400nm), 100 fs) vygeneroval elektron - dérové pary (1S(e)-
2S;35(h)) a druhy laditelny v rozmezi 0,49-1,1eV (1100-2500nm), délky 250 fs excitoval
elektrony ve vodivostnim pasu, byl ladén na 1S(e)-1P(e) rezonanci. Byly méfeny zmény

relaxace absorpci v zavislosti na dobé mezi excitacnimi pulsy Af, .

Diry vyexcitované do stavu 2S;3,(h) rychle pfechazely na nizsi energetické hladiny
nebo k dérovému akceptoru. Elektrony v 1S(e) stavu setrvavaly, dokud nebyly vyexcitovany
do 1P(e) stavu IR pulsem. Variaci zpozdéni mezi excitatnimi pulsy lze zjistit relaxa¢ni dobu

elektroni ve vodivostnim pasu mezi 1P a 1S stavem. Ménénim zpoZdéni Af, bylo mozné

zkoumat vliv vinové funkce diry na relaxaci elektronu v rdmei vodivostniho pasu.
Relaxace 1P(e)-1S(e) u nanocastic pokrytych ZnS nevykazovala zavislost na zpozdéni

mezi excitatnimi pulsy Az, vrozmezi 100 fs —1 ps, rychlost relaxace byla zjisténa jako 320 fs.
Naopak u nanocastic pasivovanych pyridinem (dérovy akceptor) pii At, =70fs proces
relaxoval s Casovou konstantou 250 fs a pro At, >430fs doSlo ke zpomaleni mezipasové

relaxace elektronll na 3 ps. Pozorovani bylo vysvétleno tak, Ze po excitaci dochazi k rychlému
elektron — dérovému parovani, tento jev byl zpomalen tim, Zze diry byly odnaty nanokrystalu
molekulami pyridinu. Zatimco u nanokrystali pokrytych ZnS diry z(stavaji uvnitf
nanokrystalu po excitaci dlouhou dobu (stovky fs).

Zpomaleni relaxace elektrond uvnitt vodivostniho pasu od¢erpanim fotogenerovanych
dér je vysvétleno snizenim piekryvu vinovych funkci. Nicméné relaxace je rychlejsi, nez je
teoreticky ptredpovézeno pro relaxace za ucasti fonont, a tak se usuzuje, Ze coulombicka
interakce siln€ ovliviuje relaxaci, 1 kdyz jsou elektrony a diry velmi prostorové vzdaleny. [8]

Vliv pyridinu na povrch nanokrystall je letmo zminén i v [2]. Kde je uvedeno, Ze je-li
pfi depozici nanokrystalti CdSe pouzit pyridin, dochézi pfi vystaveni vzorku vzduchu k oxidaci

obou prvki.
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Vliv okolni atmosféry a vody

Optické vlastnosti nanokrystali mohou byt ovlivnény slozenim okolni atmosféry,
zejména je-li jejich povrch jejimu vlivu piimo vystaven — nanokrystalické filmy na sklenénych
substratech, vrstvy a materidly pfipravené z nanocastic obsazenych v koloidnich roztokach.

Z experimenti srovnavajicich luminiscenci vzorkii ve vakuu a na vzduchu bylo
pozorovano, ze vzorky na vzduchu maji vys$i intenzitu luminiscence (az 20x) nez vzorky
ve vakuu, vzorky na vzduchu maji vyrazné lepsi pomér signalu mezipasové luminiscence
ku signalu luminiscenci pastové a dochdzi k mirnému modrému posuvu mezipadsového
luminiscen¢niho maxima [3,13,14].

Z experimentu provedeného pii riznych atmosférach vyplynulo, Ze nejvétsi vliv
na zmény luminiscence maji molekuly vody. Jev Casto musi byt aktivovan svétlem. Nartst
intenzity mezipasové luminiscence byva vysvétlovan schopnosti molekul vody pasivovat
povrchové stavy. Proces je reverzibilni a luminiscence mlize byt opétovné snizena od¢erpanim
okolniho vzduchu.

U filmi vytvofenych z koloidnich nanocastic CdSe byl nejprve pozorovan intenzivni
nariist luminiscenéniho signalu odpovidajiciho mezipdsové rekombinaci v disledku osvétleni
vzorku na vzduchu, pii pokracujicim osvétleni zacal tento signal klesat. Pokles byl vysvétlen
oxidaci povrchu a vzniku novych pastovych stavi. [14]

Nanokrystalické filmy ptipravené chemickou depozici z roztoku na kiemikové substraty
projevovaly téZ zvySeni luminiscence, které s nartstajici dobou osvitu neklesalo. Kfemikovy
substrat byl nutnou podminkou pro svétlem aktivované zvySeni luminiscence vzorku

na vzduchu. U vzorkt ptipravenych na skle luminiscence s dobou osvitu klesala. [13]

DalSi experimenty

Amoniak a aminy

Aminy jsou zasadité slouCeniny odvozené od amoniaku substituci atomu vodiku
organickou skupinou. Tyto slouCeniny se chovaji diky volnému elektronovému paru u atomu
dusiku jako dérové akceptory. K modifikaci povrchii polovodicovych nanokrystali byly
pouzity tyto latky — amoniak [15], hexadecylamin [14], butylamin [16-18], izopropylamin,
benzylamin, butylamin...[16]

Pozoruhodna je schopnost butylaminu ptidan¢ho do roztoku koloidnich nanoc¢astic CdSe

s prumérem 1,6 nm pasivovanych TOP/TOPO vyvolat velkou kvalitativni zménu absorpéniho
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spektra. Byl pozorovan modry posuv prvniho absorpéniho maxima z 445 nm na 414 nm,
zaroven se vyrazné zvysila intenzita tohoto maxima a doslo k jeho zzeni. Jev je vysvétlovan
moznou transformaci krystalické struktury CdSe (z hexagonalni (wurtzit) na kubickou
(sfalerit)) nebo sniZzenim poctu atomill nanokrystalu, pficemz oba jevy mohou byt indukovany
teplem uvolnénym navazanim molekul butylaminu k povrchu nanocastic. Jev byl zavisly i na
pouzitém rozpoustédle — mnohem vyraznéji probihal v toluenu nez v hexanu. Dalsi chemikalie,
které¢ ve slabS§i mife podnitily transformaci, byly izobutylamin a benzylamin. U vétSich
nanocastic (3,2 nm) nedoslo k Zadné zméné v absorpénim spektru.

Byl zkouman téz vliv butylaminu na intenzitu a ¢asovy pribéh luminiscence koloidnich
nanocastic velikosti 1,6 nm a 3,2 nm. V luminiscen¢nim spektru nemodifikovanych nanocastic
o pruméru 1,6 nm dominovala past'ova slozka (s maximem okolo 570 mn), zatimco u vétSich
nanocastic mezipasova slozka (s maximem okolo 550 nm). Pfidanim butylaminu do$lo v obou
ptipadech k poklesu intenzity luminiscence. Pficemz rychlost dohasinani luminiscence zlistala
u nanocastic o velikosti 3,2 nm stejnd. U mensich nanocastic doslo ke zkraceni doby
luminiscence. Chovani bylo vysvétleno takto - v ptripad¢ vétSich nanocéstic (3,2 nm)
luminiscence pochazi z ptechodl nosici naboje v objemovych stavech nanokrystalu, jejichz
energetickd poloha neni pfidanim butylaminu ovlivnéna. AvSak adsorbované molekuly
butylaminu poskytuji nosicim naboje moznost nezaiivé rekombinace. Zatimco u malych
nanocastic (1,6 nm) dochdzi adsorbci butylaminu k pfimému ovlivnéni energetickych stavi,
mezi kterymi probiha zativa rekombinace [16-19].

Amoniak ovlivituje téZ povrchové stavy a luminiscenci polovodiCovych nanokrystald,
diky volnému elektronovému paru dokéaze vysytit elektronové pasti pochazejici z povrchovych
atomu kadmia u nanokrystali CdSe. V experimentech ¢asové rozliSené spektroskopie doslo
namoc¢enim nanokrystalickych filmi CdSe do vodného roztoku amoniaku k potlaceni
spektralni zavislosti rychlosti relaxace luminiscence a pfechodné absorpce. Vysvétleni tohoto
chovani je, ze pfiabsorpnich métenich nenamocenych vzorkl jsou sondovacim pulsem
v disledku nehomogenniho rozsifeni velikosti nanokrystalii monitorovany zaroven ptrechody
mezi objemovymi stavy nanokrystall a zaroven prechody do pastovych stavi. Jsou-li
amoniakem pastové stavy nasyceny, jsou na vSech vlnovych délkadch sledovany pouze
pfechody mezi objemovymi stavy, které maji takika stejnou dobu Zivota pro nanokrystaly
ruznych velikosti.

Z absorpCnich méfeni je téz patrné, ze namoceni do amoniaku zpisobilo potlaceni
absorpce na nizSich energiich neZ je energie zakdzaného pasu, coz téz odpovidd pasivaci

elektronovych pasti. Nedoslo ke zméné spektralni polohy prvniho absorpéniho maxima.
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V luminiscenénim spektru namocenych vzorki byl patrny pokles pastové luminiscence

(na 30%) a doslo k modrému posuvu mezipasového luminiscenéniho maxima o 70 meV [15].

Kyanid draselny

Vodny roztok kyanidu draselného (KCN) byl pouzit k modifikaci nanokrystalickych
filmt CdS a CdSe. Vlivem adsorpce molekul KCN doslo k modrému posuvu absorpéni hrany
0 0,25-0,05 eV. Velikost posuvu byla zavislad na velikosti piivodnich nanocéstic - vétsi posuv
pro men$i nanocastice. Proces je oplachnutim vodou reversibilni. Autofi vysvétluji jev
zvySenim potencialové bariéry na povrchu nanokrystalu, disledkem ¢ehoz dochéazi k omezeni
pronikdni vlnové funkce elektronu mimo nanokrystal a modrym posuvem v absorpénim

spektru. Dusledkem adsorpce kyanidu dochazi téz k pasivaci povrchovych stavii [20].

1.1.3 Nanokrystalické filmy pripravené chemickou depozici z roztoku

Vzorky, které byly zkoumdany v ramci této diplomové prace, byly pfipraveny metodou
chemické depozice z roztoku. Jde o levnou metodu, jiz Ize pokryvat i velké plochy.
skuteCnost, ze jsou tvofeny nanokrystaly a mohou slouzit ke studiu obecnych vlastnosti
materiall s prostorové omezenymi nosici. Nevyhodou vsak zlstava Siroka distribuce velikosti
nanokrystall ve filmu, a stim spojené Siroké nehomogenni rozSifeni absorpCnich a
luminiscenénich car. Dal§i otazkou ziistava, jestli mohou nosi¢e naboje mezi jednotlivymi
nanokrystaly pfechazet, ¢emuz by napovidala kompaktnost filmu a vysok4 vodivost. Vyroba
vzorkd chemickou depozici je Casto zatizena problémy s reprodukovatelnosti vzhledem
k narocnosti ptipravy nékterych vychozich chemikalii.

Velkou vyhodu pfestavuje moznost ladéni velikosti zakdzaného pasu mezi vodivostnim a
valenénim pasem. Velikost nanokrystali filmu Ize ovlivilovat prostiednictvim nastaveni
depozi¢nich parametrt - délka depozice, pH roztoku, osvétleni pti depozici, teplota, nasledné
Zihani...

V nasledujici podkapitole budou struéné uvedena témata tykajici se obecné chemické
depozice — historie, pribéh chemického procesu, uskali... a dalsi podkapitola bude vénovéana

shrnuti vlastnosti nanokrystalickych filmi pfipravenych nasi skupinou.
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Chemicka depozice

Prvni, kdo roku 1835 vyuzil chemické depozice z roztoku, byl némecky chemik Justus
von Liebig. Vytvarel zrcadla nanesenim stiibrného filmu. Prvni chemicky deponované
polovodicové filmy (PbS, CuS, SbS) naSly uplatnéni v zdbavnim pramyslu jako tipytivé
povrchy, které vznikaji diky interferenci svétla na rlzné tlustych vrstvach filmu. Béhem
2. svétové valky byl vyvinut infraerveny detektor, ktery vyuziva fotovodivosti v IR oblasti
filmu PbSe naneseného z roztoku. Detektory IR zéafeni pouZzivajici tenké chemicky deponované
polovodicové filmy se pouzivaji dodnes. V 80.letech 20. stoleti se rozvinulo pouZzivani tenkych
filmi rostlych z roztoku (CdS, CdSe, CdTe) ve fotovoltaice.

Materialy, jez mohou byt chemicky deponovany, musi spliiovat n¢kolik pozadavkl. Musi
se snadno srazet, mély by byt takika nerozpustitelné¢ v roztoku (s velmi nizkou hodnotou
konstanty produktu rozpustnosti K, napt. pro CdSe K,=/Cd 7. [Se®]=10" hranaté zavorky
znaci koncentraci), material musi byt v roztoku chemicky stabilni a uvoliiovani aniontl musi
probihat velmi pomalu.

Samotny rust filmi mtze probihat riznymi zplisoby (rust iont po iontu, riist z clusteru
hydroxidii) a ma nékolik fazi (tvoreni zdrodkii, adheze, riist). Casto se pfi ristu filmu zaroven
uplatiiuje vice mechanismil a jednotlivé faze se mohou prolinat.

K tvoieni zarodki dochazi, kdyz soucin koncentraci aniontii a kationtti dosahne hodnoty
konstanty produktu rozpustnosti Ky,, k tomu dochazi, kdyZ je energie nové faze nizsi nez
energie pivodni faze. Zarodky se mohou tvofit bud’ v roztoku (homogenni nukleace) a nebo se
jonty uchyti na substratu, kde naslednd rostou (heterogenni nukleace). Casto k zahajeni
homogenni nukleace dochdzi az v pfesyceném roztoku, zatimco k heterogenni nuklaci muize
dochazet jiz v tésné blizkosti saturacni rovnovahy, z tohoto divodu je zapotiebi vSe udrzovat
v Cistoté, aby se nanokrystaly nezacaly vytvaret na cizich pevnych latkach (napf. zrncich
prachu) v roztoku.

Pii homogenni nukleaci vznikaji krystalicka embrya v disledku lokalnich fluktuaci
teploty, koncentraci a naslednych kolizi mezi ionty a molekulami. Tato krystalickd embrya
jsou vnitin€ nestabilni a mize dochazet k jejich opétovnému rozpusténi. Kriticky polomér
embrya, je takovy polomér, pii kterém je pravdépodobnost rozpusténi zarodku 50%. Je dan
rovnosti mezi povrchovou energii vzniklého embrya a energii uvolnénou v disledku vzniku
pevné faze. Zarodky s kritickou velikosti obsahuji ptiblizné¢ 100 molekul (~1-2 nm).

Existuji tii zakladni formy ristu krystalu vyuZzivajici vznikla embrya. Jednak se zarodky

mohou zvétSovat dalsi adsorpci iontl z roztoku, tento proces ustava, pokud v roztoku chybi
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ionty nebo adsorbuje-li se na povrch cizi latka. Druhou formou ristu je Ostwalduv rust,
pii kterém dochézi k rozpousténi malych zarodki na ukor rdstu vétsiho krystalu. Tietim
zpusobem rastu mize byt shlukovani a sristdni vzniklych krystalkl, ke srastdni dochazi
zejména pii vysSich teplotach.

Pro dobrou adhezi nanokrystalického filmu je nutné, aby mezi samotnymi Césticemi
v roztoku a Casticemi a substratem byla vysledna sila pfitazlivd. Nejdominantnéj$i roli
pii vzniku filmi ma pfitazliva van der Waalsova sila. Jde o univerzalni silu mezi ¢asticemi a
jejim pivodem jsou ndhodné fluktuace elektronové hustoty, dochédzi k interakci mezi
indukovanymi dipoly. Van der Waalsova sila existuje i v nepolarnich latkach. Van der
Waalsova sila je amérna 1/d’az 1/d’ , kde d je vzdalenost mezi &sticemi. Mocnina zavisi na
tvaru a vzajemné velikosti Castic. Pii sniZovani vzdalenosti d zhruba na velikost 0,1nm zac¢ina
proti van der Waalsové sile plsobit odpuzovani piekryvajicich se orbitalti. Dalsi odpudivou
silu, kterou je nutno uvazit je elektrostatickd sila mezi nabitymi Casticemi. Elektrostatickou
odpudivou silu Ize potlacit ptidanim silného elektrolytu do roztoku. Kolem nabité nanocastice
se vytvori vrstva z opacné nabitych iontl elektrolytu a dochazi ke stinéni coulombické
interakce, takze se castice mohou snadnéji pfiblizit na vzdalenost, kde zacind pievladat
ptitazliva van der Waalsova sila. Podrobnéji se teorii sil pusobicich v koloidnich roztocich
zabyva DLVO teorie (Derjaguin, Landau, Vewey, Overbeek).

Distribuci velikosti vzniklych nanokrystalii Ize ovlivnit kontrolou pribéhu rastu. Uzkého
rozdéleni velikosti ¢astic je dosazeno, pokud se podafi oddélit proces tvoreni zéarodki
od samotného ristu. K homogenni nukleaci dochézi zpravidla v pfesyceném roztoku. Pokud se
po vytvoreni zarodki pridavaji reagujici slozky v nizké koncentraci, dochazi jiz pouze k rustu
krystalu na vzniklych embryich a vysledné rozdéleni velikosti ¢astic je uzké. Naopak v pripadé
pomalych chemickych reakei a heterogenni nukleace, kde dochazi ke vzniku zarodkl a zaroven
k ristu jiz vzniklych krystall, je vyslednd distribuce velikosti Siroka. Zaroven i v pozdéjSich
fazich depozice, kdy koncentrace iontl je nizkd, muze dochazet ke kompetitivnimu ristu
(Ostwaldiiv rist), kdy velké nanokrystaly zac¢inaji riist na ukor mensich, nasledkem cehoz se
distribuce velikosti rozsituje.

Dalsi podrobnosti k problematice metody chemické depozice 1ze nalézt v [3].
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1.1.4 Viastnosti nanokrystalu CdSe pfipravenych chemickou
depozici

Piesny postup vyroby filml pouzitych v ramci této diplomové prace je detailné popsan
pro filmy CdSe v [13,21], pro filmy CdS v [22], v¢etné navodu na pfipravu depozi¢nich
roztokti. Vzorky byly pfipraveny na substratech zkifemenného skla, jehoz intenzita
luminiscence je prakticky nulova (ve srovndni s luminiscenci samotnych vzorkli a napft.
béznych mikroskopickych sklicek) pti excitaci He-Cd laserem (325 nm, 442 nm).

V ptipad¢ filmi CdSe se podafilo ovliviiovanim depozi¢nich parametrii (osvétlenim,
dobou rtstu) a ptip. zithanim vypéstovat vzorky s poloméry 1,9-5 nm; piislusné polohy prvniho
optického prechodu (1S35, 1s) se pohybovaly mezi 500-710 nm (resp. 1,75-2,48 eV), pficemz
hodnota zakazaného pasu objemového CdSe je E,=1,74 eV. Filmy m¢ly tloustku 100-300 nm

a disperze velikosti byla odhadnuta na M%z <10% [21].

Luminiscencni spektra pfipravenych vzorkd maji dva vyrazné pasy — mezipasovou
luminiscenci (pfip. luminiscence zrekombinaci na mélkych pastich) a luminiscenci
z hlubokych pastovych stavii. Pasti nosi¢li ndboje jsou v polovodi¢ovych nanokrystalech
tvofeny predevSim povrchovymi stavy — nenasycené vazby atomi na okraji nanokrystalu,
molekuly adsorbované z okoli. Z pfedeSlych experimenti plyne, Ze v nanokrystalickych
filmech CdSe jsou hluboké pasti pro diry ( ~0,5 eV nad HOMO stavem (obdoba valenéniho
pasu)), jejichz existence pravdépodobné plyne z nesaturovanych vazeb selenu. Pfitomné jsou i
pasti pro elektrony, tyto pasti jsou ptiblizné o fad mél¢i (~0,07 eV pod LUMO stavem (obdoba
vodivostniho pasu)) nez dérové pasti a jejich plivod je spojovan s nenasycenymi vazbami iontd
kadmia. Tedy intenzivni luminiscen¢ni pas na nizSich energiich odpovida zafivé rekombinaci
elektronu z vlastniho stavu nanokrystalu, nebo na mé¢lké elektronové pasti a hluboko uvéznéné
diry. [15,21,23]

Filmy pouzité vramci této diplomové prace byly pfipraveny z depozi¢niho roztoku
obsahujicitho 120 mM K3NTA, 80 mM CdSO4 a 56 mM Na,SeSO4, pH bylo nastaveno na 9,5.
Depozice probihala pii pokojové teploté a pii osvétleni halogenovou lampou — 2 mW/cm®.
Stfedni polomér nanokrystali se pohyboval okolo 2,7 nm s disperzi velikosti ~15%, coz bylo

ur¢eno jednak z optickych méfeni (energie kvantového omezeni -AE=E,-E, =0,34e)"), tak i

zTEM a RTG difrakce. Z HRTEM snimku je patrné, Ze nanokrystaly tvoii zhruba 100 nm

velké shluky, z nichZ je vybudovan porézni film.
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1.2 Experimentalni metody

Vramci této prace byly zkouméany zmény absorpcnich a luminiscencnich spekter
poréznich nanokrystalickych filmi CdSe vystavenych piisobeni riznych latek. V této kapitole

jsou popsany experimentalni postupy a uspotadani.

1.2.1 Chemicka modifikace vzorkl

Vzorky byly namaceny do ptfedem piipravenych roztokl. Kazdy vzorek byl umistén
v samostatné¢ kadince obsahujici pfiblizn¢ 30 ml roztoku, odpafovani roztoku po dobu
chemické modifikace nanokrystalii bylo zabranéno uzavienim kadinky plastovou membréanou.
Neni-li uvedeno jinak, naméceni vzorkli probihalo v temné mistnosti, kde bylo rozsviceno
pouze po dobu manipulace se vzorky.

Zkoumala-li se zavislost zmén optickych vlastnosti nanokrystali na délce puasobeni
roztoku, byl vzorek vynddn na nezbytné¢ nutnou dobu — pfiblizné 1 hodinu, béhem niz se
vyCkalo az se z povrchu vzorku odpaii okem patrné kapky a zméfila se absorpéni a
luminiscen¢ni spektra.

V nasledujicich odstavcich budou struéné shrnuty chemické vlastnosti pouzitych latek —

butylaminu, toluenu, pyridinu, peroxidu vodiku a vody. Chemické vzorce viz obr. €. 1.2.

CH
NH 3
2 H H\ H
~ P
K/\ 0—0._ O o
H
MN
a) butylamin b taluen ¢ peroxid vodiki d) pyridin 2 voda

Obr.1.2 - Prehled chemickych latek pouzitych k modifikaci povrchu polovodicovych
nanokrystalii v ramci této prace.

Butylamin (C;H; N) je ¢ira tekutina feditelnd vodou a béznymi organickymi
rozpoustédly. Diky volnému elektronovému paru u atomu dusiku se chova zasadité, tj. jde
o dérovy akceptor. K modifikaci polovodiCovych nanokrystali jsme pouzili jednak vodny
roztok s koncentracemi 0,05M, 0,IM, 0,3M a 0,6M a roztok butylaminu v toluenu — 0,05M,
0,1M, 0,3M a 0,6M. Prozkoumali jsme i pusobeni samotného toluenu (C;Hg), vodou
nefeditelného organického rozpoustédla.

Pyridin (CsHsN) je bezbarva tekutina rozpustna ve vod¢ a organickych rozpoustédlech.

Jde o benzenové jadro jehoz jeden atom uhliku a jeden atomu vodiku jsou nahrazeny atomem
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dusiku. Volny elektronovy par atomu dusiku se nepodili na aromatické n—vazbé&. Vodny roztok
pyridinu se chovéa zasadité, jde téz jako v pfipad€ butylaminu o dérovy akceptor. Tekuty
pyridin se velmi snadno vypatuje. Vzorky jsme modifikovali ¢istym nefedénym pyridinem a
roztokem pyridinu ve vod¢ (pomér objemu 1:1).

Peroxid vodiku (H,O,) je cira tekutina se silnymi oxida¢nimi vlastnostmi. AvSak
v chemickych reakcich se miize vyskytovat jako oxida¢ni (napt. PbS + 4 H,O,— PbSO4 +
4 H,0) tak i reduk¢ni €inidlo (napt. Ag,O + H,O, — 2 Ag + H,O + O,). Bylo prozkoumano
pusobeni 3% a 30% vodného roztoku peroxidu vodiku na nanokrystalické polovodi¢ové filmy.

Voda (H,O) je velmi dobré rozpoustédlo polarnich latek. Tato vlastnost prameni
ptedevsim z dipdlového néboje molekul vody a jejich malé velikosti. Mala velikost molekul

umoziuje snadny prinik rozpoustédla k rozpousténé latce. [24]

1.2.2 Méreni luminiscence a absorpce

K excitaci luminiscence byl pouzivan He-Cd laser. Tento laser ma dvé vystupni vinové
délky svétla — 442 nm (3,81 eV) s vystupnim vykonem 32 mW a 325 nm (2,82 eV) o vykonu
14 mW. Nanokrystalické vzorky CdSe byly excitovany 442 nm, zatimco vzorky CdS 325 nm.

Luminiscenc¢ni a transmisni spektra byla zaznamenavana diodovym spektrometrem Oriel
Instaspec II. U kazdého vzorku byla vzdy luminiscence a transmise zméfena na cCtyfech
riznych mistech, aby mohla byt vyloucena chybna méfeni (vznikla napt. v disledku necistoty
na vzorku nebo silné lokdlni nehomogenity vzorku). V nasledujicich grafech je
z diivodu ptehlednosti uvedeno vzdy jedno charakteristické spektrum.

Luminiscenc¢ni spektra byla sbirdna po dobu 10 s ihned po osvitu vzorku, jsou korigovana
spektralni citlivosti pouzitého spektrometru. Intenzita luminiscence je normovana na intenzitu
luminiscence referen¢niho vzorku (hranovy filtr 1754), kterd vypovida o presnosti nastaveni
aparatury v jednotlivych dnech méteni (signal se ménil v rozmezi 30%).

Schéma experimentalniho uspotadani pro mefeni luminiscence viz obr. ¢€.1.3., pro méteni
transmise viz obr. ¢.1.4. V nasledujicich grafech je vynesena absorbance A, kterd je
s propustnosti 7' spojena vztahem

A=-In(T). (1.9)

V absorpénich spektrech je dobie patrny schod odpovidajici prechodu mezi zékladni
elektronovou a dérovou hladinou. Tento piechod je casteéné zahlazen nehomogennim
rozSitenim prvniho absorpéniho maxima nanokrystalii v disledku jejich rtznych velikosti,

tvari a odliSného obklopujiciho prostiedi. K odhadu primérné energie prvniho absorpéniho
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maxima byla pouzita metoda druhé derivace absorp¢niho spektra dle vinové délky. Prvnimu
absorp¢nimu piechodu odpovidé poloha lokalniho minima druhé derivace. Pfed derivovanim
byla spektra vyhlazena.[4] U nékterych vzorki doSlo dlouhodobym plisobenim roztoku
k silnému zahlazeni shodu v absorpci a minimum druhé derivace je tézko urcitelné.

Namétena absorpéni spektra v oblasti malé absorpce mohou byt ovlivnéna interferenci
svétla na tenkém filmu. V Cervené oblasti spekter neni jasné, zda patrna absorpcni vina (napf.

graf ¢.1.1a) je zpiisobena absorpci do pastovych stavii nebo interferenci.

Vzorek Hranovy filtr

Spektrometr

10D 10D

<-—)— 10D

Laser

Zrcadlo

Obr.c.1.3 - Pouzité usporadani pro luminiscencni mereni. Hranovy filtr pohltil rozptylené
excitacni svetlo.

Spektrometr | Lampa

Vzorek

Obr.¢.1.4 - Pouzité usporadani pro transmisni méreni.
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1.3 Piehled a diskuze vysledkii

V této kapitole je uveden piehled nejzajimavéjSich ziskanych experimentalnich vysledkt
a pozorovana spektra jsou diskutovana v souvislosti s moznymi mikroskopickymi déji

v polovodic¢ovych nanokrystalech v disledku chemické modifikace jejich povrchu.

1.3.1 Voda — nanokrystaly CdSe

Zkoumali jsme piisobeni vody na nanokrystalické filmy CdSe. Sledovali jsme zavislost
zmén absorpCnich a fotoluminiscencnich spekter v zavislosti na délce namoceni vzorku,
osvétleni vzorku béhem chemické modifikace (tma, denni svétlo, halogenova lampa) a na délce
vysychani vzorku. Experiment byl proveden opakované¢ s nanokrystalickymi filmy
vypestovanymi v ramci ruznych depozicnich sérii. Vysledky experimentl se vzorky
pfipravenymi bé¢hem jinych depozi¢nich sérii se mirné liSily, ale vétSina pozorovanych jevi
byla dobie reprodukovatelna.

Vyhodnoceni zmén absorpénich spekter je komplikovano nehomogenni tloustkou
deponovaného filmu, jez se projevuje vertikdlnim posuvem spekter ziskanych z riznych mist
vzorku. Pro odhadnuti energetické polohy prvniho absorpéniho maxima byly provedeny druhé
derivace absorpcnich spekter.

V dtsledku ponotfeni nanokrystalického filmu CdSe do vody na nékolik dni doslo
ve veétSing pripadi k nartistu absorbance ve spektralni oblasti 1,8 -2,3 eV a k posunuti minima
druh¢é derivace k vy$§im hodnotdm (viz grafy ¢.1.1a, 1.2a, 1.3a). Tento modry posuv
(pramérné z 2,1 eV na 2,2 eV) energie prvniho absorpéniho maxima pravdépodobné souvisi
se zmenSenim nanokrystali v dasledku jejich castecného rozpusSténi vodou. Vztah (1.6),
predpovida polomér nanokrystali 2,7 nm pro energii prvniho pfechodu 2,1 eV, energie 2,2 eV
odpovida nanokrystaliim s polomérem 2,5 nm. U vzorki pfipravenych v ramci druhé depozicni
série (napf. vzorek z grafu ¢.1.4a) doslo v disledku namoceni do vody k poklesu absorpce a
zahlazeni absorpéniho schodu. Poloha minima druhé derivace byla pro tyto vzorky tézko
urcitelna.

U vzorkl namocenych na dennim svétle (graf ¢. 1.2b a 1.4a) a na svétle halogenové
lampy doSlo k nevratnému takika Gplnému poklesu fotoluminiscence (pozorovano v ramci
vSech provedenych experimentti). Nanokrystalické filmy namocené ve tmé (graf ¢.1.1b a 1.3b)
vykazuji slabou luminiscenci i po velmi dlouhé dobé ponoteni do vody. Necha-li se vzorek

namoceny v temnu do vody vyschnout, dochazi k opétovnému nardstu intenzity luminiscence
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(graf ¢.1.3b). Zitejm& molekuly vody piitomné v pérech vzorku usnadiuji nezatfivou
rekombinaci nosi¢l ndboje. Pas luminiscence spojovany s rekombinacemi nosi¢i z vnitinich
kvantovych stavii (pfip. mélkych pasti) vykazoval dokonce vys§i hodnotu intenzity
luminiscence nez tomu bylo u nemodifikovaného vzorku. Zaroven doSlo k vyraznému
modrému posuvu jeho maxima (z 1,9 eV na 2,2 eV). Intenzita luminiscen¢niho pésu
souvisejiciho s rekombinacemi elektront s dirami v hlubokych pastech poklesla. Toto chovani
bylo pozorovano v ramci vSech provedenych experimentli, i u vzorkil jejichz absorbance
s dlouhodobé&jsim ponofenim do vody klesla.

Zajimava je skutecnost, ze maximum luminiscence vzorku modifikovaného ve tmé (graf
¢.1.3b) se nachdzi na vys$s$i hodnoté energie (2,21 eV) nez poloha prvniho absorpéniho
piechodu (2,13 eV) ur¢ené¢ho metodou druhé derivace. Nabizi se jedno vysvétleni tohoto jevu,
zatimco na absorpci svétla nanokrystalického filmu se podileji vSechny nanokrystaly, tak
zafivd mezipasova rekombinace mulze probihat pouze v urcitém typu nanokrystaldi, a to
v tomto ptipad¢ v nanokrystelech s mensi velikosti nez je primérnd velikost nanokrystald
ve vzorku. Tento jev byl pozorovan i u vzorki péstovanych v roztocich obohacenych kadmiem
[25].

DalSim dtlezitym zavérem tohoto experimentu je, Ze kratkodobé (5 min) ponofeni
nanokrystalickych filmi CdSe do vody nijak neovliviiuje jejich optické vlastnosti. Vyrazngjsi
zmény jsou pozorovatelné az po nékolika hodinéch.

Vzorky dlouhodobé ponotfené do vody zménily svoje makroskopické vlastnosti — staly se
matn¢jSimi, cervengjSimi a ndchylngj$imi k odéru. Tyto zmény pravdépodobné souvisi
s preménou rozhrani a povrchll nanokrystalti v disledku dlouhodobého ptisobeni vody. Jezto
nanokrystalické filmy byly chemicky deponovany z vodného roztoku, v pribéhu dodate¢ného
ponofeni do vody muze dojit k ¢aste€nému rozpusténi vzorkl, ptipadné¢ vodny roztok muize
napomoci k pfechodu atomi kadmia a selenu do energeticky vyhodnéjSich poloh. Pozorovana
reakce je citliva na osvétleni, stejné jako osvétlenim lze ovliviiovat prubéh chemické depozice

[21].
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Graf ¢.1.1a — Zmena absorbance nanokrystalického vzorku CdSe v zavislosti na délce pusobeni
vody. Kadinka se vzorkem byla umisténa v tmavém boxu.
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Graf ¢.1.1b — Pokles intenzity luminiscence nanokrystalického filmu CdSe v zavislosti na délce
ptisobeni vody. Vzorek byl namocen ve tme.
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1.3.2 Voda — nanokrystaly CdS

Pokusili jsme se zvysit intenzitu mezipasové luminiscence nanokrystalického filmu CdS
(stfedni polomér nanokrystali 2,7 nm). Zkoumané vzorky jsme namocili do vody. Dva byly
osvétleny UV lampou a dva byly umistény ve tm¢.

Oba vzorky ponoiené ve vodé ve svétle UV lampy se béhem dvou dni uplné rozpustily.
Jeden ze vzorkli namocenych ve tmé byl ve vodé ponechdn dva dny a druhy ¢tyfi dny.

U obou vzorki doslo k ¢ervenému posuvu nabéhu absorpce (graf ¢.1.5a), minimum druhé
derivace se posunulo o 0,05 eV. Tento posun je vopacném sméru neZ tomu bylo
u nanokrystalického filmu CdSe.

Plsobeni vody vedlo téz k poklesu intenzity fotoluminiscence. S naslednym vysychanim
se intenzita luminiscence zvySovala (graf ¢.1.5b), obdobné¢ jako u nanokrystalického filmu
CdSe modifikovaného vodou ve tm¢. V luminiscen¢nim spektru vzorku vysychajiciho 31 dn
se objevilo nové maximum na energii 2,25 eV a byl pozorovéan opétovny pokles intenzity pasu
luminiscence spojovaného s rekombinacemi nosi¢i v pastovych stavech. Bohuzel nebyla
zméfena luminiscence vysychajicich vzorkli v obdobi mezi 6. a 31. dnem od vyloveni.
Intenzita luminiscence vzorku namocené¢ho na dva dny byla vyssi nez vzorku namocené¢ho

na Ctyfi dny.
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1.3.3 Toluen — nanokrystaly CdSe

Ovetili jsme nakolik jsou optické vlastnosti polovodi¢ovych nanokrystali CdSe
ovlivitovany organickym rozpoustédlem toluenem.

Ctytdenni ponofeni nanokrystalii do toluenu nijak vyrazné neméni charakter absorpénich
spekter (graf ¢.1.6a). V luminiscen¢nich spektrech nedoslo k zadné vyrazné kvalitativni zméné
— pomér intenzit padsu mezipasového prechodu a pasu pastovych rekombinaci ziistal pfiblizné

zachovan. V dusledku plisobeni toluenu doslo k mirnému poklesu intenzity fotoluminiscence.
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1.3.4 Butylamin — nanokrystaly CdSe

Prozkoumali jsme vliv slabého dérového akceptoru butylaminu na polovodi¢ové
nanokrystalické filmy CdSe. Pouzili jsme rtizné koncentrace roztoku butylaminu ve vodé
(0,05M, 0,1M, 0,3M a 0,6M) a v toluenu (0,05M, 0,1M, 0,3M a 0,6M). Spektra byla zmétena
po pfiblizné hodinovém a ¢tyfdennim plsobeni roztoku.

V absorp¢nich spektrech vzorkti namocenych do vodnych roztokidi nebyla pozorovana
z4dnd vyrazna zména (graf ¢.1.7a). U vzorkii namocenych do roztoku butylaminu v toluenu
doslo k nariistu absorpce ve spektralni oblasti 1,8-2,1 eV (graf ¢.1.8a).

Charakter luminiscence se nijak vyrazné kvalitativné nezménil — nedoslo k pohasnuti, ani
spektralnimu posuvu nékterého z luminiscecnich pasii. Pouze v ptipadé roztoku butylaminu
v toluenu intenzita luminiscence mezipasového prechodu poklesla vice nez intenzita
luminiscen¢niho pasu odpovidajiciho rekombinaci elektroni s dérami v hlubokych pastech.
Celkové intenzita luminiscence polovodiCovych nanokrystali modifikovanych roztoky
butylaminu (jak ve vodé¢, tak i v toluenu) poklesla, viz graf ¢.1.7b a ¢.1.8b.

Zavislost velikosti poklesu intenzity luminiscence na koncentraci butylaminu v roztocich
nebyla nijak vyraznd (v ramci ndmi pouzitych koncentraci), patrna byla slaba tendence
silngjSiho zeslabeni intenzity fotoluminiscence pro vys$si mnozstvi butylaminu v roztocich.

Zajimava je skuteCnost, Ze 1 velmi slaba koncentrace (0,05M) butylaminu ve vodé dokéaze
zabranit molekuldm vody v silné pfeméné polovodi¢ovych nanokrystald, kterd je zachycena

v grafech 1.1a-1.4b.
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Graf ¢.1.8b — Pokles luminiscence nanokrystalického filmu CdSe namoceného do 0,6M roztoku
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1.3.5 Pyridin — nanokrystaly CdSe

Optické vlastnosti polovodicovych nanokrystalii jsme modifikovali dérovym akceptorem
pyridinem. Pouzili jsem Cisty pyridin a roztok pyridinu ve vodé — pomér objemu 1:1, coz
odpovidd molarni koncentraci 6,2 M.

Vzorky byly celkov€ namocené dva dny, jednou byly z roztokti vyjmuty (po 30 minutach
od ponoteni) ke zméteni absorpCnich a luminiscencnich spekter po kratké dobé pusobeni
roztoku (grafy 1.9a-1.10b). Zkoumany byly i zmény spekter vysychajicich vzorka (grafy
¢.1.11a-1.12b).

V dtsledku modifikace vzorkii pyridinem doslo k vyraznému potlaceni absorpce vzorkl
v Cervené oblasti (grafy ¢. 1.9a, 1.10a). U vzorku namoceného do &istého roztoku pyridinu
doslo ke slabému cervenému posuvu minima druhé derivace (pfiblizné o 0,03 eV), zatimco
u vzorku namoceného do vodného roztoku byl pozorovany nepatrny modry posuv minima
druhé derivace (pfiblizn€¢ o 0,04 eV). S naslednym vysychanim vzorka se absorpcni spektra
nijak vyrazné neménila (grafy ¢.1.11a, 1.12a).

Charakter luminiscen¢nich spekter se velmi odliSoval u vzorku modifikovaného istym
pyridinem a u vzorku namoceného do vodného roztoku pyridinu. V disledku namoceni vzorku
do cistého pyridinu dochazelo k postupnému potlaceni luminiscenniho pasu spojovaného
s mezipadsovymi rekombinacemi, zatimco péas pastové luminiscence neustdle nabyval
na intenzité (graf ¢.1.9b). Ob¢ tyto tendence pretrvavaly i po vyjmuti nanokrystalického filmu
z kadinky s pyridinem (graf ¢.1.10b). Intenzita pastové luminiscence se po mésicnim
vysychéani zvysila dvakrat oproti intenzité pastové luminiscence nemodifikovaného vzorku.
Jev mlzZe byt vysvétlen tim, ze molekuly pyridinu s volnym elektronovym parem u atomu
dusiku mohou pfitahovat svétlem vygenerované diry k povrchu nanokrystali, resp. efektivné
zvySovat pocet hlubokych dérovych pasti, na kterych pak dochéazi k zafivé rekombinaci
zachycenych dér a elektronii z vlastnich stavii nanokrystalu, pfip. z mélkych elektronovych
pasti.

U vzorku namoceného do vodného roztoku pyridinu doslo v pribehu plsobeni roztoku
k vyraznému poklesu jak pastové, tak i mezipasové luminiscence (graf ¢.1.10b). S postupnym
vysychanim vzorku se objevuji tfi vyrazné luminiscen¢ni pasy (zelend kiivka, graf ¢. 1.12b):
pastova luminiscence s maximem okolo 1,5eV, mezipadsova luminiscence s maximem
nal,9eV a novy luminiscenéni pads okolo 2,2 eV. Spektrdlni poloha tohoto nového
luminiscenéniho maxima je shodnd s polohou maxima mezipasové luminiscence vzorku
namoc¢enych na né€kolik dni ve tm¢ do vody. Necha-li se vzorek vysychat mésic, intenzita

luminiscence vice jak dvojnasobné pievySuje intenzitu luminiscence nemodifikovaného vzorku
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a pokryva velmi Sirokou spektralni oblast 1,4-2,4 eV (Cervena kiivka, graf ¢. 1.12b). U tohoto
vzorku se pravdépodobné skloubil vliv pyridinu, ktery zvysuje intenzitu pastové luminiscence

s vlivem vody, kterd zapticinuje vznik luminiscen¢niho maxima na energii 2,2 eV.
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Graf ¢.1.9a —Absorbance nanokrystalit CdSe v zavislosti na délce piisobeni cistého pyridinu.
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1.3.6 Peroxid vodiku — nanokrystaly CdSe

Pokouseli jsme se modifikovat polovodi¢ové nanokrystaly CdSe 3% a 30% vodnym
roztokem peroxidu vodiku. Peroxid vodiku nanokrystalické filmy dokonale rozpustil — 30%
roztok do 90 minut a 3% do 17 hodin.

Ze zmén absorpcnich spekter (graf ¢.13a) je patrné, Ze v disledku piisobeni H,O, dochazi
pravdépodobné k odd€lovani celych nanokrystall z filmu, jezto poloha minima druhé derivace
absorbance dle vinové délky zlistavd neménna.

Luminiscenéni spektra se nijak vyrazné v ramci 90-ti minutového plsobeni 3% peroxidu
vodiku nevyvijeji, doSlo pouze k nepatrnému piiblizeni pasi pastové a mezipasoveé

luminiscence.
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Graf ¢.13b — Luminiscence vzorku nanokrystalického filmu CdSe v zavislosti na délce ponoreni

do 3% roztoku peroxidu vodiku.
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1.4 Zaveér

V ramci této diplomové prace byly modifikovany povrchy polovodicovych nanokrystalt
CdS a CdSe ve form¢ poréznich filmi pfipravenych metodou chemické depozice z roztoku.
Byl prozkouman vliv chemickych latek — butylaminu, pyridinu, peroxidu vodiku a dvou
béznych rozpoustédel — vody a toluenu na fotoluminiscencni a absorpéni spektra.

Pro vétsinu pouzitych latek byly zmény studovany v zavislosti na délce piisobeni daného
roztoku a v zavislosti na délce vysychani vzorku. JeZto jde o porézni material, vysychani
vzorkll probihalo pomérné pomalu - nékolik tydni v béZznych laboratornich podminkéch.
Ve vétsiné pripadl, kdy se dala v porech nanokrystalickych filmt predpokladat ptitomnost
kapaliny, byla intenzita luminiscence pohasla. Pro tuto skutecnost se nabizi vysvétleni, ze
molekuly kapaliny umoziuji Castéj$i nezatrivé rekombinace nosicii naboje.

Pritomnost kapaliny v porech filmu méni index lomu (potazmo dielektrickou konstantu)
okolniho prosttedi nanokrystalli, coz mtize vést ke zméné podminek interference na vzorku a
naslednym zménam absorpCnich spekter. Tento jev pravdépodobné pozorovan nebyl, nebot
absorpc¢ni spektra se s v zdvislosti na délce vysychani vzorku nijak vyrazné nevyvijela.

Piekvapivé velké zmény luminiscencnich a absorpcnich spekter polovodi¢ovych
nanokrystali byly pozorovany u vzorkti ponofenych na n¢kolik dnti do vody. Pravdépodobné
dochazelo k ¢aste¢nému rozpusténi polovodi¢ovych nanokrystalil a zeslabeni vazeb mezi nimi.
Tuto hypotézu potvrzuje i zména makroskopickych vlastnosti vzorka. Destruktivni reakci vody
1ze potlacit pfidanim butylaminu, stac¢i i velmi malé mnozstvi (0,05 M roztok).

Pozorované ovliviiovani vlastnosti nanokrystali vodou je dilezit¢é mit na paméti
pfi ptipadné aplikaci polovodi¢ovych filmi pfipravenych metodou chemické depozice a
dukladné¢ je ochranit pied vlhkosti.

Pro dal$i studium modifikace polovodicovych nanokrystali chemickymi latkami se zda
byt vhodnéjsi pouzit Cisté nefedéné chemikalie, nebo pouzit jako rozpoustédlo toluen, ktery
nijak vyrazné¢ kvalitativné neovliviiuje absorpéni a luminiscenéni spektra nanokrystalickych
filma.

Nejvyssiho zvyseni intenzity luminiscence polovodicovych nanokrystali bylo dosaZeno u
vzorkll modifikovanych pyridinem a vodnym roztokem pyridinu.

V budoucnu by mohlo byt zajimavé zmétit dynamiky nosicli naboje v nanokrystalickych
filmech v pfitomnosti dérového akceptoru pyridinu a ve vzorcich vystavenych

nckolikadennimu plsobeni vody. Znalost zmén dynamik fotoexcitovanych nosic¢li ndboje a
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zmén optickych spekter vyvolanych chemickym plsobenim by méla pfispét k identifikaci
povrchovych stavii nanokrystali.

Pozorované zmény ve spektrech vypovidaji o energetickych polohach elektronovych
stavli, které jsou chemickym plsobenim ovlivilovany. Ziskané¢ vysledky tak piinaseji
informace o vlastnostech povrchovych elektronovych stavi, jejichz teoreticky popis i
experimentalni studium jsou velmi obtizné.

Prokazali jsme, ze vlastnosti nanokrystalickych filmi CdSe, CdS ptipravenych metodou
chemické depozice z roztoku je mozné ovlivilovat chemickym piisobenim na jiz pfipravené
vzorky. Studované optické vlastnosti (absorpce a fotoluminiscence) jsou dany vlastnostmi
jednotlivych nanokrystalli (zejména stavem povrchu jednotlivych nanokrystald) [13,15,21].
Vysledky této prace prokazuji, Ze jakkoliv jsou nanokrystalické filmy mechanicky a opticky
kvalitni, jsou porézni natolik, Ze chemické roztoky mohou jimi proniknout a ovlivnit povrch
velké c¢asti nanokrystall. Vysledky maji tedy piimy aplikaéni vyznam, protoze ukazuji
na moznost pouziti filma tam, kde se vyuziva chemie povrchu jednotlivych nanokrystalti, kde

zatim dominuji pfevazné koloidni nebo praskové formy nanokrystalt.
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2. Photochromic Silver Nanoparticles in a TiO, Matrix
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2.1 Introduction

Fascinating colouring features of the metal nanoparticles have been used to stain glass for
centuries. Michael Faraday hypothesised that the red colour of ruby glass is due to small gold
particles and Gustav Mie gave to this hypothesis theoretical background by solving the
Maxwell equations for the absorption and scattering of electromagnetic radiation by spherical
particles in 1908.

This introduction focuses on a brief summary of the general optical properties of the
metal nanoparticles — connection between the spectral nature of the extinction peak (spectral
position, width, extinction strength) and the morphological properties of the metal
nanoparticles (shapes, sizes, materials) and their surrounding medium. The second part of the

introduction considers the characteristic properties of the silver nanoparticles in a TiO, matrix.

2.1.1 Optical Properties of Metal Nanoparticles

Optical Extinction

Light radiating through a medium with metal nanoparticles is firstly decreased by the
absorption caused by the metal nanoparticles and the surrounding medium and secondly by the

scattering on the metal nanoparticles. Both effects are described by extinction Ext(w), @ is the
angular frequency of the light. If the transmission 7' (@) of a sample is measured, the extinction

is given by

Ext(w) = ~In(T(w)) 2.1)

Microscopically, the light extinction is caused by the coherent oscillations of the
conduction band electrons in the nanoparticles induced by the incident electromagnetic wave.
These oscillations are known as plasmons, particle plasmons and surface plasmons (the
terminology depends on author).

In the quasi-static approximation, which is valid when the size of a nanoparticle is
smaller than the wavelength of the interacting light, and using the dipole term from the Mie

theory for NV particles of volume V' the extinction is given by the following equation
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Ext(@) < NV s’ £(@) , (22)
[6(0)+2¢,] +& ()

g, 1s the dielectric constant of the surrounding medium (assumed to be frequency
independent) and ¢&,, ¢, are the real and imaginary parts of the dielectric function of the metal
(e(w)=¢(w)+is,(w)). [26,27]

Supposing that ¢, weakly depends on @, the condition for the plasmon resonance is

approximately fulfilled when

g(w)=-2¢,. (2.3)

Using the Drude model of free conduction electrons (neglecting interband transitions in metal)

the dielectric function of the metal can be written as

. o, o, . oy
s(w)=¢g(0)+ig,(w)=1-—5—"—=1-—"——+i L, 2.4)
" +iwy o +y (W +y7)

7 1s the phenomenological damping constant and @, is the plasma frequency, which is given

by

2
, ne

- 2.5)
80m¢ff

n, is the density of conduction electrons, e the charge of the electron, ¢, the vacuum

permittivity and m,, the electron effective mass.

Combining equations (2.3) and (2.4), supposing that @’ > »*, the resonance frequency
can be expressed as
@’ ne’ 1

. =——= - . (2.6)
1+2¢, ¢gm, 1+2¢,
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This simplified term predicts that the resonance frequency increases with increasing

density of conduction electrons and decreases with increasing refractive index n of the
surrounding medium (ignoring absorption of the medium: n=./¢, ). From expression (2.2)

one can deduce that the extinction strength decreases with decreasing volume of particles, with
decreasing frequency of the incident light and with decreasing refractive index of the
surrounding medium.

The Drude model and the dipole term of the Mie theory do not elucidate the dependence
of the spectral position of the plasmon resonance on size of nanoparticles. Experimentally, both
a blue shift and a red shift have been measured with decreasing size [26]. For nanoparticles
with diameter >10 nm the red shift of the plasmon resonance with increasing particle size is
predicted by using the multipole extension of the fields in the Mie theory and it was

experimentally confirmed. [27,28]

Plasmon Bandwidth

Plasmon bandwidth ' depends on &,. In the case of ideal electron gas (@’ > y*) the

line width of the plasmon resonance I' is proportional to the damping constant y . The rate of

damping is given by scattering processes: electron — electron, electron — phonon, electron —
defect, electron — surface. In most cases the electron - electron processes play a key role, but
with decreasing particle size to the scale of the mean free path of the conduction electrons (the
mean free path of the conduction electron is typically in the range of tens nanometres in noble
metals) the rate of the electron — surface scattering increases. As a result the plasmon
bandwidth increases with decreasing size of small nanoparticles (diameter < 20 nm) [26].

For larger nanoparticles (diameter > 25 nm for gold nanoparticles) the conditions of the
quasi-static approximation are not fulfilled and the particle is inhomogeneously polarized by
the light wave and retardation effects occur. It is necessary to consider the excitation of
different multipole modes in order to figure out the extinction of a larger particle and
broadening of plasmon resonance with increasing size of larger nanoparticles size (diameter
> 25 nm) is expected. In the case of the spherical gold nanoparticles the particles with diameter
~20 nm have the narrowest plasmon resonance [26].

The plasmon bandwidth is connected to the lifetime of the plasmon. Supposing that the

electric field E(¢#) of an excited plasmon decays exponentially (2.7), then the frequency

spectrum of this source is expressed by the Fourier transformation (2.8).
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E(t)=Eje e 2.7

E(w)= (2.8)

E, 7
N2 (a)_a)o)z‘H/2

E, is the amplitude of the electric field, @, is an eigenfrequency of the plasmon and y is the
damping rate. [28]

The Lorentz line (2.8) has the maximum at @ = @, and the full width at half maximum
(FWHM) is Aw =2y . Considering the measured spectra in dependence on photon energy
( Ext = Ext(hw)) the FWHM is given by

I'=2hy. (2.9)
Supposing that the lifetime 7' of a plasmon equals

r=1 (2.10)
y

one can estimate the lifetime of the plasmon from the width of the plasmon resonance trough

the relation (2.9). Since the intensity of light is measured and I ~ E’, it must be considered,
that the decay rate deduced from experiments is twice higher than the decay rate of the electric
field of the plasmon. Typical values of lifetimes of plasmons in metal nanoparticles vary
around ones and tens of fs and plasmon bandwidths are in the range of hundreds of mel [28].
These conclusions are valid only for a single nanoparticle and for a sample with very
homogeneous distribution of sizes and shapes of nanoparticles. In case of a sample with
particles of different shapes, sizes, with various defects and the slightly variable surrounding
medium, the broader plasmon resonance is observed because of the inhomogeneous
broadening. The inhomogeneous broadening is a key feature of the silver nanoparticles in TiO,

matrix.
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2.1.2 Photochromic Silver Nanoparticles in a TiO, Matrix

Photochromism

Photochromism is defined as a reversible phototransformation of a chemical species
between two forms having different absorption spectra. Most of photochromic materials
consist of organic molecules (e.g. triarylmethanes, nitrones, anthracene) [29]. Also, some
inorganic materials behave photochromically (e.g. KCl, WOj; particulate film) [30]. These
materials change their colour under illumination.

A new material — TiO, film containing silver nanoparticles - shows multicolour
photochromism [30-34]. These films can variously change their colour. The change depends on
properties of incident light (wavelength, intensity, duration of the irradiation) and on the

preparation of a sample.

Photochromic Films with Silver Nanoparticles

There are several methods of preparation of photochromic films with silver nanoparticles
— e.g. preparation by the wet chemical deposition [33, 34] and by direct current magnetron
sputtering [30-32]. Samples with nanoparticles of diverse size and various shapes, with
different defects and with varying surrounding conditions can be obtained due to these
preparation methods. This diversity results in an inhomogeneously broadened extinction band,
which can cover the whole visible spectral region. The fresh prepared samples are brownish
grey (chemical deposition) [33,34]; greyish blue or greyish violet (sputtering) [30-32].

The principle of the photochromacity of these films is an optical deactivation of
nanoparticles with a certain plasmon resonance. Plasmons in nanoparticles are excited as a
result of light irradiation and these excitations can lead to the spectral shift of plasmon
resonance of the irradiated nanoparticles or even to the total suppression of extinction of these
nanoparticles. If monochromatic light is used, nanoparticles with resonance frequency and with
resonance in the near neighbourhood of the incident light frequency are optically deactivated
and the sample begins to transmit the light of this colour. This process is considered as a
spectral hole burning within an analogy to the spectral hole burning in laser spectroscopy of

molecules.
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Analogy to Hole Burning Spectroscopy

Expanding this analogy, both systems consist of species, which as single entities have a
Lorentz line shape absorption. When there is a system involving many of these species, the
absorption line of this system can be inhomogeneously broadened because of e.g. various
distortions of molecules, variable surrounding, or different velocities (resulting in different
Doppler shift of frequencies of transitions), in case of silver nanoparticles due to the diversity
of shapes and sizes and their variable surrounding in a TiO, film. Optical active species are
bleached during a laser irradiation, they can be completely optically deactivated or their
transition frequency can be moved to another value. The optical bleaching is more intense for
the species, the absorption maximum of which (described by a Lorentz line) is much closer to
the frequency of the laser irradiation.

Unfortunately, the system of silver nanoparticles and a system of species, which optical
behaviour is described by the theory of the hole burning spectroscopy, strongly differ in a ratio
of the homogeneous linewidth to the inhomogeneous linewidth corresponding to the whole
system. For example, within the laser spectroscopy of a molecular crystal of quinizarin the
ratio Thom /Twhole system 18 ~0,1 A / ~100 A [35], whereas by the photochromic TiO, films the
ratio is ~0,1eV / ~0,8¢eV.

Although it is supposed in the elementary theory of the hole burning that the linewidth of
a single molecule is much narrower than the linewidth of the system, the three most important

theoretical conclusions should be mentioned. Firstly, a linewidth of a burned hole I', . is twice

broader than a homogenous linewidth I', = for very weak irradiation intensities

r,.(I—0)=2I (2.11)

hom

Secondly, the linewidth of the hole increases with increasing square root of intensity of light at

the incident wavelength /
1—‘hole oc \/7 (212)

Thirdly, the absorption at the incident wavelength should decrease as
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- 2.13
N1+C-1 ( )
rather than
1
2.14
1+C-1 ( )

which is typical of homogenous broadened systems, C is a characteristic constant of a system,

1s a saturation intensity of the system [35].

at

in laser spectroscopy is identified with % , 1
sat

Model

A phenomenological model, based on the analogy to the hole burning spectroscopy, was
suggested to describe the photochromic behaviour of the silver nanoparticles. The aim of the
model is to try to find regularities of behaviour of the silver nanoparticles in TiO; under laser
illumination for differently prepared samples, different intensities, wavelengths and durations
of the laser illumination. The found trends could help to understand the microscopic processes
in samples and could lead to a better interpretation of the measured extinction spectra. For
example, the width of the plasmon resonance at a certain wavelength can be estimated and
consequently the lifetime of plasmon [36].

It is supposed in the model, that the extinction spectrum of one nanoparticle i is

proportional to a Lorentz profile function (see eq. 2.8)

(2.15)

i

@, 1s the spectral position of the extinction maximum of the nanoparticle i and Aw,is the

FWHM of the Lorentz line. An inhomogeneous broadening is described by a Gaussian

function with the spectral position of the maximum @, and FWHM Aa,
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2

2 In(2) (0-;)
> = " —In(2) - —5- 2.16
g6 (@) Ao, x n(2) Aa, jz (216
2
Both functions are normalized
J-gLi(a)’a)Oi).da):]’ (2.17)
IgG(w,wG)-dw=l. (2.18)

The inhomogeneous broadening gives the maximal rate of the extinction Ext; of

nanoparticles with the resonance frequencyw,’. This rate is proportional to the

value g, (a)oi, a)G) :

Exti(a),a)oi)=P-gG (a)oi,a)G)-gLi(a),a)oi) (2.19)

The constant P is influenced by the number of nanoparticles in an illuminated volume
and by the constant of proportionality between extinction of one single nanoparticle and the
normalized Lorentz line.

Rigorously the extinction is proportional to the Voigt integral, the convolution of the

Lorentz line and the Gauss line. For the computer simulation the convolution integral can be

substitute by a summation over the resonance frequencies @,” of the nanoparticles from an

investigated interval 2 (e.g. 0-4 eV)

1

@, :%-i, (2.20)

i is the summation index and M is the number of summands (the number of classes of
nanoparticles with different resonance plasmon frequencies @, ). The whole extinction is

described by the function
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M M
Ext(@) =y, + Y Ext(0,0)) =y, + P- ) g, (@) .0;)- g, (@,0,) 2.21)

i=0 i=0

vo 1s the vertical shift of the whole extinction spectrum (e.g. due to reflections), P is the
constant relating the real extinction to the value given by the model. Its value is influenced by
the density of nanoparticles in a sample, by the constant of proportionality relating the
extinction of one nanoparticle to the normalized Lorentz function and by the total number of
summands M and the length of the interval (2.

In the process of the hole burning a total optical deactivation of some nanoparticles (or

reducing their extinction) is expected at a certain frequency and its closed neighbouring

frequencies. A nanoparticle with the resonance frequency @, is optically deactivated under the
laser illumination @), with a probability p;. This probability is supposed to be the higher, the
more the nanoparticle with the resonance frequency @, is able to interact with the laser light

a)laser

pi=k g (0p-0,). (2.22)

The decrease of the extinction Ext, (a), a)oi,t) of the nanoparticles with resonance
frequency @, is supposed to be proportional to the probability of their deactivation p; and the

value of the extinction Ext, (a), @, ,t)

OExt(w,m,,1) _

Py pi - Ext(o,0,,1) (2.23)

The solution of this equation is an exponential decay

Ext(w,w,',t) = Ext (0,0, ,0).exp(-p,-t)=P-g, (a), w, ) ‘g (a)oi, w, ).exp(—pl. -1)(2.24)

Ext, (a), @, 0) is the initial value of extinction of the class of nanoparticles with resonance

frequency @, and ¢ is the time of exposure.

The time development of the extinction is modelled by the function
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M
Ext(o,)=y,+P-Y g (@) .0, )-g,'(@,0,)-exp(-p, 1) (2.25)

i=0

and differential extinction

AExt(w,t) = Ext(w,t) — Ext(®,0) = P- f“ g6 (a)oi, @ ) g, (a), w, ) : (e_”""— 1) . (2.26)

i=0

The hole burning itself cannot explain the changes in the extinction observed during the
light illumination (cf. Fig.2.7). A modulation of the envelope function of the inhomogeneous
broadening is observable, as well as the decrease of the integral value of extinction.

The improved model includes a time evolution of the Gaussian function (both FWHM

Awy (t) and the maximum spectral position @, (¢)) and the time change of the coefficient P

(the overall decrease of the extinction)

86(.0,) > 8(0.0, (0.0 = (t)-,/lnff) exp —({”A‘af’—(éf)’al-ln@) . Q27

2
P P(t). (2.28)

The next chapter deals with the description of microscopic processes in thin TiO; films

containing silver nanoparticles and tries to explain the observed changes.

Microscopic processes in silver nanoparticles in TiO,

The incident light excites plasmons in metal nanoparticles. The plasmons are more
excited in the nanoparticles, those resonance frequency is closer to the frequency of the
incident laser light. A decaying plasmon is able to give energy to single electrons because of
scattering processes. An excited electron is able to overcome the Schottky barrier between a
silver nanoparticle and semiconductor TiO, and move into the surrounding matrix. The

Schottky barrier between TiO; and metal Ag is estimated as 0,4 — 0,8 eV (Fig. 2.1) [30].
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Fig. 2.1. Schematic diagram of the band structures of silver and TiO,. The value of the
Schottky barrier is given by the difference between work function of metal and electron affinity
of semiconductor. The values were adopted from [30].

The electrons are extracted from the excited nanoparticles. The positive charge cumulates
at the surface of depleted silver nanoparticles. Using x-ray diffraction and the Debye — Scherrer
formula a mean crystallite size can be deduced. Experimentally, there was found, that the
amount of crystalline silver in the samples decreases under illumination and the crystallite size
shrinks as well. The surface of silver nanoparticles likely undergoes chemical and structural
transformations; it is expected to consist of Ag ions, Ag,O, AgO. But within the x-ray
diffraction experiments a new peak (e.g. corresponding to crystalline Ag,O or AgO) was not
observed [32].

Since the volume of silver nanoparticles decreases, a reduction in extinction should be
observed according to (2.2). This microscopic process corresponds to the burned hole in
extinction spectrum at the position of the laser light frequency. It is described in the model by
the equation (2.25). Simultaneously, a shift of the position of resonance maximum is expected
for the following reasons: firstly, due to variation of refraction index of a new surrounding
material (blue shift with decreasing refractive index (2.6)); secondly, because of the change of
the size of nanoparticles (blue shift with decreasing particle size [27,28]). The question is
whether the whole nanoparticle is transformed into an amorphous material or whether there the
silver cores stay surrounded by an amorphous material different from the TiO, matrix and the

new cladding forms a barrier for the next leak of electrons from silver.
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Behaviour of the excess electrons in the titanium oxide is another interesting problem.
Hypothetically, there are two main possibilities. Firstly, the electrons can be trapped and
secondly the electrons can move into other nanoparticles.

Thin sputtered films of TiO, behave as a semiconductor material with refraction index

n=2,4 and the wide band gap E, ~3,3el . The fine TiO, films deposited under identical

conditions as TiO; layers of our photochromic samples have a stoicheiometric ratio of titan to
oxygen 1:2,2 [30, 37]. There is a strong ion bond between Ti and O. Since our samples are
amorphous and very thin TiO; films [30, 31], the most of electron trapping centres are ions
Ti*" and Ti*", adsorbed molecules of oxygen and surface states [30, 31].

The transition of the excess electrons from the conduction band of the titanium oxide into
silver nanoparticles would cause a blue shift of the resonance frequency because of the higher
electron density in nanoparticles, see equation (2.5). This process was observed e.g. in a colloid
solution of Ag@TiO; clusters [38]. In the measured spectra a blue shift of the whole extinction
spectrum should be observed. Also a broadening of the extinction line can be expected because
of an enlargement of the distribution of resonance frequencies caused by different values of
electron density in nanoparticles.

Likely, the list of suggested processes will change. Some hypotheses can be completely
denied by experiments and new experiments can bring a lot of new questions leading to update

ideas.

2.2 Experiments and Discussion

2.2.1 Preparation of Samples

Samples were prepared by direct current magnetron sputtering in a chamber constructed
at the ITA. Institute of Physics, RWTH Aachen. The preparation consisted of two steps —
sputtering and annealing. The photochromic films were deposited on glass substrates.

First of all a TiO; layer (10-30 nm) was deposited by sputtering a Ti target in an oxygen —
argon atmosphere. Then an Ag target was sputtered in a pure argon atmosphere (thickness of
silver layer was 10-16 nm). Afterwards a second layer (10-100 nm) of TiO, was sputtered and

the silver layer was dispersed by this last deposition, for details see references [30,31].
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Then the samples were annealed in an argon atmosphere. The silver nanoparticles
aggregated during the annealing. TiO, remained amorphous as far as the temperature of the
annealing was under 500°C [31]. Most of our samples were annealed for 30 minutes at 300°C.

Some of prepared samples showed inhomogeneities in colour and structure, which were
visible to the naked eye. These inhomogeneities could be caused by different distance of
different parts of a sample to a sputtered target or by various heat flow in the middle and at the
edge of the sample. Further, the reproducibility of samples is not ideal. Samples prepared
within different sputtering series, which should have the same properties, vary slightly.

The earlier experiments showed that the plasmon bandwidth broadens with increasing
amount of sputtered silver and higher temperature of annealing [31].

Properties of prepared samples depend on time between sputtering and annealing, in
Fig.2.2.

A notice at the end: thicknesses of sputtered layers are sometimes written in short form
e.g. 30-12-20, which means 30 nm thickness of lower layer of TiO,, 12 nm of sputtered silver
and 20 nm of upper layer of TiO,. More lines of the same colour in one figure represent

different spots at one sample to make it possible to estimate the inhomogeneity of the sample.

—— annealed 29 days after sputtering
—— annealed 59 days after sputtering
1 ,6 . annealed 59 days after sputtering
—
= 1,2
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—
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Fig. 2.2. The dependence of extinction on elapsed time between sputtering and annealing. All
samples were sputtered within one sputter series, were annealed for 30 min at 300°C and had
thicknesses of layers 30-16-30 nm. The position of maximums of green lines and black lines is
shifted by 0,2 eV. One can see, that two samples, which were wanted to be identically
prepared, have different extinction spectra (black and red lines).
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2.2.2 General Optical Properties of Samples

The visible spectrum covers approximately the region of wavelengths 400 — 750 nm, in
photon energy: 1,7 — 3,1 eV. Our samples had a position of plasmon resonance between 1,7 —
2,1 eV. The bandwidth of plasmon (measured according to Fig.2.3) was 0,6 — 0,85 eV. The
absorption edge connected to interband transitions of TiO, was observed at 3,2 — 3,8 eV.

There should be pointed out that some samples studied within this work had not the
ability to variously change colour under different laser irradiation, for details see the next

chapter Photochromic Experiments.

1,6
1,2
-
.E-. =0,64eV
c 0,8+
Q
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1,6 2,0 2,4 2,8 3,2 3,6
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Fig. 2.3. There are difficulties connected with classical measuring of FWHM in some of our
samples (e.g. red line, FWHM — ). The bandwidth of the plasmon resonance was measured
at half value of extinction between the resonance maximum and the minimum in blue region.

The red line represents the extinction spectrum of the sample with thicknesses of layers 30-15-

30 nm, annealed for 60 min at 400°C; the black line: 30-16-30 nm, annealed for 30 min at
300°C.
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2.2.3 Photochromic Experiments

Photochromic properties of the samples were investigated by laser irradiation. Three

lasers were used

e He-Ne laser; 633 nm (1,96 eV), max. output power 7 mW, spot diameter at the
sample ~2 mm, I ~ 2 mW/mm®
e He-Ne laser; 594 nm (2,09 eV), max. output power 7 mW, spot diameter at the
sample ~2 mm, I ~ 2 mW/mm®
e Nd:YVO, laser; 532 nm (2,33 eV), tuneable output power 0,01-6 W, spot
diameter at the sample ~3 mm, for output power 34 mW (Fig.2.7-8)
[~ 5 mW/mm®.
Neutral density filters were used in order to reduce the power of incident light, when it was
necessary.

The differential extinction, which is displayed in some of following figures, is calculated
as AExt(@)=Ext(®)afier irradiation-EXt(@)before irradiaion- TTansmission spectra were measured by the
monochromator Lambda 25, PerkinElmer and during irradiation by the diode spectrometer
MCS 2000, Zeiss or by the diode spectrometer InstaSpec II - Oriel, the experimental setup is
sketched in Fig. 2.4..

Laser \

Spectrometer - Lamp

|} Bample

Fig. 2.4. Experimental setup for measuring transmission during laser irradiation. Samples
could be placed into a gas chamber. Due to strong scattering of the incident laser light a
negative peak at the laser wavelengths is observed in measured spectra.

Unfortunately, the set of the used spectrometer and the lamp showed instabilities. Both
instruments were warmed up (0,5-12 hours) before usage and most of the measurements were

carried out in darkness in order to reduce accidental variation of measured spectra. Despite of
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these arrangements the fluctuations of transmission spectra reached the absolute value ~0,5%.
If this absolute error of transmission is diverted into the absolute error of extinction, the
absolute error of extinction is ~0,02 a.u. (for the value of extinction 1 a.u., transmission 37%).

Ideal multi photochromic behaviour as described in Ref. [31] was not observed within
this work. The spectral location of the minimum of the burned hole differed from the spectral
position of the incident light wavelength in most cases. Samples can be divided into two
groups. The first group behaves variously for various colours of irradiation and the second
group shows very similar changes for irradiation with the green and red lasers.

At the end of this chapter the experimental results will be compared with the model based

on an analogy to the hole burning spectroscopy.

Samples Reacting in Dependence on Colour of Incident Light

The examined sample that behaved multi photochromically, had thickness of layers TiO»-
Ag-TiO;: 30-15-30 nm, was annealed for 60 minutes at 400°C. The results of irradiation of
three spots of the sample with three different colours are presented. The extinction spectra
before irradiation were not ideally identical, see Fig.2.11..

The durations and intensities of the laser irradiation were: 1. He-Ne laser (632 nm),
3 hours, [ ~ 2 mW/mm?, (Fig.2.5-6), 2. Nd:YVO4 (532 nm), 3 hours, [ ~ 5 mW/mm?, (Fig. 2.7-
8) and 3. He-Ne laser (594 nm), 15 hours, I ~ 2 mW/mm?, (Fig.2.9-10).

Two main effects were observed during the irradiation. Firstly, the extinction was
decreasing at (and in neighbourhood of) the photon energy of the incident light. Secondly, a
blue shift of the whole inhomogeneously broadened plasmon resonance was observed.

In case of the irradiation with the red and orange lasers the spectral positions of the centre
of the burned holes are almost identical with the incident wavelengths during the whole time of
irradiation (see Fig. 2.5-6, 2.9-10). But the position of the hole burned by the green laser varied
from the spectral position of the incident light (Fig. 2.8). There is a red shift of the minimum of
the burned hole, which increased with the time of irradiation. At the beginning (after 1 minute)
this shift was 0,07 eV and at the end 0,3 eV. This shift is likely caused by a modulation of the
whole plasmon resonance, mainly by a blue shift.

The changes are visible to the naked eye and are permanent. In Fig.2.11 there is a
comparison of extinction spectra burned by the red, orange and green lasers at the value of

differential extinction ~ -0.1 a.u..
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Fig. 2.5. Changes of the extinction spectra under red laser irradiation (30 min between each
two lines). The decrease of the extinction at (and in the neighbourhood of the incident
wavelength) is noticeable. One can see a slight blue shift of the whole plasmon resonance. A
negative peak at the laser wavelength is due to strong scattering of the incident laser light.
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Fig. 2.6. Differential extinction spectra calculated from the experiment displayed in Fig.2.5.

(10 min between each two lines). The unexpected vertical fluctuations of spectra are noticeable
(e.g. the red line was last measured, so another lines should not be deeper as it in the spectral
area of the burned hole).
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Fig. 2.7. Changes of the extinction spectrum during the green laser irradiation (10 min
between each two lines). An apparent increase of extinction in blue region is noticeable.
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Fig. 2.8. Differential extinction spectra connected to the experiment displayed in Fig. 2.7.
(10 min between each two lines).
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Fig. 2.9. Changes of the extinction spectrum during the orange laser irradiation (I hour
between each two lines). This experiment was done in another experimental setup than the

previous two measurements. Another spectrometer was used (InstaSpec 11, Oriel) and the laser
beam shined on the sample almost perpendicularly. This can explain the stronger scattering of

the laser light into the spectrometer.
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Fig. 2.10. Differential extinction spectra connected to the experiment displayed in Fig. 2.9.
(1 hour between each two lines).
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Fig. 2.11. Comparing of spectral holes burned by different lasers on one sample. Upper graph
- spectra before irradiation (solid) and irradiated spectra (dots). Lower graph — differential
extinction.

Samples with Very Similar Behaviour under Red and Green Irradiation

Most of the investigated samples behaved almost in the same way under the red and
green laser irradiation. The observed minimum of the differential extinction was always at the
spectral position of the extinction maximum before irradiation, independently of the colour of
the incident light (Fig.2.12-16). The slight blue shift of the plasmon resonance was apparent.

The experiment was also carried out with the lowest intensity of irradiation, which was
limited by the sensitivity of the experimental setup. The used intensity was ~ 0,1 mW/mm?.
The first measurement was taken after 30 s, the extinction decreased by ~0,2% (0,003 a.u.) and
the centre of the burned hole completely differed from the spectral position of the incident
light, Fig. 2.16..

The only differences between the samples, those extinction always decreases at the
maximum of the extinction independently of the used incident wavelength, and the sample, the
changes of which are dependent on the wavelength of the incident light are in time and

temperature of annealing. The samples without multi photochromic behaviour were annealed
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for 30 min at 300°C, whereas the multi photochromic sample was annealed for 60 min at
400°C. The extinction spectra of both types of samples after annealing are illustrated in Fig.
2.3.. The red line is connected to the sample, which behaved differently under the red and the
green irradiation (results of irradiation in Fig. 2.5-11). The black line corresponds to one of the
samples, the extinction of which sank always at the spectral position of the extinction
maximum, the results of irradiation of this sample are displayed in Fig. 2.16..

Previously, the imperfect photochromic behaviour was believed to be caused by a narrow
inhomogeneous broadening of the plasmon resonance [30,32]. But as one can see in Fig.2.3.
the sample, which behaved almost photochromaticly has a narrower plasmon resonance than
the sample, which extinction always sinks at the same spectral position independently of the
wavelength of the incident light. The spectral positions of the resonance maximums are shifted
by 0,2 eV and the extinction of the sample annealed at 400°C is weaker.

Furthermore, another substantial difference between the samples annealed at 300°C and
at 400°C was observed and that is the totally different rate of the decrease of the extinction
under laser irradiation. Whereas for the sample annealed for 60 min at 400°C one hour
irradiation leads to the extinction decrease by ~10% (Fig.2.7) under green laser irradiation
(I ~ 5 mW/mm?), in case of the sample annealed 30 min at 300°C only 2 minutes for the same
change (Fig.2.12) are needed under green laser irradiation (I ~ 2 mW/mm?). The properties of
interface silver — titan oxide is presumably very dependent on the annealing temperature and
duration. Consequently, the probability of transitions of electrons from silver into titan oxide

could be influenced.
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Fig.2.12. Decrease of extinction under the green laser irradiation - I ~ 2 mW/mm’ (10 s
between each two lines). The sample was annealed for 30 min at 300°C and had thickness of
layers 30-12-30 nm. The small peaks around the photon energy 2,1 eV and 2,8 eV are likely
signals of the scattered light of the laboratory lighting.

Differential extinction [a.u.]
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Fig.2.13. The differential extinction calculated from the experiment in Fig.2.12. (10 s between
each two lines). The spectral position of the minimum is completely different from the incident
light photon energy.
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Fig.2.14. Another spot of the sample displayed in Fig.2.12.. Here it was irradiated by the red
laser - I ~ 2 mW/mm’ (1 min between each two lines).
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Fig.2.15. The differential extinction calculated from the experiment in Fig.2.14. The spectral

position of the burned hole is the same as under the green laser irradiation.
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Fig.2.16. The differential extinction spectra connected to the experiment with very low intensity
of irradiation ~ 0,1 mW/mm’ (30 s between each two lines were intended). Sudden vertical
Sfluctuations of measured spectra are noticeable. Nevertheless, one can see that the spectral
position of the minimum of the differential extinction differs from the incidental wavelength.
The sample had thicknesses of layers 30-16-30 nm and was annealed for 30 min at 300°C.

Reality versus Model

In this chapter the experimental results are compared to the model introduced in 2.1.2..
First of all, the simulations of the behaviour of photochromic films obtained by the more
complicated version of the model (eq. 2.25-28) are shown. Then an example of fitting
experimental data is mentioned — the fits use the simpler version of the model (2.25-26), which
does not consider a time evolution of the inhomogeneous broadening, but has a reasonable
number of fitting parameters. At the end of the chapter correctness and applicability of the
model are discussed.

At beginning there must be mentioned that within this chapter @ does not formally

represent the angular frequency of light [s™'], but the photon energy [eV]

ho— o (2.29)

The computer simulations are based on equations (2.25-26), into which the time

modulation of the envelope function of the inhomogeneous broadening is substituted (2.27-28).
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The time evolution of parameters w,(t), Aw,(t) and P(?) is linearly approximated with

constants of proportionality dw,(¢), dAw,(t) and dP(t)

w;(t)=w,0)+dw, -t (2.30)
Ao (1) =Aw,(0)+dAw,; -t , (2.31)
P(t)=P(0)-dP-t. (2.32)

These equations roughly describe the blue shift @, (¢) and the broadening Aw,(¢) of the

inhomogeneous envelope and the decrease of whole extinction P(z). This approximation is very
strong, because the time evolution of these changes likely saturates (e.g. the blue shift) and is
not linear. But it gives a first and quick opportunity to satisfactorily simulate the behaviour of
photochromic silver nanoparticles in a TiO, matrix.

The examples of computer simulations are shown in Fig. 2.17 — 18. For the comparison
the experimental data are displayed, too. In both cases, M=200, (2=8 eV and the rest of

parameters is given in Tab.2.1..

red green
Yo[a.u.] 0,5 0,59
o (0)[eV] 2,04 2,01
Awg (0)[eV] 0,73 0,62
Aag [eV] 0,1 0,2
P(0) [a.u.] 0,019 0,014
k [min ] 0,00033|  0,0067
dog (0)[eV.min"] | 0,00026] 0,0015
dAog (0)[eV.min™] 0| 0,0005
dP [a.u..min™] 0,00001 0

Tab.2.1. The list of parameters used in computer simulations in Fig. 2.17-18.

The computer simulations are not perfect, but roughly correspond to the reality — an extinction
increase in a blue region is observable, the burned hole is asymmetric and the spectral position
of its maximum differs from the incident light for the green laser. Likely, a better
correspondence between experiments and simulations can be obtained by leaving the linear

approximations (2.30-32) and by very patient searching of optimal parameters.
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Fig.2.17. Comparison of experimental results (from Fig. 2.5-6) to computer simulations — red
laser irradiation.
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Fig.2.18. Comparison of experimental results (from Fig. 2.7-8) to computer simulations —
green laser irradiation.
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Further experimental data (Fig.2.6-7) were fitted by the simpler version of the model,
which does not consider the time modulation of the inhomogeneous broadening.

In the beginning one important finding must be mentioned. The model predicts (Fig.2.19)
that the width of the burned hole for very short irradiation times equals to the two widths of the

homogeneous broadening of extinction of one nanoparticle

Aa)hurned—hole (t - 0) - 2A(00 . (233)

This conclusion is analogical to the conclusion of the hole burning spectroscopy for very low

light intensities (2.11).

0,6 0,6

mG=2eV

A(DG=0.7eV
0,5 4 0,54

o, =1.96eV
0 04 k=0.003min™
a “71 P=0.006a.u.

0,3 1 0,34

0'2 _/
AO)(): 0.05 ev _/
A=010eV| o,

0,2

Width of burned hole [eV]

0,1 1
Aw=0.15eV
0,0 — 0,0 +—F——F———7F—+—T7+—1"—
0 200 400 600 800 0 30 60 90 120 150 180
Time [min] Time [min]

Fig.2.19. The prediction of an increase of the width of the burned hole for different values of
homogeneous broadening Aw,. The two figures display dependencies with the same set of

parameters, but for different time scales. The number of summands in the simulation was
M=200, the interval 2=4eV and the rest of parameters is displayed in the figure. For short
times a hole increases fast linearly and in the limit t—0 its width equals to the two widths of
homogeneous broadening.

From experimental data given in Fig. 2.6 the dependencies A®,,,... 1o = ADsmed—note )

(Fig.2.20) and AExt = AExt(1,94eV,t) (Fig.2.21) were extracted and fitted using the above
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model. The absolute errors were estimated as 0,01-0,015 eV concerning the time instabilities of
the experimental setup causing the vertical fluctuations of measured transmission spectra. The
measurements of the width of the burned holes for short times are more affected.

The input data for fitting these dependencies were the vertical shift of extinction

¥0=0.5 a.u., the width of the inhomogeneous broadening Aw, =0,7el, the spectral position
of the extinction maximum o, =2el (these values were obtained by fitting the initial
extinction spectrum) and the width of the Lorentz line Aw, =0,le}", which was estimated from

the Fig.2.20 supposing the relation (2.33). There were only two fitting parameters & and P,
which were determined from dependencies displayed in Fig.2.20-21. k represents a speed of
the hole burning and P relates extinction of one nanoparticle to the normalized Lorentz line and
corresponds to the density of nanoparticles in an illuminated volume, its value is also
influenced by the number of summands M and the length of considered spectral region (2. In
this case these values were M=200, (2=4eV.

The values of parameters P and k were found: k=0,003 min, P=0,003 a.u.. The fits are
displayed in figures by red lines.

The obtained values were used as input data for simulations based on the simpler version
of the model (2.26-27), the result is shown in Fig.2.22.. There is a big difference between the
measured value of extinction and the modelled value based on the direct analogy to the hole-
burning spectroscopy (2.26). There are two main explanations of this discrepancy.

Firstly, there is the hypothesis, that the sample contains nanoparticles which cannot be
optically deactivated by the laser irradiation, e.g. they have a higher potential barrier at the
interface Ag-Ti0O,. Despite a long and intense irradiation there should remain nanoparticles (or
cores) which are able to scatter and absorb light according to this assumption.

The second hypothesis considers that the decrease of extinction at the spectral position of
an incident laser light is not caused only by the hole burning mechanism, but there are also
other effects (e.g. blue shift of the whole extinction spectrum). The extended model is based on
this hypothesis. An asymmetric shape of the burned hole and an increase in a blue spectral
region can be explained by the time evolution of the inhomogeneous broadening (Fig.2.17).

But this explanation overcomes the framework of the simple version of our model.
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Fig.2.20. The increase of the width of the burned hole during red laser irradiation (squares),
extracted from Fig. 2.6.. The red line is a fit obtained according to eq. (2.26), details in text.
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Fig.2.21. The decrease of extinction at the photon energy 1,94eV during red laser irradiation
(squares), extracted from Fig. 2.6.. The red line is a fit obtained according to eq. (2.26), details
in text.

77



| 0 min
Laser: 30 min
gy 1,0 :
g 60 min
= 120 min
2 0,8 180 min
o
i
X
Ll 0,6 -
|
—_— T T T T T T T T T T T T T T T
> 0054 14 1,6 1,8 2,0 2,2 24 2,6 2,8
c
9
T 0,00
£
g
i
< 0054 :
2= experiment
c .
o simple model
o -0,10 1
=
&)
T T T T T T T T T T T T T T T
1,4 1,6 1,8 2,0 2,2 24 2,6 28
Photon Energy [eV]

Fig. 2.22. Comparison of experimental data (Fig.2.5-6) to the simulation based on data
obtained by fitting dependencies displayed in Fig.2.20 and in Fig.2.21.. The simpler version of
model was used — it considers only the hole-burning process. The observable discrepancies are
discussed in text.

At the end correctness and contributions of this model will be recapitulated. Likely, this
is a first model, which tries to describe a complex behaviour of photochromic silver
nanoparticles in a TiO, matrix and its possible development is in the beginning. The main
contribution can be in a detailed analysis of experimental data and in determination of some
interesting parameters and their time evolution, e.g. blue shift. Unfortunately, this analysis was
not done within this work.

Guessed values of parameters (Tab.2.1) are able to give satisfying simulations (Fig. 2.17-
18). The simulations predict that the maximum of the burned hole differs from the spectral
position of the incident light for the green laser and extinction increases in a blue region. When
the hole burning mechanisms is switched off (k=0), the observed spectra from figures 2.12-16
can be simulated by the model, where the main decrease of extinction is always at the spectral
position of the initial extinction maximum.

The simple version of the model connects the width of the homogeneous broadening with

the width of the burned hole Aw,,, , ,...(t = 0) = 2Aw, . The observed values (0,1 eV for the

red laser irradiation) are in the range of theoretical values, e.g. for a spherical silver
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nanoparticle with diameter 30 nm the width of plasmon resonance is determined as 0,18 eV
[30]. Since this estimation is based on the time limit #—0, it would roughly reflect the real
values of widths of homogeneous broadening despite the fact that another effects occur
simultaneously with hole burning.

The observed behaviour of extinction spectra can be explained by the microscopic
processes. There is a rich list of hypotheses, some of them are nicely confirmed and some of
them wait for an experiment, which would prove or deny them.

Hole burning (in model described by the constant k), the decrease of extinction at the
incident wavelength and its closed surrounding is explained by transfer of electrons from silver

nanoparticles into matrix. Blue shift of the whole plasmon resonance (w;(t)) is due to the

reduced volume of irradiated silver nanoparticles, decrease of the refractive index of the
surrounding matrix and likely due to increase of electron density in silver nanoparticles by the
electrons which were released from the laser excited nanoparticles. Increase of the

inhomogeneous broadening (Aw.(t)) — the inhomogeneity can be increased by the photo-

induced changes in the refractive index of TiO, matrix, change of the sizes of silver
nanoparticles and possible variation in the electron density in silver nanoparticles. Decrease of
the whole extinction — to date there is not a satisfactory explanation for this effect, which was
clearly observed (e.g. Fig.2.12, Fig.2.26), it may be explained by a photo-induced decrease of
volumes of all nanoparticles...

The next question is, whether there are nanoparticles in a sample, which are not able to
release electrons under laser irradiation. And a new version of the model should it take into
account.

The model is based on strong approximations. It is supposed that the homogeneous line

width A, of the plasmon resonance of one nanoparticle is the same for all wavelengths and

the constant of proportionality between the real extinction of one nanoparticle and the
normalized Lorentz line is spectrally independent as well. The value of the observed blue shift
of nanoparticles resonances is likely also spectrally dependent.

Despite of these approximations the satisfactory simulation of the complex behaviour of

photochromic silver nanoparticle in a TiO, was shown.
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2.2.4 Variations of Thickness of TiO, Layers

The dependence of the optical properties of photochromic films on thickness of lower
and upper sputtered layers of TiO, was examined. One part of this experiment (varying of
upper layers) was repeated within other sputter series. All samples were annealed 30 minutes at
300°C and had a 12 nm silver layer.

The examined sputtered layers were thick — lower layers 0, 10, 20, 30 nm, upper layers
10, 20, 30, 40, 60, 100 nm. Unfortunately, none of the samples without the lower TiO, layer
was homogeneous enough to conclude some reasonable facts.

Experimental data corresponding to the variation of the lower layer are in Fig.2.23a. The
red shift of the plasmon resonance by ~0,3 eV is observed by the samples with thinner TiO,
lower layer. This result is hard to interpret. One reason for the red shift could be the fact that
the dispersion of silver during sputtering the final TiO, layer has another dynamics more
closely to the glass substrate and also aggregating of silver nanoparticles during annealing can
occur otherwise. It can result in another amount and sizes of nanoparticles. If there were
particles, which have glass as a surrounding medium, the blue shift of the resonance frequency
would be observed.

The extinction spectra of samples with different thickness of upper TiO; layer are showed
in Fig. 2.23b and 2.24a,b.

For thinner upper layers (10 nm, 20 nm) no spectral shift of the plasmon resonance is
observed compared to the standard samples 30-12-30. Nevertheless, the extinction is stronger.
Also, one can see a blue shift of the absorption edge of TiO, by ~0,2 eV and another local
maximum appeared at ~3,5 eV. The origin of the shift of the absorption edge and of the second
local maximum is unknown. Generally, it can originate from properties of silver nanoparticles,
from properties of TiO, matrix or from interference on a thin layer. One daring hypothesis is,
that there is nanocrystalline TiO, and a quantum confinement results in a blue shift of the
absorption band edge and a local maximum. Nevertheless, a similar maximum was observed
by a sample that was after weak irradiation soaked with Na,S,04 (this chemical should remove
all Ag" ions) and then again annealed [30, Fig 4.15b].

The experimental results of increasing the upper thickness of the TiO, layer are in Fig.
2.23b and 2.24a. The extinction decreased in red region and rose in blue region. This effect can
be connected to a longer duration of sputtering of the TiO, final layer, which can lead to a

larger dispersion of the silver resulting in smaller nanoparticles grown during the annealing.
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Fig.2.23a,b. Extinction spectra of samples with different thickness of TiO; layers. Details in
text.
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Fig. 2.24a,b. Extinction spectra of samples with different thickness of TiO; layers. a) Red lines

and pink lines belong to two samples, which were identically prepared. Details in text.
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2.2.5 Behaviour of Films after Annealing

The optical properties of samples change in dependence on time elapsed after the
annealing. Slight changes of extinction spectra are observed. Extinction of all measured
samples tended to increase. Mostly a fine red shift and a broadening of the plasmon resonance
were observed, Fig. 2.25.. The details of processes on surfaces of silver nanoparticles are
unknown. But these results are surprising, because one would expect the optical properties with
possible oxidation of silver to get worse. Surprisingly, the extinction spectra are almost same
within two months (Fig. 2.25., red lines).

To avoid discrepancies, which could be caused by ageing of samples, all extinction

spectra were measured directly before and directly after an experiment was carried out.

Behaviour of samples after annealing
1,8 4

Extinction [a.u.]

— 71T 1 1 1 1T 1T 1 1T "~ 1T "~ T T T 1
14 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2 34 3,6 3,8 4,0

Photon Energy [eV]

— Y3EO04, 30-15-30, 400°C, 30 min, immediately after anneal.
———————— Y3EO4, 7 days later
— Y2R02, 30-12-10, 300°C, 30 min, immediately after anneal.
ffffffff Y2RO02, 6 days later
Y2R02, 54 days later
— Y2R10, 30-12-30, 300°C, 30 min, immediately after anneal.
ffffffff Y2R10, 5 days later
Y2D10, 30-16-30, 300°C, 30 min, immediately after anneal.
Y2D10, 29 days later

Fig.2.25. Comparison of behaviour of different samples after annealing.
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2.2.6 Irradiation under Lowered Pressure

Changes of extinction spectra during the laser irradiation in ambient and lowered air
pressure (30 torr~0,04 atm) were studied in order to investigate the influence of adsorbed O,
molecules, which are considered to be a strong electron acceptor for TiO, [30, 37-38]. The
Nd:YVO;4 continuous wave laser with output wavelength 532 nm (2,33 eV) was used, the
output power can be tuned between 0,01-6 W, we used 10 mW (I ~ 1,4 mW/mm?) and 30 mW
(I ~ 4 mW/mm?), the irradiated spot had ~3 mm in diameter. The thicknesses of the used
sample's layers TiO,-Ag-TiO, were 30-16-30 nm. It was annealed for 30 minutes at 300°C.

A rise of a new maximum with central position around 2,3-2,4 eV was observed in all
experiments under lowered pressure, see Fig.2.27 and 2.29. Simultaneously, a quicker decrease
of the central plasmon resonance occurred on the areas of the sample irradiated under lowered
pressure than on the areas irradiated under the ambient pressure (Fig.2.28, 2.30).

An interesting behaviour of the value of extinction around the photon 2,3 eV under
ambient pressure was observed — at the beginning of the laser irradiation it increased and then
(after 2,5 minutes for 30 mW) it began to sink, Fig.2.29.

These processes could be explained by a transfer of electrons released from laser-
irradiated nanoparticles into other nanoparticles. This transfer is affected by the amount of
electron traps (e.g. oxygen molecules) in TiO, matrix, the less traps (lower ambient air
pressure) are present, the more excited electrons can move into other nanoparticles. Due to
higher electron density in nanoparticles extinction increases at higher photon energies.

The behaviour of the extinction at 2,3 eV of the sample, which was irradiated under
ambient pressure (Fig. 2.29), could be explained by a competition of two mechanisms —an
increase due to an increase of the number of nanoparticles which have the plasmon resonance
at this energy (a rise of electron density in some nanoparticles as a result of electron transfer
from depleted nanoparticles) and the second mechanism is the hole burning at the incident
laser wavelength. The process of the hole burning is not observed in vacuum, since there are
likely all electron traps saturated. This hypothesis could be confirmed by an additional
irradiation of the sample under normal pressure (unfortunately, it was not done within this
work).

Another hypothesis is that the chemical reactions at surfaces of nanoparticles act
differently for different amount of oxygen in the surrounding atmosphere and the refractive

index of the new surrounding medium depends on its stoichiometry.
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But one question remains, why extinction in red region decreases very intense under
green light irradiation.

A slight vertical shift of whole extinction curves appeared due to using a diode
spectrometer and this shift varied from point to point at the sample (likely because of
complications with background measuring connected with using a gas chamber). The
beginning values of extinctions (t=0s) were moved to a similar value in order to better see the
speed of changes in figures 2.28-30. The initial spectra of the different points of this sample
were also recorded by a monochromator and they were almost identical (black curves in

Fig.2.2).
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Fig.2.26. The decrease of extinction under ambient pressure due to the laser irradiation -
I ~4 mW/mm’ (30 s between each two lines).
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Fig.2.27.The time evolution of extinction during the laser irradiation - I ~ 4 mW/mm’ under
lowered pressure (30 s between each two lines).
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88



2.2.7 UV Irradiation and Reversibility

The photochromic films were illuminated with UV light (254 nm ~ 4,88 eV and 366 nm
~ 3,39 eV) in order to confirm or refute reversibility of extinction after laser irradiation [31, 33-
34]. The e-h pairs in TiO, are produced as a result of UV irradiation, the produced electrons are
believed to be able to reduce Ag' to Ag” and so return the original form to silver nanoparticles
after laser irradiation [33]. The photon energy 4,88 eV is higher than the absorption edge of
interband transition (4d-5sp) in silver — 3,87 eV and than the work function of silver (4,3-
4,7 eV) [30].

Experiments showed that our samples are not reversible. UV irradiation caused a
decrease of extinction maximum, the same results were observed independently of the fact
whether an area was or was not laser irradiated before UV light was applied, Fig.2.31-32.

An interesting effect was observed under irradiation by 254 nm (4,88 eV). A new peak
with central maximum ~2,4 eV increased. It should be mentioned that this peak is similar to
the new maximum observed in experiments under lowered pressure, Fig 2.7.. Also, it is shifted
by ~0,6 eV to the initial resonance maximum.

Our samples did not show spontaneous reversibility in darkness as samples produced by

wet chemical deposition [33,34]. The burned spectral holes were permanent.
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Fig.2.31. Extinction spectra before (solid) and after (dots) UV irradiation (254 nm (4,88 eV),
15 hours). Point A (red lines) was before UV irradiation illuminated by a He-Ne laser (dash
line).

UV irradiation, 15 hours, 366nm (3,39¢eV)

1 ’4 - point A, before irr.
—————— point A, after laser irr. 8 min; 633 nm; 2 mwW/mm?®
——————— point A, after UV irr. 15 hours
19 — point B, before irr.
“-1 S/ N\ | e point B, after UV irr. 15 hours

1,01

0,8+

Extinction [a.u.]

0,6 ‘;:::1154""’:

0,41

1,6 2,0 2,4 2,8 3,2 3,6

Photon Energy [eV]

Fig.2.32. . Extinction spectra before (solid) and after (dots) UV irradiation (366 nm (3,39 eV),
15 hours). Point A (red lines) was before UV irradiation irradiated by a He-Ne (dash line).
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2.3 Summary and Outlook

The optical properties of silver nanoparticles in a TiO, matrix were investigated within
this work. The dependence of extinction spectra on the thickness of layers and on the age of
samples was examined. A systematic series of laser irradiation experiments with three different
lasers was carried out in order to investigate the photochromic behaviour (e.g. irradiation under
reduced air pressure, irradiation with weak laser intensity).

The most interesting and surprising effects observed were the increase of the local
maximum during the laser irradiation under reduced air pressure (30 torr) and the local
maximum in UV region observed within films with thinner upper TiO, layer (10 and 20 nm).

None of the prepared samples showed an ideal burned hole in extinction under laser
irradiation by all used lasers. The hole centred at the incident photon energy was observed only
for the red and orange laser irradiation. The decrease of the extinction at the incident
wavelength is always accompanied by a blue shift of the whole resonance.

Moreover there were samples with almost identical behaviour under the red and green
irradiation. Probably, the multi photochromic property depends on the annealing temperature
and duration. The samples annealed for 30 min at 300°C showed the same behaviour for the
red and green laser irradiation, whereas the sample annealed for 60 min at 400°C had a
different response for different incident wavelengths. The biggest difference in extinction
spectra of both types of samples was in the position of the plasmon resonance and not in its
width.

A phenomenological model based on an analogy to the hole burning spectroscopy was
suggested. It can be used to describe qualitatively the main features of the photochromic
behaviour of silver nanoparticles in TiO, under the laser irradiation. In the future a new
upgraded version could help to analyse time evolution of extinction spectra of photochromic
silver nanoparticles, similarly to ref. [36].

It could be interesting to try to produce a sample with plasmon resonance in the middle of
the visible spectrum (i.e. at 2,4 eV). Also the connection between conditions of annealing,
multi photochromic behaviour and the rate of the extinction decrease should be investigated
more systematically.

More independent experimental investigations are needed to complete the understanding
of the microscopic processes leading to photochromic behaviour of the Ag - TiO, system. For
example time resolved transmission experiments might provide information on electron
dynamics. Currently pump and probe measurements are in progress and luminescence

measurements are planned in the near future.
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Appendix — Pump and Probe Experiments

We suggested and realized time resolved experiments — measuring transient transmission
of thin TiO; films containing silver nanoparticles on picosecond time scale. These experiments
could help to better understand microscopic processes in the photochromic films. The
preliminary results are summarized in this Appendix. The measurements were hampered by a
variety of difficulties caused mainly by a low damage threshold and inhomogeneity of the
sample. We hope that these results are not final and we would like to resume these time

resolved experiments in the future.

Introduction

Two experimental setups were suggested: a) degenerate pump and probe experiment
(pump 532 nm, probe 532 nm) and b) non-degenerate pump and probe experiment (pump
355 nm, probe 1064 nm). The first arrangement should reveal the behaviour of the silver
nanoparticles in the film since the wavelength 532 nm (2,33 eV) is close to the maximum of
their plasmon resonance. The second setup focuses on the behaviour of the semiconductor part
of the film — TiO, (see Fig.A1). The excitation pulse 355 nm (3,49 eV) generates electron-hole
pairs, the band-gap energy of thin TiO; films is estimated to be 3,3 eV. This pump energy is
lower than the work function of the silver 4,3-4,7 eV and the energy of the interband transition
(4d-5sp) in silver — 3,87 eV [30]. The probe pulse 1064 nm (1,16 eV) should monitor the
intraband transitions of the photogenerated charge carriers.

In the future the second experimental setup could be upgraded by a usage of a continual
wave laser with an output wavelength within the plasmon resonance of the silver nanoparticles.
This laser would cause photochromic changes of the sample (see Chapter 2.1.2), whereas the
pump and probe experiment (355 nm, 1064 nm) could reveal possible changes of the behaviour

of electrons within the conduction band of TiO,.
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Fig. Al - Extinction spectrum of the photochromic film with thicknesses of layers TiO,-Ag-TiO,: 30-15-30 nm,
annealed for 60 min at 400°C. The arrows inidicate the spectral positions of wavelenghts of the used pump and
probe pulses.

Experimental setups

Both the experimental setups used are shown in Fig. A2. The light source of picosecond
pulses was a single shot passively mode-locked Nd:YAG laser operating at the 1 Hz repetition
rate. The excitation and probe pulses were obtained by nonlinear optical frequency mixing in
KDP crystals: wavelength of 532 nm was achieved by frequency doubling of the laser
fundamental 1064 nm output and 355 nm by a sum frequency generation of 1064 nm and
532 nm. The time length of pulses was 35 ps (FWHM). The time delay A¢ between the pump
and probe pulses was varied using an optical delay line. The beams intersected under the angle
5 deg and the spots diameters were ~ 0,5 mm (pump) and ~ 0,05 mm (probe). The used
excitation pulse energy was ~ 10 pJ (the pump fluence ~ 5 mJ/cm?) and the probe pulse energy
was approximately three orders of magnitude lower than the excitation energy. The
fluctuations in the pulse energy were in the range of 50%. In the case of the degenerate pump
and probe experiment the beams were polarized orthogonally to each other.

Silicon photodiodes SP 102 were used as detectors (D1, D2, D3), their synchronisation
with the laser pulses was realized by a trigger photodiode. The detector D1 measured the pump
pulse energy. The relative intensity of the probe pulse was measured before passing the sample
by the detector D2 and after passing the sample — the detector D3. The ratio of the signals from
detectors D3/D2 is proportional to the transmission of the sample. The shutter (Sh) of the

excitation pulse made possible to alternate measuring of the transmission of the sample with
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the pump pulse and without the pump pulse. The detector readings were stored for each laser

shot. The whole experiment was controlled by a PC.
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Fig. A2 a,b) Used experimental setups for pump and probe experiments: a) degenerate (pump -532 mn, probe -
532 nm), b) non-degenerate (pump -355 mn, probe - 1064 nm). Nd:YAG - Nd:YAG laser, SHG — second
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Results

For all time-resolved measurements the photochromic film prepared by the sputter
deposition on glass was used, the thicknesses of the deposited TiO,-Ag-TiO; layers were 30-
15-30 nm, it was annealed for 60 min at 400°C. Its extinction spectrum is shown in Fig. Al.
The sample showed slight local inhomogeneities in colour and structure.

A notice to arbitrary units: the arbitrary units of the transmission 1 a.u. corresponds to the
value of transmission ~ 40% in the case of the green probe pulse and to ~ 100% for the IR
probe pulse. Exposition units: 1 a.u. ~ 30 mJ/cm®,

The value of the differential transmission is given by the subtraction the value of the
transmission measured without the pump pulse from the value of the transmission measured
with the pump pulse. In the figures, which show ps-dynamics, five values of the transmission
with the pump pulse and five values of the transmission without pump pulse were measured for

each value of the time delay, all measured values are displayed (Fig. A5,A7).

Degenerate pump and probe experiment (532 nm, 532 nm)

First of all the dependencies of the transmission and the differential transmission on

exposition were measured for two different values of the time delay (At =17, —1,,,,) —0ps, -

100 ps. In all measurements an increase of the transmission with exposition was observed (Fig.
A3, A4). The speed and character of these increases varied for different spots at the sample.

In most cases, when the pump and probe pulses overlapped (Af=0 ps), an increase of the
differential transmission with exposition was noticeable (Fig. A3). But when the probe pulse
passed through the sample before the excitation pulse (Az=-100 ps), this increase was not
observed within all our realized measurements (Fig. A4).

We tried to measure the differential transmission in dependence on the time delay
between the probe and pump pulses (Fig. AS5). One spot of the sample was exposed. First we
increased the time delay from -70 ps to 50 ps (Fig. A5 a)), then we began to decrease the time
delay from 50 ps to -70 ps (Fig. A5 b)). For the positive values of the time delay a slight
increase of the differential transmission was observed.

Within this experimental setup we realized another experiment. We blocked the probe
beam and measured the signal detected by the detector D3. This signal corresponded to the
light of the pump pulses scattered and depolarized by the sample. Since the intensity of the
single laser pulses differed, the ratio of the signal from detector D3 to the signal from detector

D1 was counted (Fig. A6). The signal from the detector D1 corresponded to the energy of the
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excitation pulse. The amount of the scattered and depolarized light varied for different spots of
the sample. An increase of the scattered depolarized light with exposition was observed within
approximately one third of the realized measurements. This scatter could cause an absolute
error up to ~ 0,03 a.u. of the differential transmission in the former mentioned measurements.
It is hard to draw definite conclusions, since the observed changes in the differential
transmission were only slightly higher than fluctuations of the measured signal. In particular,
the error possibly caused by the scatter and depolarization of the excitation light is of the same

order of magnitude as the observed changes in the differential transmission.

Non - degenerate pump and probe experiment (355 nm, 1064 nm)

The experimental setup was modified in order to make it possible to measure dynamics of
charge carriers in titanium oxide (Fig. A2 b)). The preliminary results (Fig. A7) likely imply
that there is an induced absorption in IR region caused by electrons in the conduction band
(and holes in the valence band) of TiO,, excited by the UV pulses. Unfortunately, the observed
signal was only slightly higher than the sensitivity of the experimental setup.
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Conclusions

There were a lot of complications with the time-resolved measurements of the
photochromic silver nanoparticles in a TiO, matrix. It was necessary to find the optimal energy
of the pump laser pulses, which does not damage the sample (evaporation visible to the naked
eye), which causes photochromic changes (under low intensities none transmission changes
occur) and has a good signal-to-noise ratio (the higher intensity, the better signal). The
different response of different spots of the sample makes also the interpretation of the obtained
results harder (mainly the scatter of the excitation light). It was not trivial to find the space and
time overlap of the pump and probe pulses in a thin film with thickness ~ 80 nm. The low
value of the obtained signal also resulted from the thin thickness of the film; the value of the
signal only slightly exceeded the sensitivity of the experimental setup.

A substantial observed fact is that under the picosecond pulse laser irradiation the
changes in transmission occurred at approximately four orders of magnitude lower exposition

(~ 100 mJ/cm?) than under the continual wave laser irradiation (~ 1000 J/cm?). It is not clear,
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what changes the silver nanoparticles undergo under the irradiation with picosecond pulses of
the peak power ~ 100 MW/cm®.

In spite of the former mentioned difficulties some trends could be revealed:

e the transmission (at 532 nm) increases with laser pulse irradiation (532 nm) — Fig. A3-
A5

e the sample scatters and depolarizes the excitation light (532 nm) and in some cases this
property increases with exposition — Fig. A6

e likely as a result of the excitation (532 nm) the differential transmission of the sample
(at 532 nm) increases — Fig. A3, AS

e likely as a result of the excitation (355 nm) the differential transmission of the sample

(at 1064 nm) decreases — Fig. A7

In order to confirm these trends more experiments (with a better signal-to-noise ratio) must be
carried out. Unfortunately, now we had to stop experimental activities, but in the future we
would like to resume these time-resolved experiments and realize the pump and probe
experiment (355 nm, 1064 nm) with a simultaneous continual laser irradiation. The changes of
extinction spectra of the photochromic films under a pulse irradiation and under a continual

wave laser irradiation should be compared.
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