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Uvod

Polovodivé materialy byly jednim z hlavnich tahounti primyslového a védeckého rozvoje
minulého stoleti a jejich vyznam pfetrval i do toho soucasného. Technologie na bazi kiemiku
dominuji mnoha tradicnim odvétvim v elektronice, optoelektronice a fotovoltaice, zatimco
binarni, ternarni a dokonce i organické polovodice ziskaly zna¢nou popularitu v pokrocilych
aplikacich zahrnujicich svételné zdroje (LED/OLED), detekci svétla, medicinu a energetiku
(uskladnéni energie). I pies tyto uspéchy nejsou moznosti polovodivych materialti nekonecné.
Postupujici technologicky vyvoj klade na polovodice stale vyssi pozadavky, které neni snadné
uspokojit, ¢imz tyto materidly zacinaji narazet na limity svého vyuziti. Mezi nejnaléhavéjsi
naroky patii nejen Siroka laditelnost fyzikalnich vlastnosti, ale také ustavicné rostouci diiraz na
nizkou ekologickou zatéz jejich ptipravy i recyklace a nizkou toxicitu pouzitych prvka. Jednou
z moznych cest, jak dale rozSifovat spektrum vlastnosti soucasnych polovodict, je ptechod
k jejich nanostrukturnim formam. SniZenim rozmért objekt pod 1/1000 tloustky vlasu (~ 50
nm) dojde ke zvyseni vlivu povrchu materialu na jeho vlastnosti a pfi dal$im snizovani (<10
nm) se pfidaji i efekty spojené s pfitomnosti kvantové-rozmérového jevu. Kombinaci téchto
efektl je mozné zasadnim zplisobem ménit vlastnosti latek, a tim rozsifovat pole jejich vyuziti.
Zminény aplikacni potencidl je vSak vykoupen mnoha ptfekdzkami, které musi byt nejprve
zdolany.

Velkou vyzvou byva samotna piiprava nanomateridlli. Metody, které by dovedly
vytvofit kvalitni nanostruktury o dostatecném mnoZstvi a za konkurenceschopnou cenu, jsou
ojedin€lé. Doposud zndmé postupy ptipravy vétSinou spliuji jeden, ptfipadné dva zminéné
pozadavky. Dalsi ptekazkou je hledani metod efektivni a cilené upravy jejich povrchi, a to
predevsim z diivoda vysoké reaktivity povrchu nanomaterialti. Komplikace nastavaji nejen u
vytvareni nanomateridlll, ale 1 pfi studiu a popisu jejich chovani. Kombinaci objemovych
vlastnosti, kvantovych jevii a vSudypfitomnych defekti ziskdvaji nanomaterialy vlastnosti,
které Casto nelze snadno odhadnout ze zndmé teorie. PfedevSim se to tyké relaxacnich,
rekombinac¢nich a transportnich procesii excitovanych nosici, které urcuji optické a elektrické
vlastnosti téchto latek. I pies vSechny tyto vyzvy vyzkum polovodivych nanomateriala
dynamicky probiha a pfinad$i mnoho zajimavych aplikacnich vystupli. Pomineme-li bézné
aplikace vyuzivajici napf. nanostrukturni oxid titanicity (kosmetika, vodéodolné povrchy atd.),

aplikace nanomateridli jiz vedla krozvoji svételnych kolektori, nanomediciny, bio-



zobrazovani, zvySovani kapacity Li-iontovych baterii, dokonce i k mnoha ekologicky
zamétenym technologiim (napf. ¢isténi vody ¢i ovzdusi).

Predkladana habilitacni prace prezentuje dosavadni védecky vystup zadatele, ktery se
syntéze, vyvoji a charakterizaci riznych polovodi¢ovych nanostruktur systematicky vénuje.

Préace jmenovité prezentuje vysledky ziskané pii studiu tfi nasledujicich nanostruktur:

e kiemikové kvantové tecky,
e polykrystalicky diamant,

e halogenidové perovskity.

Priméarné prace obsahuje vysledky zadatele ziskané pfi studiu kifemikovych kvantovych
teCek. Tyto objekty jsou v soucasné dobé¢ jednim z hlavnich hrac¢t na poli kovalentnich
polovodicovych nanostruktur, protoze jsou slozeny z bézného prvku, ktery je netoxicky,
biokompatibilni, a navic mize vykazovat vysokou efektivitu konverze svétla ¢i vazani lithia.
Prace prezentuje nejen vyvoj novych metod jeho pfipravy a povrchové terminace, ale 1 vyzkum
jeho vlastnosti a aplikaci.

Druhym studovanym materidlem je taktéz kovalentni polovodi¢ova nanostruktura, a to
polykrystalicky diamant. Diamant je 1 pfes Siroky zakdzany pas (5,6 eV) diky svym
vSudypfitomnym piimésim povazovan na polovodi¢, ktery je biokompatibilni, netoxicky,
chemicky odolny a vykazuje zajimavé vodivé, optické a mechanické vlastnosti. Jeho
monokrystalicka forma je vSak extrémné financné naro¢na na piipravu, a proto se vyzkum
tohoto materidlu zaméfil na jeho polykrystalickou alternativu, kterd je slozena z nanokrystali
oddélenych nediamantovou uhlikovou fazi. Vyuziti nanokrystalického diamantu je zavislé na
dostateCném zmapovani vlivu rozhrani a nediamantové faze na rekombinacni procesy
excitovanych nosicli, Cemuz se vénuje vyzkum piedkladatele.

Poslednim prezentovanym materidlem je hybridni nanostruktura slozend z binarnich
kvantovych te¢ek PbS vloZenych do nosné matrice halogenidovych perovskitl. Perovskity jsou
komplexni organo/anogranické materidly, které vykazuji vyborné absorpcni 1 vodivostni
vlastnosti, diky ¢emuz jsou velmi perspektivni jako fotovoltaicky material nebo nosny material
pro transfer nosic¢ii naboje do nanocéstic s vysokym kvantovym vytézkem. Prace prezentuje

vysledky studia transportnich procesi nosicti naboje ve zminéné hybridni strukture.



Predmluva autora

Pfestoze ptitomnost osobniho Givodu neni u habilitacnich praci obvykla, dovolim si na tomto
miste prezentovat n¢kolik osobnich poznamek/poznatk. Pi jedné diskuzi na téma habilita¢ni
prace mi jeden znamy cesky fyzik tekl, ze by méla ptedstavovat piehled dosavadniho
akademického zivota navrhovatele, a tak se k jejimu psani pfistoupil. Sam sviij akademicky
zivot vnimam jako minci se dvéma stranami — védeckou a pedagogickou.

Ma védecka kariéra je spojena s piipravou, modifikaci a studiem vlastnosti kvantovych
tecek a nanomaterialti obecné. Z mé zkuSenosti védeckd prace s témito drobnymi strukturami
piipomina kompletovani virtualnich skladacek, kdy jednotlivé dilky casto do sebe nezapadayji,
1 kdyZz by mély, a jejich tvar ¢i obsah nelze snadno odhadnout pomoci znamych teorii. Ptesto
vetim, Ze vysledné obrazky, které jsme v ramci publikaci vytvofili, davaji smysl. At uz se jedna
o modely transportnich mechanizmii v perovskitovych hybridech, pfedpokladanou strukturu
nediamantové faze v nanodiamantech, nebo o pfipravu, modifikaci a popis chovani emise
kifemikovych kvantovych tecek. Doufam, Ze navzdory n¢kterym nedokonalym okrajim mohou
nase vysledky slouzit jako dilky ve vétsich skladackach jinych védeckych skupin.

Predkladana prace neobsahuje jen rozbor védeckych clankt, ale i reSerSni Cast, jejiz
obsah je vyznamné poznamenan mou pedagogickou strankou. Namisto stru¢ného teoretického
ptehledu, jak byva zvykem, jsem se rozhodl ptehledné seskupit informace, které mi o
nanomateridlech ptijdou dilezité a vyznamné ovlivnily mij pohled na praci s nimi. V této ¢asti
se snazim mimo jiné¢ ukdzat, jaké vlastnosti objemovych latek jsou piechodem
k nanostrukturam ovlivnény, pro¢ tomu tak je a od jaké velikosti se tyto zmény projevuji.
RovnéZ se vénuji tomu, jak nahliZet na kvantové tecky a nanostruktury obecné. Na zakladé
svych zkuSenosti vnimam kvantové teCky nikoliv jako krystalické kulicky s rozSifenym
zakdazanym pasem, ani jako molekule podobné struktury s diskrétnimi energetickymi
hladinami, jak jsou nékdy popisovany. Jde o struktury na rozhrani diskrétniho a spojitého svéta,
které kombinuji vlastnosti obou. Navic jsou ovlivnény deformovanymi vazbami vlastnich
atomu 1 vlivem atomt cizich na jejich povrchu. Pro tematické uceleni reSerSe je tato Cast
doplnéna o kratky ivod do teorie pevnych latek. VEfim, ze erudovani ¢tenaii tuto podkapitolu
s gracii preskoci, nebot’ je urena spise mén¢ zkusenému publiku, které by ji mohlo vyuzit ke

vzdélavacim tcelim. Z tohoto diivodu jsem se také rozhodl préaci napsat v ¢eském jazyce.
S tctou

Pavel Galar



1.Polovodi¢ové nanomaterialy

1.1. Vlastnosti polovodici

Pro ucelenost prezentovaného tématu budou v ramci této kapitoly zavedeny zakladni pojmy
spojené¢ s anorganickymi a organickymi polovodi¢i. Zaméfime se na zavedeni hlavnich
rekombinacnich procest, jejich vlivu na zékladni optické a elektrické vlastnosti polovodict,
stejn¢ jako vlivu defektll a neuspofddanosti. Popis nebude vycerpavaji, ale bude zaméten na
navazujici teorii a vyzkum prezentovany v piedkladané praci. Jako polovodice oznacujeme
materialy, jejichz hodnota specifické vodivosti spada do intervalu hodnot od 10®* S-m™ do 10°
S-m™!. Rozdil mezi polovodi¢i, vodici a izoltory se da oviem definovat i pomoci energetické
pasové struktury téchto latek. Na zakladé Blochovi teorie, definujici periodicky pribéh el.
potencialu, jsou elektronové stavy v usporadanych latkach rozdéleny do tzv. pasi. Tyto pasy
jsou oddéleny oblastmi energii, kterych elektrony nemohou nabyvat (Obrazek 1). Mezi
latek vodivostni pas téméf prazdny a vodivostni téméf plny. Elektrony ve valenénim pasu jsou
pevné vazany k atomiim a neptispivaji k el. vodivosti latky, coz neplati o dirach, kvazi¢asticich
spojenych s volnym stavem v tomto pésu, a o volnych elektronech ve vodivostnim pdasu.
V jednoduchosti tedy mlZeme fici, Ze mira vodivosti latek je dana schopnosti elektronti
preskocit do vodivostniho pasu. Pokud je Sifka energetické bariéry mezi maximem valen¢niho
a minimem vodivostniho pasu (tzv. zakdzany pas, Eg, z angl. Energy gap) vétsi nez ~3 eV,
oznacujeme latku jako izolant (tepelnd excitace je obtizna). V opa¢ném piipad¢€ je povazujeme
za polovodice. Specifickd situace nastava u vodicl, kde dochéazi dana schopnosti elektronti

pteskocit do el. vodivostniho pasu.
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Obrazek 1. Energetickd (pasova) struktura izolantu, polovodice a vodice.



Mezi Cistymi prvky pfili§ polovodicti bohuzel nenajdeme (tzv. elementarni polovodice).
Tuto vlastnost vykazuji jen prvky z IV. skupiny a z praktického hlediska se da efektivné vyuzit
pouze kiemik (E; = 1,1 eV) a germanium (E; = 0,66 eV). Ostatni prvky z dané skupiny maji
prili§ uzky zakézany pas pro polovodivé aplikace. Za polovodi¢ se vSak povazuje i1 uhlik
v diamantové formé, piestoze Sitka jeho zakdzaného pasu je rovna 5,5 eV. Diamant totiz vzdy
obsahuje piimési, které zvysuji jeho vodivost. Z aplikacniho hlediska je mnozstvi téchto
polovodict vsak nedostatecné, predevsim proto, Ze nelze snadno ménit $itku ani charakter jejich
zakazan¢ho pasu (pfimy/nepiimy viz dale) nebo miizkovou konstantu a tim 1 mnoho jejich
vlastnosti. Proto byly vytvofena nova tfida polovodict, obsahujicich v krystalické miizce dva
nebo 1 vice riznych prvki. Mezi nejbéznéjsi patii binarni polovodi¢e kombinujici atomy z III.
a V., ptipadné II. a VL. skupiny (PbS, GaN, GaAs, InAs, ZnO, TiO», ZnS atd.). Polovodice
obsahujici vice atomll oznacujeme jako multindrni (AlGaAs, HgCdTe, Ag2ZnSnS4, Cu2ZnGeS4
atd.). Jejich piiprava je vSak ndro¢nd nejen technicky, ale i finanéné, coZz omezuje jejich
aplikacni rozsah. Pro tuplnost je dobré zminit, ze polovodivé vlastnosti vykazuji nejen
anorganické, ale i organické latky, které jsou v drtivé vétSin€ piipadli dobrymi izolatory.
Nutnou podminkou pro ziskani polovodivych vlastnosti u organickych latek je periodické
stiidani n- a o-vazeb, a to bud’ v blocich nebo ve formé polymeru. Mezi typické zéstupce
polovodivych organickych latek patii vodivé polymery, které mohou dosahovat vodivosti az

10° S'm™ (Obrazek 2).

Obrazek 2. Struktura vodivého polymeru polyacetylénu.

Stavy v zakazaném pasu polovodicia

Vyse zminény pohled na energetickou strukturu latek byl do zna¢né miry zjednoduseny.
Ocekaval totiz splnéni Blochova pfibliZzeni piedpokladajici periodicky pribéh potencidlni
energie v poli jader. Timto zjednodusenim je zanedbdna vicecasticova interakci nosicl naboje
prostiednictvim Coulombické sily a jejich interakce s vibraci mfiZze. Latky také nejsou idealni

a Casto obsahuji razné defekty ¢i nemusi platit dalekodosahové uspofadani, coz nastava u
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amorfnich, polykrystalickych, organickych vodivych polymert ¢i nanostrukturnich latek.
Vsechny tyto vlivy vedou k modifikaci energetického spektra, a ptfedevSim ke vzniku
energetickych stavli v zakdzaném pasu, coz vyznamné ovlivituje a komplikuje popis
rekombinacnich a vodivostnich procesti v latce, a tim 1 jejich optickych a elektrickych
vlastnosti. Diky uzkému zakazanému pasu jsou na piitomnost téchto stavi nejcitliveéjsi praveé
polovodice.

Energetické stavy v zakdzaném pasu zpusobené porusenim dalekodosahového
uspotradani oznacujeme jako lokalizované (téz pastové), protoze nosice v nich maji nizkou
pohyblivost, dokud nejsou excitovany do vodivostniho (elektrony) nebo valen¢niho pasu (diry).
Mezi tyto lokalizované stavy patii naptiklad defekty mtize, ke kterym se fadi dopanty a jiné
primési, vakance, dislokace nebo riizné stavy spojené s povrchem (cilené terminace, kyvavé
vazby atd.). S rGstem neuspotadanosti v polovodi¢ich dochazi k rozmazani hran zakazané¢ho
pasu a vzniku tzv. vybézkovych stavl (z angl. tail states), jejichZ hustota exponencialné klesa
od hrany valen¢niho/vodivostniho do zakazaného pasu. Z terminologického hlediska je dobré
zminit, ze u velmi neuspotfddanych latek (amorfni) z principu nemd cenu mluvit o hrané
valen¢niho a vodivostniho pasu (poruSeni periodicity potencialu), pfestoze energeticka
struktura latky zGstavd v obecnych rysech zachovana. Jejich role je nahrazovana tzv.
pohyblivostni hranou. Nosi¢e nad touto hranou se povazuji za volné, pod touto hranou za
lokalizované. U vodivych polymerti a kvantovych teCek také dochéazi k modifikaci vyse
zminéné terminologie. JelikoZ tyto objekty svou velikosti pfipominaji velkou molekulu,
vodivostni pas u nich byvd oznacovan jako nejniz$i neobsazeny molekularni orbital (tzv.
LUMO) a valen¢ni jako nejvyssi obsazeny molekularni orbital (tzv. HOMO).

Pfitomnosti vicecasticové interakce nosi¢li naboje a jejich interakci s vibraci miizky
vznikaji v latce entity, které oznacujeme jako kvazicastice. Jim piisluSici energetické stavy
taktéz spadaji do zakdzaného pasu. Mezi nejbéZnéjsi kvazicastice ovlivilujici vlastnosti
anorganickych ¢i organickych polovodict patii excitony, polarony a solitony. Excitony jsou
sloZzeny z elektronu a diry navzajem vazanych Coulombickou interakci. Mohou byt pohyblivé
elektronu a diry (tzv. Bohriv polomér ax) a jeho vazebna energie. Oba tyto parametry jsou
spojeny s velikosti Coulombické sily mezi elektronem a dirou, kterd je ovlivnéna predevsim
relativni permitivitou latky. Velikost ax se u polovodict pohybuje v rozsahu ~ 2 — 50 nm (ZnS,
respektive PbSe).!*2 Podle vazebné energie délime excitony na tzv. Wannier-Mottovi (v fadu ~
0,01 eV) nebo Frenkelovy excitony (~ 0,1 — 1eV). Druhé zminéné se vSak u polovodict téméf

nevyskytuji (pouze krystalické organické molekuly). Diky své nizké vazebné energii Wannier-
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Mottovi excitony za béznych teplot rychle disociuji (tepelnd energie za pokojové teploty ~
0,025 eV). To se vSak méni piechodem k nanostrukturdm (rozmér objektu blizky nebo nizsi
nez ax), kdy stabilita excitonil vyrazné roste, coz se da predstavit jako stlatovani excitonu, ¢imz
se zvysuje jeho vazebna energie. Polarony tvoii vazany stav mezi nosi¢em naboje a vibraci
miizky (fononem). Vznikaji v latkach, kde dochéazi k silné Coulombické interakci mezi
excitovanymi nosi¢i a atomy mifize (polarni polovodice, CdS, ZnSe atd.). Podle znaménka
naboje na nosici je délime na pozitivni a negativni. Jejich pfitomnost je zasadni pfedevsim u
polovodivych organickych latek, kde je naopak zdrojem jejich vodivosti (viz dale). S riistem
koncentrace polaroni mohou vznikat stabilnéjSi kvaziCastice bipolarony (spojeni dvou
polaroni). Vyznam i téchto kvaziCastic roste piechodem smérem k nanostrukturnim formam
polovodict (piedevsim 2D). Solitony jsou specifické kvazicastice, protoze dle teorie se jedna o
vlnu, ktera se §ifi polovodi¢em a nese naboj. Tato vina mé sebezesilujici vlastnosti, takZze béhem
jejiho Sifeni nedochazi ke snizovani jeji amplitudy ani jeji deformaci. Jejich vyskyt se omezuje

predevsim na prostorové omezené vodivé polymery.

Rekombinaéni procesy v polovodicich a jejich optické vlastnosti

Mechanické a nékteré chemické vlastnosti polovodicii jsou uréeny predevsim jejich strukturou
(sila a charakter vazeb, miizka atd.). Optické a elektrické vlastnosti jsou naproti tomu silné¢
zavislé na jiz zminéné pasové struktufe polovodicl. DilleZit4 neni jen velikost zakazaného pasu,
ale 1 to, zda se jedna o polovodice s pfimym nebo nepiimym zakdzanym pasem. Vzdalenost
mezi maximem zakazaného a minimem vodivostniho pasu neni pro vSechny elektronové stavy
na hran¢ zakazaného pasu stejna, ale je zavisla na hybnosti elektronu v daném stavu. Tato
zavislost se zobrazuje v tzv. k-prostoru (prostor definovany energii elektront a jejich hybnosti,
respektive vinovym ¢&islem k). Pokud odpovidd minimum vodivostniho pasu a maximum
valen¢niho pasu stejné hodnoté vlnového Cisla (lezi v k-prostoru nad sebou), jedna se o
polovodic¢ s ptimym zakdzanym pasem (vétSina bindrnich polovodic¢i, Obr. 3a). V opacném
piipadé se jedna o polovodi¢ se zakdzanym pasem nepiimym (elementarni polovodice, Obr.
3b). Forma zakézaného pasu zasadnim zpiisobem ovliviluje rekombinacni vlastnosti latky, tedy
proces navratu excitovanych nosictu do pivodnich stavii. Po excitaci totiz vybuzené elektrony
termalizuji (emituji fonony a tim se propadaji vodivostnim pasem) do volného stavu s nejnizsi
moznou energii, coz byva dno vodivostniho pasu. Diry naopak sméfuji na vrchol valenéniho
pasu. Vybuzené elektrony a diry se ndsledné rekombinuji pies zakdzany pas a tim se vraci do

puvodniho stavu pied excitaci. Rekombina¢ni ptfechod musi spliiovat zakon zachovani energie
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(ZZE) 1 hybnosti (ZZH). U piimych polovodict je ZZH splnén automaticky a ZZE je splnén
vyzafenim fotonu o rozdilu energie excitovaného elektronu a diry (zafiva rekombinace) nebo
pomoci nezarivé rekombinace, kdy elektron odevzda energii jinou cestou, napiiklad ptes stavy
v zakdzaném pasu.’ Jev, pii kterém latka generuje svétlo timto mechanismem, oznaéujeme jako
luminiscence. Spektrum rekombinacnich procesu je Siroké, ale v jednoduchosti se daji délit
podle poctu entit, které se jich ucastni na Augerovské (3 entity), bimolekularni (2 entity) a
monomolekularni. U nepfimych polovodici nemtlize zafivd rekombinace prob&hnout tak
snadno, protoze pro splnéni ZZH musi byt soucasné emitovan fonon. Nepiimé polovodice jsou
tedy Spatnymi zdroji svétla, coz omezuje jejich aplikacni potencidl. Efektivita luminiscence je
zasadni vlastnost kazdého polovodice a je kvantifikovana tzv. kvantovym vytézkem (z angl.
quantum yield, QY), ktera je dana pomérem mezi mnozstvim vyzarené a absorbované energie:

Evyz

QY = <100 % 1)

E abs

U nékterych polovodivych materialii se tato hodnota blizi az 100 % (PbS), u kiemiku (nepfimy
polovodic¢) dosahuje hodnot okolo 0,001 %.

a b
Vodivostni Vodivostni
pas /\/ pas
v =E IE,‘ hv = E,
foton 1 e +(-jfonom
foton
“alengni Valenéni
pas pas
-k > K -
GaAs - Piimy zakazany pas S| - Nepfimy zakazany pas

Obrazek 3. Energeticka zavislost elektronovych stavil na jejich vinovém cisle pro a) piimé

polovodice, b) neptimé polovodice. Na schématech je znazornén princip excitace elektronu.
Elektrické vlastnosti polovodici

Mezi zékladni elektrické vlastnosti latek patii dielektrickd permitivita e (relativni permitivita),
elektricka mérné (specifickd) vodivost G (o) a difuzni délka (koeficient) nosicu L(D). Prvni
jmenovany parametr uruje miru zeslabeni elektrického pole v dané latce a tim mnoho jevl

spojenych s interakci s elektrickym polem (naptiklad i hodnotu indexu lomu), zatimco druha
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urcuje schopnost latky vést elektricky proud jakoZzto reakci na piiloZzené elektrické napéti.

Obecné je specifickd vodivost definovana jako:

o= Z.uichni' (2)
7

kde u znaci pohyblivost nosice, ¢ je elektricky naboj na nosici (nasobek elementarniho naboje)
a n je hustota nosi¢l. Posledni zminéné fyz. veliCiny L, resp. D urcuji stfedni vzdalenost, resp.
rychlost difuze nosici, tedy kam se excitovany nosi¢ dostane za stfedni dobu zivota, resp. jak
rychle. Tyto parametry jsou uzce spojeny s pohyblivosti nosi¢i. U anorganickych objemovych
polovodict je vedeni elektrického proudu realizovano pohybem elektronti a dér. Velikost
vodivosti je zavisla na koncentraci téchto volnych nosicti naboje, ktera u Cistych (intrinsickych)
polovodict nebyva vysoka. Jejich vodivost se zvySuje tzv. dopovanim (extrinsické polovodice),
kdy je atom polovodi¢e nahrazen jinym atomem, ktery do latky dodé4 volny elektron (donor)
nebo diru (akceptor). U elementarnich polovodict se jedna o prvky ze skupiny III. (dodédvaji
diru, polovodice typu p) a skupiny V. (dodaji volny elektron, polovodice typu n). Obdobné
muzeme dopovat i binarni a jiné polovodi¢e. Mechanismus zvySovani vodivosti zde vSak neni
tak jednoduchy, protoze jeden prvek miize byt donor i akceptor podle toho, jaky atom
v krystalické miizce nahradi.* U organickych polovodi¢ti je princip vodivosti jests
komplikovanéjsi. K zvySeni vodivosti je nutné provést disociaci m vazeb. Toho miZze byt
docileno pomoci svétla nebo pfimym vstfikovanim naboje, ale nejCastéji dopovanim
organického polovodice, kdy je napiiklad pomoci pfitomnosti oxidac¢niho ¢inidla ve formé
halového prvku odveden jeden elektron z m vazby. Vodivost vysledné organické latky je poté
realizovana pomoci polarontl, bipolaront nebo solitoni.

Ptitomnost defektli a kvazicastic nekomplikuje pouze popis absorp&nich/rekombinacnich
jevl,® ale i pohyblivosti nosi¢ naboje a jejich koncentrace. To vede k projeviim i jinych
vodivostnich mechanismt nez standardni elektron dérové vodivosti (pasova vodivost), kterd je
typickéd pro uspofadané polovodice. U neidealnich polovodic¢i se miiZze projevovat preskok
mezi lokalizovanymi stavy (z angl. hopping transport), kdy je transport nosic¢ii naboje
realizovan preskokem tepelné aktivovanych nosic¢li mezi t€émito stavy. Pokud je vzdalenost
lokalizovanych stavli konstantni, tak je specificka vodivost popséna tzv. Arhenniovou rovnici
(rov. 3a). V opacném piipadné¢ mluvime o pteskocich na proménnou vzdalenost (z angl.
variable range hopping — VRH, rov. 3b). VRH byl popsan Mottem a je velmi béZnym

mechanismem vodivosti u neuspofadanych (amorfnich) polovodict a vodivych polymeri, kde

13



dochazi k transportu polaront.’ Teplotni zavislost obou vodivostnich mechanismil 1ze popsat

dle nasledujicich vztaht:

1
To

d+1
Oyry = Opexp| — <?> , (3a,3b)

AEa)
k,T/’

Oarn = Op €Xp (—
kde AE. je aktivacni energie preskoku, 7 je termodynamicka teplota, &, Boltzmanova konstanta,
oo mérnad vodivost pfi nekonecné teploté, 7o Mottova teplota vdzand na dany materidl a d
dimenze polovodice (1-3). Mimo tyto vodivostni mechanismy se u neuspotadanych polovodici
muze projevovat excitonova vodivost, kterd je obdobou predeslého mechanismu, kdy ovsem
musi nejprve dojit k disociaci excitonll v latce. Posledni béznym transportnim procesem je
kvantové-mechanické tunelovani projevujici se v polykrystalickych latkach (krystalické zony
oddélené amorfni slozkou) nebo souboru blizkych nanostruktur (shluky nanoc¢astic, kvantové

vrstvy atd.).
1.2. Piivod vyjimeénych vlastnosti nanomateriali

I ptes Sirokou aplikovatelnost riznych polovodic¢l stale nardzime na hranice jejich vlastnosti.
Ptikladem je velmi omezend moznost ladéni velikosti jejich zakdazaného pasu, hustoty stavil
nebo preferovanych rekombinacnich procest. Tyto piekazky lze obejit prechodem k jejich
nanostrukturnim formédm. SniZzenim rozmért totiz asto dochédzi nejen k vylepSovani stavajicich
vlastnosti polovodi¢ii mimo hranice bézné pro jejich objemové formy, ale dokonce jim mizeme
pridat vlastnosti, které predtim nemély. Typickym ptikladem je vysoky QY u polovodict
s nepiimym zakdzanym pasem nebo vysoka reaktivita u latek, které jsou ve své objemové formé
stabilni,% 7 Tyto modifikace jsou zpiisobeny predeviim pritomnosti dvou efektd: kvantové-
rozmérovy jev (z angl. quantum confinement effect) a zvySeny vliv povrchu k objemu
nanostruktur. V této kapitole se proto podrobné zamétime na popis vlastnosti polovodicovych
nanostruktur. Ukazeme podstatu obou vyse zminénych jevl a jejich vliv na energetickou
distribuci elektronovych stavill, relaxacni a rekombinacni procesy a s tim spojené optické
vlastnosti nano¢astic. Caste¢né ukazeme i jiné nez optické vlastnosti nanomaterialti a popiseme

jejich ptivod.
Vliv kvantové-rozmérového jevu na energetické stavy v nanostrukturach

SniZzovanim rozmérti materiadlit pod hodnotu Bohrova poloméru excitonu ax dochazi k riistu

vlivu tzv. kvantové-rozmérového jevu. Tento efekt se projevuje ve dvou smérech: a) dochazi
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ke zméné hustoty energetickych stavil v latce a b) dochazi k ristu Sitky zakazaného pasu (tzv.
otevirani zak4zaného pasu).! Pfestoze oba jevy pozorujeme ve viech latkach, nejvyznamnégji
ovliviluji vlastnosti pravé polovodici. Kvantové-rozmérovy jev totiz pii snizovani velikosti
latky nejprve méni vlastnosti okrajti energetickych past, kde se nachéazi nosice, které na rozdil
od vodicl a izolator do zna¢né miry definuji optické a elektrické vlastnosti praveé polovodici.
U kovi a izolatorfi se projevuji az s vyraznéj$im snizenim velikosti.!

B) Confinement width

—_— e

A) Conduction band
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Obrazek 4. a) Rozd¢leni hustoty stavll v riznych nanostrukturnich latkach, b) Zména hustoty
stavil v kvantové teCce v zavislosti na snizovani jejich rozmérii. Uvedena je 1 redlna

luminiscence danych nanoéastic (licence obrazkéi CC BY, majitel prav Springer Nature).?

Energetickd zavislost hustoty stavli nanostruktur g(£) je zavisld na tom, v kolika
smérech je latka prostorové omezena. Omezime-li ji v jednom sméru, dojde k pfechodu od
klasické zavislosti hustoty stavli g(E) ~ E"? ke schodovitému rozdéleni (Obr. 4a). Tyto
nanostruktury oznacujeme jako kvantové jamy (2D struktury). Sit€ kvantovych jam vytvafi tzv.
supermiizky a byvaji realizovany jako tenké vrstvy binarnich a/nebo ternarnich polovodicu.
Mezi vyznamné aplikace téchto struktur patii zdroje svétla (LED, lasery), fotodetektory nebo i
fotovoltaika a jiné, kde se vyuziva predev§im tunelovéani nosi¢di ve sméru kvantového omezeni.®
Latky prostorové omezené ve dvou smérech oznacujeme jako kvantové dratky (1D struktury).
Jejich energetické spektrum jiz neni spojité, ale roste skokove z nulové hodnoty s pozvolnym
doznivanim (Obr. 4a). U téchto struktur byva vyuzivano jejich specifickych vodivostnich
vlastnosti v jediném neomezeném smeéru. Kvantové draty se vyuzivaji také ke studiu jeva

spojenych s nanovodivosti. 1D struktury mohou byt jak anorganického,’ tak organického
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ptvodu. Ty organické byvaji ve formé nanotrubi¢ek (vodivé polymery, uhlik).!® Objekty
omezené ve vSech smérech oznacujeme jako nanocastice, piipadné kvantové tecky (0D, z angl.
quantum dots - QDs). U nich dochazi k pfechodu od pivodné spojitého energetického spektra
az k diskrétnimu. Navic se snizujicimi rozmeéry roste jejich zakdzany pas a dochazi ke
stabilizaci excitonli, coz vyznamné ovliviiuje jejich absorpcni 1 luminiscen¢ni vlastnosti
(Obr. 4b).

Mezi zékladni fyzikalni ptedstavy vysvétlujici vliv kvantové-rozmérového jevu patii

Heisenbergiiv princip neurcitosti:

h
AxAp, = > 4)

kde Ax a Apx popisuje neurcitost polohy a hybnosti Castice a # je redukovand Planckova
konstanta. V objemové latce je volny elektron dostatecné delokalizovany, aby existovala jen
mald neurcitost jeho hybnosti. V omezeném prostoru v§ak dochazi k ristu neurcitosti hybnosti
a tim rozmazani elektronu v k-prostoru. Vysledné energetické stavy elektronii pak mohou byt
povazovany za superpozici stavil v k-prostoru objemového materidlu.!! Stabilizace excitonti
(rtst vazebné energie) je mozné odiivodnit stlaéenim jejich rozmért v kvantové tecce, coz zesili
vzajemnou Coulombickou interakci mezi dirou a elektronem.

Tolik zékladni teorie nanomateriali, nicméné piechod latky z objemové formy
k nanostruktuie neni zdaleka tak jednoduchy, jak byva prezentovano (obr. 4b). V Sirokém
rozsahu velikosti i nad Bohrtiv polomér se jednd o kombinaci vlastnosti obou forem materialt.
Ptesnéji se to pokusime vysvétlit na ptikladu kvantovych tecek. V prvé fadé je nutno fici, ze
vytvareni diskrétnich energetickych stavli v kvantovych teckach se projevuje az v tzv. rezimu
silného kvantové-rozmérového jevu, ktery nastava, pokud je jejich polomér R v intervalu
hodnot ~1 nm < R < ax. Kvantové tecky o poloméru mens$im nez 1 nm jsou jiz sloZeny z tak
malého mnozstvi atomd, ze u nich neméa cenu hovofit o prostorovém uspotradani. U kvantovych
teCek s mirn¢€ vétSim R nez 4ax se projevuje rezim slabého kvantoveé-rozmérového jevu. Za
téchto podminek kvantové-rozmérovy jev zplsobuje pouze kvantovani kinetické energie
oznadujeme jako rezim stiedniho kvantové-rozmérového jevu.!? Jak jiZ jeji nizev napovidd, uz
vtomto intervalu zacind dochédzet ke komplexnéjSim efektim spojenym s kvantove-
rozmérovym jevem, jako je napiiklad otevirani zakdzaného pasu. Pro pfedstavu, u kiemikovych
kvantovych te¢ek vykazujicich ax = 4,2 nm se modry posuv luminiscen¢niho spektra, ktery je

typickym projeven otevirani zakdzaného pasu, projevuje od priméru okolo 12 nm.!* Nicméné
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ani v oblasti silného kvantové-rozmérového jevu nedojde narazove k diskretizaci energetickych
stavii v kvantové tecce, ale spise k pozvolnému piechodu od objemové hustoty s postupnym
oteviranim zakazané¢ho pasu. Realité tedy mnohem vice odpovida obr. Sa, ktery ukazuje
simulaci stavii v kifemikovych nanocasticich o priméru 1,5 — 2,5 nm, coZ je vyznamn¢ pod
hranici ax pro kiemik. Z obrazku je patrno, Ze i1 ptes vznik diskrétnich oblasti v energetickém
spektru kvantovych te¢ek odpovida rozlozeni hustoty stavll zavislosti pozorované v jejich

objemové form¢.
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Obrazek 5. DFT simulace (z angl. density functional theory) hustoty stavi valen¢niho a
vodivostniho pasu v k-prostoru pro riizné velikosti kiemikovych kvantovych tec¢ek. Simulace
je srovndna s energetickym rozdélenim stavli vodivostniho a valen¢niho pasu v k-prostoru

objemového kiemiku (pouZito se svolenim majitele prav John Wiley and Sons).!*

Vliv povrchu na energetické stavy v nanostrukturach

Energetické stavy a vlastnosti kvantovych tecek obecné jsou vyznamné ovlivnény nejen svou
velikosti, ale i povrchem, ktery byva tvofen az desitkami procent viech atomd.'> Povrchové
atomy totiz z divodi nedostatku vhodnych sousedi nemaji moznost vytvaret vhodné
orientované vazby, a tak vznikaji siln¢ deformované vazby. Tento efekt pozorovany i u béznych
povrchi je vyznamné zesilen zakiivenim povrchu tecek. Takto namédhané vazby maji na rozdil
od objemovych vazeb vyrazné niZsi disociacni energii, coz zvySuje jejich reaktivnost. Povrch

teCek proto prirozené obsahuje vysoké mnozstvi riznych strukturnich defektt (pasti, nesdilené

elektronové orbitaly, kyvavé vazby atd.). Mnoho druht kvantovych tecek je z tohoto divodu
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také silné nachylInych k oxidaci.'® Toto v§e méni energetickou strukturu nanocastice, predevsim
skrz vznik lokalizovanych stavll v zakdzaném pasu, nicméné deformace vazeb muze ovliviiovat
i charakter pivodnich energetickych pésii v tecce, a tim padem i jeji optické a elektrické
vlastnosti.!” Z toho diivodu se povrch kvantovych tecek upravuje at’ uz za ticelem snizeni poctu

defektl a jejich stabilizaci, nebo se cilenou upravou ladi jejich vlastnosti.
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Obrazek 6. Typy tzv. jadro/slupka polovodicovych heterostruktur. U kazdého typu je
zobrazeno 1 prostorové rozlozeni pravdépodobnosti vyskytu jednotlivych nosi¢l (pouzito se

svolenim majitele prav ACS Publishing).'®

Prvnim zpiisobem Upravy povrchu kvantovych tecek (terminace/pasivace) je vytvoreni
tzv. jadro/slupka hybridni struktury (z angl. core/shell, nékdy znaceno jako core@shell).
Jadrem se rozumi pasivovana tecka a slupka je tvofena tenkou vrstvou polovodi¢e o obdobné
miizkové konstanté a rtizné velikosti zakdzaného pasu (Obr. 6). Podobného efektu se da
piipadné docilit i zabudovanim tecky do matrice.!” Vytvoteni struktury jadro/slupka nevede jen
k efektivni pasivaci povrchovych stavi, ale na zakladé kombinace velikosti zakdzaného pasu
obou polovodi¢ii mizeme menit prostorovou lokalizaci excitovanych nosict (Obr. 6). Mezi
nejbéznéjsi typy téchto hybridnich struktur patii tzv. Typ I a II. Prvni jmenovana struktura
lokalizuje nosice v jadie struktury, coz zvysuje efektivitu zafivé rekombinace (zdroje svétla).
Druhy typ mé piesné opacny efekt a mize byt pouzit naptiklad k transportu excitovanych
nosicl. Jako metoda piipravy jadro/slupka struktury je povazovana i pfirozend oxidace
nekterych polovodict (naptiklad Si/S103»), ktera také vede k pasivaci jejich povrchu. Oxidova
slupka byva tlustd maximalné nékolik malo atomarnich vrstev, které poté brani dalsi oxidaci

jadra.'®
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Nanocastice byvaji terminovany také tzv. ligandem, coz mize byt prvek, funkcéni
skupina nebo 1 komplikované organickd molekula. Cilem této terminace byva nejen pasivovat
lokalizované stavy na povrchu. Chemické slozeni ligandu ovliviiuje schopnost sekundarni
terminace Ci nasledné zabudovani tecky do matrice a méni i dispergovatelnost teCek v roztocich,
jelikoz méni rozlozeni elektrického néboje na povrchu tecky a tim 1 jeji elektrokineticky
potencial v rGiznych roztocich.?’ Ligand méize mit také n&kolik funkénich vlastnosti. Miize
slouzit k efektivnimu pfenosu energie z tecky nebo jako barevna znacka. Kvalita terminace je
dana nejen chemickym slozenim ligandu, ale i jeho velikosti. Z prostorovych divodu nelze
vSechny povrchové vazby terminovat velkou organickou molekulou. Sviyj vliv pfi efektivité
terminace hraje 1 velikost nanoc¢astice. Obecné plati, ze ¢im mensi tecka, tim je vétsi zakiiveni
povrchu, a lze tedy povrch snadnéji terminovat. Vlastnosti povrchu jsou navic ¢asto ovlivnény
i riznymi facetami kvantovych tecek.!> !

Samostatnou kapitolu pfi terminaci ligandem tvofi jeho vliv na vnitini energetické stavy
teCek, které jsou jiz tak pozménény kvantové-rozmérovym jevem. Nejsilnéji ovlivnitelné jsou
v tomto sméru polovodivé tecky obsahujici kovalentni vazby, u kterych se projevuje vysoka
mira sdileni elektronti v jadie tecky (Si, Ge).>>* Modelovym systémem pro studii Gpravy
povrchu jsou kiemikové kvantové tecky. Ty jsou slozeny nejen z kovalentnich vazeb, ale po
své syntéze byvaji Casto terminovany vodikem, jehoz elektronegativita je blizka kfemiku (2,2
pro vodik vs. 1,9 pro kiemik). Rozlozeni energeticky stavi v tecce tedy vodikova terminace
ovliviluje jen minimalné. U kiemikovych tecek byl pozorovan posun luminiscenéni spektra
napfi¢ témeét celym viditelnym intervalem jen na zdkladé rozdilné terminace povrchu (Obr.
7a).?* % VInové funkce elektronii z povrchovych atomtl o vyrazné odlisné elektronegativité nez
ma kiemik totiz snadno penetruji dovnitf nanocastice, atim meéni prostorové rozlozeni
elektronovych vinovych funkci v tecce a tim i energetickych stavii (Obr. 7b,c). Zde je dobré
zdaraznit, Ze se stdle jednd o luminiscenci pochézejici zjadra tecek, a ne pfimésovou
luminiscenci. To bylo prokézano nejen métenim dob doznivani luminiscence, ale i simulacemi
rozlozeni energetickych stavii a rekombinacnich procesi (Obr. 7b,¢). Vice si o vlivu povrchu
na optické vlastnosti kvantovych tecek fekneme v kap. 1.3.

V této podkapitole bylo ukazano, jak vyznamné a komplexné ovliviiuje velikost a
povrchova chemie energetické stavy kvantovych tecek. Vycet danych jevili neni uplny, jelikoz
svlj vliv ma 1 okoli ¢i shluky nanocastic. Vysledné optické a elektrické vlastnosti jsou vSak
dany nejen hustotou energetickych stavi, ale 1 efektivitou prfechodii nosi¢li mezi t€émito stavy,

a tedy efektivitou riznych relaxacnich a rekombinac¢nich procesii excitovanych nosict. Jejich
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klasifikace a kvantifikace hraje ¢asto zasadni roli v pochopeni chovani nanomaterialii, coz bude

obsahem nasledujici podkapitoly.
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Obrazek 7. a) Fotoluminiscence kiemikovych kvantovych te¢ek o rizné terminaci (licence
obrazku CC BY-NC-ND, majitel prav Walter de Gruyter GmbH)*. DFT simulace b)
energetické zavislosti logaritmu hustoty elektronovych stavi a ¢) prostorové rozlozeni HOMO
a LUMO stavii kfemikové kvantové tecky (fez x-z rovinou; pouZito se svolenim majitele prav

ACS Publishing).?

Dynamiky excitovanych nosi¢i v nanostrukturach

Dynamikou excitovanych nosict rozumime déje, které nastavaji od jeho excitace az po jeho
navrat do stabilniho stavu. PfestoZze excitovany nosi¢ muize piejit do ptivodniho stavu pomoci
jednoho déje, v kvantovych teckach k tomu vétSinou musi provést hned nékolik riznych po
sobé nasledujicich prechodii. Skala téchto d&jil je rozmanita a sahd od termalizace (relaxace za
soucasného vyzafeni fononu), zachytu na lokalizovanych stavech, transportu/transferu do
ligandu ¢&i jiné nanodastice, zafivé mezipasové rekombinace az po Augerovské procesy.’
Naslednost jednotlivych d&€ji neni jednoznacéné dana, excitovany nosi¢ ma v urcitém stavu
moznost vykonat n€kolik riiznych paralelnich pfechodl. Pravdépodobnost téchto piechodt je
charakterizovana koeficientem miry (rychlosti) daného piechodu k. Cim vétsi je rychlost
piechodu, tim efektivnéjsi prechod je, a tim pravdépodobnéji se touto cestou bude excitovany
nosi¢ ubirat. Parametr k se b&ézné vyuzivd pii teoretickém popisu vnitinich procesi
excitovanych nosicl. Z praktického hlediska se ovSem pro dynamiky piechodi ¢astéji vyuziva
jeho pirevraceni hodnota z, kterd v jednoduchosti popisuje primernou dobu, za kterou dany
piechod probéhne. Navaznost ptfechodi a jejich efektivita hraje zasadni roli pro vlastnosti
objektti jako je QY, absorp¢ni prifez, celkova doba doznivani, transportni vlastnosti latky atd.,
jak si ukdzeme v nasledujici podkapitole.?’ Jednotlivé piechodové d&je probihaji ve velmi

Sirokém Casovém intervalu od desitek fs azZ po minuty (hodnoty dob Zivota 7). Pro snadnéjsi
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orientaci v téchto dé¢jich si je rozdelime a popiSeme v jim typickych ¢asovych oknech, a to od
nejrychlejsi, po ty nejpomalejsi.

Ultrarychlé procesy (10 fs — 10 ps). Po excitaci dochdzi mezi elektronem a dirou
k vzajemnym elastickym srazkam, nez je mezi nimi nastoleno Fermi-Diracovo rozdéleni pro
vysoké energie (~10 fs).2® Tyto nosice nasledné termalizuji (chladnou) do nejnizs§iho mozného
stavu v daném pasu pres emisi fononlt (HOMO/LUMO u kvantovych tecek), coz za béznych
podminek probiha v casovém horizontu mezi od 100 fs do 10 ps (Obr. 8a). Existuje hned
nekolik jevii zpomalujicich termalizaci. Mezi nejbéznéjsi patii tzv. efekt hrdla lahve (z angl.
phonon bottleneck).?® V jednoduchosti se jedna o situaci, kdy se vyrazné zpomali efektivita
generace optickych fononi, a tim rychlost termalizace. K tomu miize dojit, pokud generace
fononti vyrazné€ prevysi jejich doznivani, ¢imz se zvysi efektivita jejich reabsorpce elektronem.
Tento jev je nejcastéji u objemovych latek vyvolan pfili§ vysokou koncentraci excitovanych
nosicd, je vSak zesilovan pfitomnosti jadro/slupka struktury ¢i obecné vlivem kvantové-
rozmérového jevu. Pro pozorovani tohoto jevu jsou vhodné predevsim nekteré jadro/slupka
kvantové tecky struktury Typu I a I1.2% 3 Kromé termalizace miize dochizet i k jinym
ultrarychlym procesiim excitovanych nosici. Jejich efektivita v§ak byva vyrazné niz$i a pro
jejich pozorovani je nutné zpomaleni termalizace. Pokud maji excitované nosi¢e dvojndsobnou
energii zakdzaného pasu, muze dojit k bi- nebo multi-excitonové excitaci, kdy excitované
nosice predaji ¢ast své energie jinému elektron-dérovému paru (Obr. 8b).>! Nosi¢e mohou také
piimo zafivé rekombinovat (Obr. 8¢).>> ** V neposledni fadé miiZe excitovany nosi¢ dany
material opustit, pak mluvime o transferu horkého nosice, k némuz dochazi naptiklad mezi
shlukem kvantovych tegek ¢i v rAmci nanohybridu (Obr. 8d).3* 3°

Procesy predchazejici zarivé rekombinaci — subnanosekundové procesy
(<1000 ps). Do této skupiny patii témeét vyhradné procesy Augerovské. Jednd se o tfi a vice
molekularni déje, kdy ve vétSiné piipadi dojde k nezafivé rekombinaci elektron-dérového paru
za soucasného pieddni energie jinému nosici nebo excitonu. Ve vyjimeénych ptipadech mize
dojit k zativé Augerovské rekombinaci.’® U objemovych latek je k dosazeni dobré efektivity
t&chto procesti nutna velmi silna excitace, a tak nebyvaji tolik vyznamné.?”-3® To se viak méni
ptfechodem ke kvantovym teckam, a to ze dvou diivodl. Prvnim je vyrazné omezeni prostoru
excitontl, a tim zesileni Coulombické interakce mezi nosic¢i naboje. Druhym je fakt, Ze nékteré
Augerovské prechody jsou zakazané z diivodii nezachovani celkové hybnosti. Kviili vyrazné
lokalizaci nosict v kvantovych teckéach, a tim spojenym rozmazanim jejich hybnosti, dochazi
k zvySeni efektivity i téchto prechodt.’* Mezi nejbéZn&jsi Augerovské procesy

v nanomateridlech patii rekombinace excitonu s pfedanim energie jinému excitovanému nosici
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(Obr. 8e-f). Této interakci se n&kdy iika trionova (mezi 3 nosici).’® Méné& &asto dochazi
k predani energie lokalizovanému nosici (v zakdzaném pasu). Pfi multiexcitonové excitaci
miize energie rekombinujicich nosi¢i prejit na jiny exciton (Obr. 8g). Casovy horizont téchto
procest je siln€ zavisly na materialu a mife prostorového omezeni, bézn¢ se pohybuje do 1000
ps.> 3! JelikoZ se jedna o nezafivé piechody, pro vétsinu nanomateridlovych aplikaci je nutno
jejich pritomnost omezit. Jednou z moznosti je zvysit velikost kvantovych tecek, coz ovSem
ovlivni jejich jiné vlastnosti. DalS$i moznosti je zvolit vhodnou jadro/slupka strukturu, ktera

vede ke sniZzeni prostorového prekryvu excitovanych nosict nebo k dielektrickému stinéni mezi
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Obrazek 8. Schématické zndzornéni relaxacni a rekombinacni procesy excitovanych nosiclt
v latce. a) — d) Termalizacni procesy excitovanych nosic¢li. e) — g) Augerovské procesy

excitovanych nosi¢t (licence obrazkiit CC BY, majitel prav Springer Nature).?

Zariva rekombinace a dalSi procesy termalizovanych nosi¢a (1 ns — 1 ms). Po
piekroCeni 1ns od excitace dochdzi u vétSiny latek k aktivaci hlavnich kanalti zativé
rekombinace excitovanych nosict. Tim nejdilezitéj$im je spontanni zafiva rekombinace (téZ
spontanni emise), kterd je u drtivé vétSiny nanoc¢astic hlavnim zdrojem emitovanych fotont.
Tento proces probiha nejcastéji mezi delokalizovanymi excitovanymi nosi¢i na dnech
energetickych past, ptipadné HOMO/LUMO ¢i diskrétnich stavech kvantovych te¢ek. Dalsi
moznosti je spontanni zafivy pifechod s lokalizovanym stavem ¢i zafivym prechodem
s dopantem/ligandem s vysokym kvantovym vytézkem (napiiklad Mn ¢i Tb ionty). Prvni
jmenovany vsak vétSinou pfispiva k nezarivym piechodiim, a tedy snizuje efektivitu zafivé

rekombinace, druhy jmenovany se da spiSe brat jako rekombinace na pfiméesi nez uvniti
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nanocCastice. Vlastnosti emitovaného zafeni (doba doznivani luminiscence, pozice a tvar
spektra, intenzita) jsou dany mirou ptekryvu vlnovych funkei excitovanych nosici a velikosti
zakazaného pasu. Daji se tedy zdsadné ovlivnit nejen velikosti, tvarem, pouzitym materialem,
povrchovou Upravou, ale 1 slozenim jadro/splast’ struktury ¢i okolnim mediem, napiiklad u
koloidnich tecek. Typickym ptikladem je mira zafivych piechodt 4: u delokalizovanych nosicii,

ktera se da v jednoduchosti vyjadiit nasledujicim vztahem:*

CpK
k. = I (5)

kde 4 je vinova délka emitovaného zafeni, C je materidlovy parametr latky zavisly predevsim
na jejich elektrickych vlastnostech, p definuje hustotu stavli a K je kvadrat prekryvového
integralu rekombinujicich nosict. Vétsina téchto parametrti se dé ladit zménou nékteré z vyse
zminénych vlastnosti tecky.

Ptehlednou sumarizaci zativych dob Zivota z; a hustot stavili na vinové délce emise pro
rizné polovodi¢ové kvantové tecky muizeme najit na Obr. 9a,b. Kromé vlivu slozeni na
zminéné vlastnosti miizeme na prvnim z grafti také dobte vidét rozdil mezi kvantovymi teCkami
polovodic¢t s pfimym a nepfimym zakdzanym pasem. Zatimco rozptyl hodnot zativych dob
zivota u polovodic¢l s piimym zakdzanym pasem je okolo 1 fadu a jen vyjimecné piesahuje
1 ps, u kfemiku je situace jina. Nanocastice kfemiku totiZ vykazuji dva typy zativych prechodd,
tzv. S (z angl. slow) a F (z angl. fast) pas. Prvnim je pfechod ptfimy, ktery je dan rozmazanim
excitovanych nosic¢ii v k-prostoru (ns Casové okno), témto prechodiim je pfisuzovana zelena a
oranzova Cast spektra (F-pas). Druhym spontannim rekombina¢nim pfechodem je rekombinace
excitond pres nepiimy pas. Jelikoz se jedna o piechod s asistenci emise fononu, probiha vyrazné
pomaleji (us casove okno, S-pas). Tomuto piechodu je pfisuzovana emise fotonl ve spektralni
oblasti od oranzové az do infradervené spektralni oblasti.?®

Obdobné¢ jako v tom ptedeslém, i v tomto ¢asovém okné muize probihat hned nékolik
nezafivych procesti spojenych predeviim se zdchytem na pasti, Augerovskymi procesy atd.*’
Pfestoze mechanismy zachytu nosi¢t jsou dlouhodobé studovany, jejich piesny popis neni
doposud znam. V jednoduchosti se oc¢ekava, ze jsou spojeny s nesaturovanymi vazbami na
povrchu (kyvavé vazby). Tento efekt potvrzuji 1 pozorovani, kdy dodatecnd terminace

nanocdstic ¢i navazani ligandu vedlo k vyraznému zvyseni QY nanoééstic. !> 2% 2% 44
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Obrazek 9. a) Spektralni zavislost doby zivota zafivého ptechodu (1/k;) pro vybrané
polovodicové kvantové teCky. b) Spektralni zavislost hustoty stavlil v kvantovych teckach

prezentovanych v a) (licence obrazki CC BY, majitel prav Springer Nature).?

Pomalé procesy na kvantovych strukturach (1 ms — 10tky min). V Casovém
horizontu ptesahujicim dobu Zivota excitonl byla pozorovana celd fada procesti vedoucich
ke zméné dynamik rekombinace excitovanych nosi¢li. Ve své podstaté nejde o nové
rekombinacni procesy, ale d¢je, které at’ uz vratné nebo nevratné méni rekombinacni vlastnosti
nanocastic. Mezi nejb&znéjsi nevratné zmény patii rizné fotochemické ¢i fotooxidacni procesy,
které vedou k permanentnim spektralnim zménam luminiscence.*> ¢ Z fyzikdlniho hlediska
jsou vsak mnohem zajimavéjsi procesy vratné. Na nanocasticich jich bylo pozorovano hned

nékolik, jako je naptiklad efekt intermitence, n€kdy familiarné oznacovan jako blikani 47,

48, 49 50, 51

zpozdéna emise, spektralni difuse, a dal$i procesy, jeZ vedou ke sniZzovani (z angl.

photodimming) ¢i zvySovani (z angl. photobrightening) intenzity luminiscence.

Pro blizsi popis nékterych z téchto jevi je nutné zavést terminy jasna (z angl. bright) a
temna (z angl. dark) nanocastice. Jako jasnou oznacujeme kvantovou tecCku, u niz mira
dominantniho zatfivého rekombinacniho procesu je vyrazné vyssi nez u procest nezativych,
jejich kvantova ucinnost se poté blizi 100 %. Pokud naopak dominuji nezativé rekombinacni
procesy, a tedy QY tecky se blizi 0 %, mluvime o temné teéce.’? Ve vyjimeénych piipadech
byly pozorovany i kvantové tecky s QY mezi témito hodnotami, které byvaji oznaCovany jako
Sedé (z angl. grey). Interpretace takového chovani neni snadnd a byva spojena se zménou
chovani nanocastice v ¢ase nebo pfitomnosti navzdjem kompetitivnich zafivych a nezativych
piechodti o blizké dobég Zivota.> >

Intermitence je jev, pii kterém dochazi k nahodnym zménam vyzatrovacich vlastnosti na
casovém horizontu od milisekund do minut. Tento efekt je zndm po vice nez 25 let a byl

pozorovan na jednotlivych polovodivych kvantovych teckach (ve shlucich zanikd),
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organickych nanostrukturach nebo i v organickych barvivech.*”: 3% 3 Ptestoze byly na te¢kach
pozorovany ruzné formy blikédni, ve své nejjednodussi formé miize byt tento jev popsan jako
nahodné prepinani tecek mezi jasnou a temnou formou. Nejcastéji byva blikani analyzovano
pomoci pravdépodobnostni distribuce (Pon/Pofr) asu v jasné (Ton) a temné (Torr) formé.>’ Bylo
zjisténo, ze histogramy hodnot Ton/Totr pozorované na teckach velmi casto nasleduji mocninou
zavislost (PLD, z angl. power-law distribution) s exponencidlnim odfiznutim ve vysokych

¢asech ve tvaru:
_t
PLD (t) = t%e'T, 7

kde a nabyva hodnot od 1 do 2. Snaha o vysvétleni procest stojicich za intermitenci patii
k vyznamnym bodim studia kvantovych tecek, protoze by mohlo vést k omezeni temnych stavii
a tim zvysSeni QY nanocastic. Velky diiraz je kladen na odhaleni fyzikalni podstaty efektu
zodpovédného za mocninné rozdéleni piepinani.®® Bylo prokdzéano, Ze zasadni roli hraje
napiiklad povrch nanoc¢éstic. Dostate¢né tlusty plast’ ¢i urcity ligand efekt intermitence potlaci.
K potlageni dojde také ve shluku okolo 10 nanoéastic a vice.*”> > Kvantové te¢ky mohou také
vykazovat prepinani do Sedych stavii #’. Ocekava se, Ze blikani je spojené s nabijenim povrchu
nanocastic, jelikoz bylo ukdzano, Ze ionizace povrchu pomoci Augerovy rekombinace nebo
tunelovani excitovaného nosi¢e do povrchové pasti vede k prechodu do temného stavu tecky
(Obr. 10).°° Nabijeni povrchu bylo také interpretovdno pomoci difuzi kontrolovaném

elektronovém transferu.®!
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Obrazek 10. Schéma pifepindni tecky mezi jasnym a temnym stavem pomoci Augerovy

rekombinace.

Dal$i jmenovany jev, spektralni difuse, je spojen s nahodnou fluktuaci maxima

luminiscenéniho spektra tecek v fadu nékolika nanometrii.’® JelikoZ tyto zmény probihaji
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v obdobnych c¢asovych intervalech jako blikani, ocekava se, Ze 1 tento jev je spojen
s intermitenci. Odlozend emise se projevuje prodlouzenim doby =zafivé rekombinace

excitovanych nosi¢t.*’ Je pravdépodobné spojena s nahodnym uvolnénim nosiée z pasti.

Kvantovy vytézek souboru kvantovych tecek

Se znalosti relaxac¢nich a rekombinacnich procesti na kvantovych teckéch se mizeme podivat
na postup ur¢ovani vyse zminénych vyznamnych parametrt, a to kvantovy vytézek a mira
rekombinacnich procesti. Krom¢ jiz zminéné definice (rov. 1) byva QY definovan pomoci
parametri dynamik excitovanych nosict jako:%>

Qy=—kr =Tﬁ, kdei=i+i, (8)

kr + knr Tr TpL Tr Tor

kde & je mira zativého prechodu, ki celkova mira vSech nezativych piechodi, z: doba zivota
zativého prechodu, z,r celkova doba nezativych pfechodl a zpr. doba doznivani luminiscence.
Zanedbame-li efektivitu vyvazani svétla a efekt reabsorpce, tyto vztahy by platily s vysokou
presnosti u vétSiny homogennich objemovych latek a u homogennich souborii navzijem
neinteragujicich nanoc¢astic. Obecné ale pro kvantové tecky neplati. Zarivé a nezativé procesy
prezentované v rov. (8) jsou totiZ spojeny s vnitinimi dynamikami v samotné nanocastici.
Ptesnéji proto byva veli¢ina definovana rov. (8) oznaCovana jako vnitini kvantovy vytézek —
1QY. Jeho hodnota by odpovidala QY, pokud by tecky nebyly ovlivnény tzv. vnéj$imi ztratami.
Efektivitu zafivych prechodl totiz mize sniZit vzdjemna interakce nanocastic, vliv okolniho
prostiedi, reabsorpce na jinych teCkach, efektivita vyvazani svétla ze souboru teCek ci
dynamicky se ménici zafivé schopnosti nanoc¢astic (napt. blikani). Tyto jevy snizuji efektivitu
generace svétla a tim hodnotu QY. V souboru te¢ek mohou byt pfitomny také temné kvantoveé
teCky, které sice fotony absorbuji, ale neemituji, ¢imz také snizuji celkovy QY. Vysledny
kvantovy vytéZek by byl tedy dan jako iQY vynasobeny koeficientem zahrnujicim vSechny
vnéjsi uvedené ztraty a pfitomnost temnych tecek.

Tim se dostavame k dal§i mozné definici QY pro kvantové teCky. Obecné se ocekava,
7e u kazdé nanocastice vyznamné pievlada mira zativé nebo nezéafivé rekombinace. Kazda
nanocastice ma tedy iQY velmi blizko bud’ 100 %, nebo naopak 0 % (jasné a temné tecky).
V koloidni disperzi (tecky vzajemné neinteraguji) by vysledny QY daného souboru byl dan
pomérem mnozstvi obou typl Castic. V opacném piipadé by byl snizen o vliv jejich vzajemné
interakce. Ani v tomto ptipad¢ by vSak u redlného souboru nanocastic nebyl popis jejich QY

tak snadny z d@ivodi mozné pfitomnosti Sedych tecek.>> 62 Z predeslého popisu je patrné, ze
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piesné urceni vnitinich mechanismt ovlivitujicich QY souboru nanocastic byva v praxi velmi
obtizné a Casto vede k nutnosti upravy souboril nanocastic a vyuziti komplexnich metod, jako
je napiiklad Purcelliiv efekt. Pfesny popis téchto postupli je mimo rozsah prace a je k nalezeni

v ptiloZené literatuie.5% ¢

1.3. Kifemikové kvantové tecky

Kiemikové kvantové teCky patfi mezi nejbéznéjsi kvantové struktury s kovalentni vazbou a
jedny z nejvice vyuzivanych kvantovych tec¢ek viibec. Jejich vyzkum je spojen hned s nékolika
zasadnimi védeckymi 1 aplikacnimi milniky. Pfestoze se nejednalo o prvni objevené a

piipravené polovodi¢ové kvantové tetky, ty se datuji do 80. let minulého stoleti,*

objev
ktemikovych nanostruktur vykazujicich efektivni fotoluminiscenci byl vyznamny vzhledem
k poznavéani zakonitosti nanosvéta (Canham 1990). Ve svych pocatcich byly zafivé
kfemikové nanostruktury oznacovany jako kvantové dratky, protoze vznikly elektrochemickym
leptanim kfemikovych desticek kyselinou fluorovodikovou (HF), coz mélo vést k vytvareni
koralovité kifemikové struktury. Hlubsi rozbor vSak prokézal, ze intenzivni luminiscence
pochazi z kvantovych te€ek, které jsou uzavieny ve slupkach sloZzenych z SiO2 a amorfniho
kfemiku tvoficich strukturu koralu. Tento material zacal byt nazyvan nanoporéznim kifemikem
(Obr. 11a,b). D4 se fict, ze objev nanoporézniho kiemiku prepsal ucebnice fyziky, protoze do
té doby nebyla pozorovana efektivni zariva rekombinace u nepfimych polovodici. Nasledné
teoretické studie ukazaly, ze luminiscence kiemikovych kvantovych tec¢ek (SiQDs) je spojena
s excitonovou rekombinaci, jejichz stabilita roste vlivem kvantové-rozmérového jevu. Tato
rekombinace, nevyzadujici asistenci fononu, je mozna kvuli rozmazani hybnosti nosici v .-
prostoru.®® %7 Na zikladg studia vlastnosti SiQDs bylo také predpovézeno, Zze zména velikosti
zakdzaného pasu na jejich velikosti, oznacovand jako rozmeérova energie (z angl. confinement

energy), je dana vztahem:

! 9
D’ (9

kde D je velikost kvantové tecky a x je parametr o hodnoté v rozmezi 1 — 2. Tento pfedpoklad

E.~

se ukazal jako spravny a dodnes dochazi pouze k zpiesiiovani hodnot parametru x. Déle bylo
ukazano, ze srostouci velikosti E:. nedochdzi u SiQDs pouze k modrému posuvu
luminiscen¢nich spekter, ale 1 ristu efektivity zatfivé excitonové rekombinace, kdy se tento
proces stava v te¢kach dominantnim rekombina¢nim kanalem jiz od hodnoty E. = 0,7 eV.%’

Aktudlni pozorovany rozsah hodnoty E. spadd do intervalu 0 — 2,1 eV (zakdzany pas ~ 3,2
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eV).%® Velmi podrobny popis vlivu velikosti na rozlozeni energetickych stavii ve vodikem

terminovanych kiemikovych te¢kach byl jiz zminén v piedeslé kapitole.'*

Silicon oxide

- Amorphous
"~ silicon

_Nanocrystallite
-~ silicon

5nm

Obrazek 11. a) Schéma struktury porézniho kfemiku, b) TEM snimek porézniho kiemiku
s vyznaGenymi kiemikovymi te¢kami (licence obrazki CC BY, majitel prav Frontiers Media),*
c¢) schéma struktury SiQDs v zavislosti na jeji velikosti (zluta — plast’, cervena — podpovrch,

modra — krystalické jadro; pouZito se svolenim majitele prav American Chemical Society). 7

Ruku v ruce s riistem poznani fyzikélnich vlastnosti a vnitinich procesti SiQDs roste i
znalost jeho struktury, kterd se zdad byt netrividlni. Z divodui silné deformace kiemikovych
vazeb v blizkosti povrchu tecek se ocekava, Ze jsou tyto nanostruktury pravdépodobné slozeny
z 3 vrstev: Cisty povrch, podpovrch a jadro. Pomineme-li atomovou vrstvu povrchu, tak atomy
pod nim nejsou schopny udrzet diamantovou krystalickou mtizku typickou pro kiemik, ale
dochazi kjeji deformaci. Tato zona ndsledné vice pfipomind amorfni kiemik nez ten
krystalicky.  SiQDs  tedy vice odpovidaji  jadro/slupka  struktufe  sloZzené
z krystalického/amorfniho kiemiku. Tloustka amorfni vrstvy kromé velikosti jadra ovlivigje i
optické vlastnosti tetek.”! P¥itomnost popsané tiislozkové struktury se u SiQDs o&ekava pro
velikosti 9 nm a méné (Obr. 11¢).”°

Obdobné jako u jinych kovalentnich kvantovych tecek mé& na vlastnosti téch
kifemikovych zasadni vliv i jejich povrch. To se u SiQDs projevovalo od tplného pocatku, a to
prostiednictvim oxidace, kterd u nich probiha velmi snadno a vede k modrému posuvu
luminiscenéniho spektra %°. Tento jev se vysvétluje na bazi oxidaci iniciované snizovanim
velikosti kvantové tecky, ale také na zméné rozlozeni energetickych stavii v tece '*. Oxidova
terminace ovSem také ovliviiuje kvantovy-rozmérovy jev. Ocekava se, Ze u nanoc¢astic mensich
jak 3 nm zacne rist efekt zachytu excitonti na oxidovaném povrchu, a tim ptestavaji byt zavislé
na velikosti nanocastice, coz vysvétluje saturaci emisni energie na oxidovanych SiQDs okolo
2,1 eV 7%, Oxidace ukiemikovych tecek je navic velmi komplikovany jev. Pro jeji iniciaci staci

jiz n€kolik sekund v kyslikové atmosféte. Kyslik nejprve zptsobi disociaci Si-Si vazeb, mezi
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které se sam navaze ’>. Tomuto procesu se fika patefova oxidace (z angl. backbone). Nasledné
dochazi ke vzniku riiznych suboxidd se souc¢asnou oxidaci i vodikovych vazeb, které jsou u
nov¢ pripravenych Si nanocastic bézné ptitomné, az dojde k vytvoreni stabilni SiO slupky o
tloustce mirné pod 1 nm *. Dalsi oxidace pies tuto slupku je nepravdépodobna, protoZe
nasledna difusni oxidace probiha u kiemiku velmi pomalu a jen pii vysokych teplotach (1°A/s
pii 1000 °C) 7. Tato terminace je proto velmi agresivni a stabilni. Pro p¥ipravu jinych typt
terminaci je nutné pouzivat Si tecky, které nepfisly do kontaktu s kyslikem. Bylo prokdzano, ze
atomy spojené s povrchovou terminaci siln¢€ interaguji s jadrem nanocastice a ovliviuji
energetické rozlozeni stavii. Mira vlivu povrchu je zavisla na rozdilu elektronegativit kiemiku
a povrchového atomu. Povrch ovSem neméni rekombina¢ni mechanismus excitont, ktery je
spojen s jadrem. MiiZze ho pouze urychlovat/zpomalovat a ovliviiovat velikost zakdzan¢ho pasu
v $irokém rozsahu (Obr. 7a) %76, Mezi nejb&Znéjsi patii terminace dusikem, halovym prvkem
¢i pomoci riiznych uhlikovych funkénich skupin (alkyly, amidy, alkoxy atd.) 2*. Mezi témito
terminacemi stoji za vyzdvihnuti studie sledujici vliv metylace SiQDs tecek, kde bylo
prokazano, ze pfitomnost téchto drobnych molekul vyvoldva transformaci neptimého
zak4dzané¢ho pasu na piimy. Toho je docileno kombinaci efekti spojenych s kvantoveé-
rozmérovym jevem a vlivem vysokého pnuti na povrchu tegek.”” Vliv povrchového tlaku na
energetické stavy v kvantovych te¢kach Si byl prokazan jiz diive. 76

Mezi dal$i vyznamné vlastnosti kiemikovych kvantovych tecek, které rozsifuji zabér
jejich aplikacnich moZznosti, je nejen jejich nizkd toxicita, coZ neni u nanostruktur diky jejich
silné povrchové reaktivnosti a slozeni (napt. PbS, CdSe, InAs, GaAs, atd.) pravidlem, ale
piedev§im biodegradabilita 7®. Bylo prokéazano, Ze lidské t&lo dovede SiQDs odbourat pies
kyselinu ortokfemicitou - Si(OH)s.”” Je dobré zminit, Ze ani vyzkum kiemikovych tecek se
neobesel bez urcitych kontroverzi. V roce 2000 byla publikovana studie prokazujici opticky
zisk na téchto nanostrukturach . To by otevfelo cestu vytvoreni kiemikovych laseri, coz by
mohlo mit zasadni vliv na jeho optoelektronické aplikace, a predev§im na ptipravy fotonové
vypocetni techniky. Zavéry zminéné studie vSak byly po zivé diskuzi na zédklad¢€ nezapocitani
vlivu vlnovodnych vlastnosti pouzitého materidlu vyvraceny.®!

Studiem rekombinacnich procestt v SiQDs, a to ptedevSim hledanim zékonitosti
spojenych s pomalou slozkou luminiscence se zabyva i vyzkum predkladatele.’* 82 Sou¢asné je
jeho autorskd Cinnost zaméfena i ona zptfesnovani pohledu na komplexni strukturu téchto

kvantovych objektt.®?
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Metody pripravy a povrchové tpravy kiremikovych kvantovych tecek

Jednou z hlavnich vyzev pfi vyzkumu nanomaterialii neni pouze rozkli¢ovani vlivu riiznych
parametri na jejich vlastnosti a dynamiky elektronovych dé&j, ale casto také vytvoreni
vhodnych metod jejich ptipravy a povrchové Upravy, které by bylo mozné pouzivat efektivné,
snadno, rychle, ekologicky a idealn¢ ve velkém rozsahu.

Prvni objevenou metodou ptipravy kvantovych tecek bylo jiz zminéné elektrochemické
leptani krystalickych kiemikovych desti¢ek. Tato metoda je ovSem nejen zdlouhava (~ dny/v
fadu dntl), ale také drah4 a jeji vytéznost mald.®> U kovalentnich kvantovych teéek nelze pouZit
chemicka syntéza z roztoki, ktera je Siroce vyuzivdna u bindrnich kvantovych struktur.®*
Kovalentni vazba mezi kiemiky je totiz ptili$ silnd, coz je demonstrovano naptiklad vysokou
teplotou tani kiemiku (~1415 °C) nebo jeho objemovou energetickou hustotou (~75,5 kl/cm?),
kterd je 2,5krat vyssi nez u benzinu. Pfestoze bylo publikovano nékolik postupt ukazujicich na
mozné postupy piipravy teek z roztoki, validita danych metod byla ¢asto rychle vyvracena.®>
8 B&hem let viak bylo piedstaveno hned nékolik alternativnich postupti vyuZivajicich napt.
laserovou ablaci kfemikovych desticek ¢i oxidaci Zintlovych soli (MeySix, Me = Na, K, Mg) za
pomoci mikrovinného zafeni.!” Ve vétsim méfitku jsou vyuzivany pouze dvé metody, a to
termalni disproporcionace kiemikovych oxidl a syntéza pomoci netermalniho plazmatu. Prvni
jmenovand metoda je zalozena na zihani kfemikovych oxidli za souc¢asného vzniku SiQDs.
Prebyte¢ny materidl je nésledné odleptan pomoci HF (Obr. 12a). PfestoZe metoda vykazuje
dobrych vysledkli za vyuZiti amorfniho kiemiku i SiOz2, nejlepSich vytéZznosti je dosahovano na
HSQ (z angl. hydrogen silsesquioxane), ktery je ovSem nejdrazsi ze zminénych vstupnich
materiald.®® Druha metoda vyuziva tzv. kiemikové polymerizace plynného prekurzoru (b&zné
SiH4) iniciované netermalnim plazmatem.*” V jednoduchosti se d4 Fici, Ze v plazmatu dochdzi
k disociaci molekul SiH4, vzniklé SiH3 radikaly spolu nésledné vytvaii Si-Si vazby (Obr. 12b).
Timto postupem podobajicim se polymerizaci organickych latek dochazi k ristu kiemikovych
zarodk, které se nasledné sdruzuji a krystalizuji. Obé metody jsou schopny pripravit kvalitni
vodikem terminované SiQDs v uspokojivém mnozstvi (~ 100 mg/hod), a to dokonce relativné
udrzitelnou cestou (ekologicky i ekonomicky). Vyhodou prvniho postupu je jeho pfimocarost,
druhého zase vysokd variabilita, kdy zménou koncentrace pracovniho plynu ¢i vykonu
plazmatu je mozno Siroce ladit strukturni 1 povrchové vlastnosti vzniklych nanocastic. Touto
metodou také vznikly SiQDs s doposud nejvyssi prokazanou hodnotou QY dosazené bez

sekundarni povrchové terminace (50-60 %).%°
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Obrazek 12. a) Schéma pripravy kifemikovych kvantovych teCek metodou termalni
disproporcionace HSQ (pouzito se svolenim majitele prav American Chemical Society), 3¢ b)

schéma aparatury na ptipravu Si teCek vyuzivajici netermélniho plazmatu.

Mezi nejbéznéjsi povrchové upravy kiemikovych te¢ek patii oxidace. Ta probiha
okamzité pii kontaktu s nové piipravenou vodikem terminovanou teCkou a vede ke stabilni
pasivaci. Saturace nedokonalych povrchovych stavli navic ¢asto vede ke zvySeni QY tecek.
Oxidace lze vSak dosdhnout i kontrolované - typickym piikladem je oxidace pomoci
vysokotlaké pary, ktera vede ke vzniku kvantovych tecek o QY ~ 60 %.°! Nejbéznéjsi cilenou
terminacni technikou u téchto nanostruktur je hydrosilylace. Jedna se o postup, kdy dojde
k navazéani molekuly zakoncené dvojnou vazbou na povrchu nanocéstice. Cely proces je spojen
s rozevienim dvojné vazby, kterd na povrchu tecky nahradi jeden vodik. Tato reakce miize byt
iniciovand tepelné, pfitomnosti radikalizatoru nebo svételn€é, a byva nejcastéji vyuzivana
k terminaci organickou funkéni skupinou.”*”* SiQDs mohou byt terminovany i b&Znou
chemickou cestou z roztoku. Takto dochazi naptiklad k terminaci halovym prvkem. Tyto vazby
jsou reaktivnéj$i nez pivodni terminace, a proto se pouZzivaji k dalsi Gpravé, naptiklad pro
naslednou alkylaci.”> K povrchové upravé se vSak da vyuzit i samotny proces piipravy
nanocastic pomoci netermalniho plazmatu. Pfidanim dodate¢ného plynu do koncové cCasti
plazmatu (tzv. afterglow), pfipadné s vyuZzitim dvoufazového plazmatického reaktoru, se da
dosahnout nejen upravy povrchu, ale i piipravy jadro/plast kiemikové struktury.’®°” Autorsky
vyzkum predkladatele se zabyva i vyvojem postupt ptipravy a povrchové terminace SiQDs.
Ptfedevsim na poli dvoustupiiovych reaktora a ipravy povrchu nanoc¢astic pomoci plazmaticky

aktivovanych kapalin. ?7-1%
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Aplikace kvantovych tecek

Diky kombinaci vySe zminénych vlastnosti vykazuji SiQDs Siroky aplikacni potencial.
Vzhledem k svym emisnim vlastnostem se daji vyuzit ke zlepSeni kvality vyzafovani LED (tzv.

Si-QLED, Obr. 13a),'°! zvyseni efektivity konverze standardnich kiemikovych solarnich

2 03

panelt ' ¢i ke konstrukci v soudasnosti velmi diskutovanych solarnich koncentratord.!
Posledni jmenovana aplikace je zaloZena na piipravé svétlo propustnych skel, které budou
obsahovat okem nepostiehnutelnou koncentraci kvantovych tecek. Ty budou pohlcovat UV
zéafeni a generovat viditelné svétlo, které je pomoci vlnovodnych vlastnosti skla vedeno do
svych okrajii (rdml). Zde maji byt umistény tenké solarni panely, které svételnou energii

prevedou na elektrickou (Obr. 13c¢).
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Obrazek 13. a) Struktura LED vyuzivajici SiQDs (pouZito se svolenim majitele prav American
Chemical Society)!®!, b) snimek HeLa bunék obsahujici SiQDs potizeni konfokalnim
mikroskopem (pouzito se svolenim majitele prav John Wiley and Sons),!** ¢) schématické
znazornéni solarniho kolektoru vyuzivajictho SiQDs (licence obrazku CC BY, majitel prav
Springer Nature),'% d) znazornéni historické a oéekdvané evoluce Li-ion technologie zahrnujici
vyznamné zaclenéni kiemiku v nanostrukturni formé (licence obrazku CC BY, majitel prav

Springer Nature).'%

V kombinaci s dobrou biologickou kompatibilitou, fotostabilitou a nizkou toxicitou se
SiQDs efektivné vyuzivaji i jako znacky pro biologické zobrazovani (Obr. 13b).5% 104106 Sy;
potencial maji také jako fototerapeutické materidly, biologické senzory ¢i nosiCe léciv

v technologii cileného sméfovani 1é¢iv.!”” Nanokiemik méa vyznamny potencial v Li-ion
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technologii. Kiemik totiz vykazuje unikatni hodnotu gravimetrické kapacity ~ 4200 mAh/g,
coz urcuje mnozstvi uskladnitelné elektrické¢ energie pii lithiaci. Tato hodnota pievySuje
v soucasné dobé beézné vyuzivany elektrodovy materidl, uhlik, fddové 10krat. V Li-ion
technologii se v soucasnosti kfemik nepouziva, jelikoz pfi lithiaci zvétSuje svlij objem o téméer
300 %, coz vede k destrukci elektrody. SiQDs a nanostruktury jsou vSak obecné schopny tlaky
spojené s touto expanzi 1épe snaset. Zaclenéni Si nanostruktur do Li-ion technologie vede
k vyraznému zlepovani jejich kapacit (Obr. 13d).!% Ogekavanou aplikaci nanokfemiku je také
energetika zalozend na vodiku. Kfemik je schopen povrchové vazat velké mnozstvi vodiku a

108, 109

uvoliovat jej za podminek, které jsou laditelné piipravou Pro podrobnéjsi diskuzi a

dalsi aplikace kvantovych kifemikovych tecek bych odkazal na nasledujici piehledové

publikace 68, 87,91, 110

1.4 Perovskitové struktury a jeho hybridy

Jako perovskity jsou oznacovany materidly s krystalickou strukturou splitujici chemicky vzorec
ABX3, kde A a B jsou kationy a X aniont. Perovskity obsahujici halogenidovy aniont jsou
v soucasné dobé€ jedny z nejvice studovanych materiali. Tento vyjimecny zdjem je motivovan
jejich téméeft idedlnimi vlastnostmi pro konverzi svételné a elektrické energie. Za necelych 15
let jejich vyzkumu byla efektivita soldrnich panelt (PCE) zalozenych na perovskitech zvySena
na cca 26 %, coz mirné pievysuje soucasnou kiemikovou technologii.''! Na druhou stranu vsak
perovskity vykazuji problémy se stabilitou a silnou degradaci vnéj$imi vlivy jako je UV zafeni
¢i pritomnost vody nebo kysliku. Prave snaha o vyfeseni téchto nedostatktl, ktera by mohla vést
k revoluci v hned né€kolika aplikacnich smérech, zpiisobuje zdjem o perovskity, jenz je
demonstrovan tisici védeckymi ¢lanky na toto téma ro¢ng.!''?

V ramci nésledujici kapitoly se budeme vénovat popisu zékladnich vlastnosti objemové
formy perovskitli véetné¢ zminénych nedostatkti. Vzhledem k zaméteni experimentalni prace
predkladatele se nésledné zaméfime na detailnéj$i popis a vyuziti nizkodimenzionalnich a
hybridnich perovskitovych struktur vyuZzivajicich kvantové tecky. Shrnuti metod piipravy
perovskitid, které jsou v podstat¢ omezeny na relativné snadnou syntézu z roztoki, a jejich
aplikaci, zahrnujici prevazné fotovoltaiku, svételné detektory, detektory rentgenového zafeni a

h 112-114

zdroje svétla, 1ze najit v mnoha ptehledovych pracic a v souhrnu budou zminény spise

okrajove.
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Vlastnosti objemovych halogenidovych perovskiti

Ptirodni perovskity vyuzivaji jako aniontu kysliku (napi. CaTiOs, BaTiO3, BiFeO3), a piestoze
vykazuji feromagnetické a piezoelektrické vlastnosti, nenaSly zasadniho technického ¢i
pramyslového uplatnéni. Jako aplikacné velmi zajimavé se vSak ukazaly byt uméle pfipravené
halogenidové PS (déle jen PS). Jejich krystaly jsou tvoieny halogenidovym aniont (X =17, CI
— a Br) a kationtem bivalentniho kovu na pozici B (nejéasté&ji Pb") tvofici anorganickou
osmisténnou strukturu (BXs).!'> Ta spolu s kationtem v pozici A vytvafi krystalickou miizku
celého PS (Obr. 14a). Piestoze to neni pravidlem, nejcastéji se jedna o miizku kubickou. Jako
A kationt se vyuzivd mala organicka molekula (napf. CHsNH3" — MAA nebo HC(NH,)," —
FAA).

Zakladem vyjimecnych vlastnosti PS je predevSim pfitomnost BXe struktury.
Pouzijeme-li k dal$imu popisu zdaleka nejbéznéjsi PS MAPbI3, je maximum jeho valen¢niho i
dno vodivostniho pasu tvofeno antivazebnymi orbitaly olova (6s) a jodu (5p) (Obr. 14a).!12
Diky tomu vykazuji PS hned nékolik vyznamnych elektrickych a optickych intrinsickych
vlastnosti:'!4

a) Popsand energetickou struktura vede k vzniku pifimého zakdzaného pasu a
pritomnosti volného elektronového paru olova, coz zptsobuje efektivni absorpci svétla PS ve
viditelném intervalu.

b) Odstranénim jednoho z iontl miizky dochdzi k vytvoreni defektu uvniti nebo blizko
okraje valen¢niho ¢i vodivostniho pasu (dano energetickou strukturou pésu). Tyto pasti tedy
vyznamné neovlivituji chovani excitovanych nosicl, coZ vede k toleranci PS k pfitomnosti
defektt.

¢) Antivazebnd interakce projevujici se u PS ma za nésledek nizkou hodnotu efektivni
hmotnosti elektronil i dér (0,23mo, respektive 0,29my), a tedy vysoké mobilité obou nosict (~10
cm?V-ish.

Vysoka tolerance k defektim a vysokéa mobilita nosicli zpisobuji, Ze PS vykazuji velmi
dlouhou difuzni délku u obou nosi¢li naboje — aZz 1 um v polykrystalické a 100 um
v monokrystalické formé&. Velikost zakazaného pasu je navic snadno laditelnd vyménou
halogenu napfi¢ témét celym viditelnym intervalem (pfechodem k leh¢im halovym prvkiim se
rozsifuje zakdzany pas, Obr. 14b).!1¢ Z uvedenych vlastnosti by se mohlo zdat, Ze vliv kationtu
A na chovéani PS je minimdlni. PfestoZe tato slozka nezasahuje do formovani stavii okolo
zakdzaného pasu, jeji vyznam neni zanedbatelny. Hraje totiz vyznamnou roli ve stabilité¢ PS

prostiednictvim kompenzace ndboje ve struktufe BXe, kterd je siln€ zalozena na elektrické
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interakci. Kationt A také na zéklad¢ své velikosti mize vyvolavat kontrakci nebo expanzi

anorganické mfize, coz méni optické vlastnosti celého PS 7.
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Obrazek 14. a) Krystalickd struktura PS MAPbI3 a sloZeni jeho molekularnich orbitalt
(pouZito se svolenim majitele prav The Royal Society of Chemistry),'!> b) absorpéni spektra
FAPb(Briyly ) (pouzito se svolenim majitele prav the Royal Society of Chemistry)!!' c)
degradace MAPDI; za béZznych podminek na vzduchu béhem 21 dnti (licence obrazku CC BY,

majitel prav Springer Nature).'!®

I pfes zminéné vyjimecné vlastnosti je aplikacni rozmach PS zpomalovan hned nékolika
prekazkami. Jednd se pfedevS§im o nedostate¢nou stabilitu téchto latek a jejich degradaci pfi
kontaktu se vzduchem, vodou a UV ziienim ''% ''°. Tento nedostatek je zplisoben slabou
iontovou miizi a pfitomnosti nestabilnich komponent vyuzivajicich vodikovou nebo Van der
Waalsovu interakci. Méné zadvaznou prekazkou, 1 kdyz Casto sklofiovanou, je toxicita olova,
které tvoti velmi vyznamnou a sloZit& nahraditelnou slozku béznych PS '2°, Blize se podivame
na parametry ovliviujici stabilitu PS a nejbéznéj$i mechanismy jejich degradace:

Stabilita. lontova struktura béznych PS bohuzel neni dlouhodobé¢ stabilni a po néjakém

case dochazi k jejimu rozpadu pomoci procest iontové migrace, generace defektll, segregace
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faze a tvorbou rtiznych jinych forem poruch miizky (Gasto v fadu tydnd, Obr. 14¢).!'® Mira
zminénych procesi je Uizce spojena s hodnotou tzv. Goldschmidtova toleran¢niho faktoru ¢,

ktera je definovéna jako:
T4+ Ty

Y T (10

kde r jsou poloméry jednotlivych iontii PS. U organickych molekul je tato hodnota slozité
urcitelna a vétSinou dochazi k jejimu odhadu na zakladé empirickych dat. Bylo zjisténo, Ze jen
PS nabyvajici hodnotu ¢ v intervalu 0,8 — 1 vykazuji za pokojovych teplot strukturu s vyse
popsanymi vyznamnymi vlastnostmi (ostatni PS se laicky oznacuji jako neperovskitové
struktury). Do tohoto intervalu patii PS s kubickou nebo tetragonalni krystalickou miizkou.
Navic bylo zjisténo, ze rychlost vnitinich degrada¢nich procesii vyrazné roste s ptiblizovanim
hodnoty ¢ k okrajiim stabilniho intervalu.!'? Hledani vhodného slozeni PS, ktery by vykazoval
optimélni hodnotu toleran¢niho faktoru, proto patii mezi vyznamné kroky pfi ptipravé PS.

Vlivy okoli. B&zné PS struktury jsou velmi citlivé na pfitomnost vody. Ta totiZ iniciuje
rozklad anorganické miizky PS.!" V ptipadé MAPbI3 dochézi k rozkladu Pbls na Pbl. To vede
k typickému Zloutnuti struktury, ktera je jinak diky efektivni absorpci ve viditelné oblasti velmi
tmava. Na zdkladé tohoto jevu se také cCasto nejen degradované, ale i halogenidové
neperovskitové struktury oznacuji jako zluta PS faze. Vodou indukované degradace PS je navic
zesilena ptipadnou ptitomnosti UV zafeni. Rozpad struktury na Pbl, v§ak mize byt iniciovan i
samotnym UV zafenim, 1 kdyZ s vyrazné pomalejSim tempem. Nepfitelem PS je také kyslik,
jeho molekula se mlize snadno zachytit na povrchu struktury a ziskat z PS prebyte¢ny elektron.
Vznikly superoxid nasledné reaguje s PS za vzniku Pbl a vody.'"” Stabilizace PS vzhledem ke
svétlem iniciovanym degradacnim procesiim je zasadni pro piipadné fotovoltaické aplikace
téchto struktur.

Soucasny vyvoj PS je sméfovan piedevSim k optimalizaci jejich elektrickych a
optickych vlastnosti, omezeni projevii zminénych destruktivnich jevii a ndhrady toxického
olova. Pomineme-li enkapsulaci a podobné povrchové upravy omezujici vliv okoli a ptechod
k nanostrukturnim formédm PS, kterym bude vénovéna nasledujici podkapitola, zistdva hned
nekolik postupti, jak tyto nedostatky odstranit. VEtSina je spojena s nahradou tradi¢nich slozek
rozebereme dikladngji:

Alternace A kationtu. Na zéklad¢ teorie by nejlepsi elektrické a optické vlastnosti mél

vykazovat PS obsahujici molekulu FA. Diky své velikosti v§ak PS obsahujici FA vykazuji
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vysoké hodnoty toleran¢niho faktoru mnohdy piesahujici 1. Za béznych podminek jsou tedy
siln& nestabilni, rychle degraduji a jejich vyuziti je omezené.'?! Jako zajimava cesta ke sniZeni
vlivu okolnich podminek se ukazalo byt pouziti anorganickych kationttl, a to predevsim Cs.'?
Jeho pritomnost sice zvySuje odolnost vici vodé, ale relativné mald velikost téchto atomt
(vzhledem k MA) vyznamné snizuje toleran¢ni faktor, a tim celkovou stabilitu PS (¢ faktor
okolo 0,8). V soucasné dob¢ se zda byt efektivni vyuziti kombinace kationtl. U téchto
komplexnich PS dochézi béhem ptipravy k michani vice kationtd v riiznych pomérech tak, aby
se nejen vyuzilo jejich pozitivnich vlivii na vyslednou strukturu, ale nastavila se 1 vhodna
hodnota toleran¢niho faktoru. Nejvice se v tomto sméru vyuziva kombinaci FA, MA, Cs, ale 1
Rb. Tyto struktury sice vykazuji lepsi miru stability a odolnosti vi¢i vnéjsim vlivim ve
srovnani se standardnim MAPbI3, ale stale nedosahuji jeho elektrickych vlastnosti a jejich
siwr 121,123

Alternace B kationtu. Dlouhodobym cilem vyzkumu PS je také nahrazeni olova za
jiny bivalentni prvek pfi zachovani elektrickych vlastnosti struktury. Bylo testovano vyuziti
Ge?*, Ca**, Mn?", Fe?" a dalsich prvki, ale nejlep$im kandiddtem se ukéazal byt Sn?*. Cin ma
totiz obdobnou jak elektronovou konfiguraci, tak i iontovy polomér jako olovo. Teoreticky by
PCE cinovych PS mohla piesahovat 33 % 2%, V praxi se to vSak nepotvrdilo, jelikoZ cin v PS
snadno vytvaii vakantni stavy a Sn*" ionty. Snl, struktura navic snadno reaguje s organickym
kationtem, coZ vede k nizké pohyblivosti nosi¢t a $patné stabilité PS 2°. Mezi alternativni
postupy nahrazeni olova patfi vytvafeni dvojitych PS ¢&i perovskitu podobnych struktur
vyuzivajicich jako B kationy dvojici prvkil (napt. AgBi). Zadna zt&chto struktur vsak
nevykazuje PCE prevysujici 15 % '%.

SmiSené perovskity. Jak bylo zminéno, Sitku zakazaného péasu a obecné optické
vlastnosti PS 1ze ménit pouZitim rtizného halogenidu. Jako velmi efektivni se ovSem ukazala
byt i pfiprava tzv. smiSenych PS. Ty jsou sloZeny hned z n¢kolika rliznych A kationtl (az 4
rizné soucasné) a halogenidii (vétSinou dva rizné). Tyto struktury jsou obtizné pfipravitelné,
ale vhodnym pomérem vSech slozek u nich Ize nejen spojité ladit velikost zakazaného pasu
v téméf celém viditelném intervalu (anionty), ale i zvySovat stabilitu (ladéni ¢ faktoru) a
odolnost vii¢i vngjsim vliviim (kationty) 12126,

Nanostrukturni halogenidové perovskity
Vyznamnym krokem k ladéni vlastnosti a zvySovani odolnosti PS se ukéazalo vyuZiti jejich
nizkodimenziondlnich struktur. Pfestoze se v praxi vyuziva hned nékolik typt téchto struktur,

teCky (0OD) struktury.
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PS nanovrstvy jsou typicky pfipravované ve formé¢ sendvicové struktury, kdy vzdy n
vrstev anorganické miizky PS je oddé€leno tzv. separatorem (zangl. spacer). Tim byva nejcastéji
vétsi organickd molekula (napf. butilamonium, BA).'?” Schématické znizornéni takové
struktury je uvedeno na Obr. 15a. Parametr n nasledné slouzi ke klasifikaci 2D struktur, protoze
v mnoha ohledech reflektuje jeho vysledné chovani. PS nanovrstvy vykazuji hned n¢kolik
zajimavych vlastnosti. V prvé fadé se ukazalo, ze jsou mnohem odolnéj$i na degradaci
zpusobenou vlhkosti.!'? Separator totiz slouzi jako pfirozena ochranna vrstva PS. Tento efekt
je jeste zesilen, pokud ma separator hydrofobni vlastnosti. Piisobenim separatoru navic dochazi
ke stabilizaci vrstev, které by podle toleran¢niho faktoru byly velmi nachylné na degradaci
(okolo 0,8 nebo 1).12® Pro optické a elektrické vlastnosti nanovrstev je naopak zasadni vliv
kvantové-rozmérového jevu a dielektrického-rozmérového jevu. Prvni jmenovany vyznamné
ovliviiuje rozlozeni energeticky stavi, rozSifuje zakazany pas a zvySuje stabilitu excitonll na
zaklad¢ poctu oddelenych vrstev, a tedy velikosti omezeného prostoru (¢im nizsi n, tim vyssi
vliv kvantového omezeni, Obr. 15b).!?° Excitonové vazebna energie je u objemovych PS nizsi
nez tepelnd energie fonond za bézné teploty. Dochdzi tedy k jejich efektivni disociaci v
casovém intervalu ~fs az ps. To neplati u nizkodimenzionalnich struktur. Stabilita excitonil je
navic zvySena 1 pritomnosti dielektrického-rozmérového jevu, ktery je spojen se skokovou
zménou permitivity mezi separatorem a PS, coz zvysuje silu Coulombické interakce mezi nosici
tvoficimi exciton. Vysledna vazebna energie excitonti se tim mtze zvysit z ptivodnich ~10 meV
az na ~300 meV.'?® 130 Disledkem téchto zmén je nejen ziskani nové cesty, jak ladit $itku
zakdzaného pasu PS, ale i vyznamné sniZeni mobility nosi¢li, a naopak zesileni efektivity
excitonové luminiscence. Aplikaéni potencial PS nanovrstev tedy lezi predevSim v generaci
svétla, at uz ve formé LED nebo LD.!!# 115

Své uplatnéni nasly i struktury stojici na hranici 2D a 3D PS, tzv 2D/3D vrstvy, nékdy
téZ nazyvané jako PS se smiSenou dimenzi. V podstaté se jednd o 2D PS s velmi velkym
parametrem n (desitky). 2D/3D vrstvy vykazuji elektrické a optické vlastnosti objemového PS,
ale obcasna piitomnost oddélovacich vrstev zlepSuje jeho odolnost proti vodni degradaci a
vylepsuje i PCE, pravdépodobné diky zvyseni stability struktury.'! Touto tématikou se zabyva
i jedna publikace predkladatele.'*?

Zajimavé vlastnosti vykazuji 1 PS kvantové tecky a nanokrystaly obecné. Bylo
prokéazano, Ze snizenim rozmért dochéazi k vyznamnému zvyseni stability PS prostfednictvim
, , . vy r v,r 133 vy e velr «
vysoké povrchové energie a zméné povrchového napéti.”” To umoziuje vyuZziti plné

anorganickych PS, které vykazuji vySs$i odolnost proti vnéjSim vlivim (napt. CsPblz), ale
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jejichz toleran¢ni faktor by byl za béznych okolnosti mimo stabilni interval. PS QDs navic
vykazuji velmi efektivni fotoluminiscenci (QY ~ 50 — 90 %),!3* 135 coz je ddno vysokou
efektivitou absorpce svétla, pfitomnosti kvantové-rozmérového jevu zvySujiciho vazebnou
energii exciton®l a nizkou koncentraci defektd.!*® Pozice emisniho spektra je navic snadno
laditelna pies cely viditelny interval, a to pfedev§im vhodnou kombinaci halogenidi (Obr.
15¢).!3* Optické vlastnosti jsou v§ak ovlivnitelné velikosti a povrchovou terminaci, jako u viech
béznych QDs. PS QDs nasly uplatnéni nejen jako efektivni zdroje svétla (QLEDs), ale vyuzivaji
se 1 v hybridnich PS strukturach, jak bude kézano v nasledujici kapitole. Detaily o jejich

vlastnostech, aplikacich a metodach piipravy je mozno ziskat v nasledujicich publikacich.'*>
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Obrazek 15. a) Schématické znazornéni struktury 2D PS o rlizném parametru n (pouzito se
svolenim majitele prav John Wiley and Sons),!*® b) absorpéni a luminiscenéni spektra 2D PS
(BA)2(MA )y 1Pbalsni1 0 rizném parametru n (pouZito se svolenim majitele prav AAAS)'%, ¢)
fotoluminiscen¢ni spektra PS QDs obsahujicich riznou koncentraci halogenidl (pouzito se
svolenim majitele prav ACS Publications),'** d) vyvoj ti¢innosti QLED zaloZenych na PS QDs

v rdmci poslednich let (licence obrazku CC BY, majitel prav MDPI journals).!
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Perovskitové hybridni struktury

Vyjimec¢né vlastnosti PS nasly uplatnéni i v kombinaci s jinou latkou. Mezi nejperspektivnéjsi
PS hybridy patii struktury typu ¢astice-v-matrici (z angl. dot-in-matrix), které jsou slozeny
z QDs a 3D PS. Nejcastéji se jedna o QDs olovnatych chalkogenidi (heterogenni hybridy) nebo
samotnych PS QDs (homogenni hybridy). Spojeni téchto materidl ma mnoho vyhod.'** V prvé
fad¢ zlepsuje strukturni a povrchové vlastnosti obou komponent. Pti pfipravé PS vrstev mame
obecné¢ jen slabou kontrolu nad samotnou syntézou,jeji kontrola probihéa volbou rozpoustédla,
pomérem ingredienci, uréenim teploty pfipravy nebo substratu. Bylo ukazano, ze QDs mohou
v této fazi hrat efektivni roli krystalizanich zrn, kdy vyslednd matrice vykazuje vyssi
krystalinitu a mensi mnoZstvi strukturnich i morfologickych defektti (Obr 16a).'*° Jak PS QDs,
tak vétSina olovnatych chalkogenida (napt. PbS) vykazuji s PS velmi dobrou shodu ve struktufe
krystalické miizky (shoda mezi vzdilenostmi atomarnich rovin je ~ 0,1A), coz umoziuje
snadnou integraci nanocastic a vytvoreni rozhrani o velmi slabém pnuti a minimalni koncentraci
defektnich stavii '*!. Velmi dobré podminky na rozhrani téchto dvou materialti byly prokazany
1 pomoci DFT simulaci. Vysledky studie deklarovaly témét idealni shodu (110) facety PbS s
(110) facetou od béZznych PS. Energie spojend s formovanim rozhrani t€chto dvou materiala
vykazuje zanedbatelné hodnoty pod 10 meV/A (Obr. 16b).!*!: 2 Navic bylo prokizino, Ze
pritomnost QDs zvySuje celkovou odolnost matrice na degradacni procesy spojené
QDs. Vytvafeni PS/QDs hybridnich struktur nevede pouze k ristu kvality PS, ale je vyhodné 1
pro samotné QDs, jejichz vlastnosti jsou Casto degradovany vysokou koncentraci povrchovych
defektii. Bylo prokazano, e v PS matrici dochazi k jejich efektivni povrchové pasivaci.'*
Elektrické a optické vlastnosti hybridu jsou silné€ zavislé na energetické struktute obou
slozek. Ve své podstaté se totiz jedna o strukturu jadro/slupka (QDs/Ps). Hybrid z elektrického
hlediska tedy miiZze vytvafet struktury typu I nebo II (Obr. 6).''> Ve specifickych ptipadech
dochazi i k tvorbé reverznich typt I, kdy QDs vykazuje vyrazné vyssi velikost zakdzaného pasu
nez PS matrice. Ve strukturach typu I lezi zakazany pas QDs v Cervené nebo infracervené
oblasti, na rozdil od $irSiho zakdzaného pasu PS. Jako svételny absorbér zde poté slouzi PS
matrice. Excitované nosice jsou nasledné transportovany do QDs, kde zafivé rekombinuji
prostfednictvim stabilnich excitond.!** '** Pokud se da hybridni struktura charakterizovat jako
Typ II, ptipadné reverzni Typ I, slouzi nanoc¢astice jako absorbér svétla a donor excitovanych
nosicl, pripadné jako efektivni elektronovy nebo dérovy transportni materidl. Schéma

energetické struktury hybridu PbS/MAPDbI3 je zachycen na Obr. 16c. U této struktury dochazi
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zménou velikosti QDs k prechodu od Typu I na Typ I1.'%

Hrani¢ni velikost je odhadnuta na
hodnotu okolo 2,9 nm. Naproti tomu na Obr. 16d je zachycen reverzni Typ I, kdy QDs jsou
tvofeny PS a jejich energeticka struktura je ladéna zménou koncentrace halogenidi.'*® Za této
situace bude PS QDs slouzit nejen jako zdroj excitovanych nosict, ale také jako efektivni
dérovy transportni material. Vzhledem k oc¢ekévané funkci hybridu jsou nanoc¢astice v matrici
rozlozeny bud’ homogenn¢, nebo se vytvaii jejich vrstva na okraji matrice (slouzi k extrakci

nosi¢a do elektrod u fotovoltaickych aplikaci).'+?
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Obrazek 16. a) Nukleace a rast PS krystalu za pfitomnosti PbS QDs terminovaného MAI
(pouZito se svolenim majitele prav The Royal Society of Chemistry),'*’ b) model PbS a MAPbI;
krystalové struktury a jejich rozhrani z roviny X-Z (jednotlivé facety jsou vyznaceny; pouzito
se svolenim majitele prav Springer Nature),'*! ¢) vypodétené energetické schéma 3D PS MaPbl;
s PbS QDs o velikosti od 4,8 do 1,9 nm (pouZito se svolenim majitele prav ACS Publication),'®
d) energetické schéma PS QDs MAPDbBrsxIx a MAPbI3, zndzornéna je i poloha dérového

) 146
b

transportniho materialu (pouZzito se svolenim majitele pr&v ACS Publication e) histogram

PCE c¢tyficeti solarnich panelt vytvorenych s a bez ptitomnosti CsPbBr; QDs (pouZzito se

svolenim majitele prav ACS Publication).'*’

Na zékladé popsanych transportnich procest slouzi hybridy vykazujici Typ I jako
efektivni zdroje svétla v celém viditelném intervalu.'* *® Bylo prokazano, e diky dlouhé
difuzni délce PS a vysoké kvalité¢ matrice je v t€chto strukturdch transportovano do QDs az

80 % excitovanych nosicl, coz vede k velmi vysoké vnéjsi kvantové Gcinnosti téchto hybridi
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> 20 %.13% 149 Struktury Typu II a reverzni Typ I mohou slouZit jako efektivni fotodetektory,
ale predevsim se vyuzivaji jako fotovoltaické materialy.'3® Kombinaci dobrych strukturnich
vlastnosti matrice, vys$Sich odolnosti na degradaci, efektivngjsi extrakci excitovanych nosici a
Casto rozsifenému absorpénimu spektralnimu intervalu, vedoucimu k vys$Sim proudim na
kratko,'*® vykazuji PS/QDs solarni panely nejen vy$si hodnoty PCE nez ¢isté 3D PS, ale i
vysokou stabilitu (Obr. 16e).!*% 147

Z popisu fungovani PS hybridi je zfejmé, Ze zdsadni roli zde hraji transportni a
rekombinacni vlastnosti nosi¢li na rozhrani PS a QDs, piipadn€ rozhrani téchto materialti a
extrak¢nich materialt. K tomu je nutny dikladny popis téchto mechanismi, ¢emuz se bude

vénovat nékolik publikaci autora uvedenych v praktické ¢asti habilitacni prace.'® 1%

1.5. Nanokrystalicky diamant
Diamant je jednim z nejzajimavéjSich nerostd na na$i planeté. Je nejen velmi vzacny, ale
vykazuje i mnoho vyjimecnych fyzikalnich vlastnosti. Oba zminéné fakty jsou spojeny s jeho
mikroskopickou strukturou. Diamant je totiz sloZzen z atomu uhliku usporadanych do dvojité
plo$né centrované kubické miizky (Obr. 17a). Atomy uhliku v této struktuie vykazuji tzv. sp’
hybridizaci, kdy jsou jednotlivé atomy propojeny pouze jednoduchymi a velmi pevnymi
kovalentnimi ¢ vazbami (vazebna energie ~7,36 eV).!>! Toto usporadani vede k vytvoreni
velmi tésné, kompaktni a pevné struktufe, coz je nejen zdrojem zminénych vlastnosti, ale i
extrémnich podminek pro jeho vznik a tim padem i malého vyskytu. Pro zajimavost, uhlik je
nejmensi atom, ktery je schopen vytvafet zmin€nou krystalickou strukturu. Obdobné jako u
kfemiku, diamant nelze uméle pfipravit chemickou cestou z roztoku, piesto to neni nemozné.
V praxi se vyuziva dvou typti metod jeho syntézy, jedny kopiruji pfirozené podminky jeho
vzniku v pfirodé¢ (vytvoteni vysokych tlaki a teplot), ale se zvySenou rychlosti konverze uhliki
v nediamantové fazi (HPHT nebo detona¢ni metoda, Obr. 17¢), druhé cely diamant sestavuji
po atomech pomoci depozice z plynné faze (napiiklad CVD), vice pfilozené odkazy.!>*15
Vycet zajimavych vlastnosti diamantu by byl rozsahly, zde zminime jen ty
(1,77-10% cm™). Jedna se o nerost s nejvyssi tvrdosti a Youngovym modulem pruznosti. Diky
své kompatibilité je idedlnim médiem pro Sifeni fonond. Vykazuje nejvyssi rychlost Sifeni
zvuku (vs = 18 km-s™) a tepelnou vodivost (21,9 W-cm™1-K™!), kterd je jen pro predstavu asi
10x vyssi nez u hliniku. Vykazuje i velmi vysokou pohyblivost obou nosi¢li naboje (3000 —
4000 cm?>-V-'-s71)152:136 GjIné kovalentni vazby vedou i k vysoké chemické odolnosti diamantu,

navic diky pfitomnosti uhliku je biokompatibilni a netoxicky.
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Z energetického hlediska vykazuje diamant nepfimy zakazany pas o hodnoté 5,47 eV
(piimy prechod ~7 eV).!3¢ V ¢istém stavu je tedy prithledny a dobry izolator. V tomto stavu se
vSak ani v pfirod€, ani po své syntetické pripravé nevyskytuje. Jeho elektrické a optické
vlastnosti jsou tak do zna¢né miry zavislé na mife defekta, které obsahuje. Ty vznikaji nejen
béhem piipravy, ale mohou byt i dodatecné vytvoreny. Nejcastéji se jedna o poruchu miize
(napt. vakance, dislokace a atomy v intersticidlni poloze) nebo piimési v substitu¢nich
polohach.!”- 138 S piihlédnutim na kompaktni diamantovou strukturu vSak neni mnoho atomi,
co mohly byt jako pfimési pouzity. V podstaté se jednd jen o bor, dusik, fosfor a kiemik, kdy

pouze prvni 3 jmenovani funguji jako dopanty.
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Obrazek 17. a) Struktura diamantové miizky,'>® b) fotoluminiscenéni spektra vybranych

barevnych center v diamantu (pouZito se svolenim majitele prav Springer Nature),'*°

C) princip
rastu monokrystalického diamantu pomoci metody HPHT - v levé €asti obrazku je znazornén
reaktor a sloZeni pouzité smési, poloha zdrodecného diamantu je vyznaCena, v pravé Casti je

vidét rist diamantu a tepelna mapa v reaktoru (pouzito se svolenim majitele prav Elsevier).!>®

Diky naprosto bézné kontaminaci diamantu uvedenymi prvky je diamant na zékladé své

vodivosti ¢asto povazovan za polovodi¢. Zminéné defekty navic mohou byt zdrojem absorpce

wrwve
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defekty oznaCovany jako centra. Vyznamna jsou predevsim tzv. barevna centra vyznacujici se
zrcadlovou symetrii absorpéniho a luminiscenéniho spektra kolem tzv. nulfononové &ary. ¢
Zminéné spektralni zavislosti navic vykazuji Gaussovsky charakter. Prestoze bylo
identifikovano témér 100 takovych center, mezi nejbéznéjsi barevna centra fadime N-V
(dusikovy atom a vakance) a Si-V komplexy (Obr. 17b).!%!- 192 Ty mohou byt nejen zdrojem
presné spektralné lokalizované a efektivni luminiscence, ale diky kontrole fotonové emise
t&chto center maji potencidl byt vyuzity ke kvantovému poéitani &i kryptografii.'®

Vycet diamantovych kvalit ukon¢ime zminénim jedné jeho neocekdvané schopnosti. |
pies své izolacni vlastnosti totiz vykazuje efektivni povrchovou vodivost. Tento jev je
vysvétlovan pomoci tzv. povrchovym transportni dopovani, kdy elektrony z diamantu tuneluji
do volnych stavii v povrchové vrstvicce vody, coz nasledné vede k vytvotreni ochuzené vrstvy
pod povrchem diamantu vykazujici silnou dérovou vodivost.!*® Podminkou vzniku povrchové
vodivosti je nutnd povrchova terminace vodikem a ptitomnost vzduchu a vody. Tento jev vSak
neni pro diamant unikatni, ale vyskytuje se i u GaN a ZnO.

Prestoze rozsah potencidlnich diamantovych aplikaci je Siroky a sahd od mechaniky,
tribologie, optoelektroniky az po biomedicinu, jeho redlné vyuziti je silné omezené cenou.
Nejen ptirodni, ale 1 synteticky monokrystalicky diamant je velmi nakladny. Pfestoze vyvoj
jeho ptipravy velmi postoupil, a to predevsim prostfednictvi zminéné chemické depozice z

plynné faze (CVD), v praxi se vyuzivaji predev$im rizné formy diamantu polykrystalického.!'>’

Polykrystalicky diamant

Hledani cest, jak vyuzit vlastnosti diamantii v ramci akceptovatelnych nakladi, bylo
vzdy velmi impaktovanym tématem. Nakonec se ukdzalo, Ze tuto moznost nabizi tzv.
polykrystalické diamantové struktury (PCD). Tyto materialy je totiz mozno pfipravit vyrazné
snadné&ji, a tim padem i levné&ji neZ jejich objemové alternativy (Ize vytvofit na libovolny
substrat, vétsi variabilita podminek pfipravy atd.) a soucasné si zachovavaji mnohé vyjimecné
vlastnosti monokrystalického diamantu.'* Ze strukturniho hlediska jsou PCD slozeny
z diamantovych krystalii (monokrystalickych zrn) o velikosti od 5 nm do jednotek pm. Zrna
mohou vytvaret spojité povrchy, pak mluvime o diamantovych filmech, nebo mohou byt
samostatné (prasky). Pro lepsi orientaci se na zaklad¢ velikosti zrn PCD déle déli na ultra-
nanokrystalické (UNCD, do 20 nm), nanokrystalické (NCD, do 100 nm) a mikrokrystalické
diamanty (MCD)(Obr. 18a).!9 Prostor mezi zrny je vyplnén tzv. uhlikovou nediamantovou

fazi, jeji popis a vyznam bude uveden v nasledujicim textu. Za povSimnuti stoji, Ze se tyto
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materidly volné v ptirode téméi nevyskytuji. K jejich vzniku by muselo dojit k dramatickému
naruseni podminek pro rist diamanti, napiiklad pfi zemétieseni.

Pro spravné pochopeni vlastnosti PCD je nutné vzit v potaz jejich mikroskopickou
strukturu. Ta je totiz sloZzena z diamantovych zrn o vyse definovanych vlastnostech, jejich
rozhrani a nediamantové faze mezi mini. Rozhrani v prvé fad¢ piirozené narusSuji Sifeni tepla
(rozptyl fonontl) a vyrazné€ snizuji pohyblivost excitovanych nosicli naboje. Na povrchu zrn se
také nachazi intrinsické a extrinsické defekty. Mezi intrinsické defekty patii poruchy spojené
s narusenim dalekodosahového uspotfadani uhliku, jako jsou kyvavé vazby, deformované
uhlikové vazby ¢&i atomy uhliku v sp? fazi. Do extrinsickych defektii fadime piimési, které se
béhem piipravy nedostateéné integrovaly do zrn, povrchové terminace a uhlik v sp? hybridizaci,
ktery bézné vyplituje prostor mezi zrny a mize se nachazet v amorfni fazi nebo v lokalnich

vodivych klastrech.!®*

Mezi zrny se také pravdépodobné nachdzi malé mnozstvi amorfniho
uhliku v sp? fazi. Posledni dva defekty byvaji souhrnné oznadovany jako uhlik v nediamantové
f4zi.!%® Vliv rozhrani a také koncentrace uhliku v nediamantové fizi vyznamné roste s klesajici
velikosti zrn. Pomér sp® a sp® uhliku v PCD se standardné kvantifikuje pomoci tzv. faktoru
kvality fg, ktery je pocitan z intenzity Ramanova signalu od uhliku z obou fazi. JelikoZ velikost
zrn u NCD a UNCD obvykle vykazuje velikost pod 50 nm, je na misté diskutovat i1 piipadny
vliv kvantové-rozmérového jevu. Bohriv polomér uhliku je vSak velmi maly, odpovida
ap = 1,58 nm. Vlivy kvantového omezeni se u zminénych struktur projevuji velmi omezeng.'>’
Jak zminéné strukturni modifikace ovliviiuji vlastnosti PCD? Bylo prokazéno, Ze
pfechodem k PCD neni naruSena biokompatibilita, nizka toxicita a i do zna¢né miry chemicka
odolnost diamantu. Nekteré typy PCD dokonce vykazuji lepsi mechanické vlastnosti (Youngiv
modul pruznosti a tvrdost) nez jejich objemové alternativy, coZ je dano snizenym Sifenim
dislokaci mezi zrny.'>? Zhorseni tepelné vodivosti zavisi na velikosti zrn a sniZeni této fyzikalni
vlastnosti se $kaluje od jednotek procent aZ po 3 fady pro nékteré typy UNCD.'® Na zakladg
téchto vlastnosti se polykrystalické diamantové prasky vyuzivaji jako aditivum oleji ke sniZeni
koncentrace sedimentti a opotiebeni kovovych ¢asti obecné, jako abraziva a leStici media. PCD
filmy se vyuZzivaji jako mechanickd a chemicka ochrana v mediciné (kloubni ndhrady) ¢i
libovolnych kovii (chirurgické néstroje atd.).!%6 167
PCD. Ty totiz nejsou ovlivnény pouze samotnou piitomnosti rozhrani zrn, ale ptredevsim
chemickym slozenim jejich povrchu a také uhlikem nachdzejicim se mezi zrny. PCD obecné
vykazuje vyrazné vys$si mérnou vodivost nez jeho objemova alternativa (nartist z ~107 na

10'% S'm™), a to i pfes niz§i pohyblivost nosi¢a.!® Tento efekt je spojen predevsim s
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piitomnosti slabé vazanych elektronti v 7 stavech od uhliki v sp? fazi.!®3 Obtizné je i dopovani
PCD vzorki, protoze oba typy dopantl (bor a dusik) se béhem ptipravy snadno zachycuji na
hranicich zrn a ne v jejich objemu. Bylo vSak ukazéano, ze pfitomnost dusiku béhem ptipravy
PCD i tak zvy$uje vodivost filmi.!** Nejedna se vsak o standardni dopovaci mechanismus.
Z doposud ne uplné¢ ziejmych divodi totiz pfidani dusiku do pracovniho plynu zvySuje
koncentraci nediamantové faze ve vysledném filmu. Mechanismus vodivosti v PCD stale neni
detailné popsan, nejcastéji vSak byva spojovan s preskoky s proménnym rozsahem (z angl.
Variable range hopping — VRH).'®

Optické vlastnosti PCD miizeme nejlépe demonstrovat na zéklad¢ jejich ocekédvaného
energetického schématu (Obr. 18b). Pfitomnost sp? uhlikové faze je prezentovana ptitomnosti
obsazeného = a prazdného n* stavu (modra barva). Siika téchto past se pohybuje okolo 1 eV a
vzdalenost maxim ~ 2,5 — 3,5 eV. Ruist koncentrace nediamantové faze by se mél projevovat
roz§ifovanim a pfiblizovanim obou pasti. Vlivem neuspofadanosti a deformaci uhliké v sp? fazi
dochazi ke vzniku chvostovych stavli kolem hranic zakédzaného péasu (Cervend barva). Stavy
spojené s pritomnosti kyvavych vazeb se o¢ekavaji kolem Fermiho meze (zluta barva) a stavy
spojené s uhlikem v sp* fazi nachazejici se mimo zrna jsou charakterizovany pasem ¢ (zelend
barva). Na existenci poslednich dvou stavli v§ak prozatim nepanuje u odborné vetejnosti shoda.

Diky ptitomnosti stavll v zakazaném pasu vykazuje PCD silnou absorpci od ~ 1eV az
do hranice zakazaného pasu (ptechody vyznaceny v Obr. 18b). Stavy v zakdzaném pasu jsou
navic zdrojem Sirokospektralni luminiscence ve viditelné oblasti, ktera dopliiuje emisi od
barevnych center. Bylo prokézano, Ze efektivita této luminiscence je ovlivnéna okolnimi
podminkami (teplota, tlak, sloZzeni atmosféry) 1 podminkami ptipravy PCD (pravdépodobné
variace struktury sp?).1°> 1% O¢ekava se, Ze zdrojem této emise je predevsim rekombinace mezi
n stavy. Systematickd studie dynamik rekombina¢nich procesti excitovanych nosict v PCD,
kterd by pomohla upfesnit charakter relaxacnich a rekombinacnich procesii excitovanych
nosicl, a tim i vliv struktury na optické a elektrické vlastnosti PCD, stale chybi. Doposud totiz
bylo zrealizovano pouze nékolik ¢asové rozliSenych studii chovani excitovanych nosici, které
ukazuji na viceslozkové doznivani (v horizontu desitek a stovek ps) ¢i mocninné doznivani
luminiscence v zavislosti na pouzitém PCD a vlastnostech excitace.!’!”? Rozsifenim a
doplnénim poznani v tomto sméru je vénovana &ast védecké aktivity predkladatele !7°. Piesngjsi
poznani vnitini struktury a jeji vliv na vlastnosti PCD je mimo jiné zasadni pro jeji dalsi
aplikovatelnost a cilenou ptipravu povrchii pro specifické aplikace. Ty jsou na zdkladé

elektrickych a optickych vlastnosti doposud omezeny na mikro/nano elektromechanické
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syst¢tmy (MEMS/NEMS), Schottkyho bariérové diody, detekce plynii ¢i vysokoenergetického

156, 157,174

zareni.
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Obrazek 18. a) SEM snimky polykrystalického diamantu: MCD, NCD a UNCD (pouzito se
svolenim majitele prav Optica Publishing group),'” b) energetické schéma polykrystalického
diamantu,'® c) vyuziti UNCD prasku jako nosi¢e chemoterapeutika (pouZito se svolenim
majitele prav ACS Publications),!” d) vyuziti UNCD prasku jako kontrastni latka v medicing

(pouzito se svolenim majitele prav ACS Publications).!”®
Nanodiamantové hybridy

Vyvoj technologie ptipravy polykrystalického diamantu vede k dynamickému snizovani ceny
a rustu kvality pfipravenych film{/praskd. S tim jde ruku v ruce i rozvoj novych vyuZiti tohoto
materidlu, a to predev§im do stdle pokrocilejSich aplikaci. Mezi nejzajimavejsi soucasné
aplikace patii predevsim bioelektronika a medicina.'>® '"7"1” Bioelektronicka zafizeni jsou
typicka vytvarenim hybridu (kompozitu) anorganického substratu a organické aktivni vrstvy.
vyuzité in vivo. U téchto zatizeni se vSak klade velky diiraz na vlastnosti substrati. Ty musi byt
schopny efektivniho pfenosu signalu z aktivni vrstvy, kvalitniho uchyceni organické slozky a
idealn¢ vykazovat nizkou degradaci a toxicitu pii pouziti in vivo. Prvni dvé podminky dobie
spliluje zlato ¢i kiemik, vSechny o¢ekévané pozadavky spliuje diamant. Ten je navic schopen
s organickou aktivni vrstvou vytvaret silné uhlikové kovalentni vrstvy. Mezi nejbéZnéjsi

bioelektronickd zaiizeni patii biotranzistory, bio MEMS ¢&i biosenzory.!3¢ 178 180
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Diky dobré biokompatibilit¢ si polykrystalicky diamant zacind nachézet misto i
v pokrocilych medicinskych aplikacich mimo jiz znamé ochranné povrchy ¢i bioelektronicka
zatizeni. Jednim z takovych je technologie cileného sméfovani 1é¢iv. Nanodiamantovy prasek
se totiz ukazal byt velmi kvalitnim nosi¢em 1é¢iva (Obr. 18¢,d).!”” Podle soucasnych vysledk
nejsou UNCD toxické pro organismus a jsou schopny transportu 1é¢iva, jak prokazaly naptiklad
prvotni experimenty s chemoterapeutikem doxorubicin hydrochlorid (DOX).!8! Diky uhlikové
struktufe se také PCD terminované kyslikem ukéazaly byt vhodnymi substraty pro kultivaci
bunék.'#?

Jednou z hlavnich piekazek v rozvoji téchto technologii je vysoka chemicka odolnost
diamantu, a v pfipad¢ bioelektroniky i nedostate¢na znalost mechanismi dynamik nosict
naboje na rozhrani obou slozek hybridu. Zatimco prvni zminéna piekazka se daii uspesné
zvladat cilenou terminaci povrchu diamantu vodikem, kyslikem nebo fluorem (pfedevsim
pomoci vystaveni diamantového povrchu piislusnému plazmatu),'” 183 druha tématika je stale
nedostatecné¢ zmapovand. I tomuto tématu se vénuje dal$i prezentovand publikace
predkladatele. Piesnéji je dana publikace vénovana studiu transportnich a rekombinacnich
mechanisml nosic¢li ndboje na rozhrani nanohybridu vodivého polymeru a PCD, ktery ma

potencial byt efektivné vyuzitelny ve fotovoltaice a bioelektronice.!®*
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2. Syntéza kiremikovych nanostruktur

2.1 K¥emikové nanostruktury p¥ipravené pomoci netermalniho plazmatu

Predesly vyzkum nasi védecké skupiny ukazal potencidl SiQDs nejen jako vhodného materidlu
pro studium kvantovych efekti v polovodicich, ale také aplika¢né zajimavého materidlu pro
optoelektronické a fotovoltaické aplikace.”” BohuZel tehdejsi metoda piipravy vyuzivajici
elektrochemického leptani nebyla schopna vytvofit dostatecné mmnozstvi SiQDs a také
neumozinovala snadno a kontrolované ladit jejich strukturni vlastnosti. Z toho divodu jsme
vybudovali systém pro pfipravu SiQDs pomoci nizkotlakého netermalniho plazmatu
vyuzivajicitho radiofrekven¢niho zdroje (RF). Z konstrukéni stranky jsme pii jeho tvorbé
adaptovali systém vyuZzivany jednim z prikopniki této technologie prof. Kortshagena a upravili
ho pro nase potieby (Obr. 192).%° Systém vyuziva silanu jako zdrojového plynu kiemiku a
argonu jako plynu nosného. Piesny popis naseho systémii je mozné najit v prilozené
publikaci.”” Optimalizaci experimentélnich parametrii jsme byli schopni cilené a opakovatelng&
ptipravit nejen amorfni kemikové nanocastice, ale i krystalické QDs o velikosti od 2,5 nm do
20 nm a to s vytézkem okolo 50 mg/hodina. QDs o velikosti od 2,5 — 8 nm vykazovaly
excitonovou luminiscenci na svételném intervalu od 600—1050 nm, hodnoty QY v rozmezi od
0,1 do 1 % (vodikem terminované, Obr. 19b,c). Po oxidaci okolni atmosférou doslo ke zvySeni
QY do maximalni hodnoty 7 %. Mimo standardné¢ uddvané parametry ovliviiujici vysledek
syntézy, mezi které se pocita: a) koncentrace silanu, b) rychlost pritoku plynu vybojem, bézné
charakterizovana dobou pruletu ¢astice vybojem (z angl. residence time) a c¢) vykon RF zdroje,
jsme odhalili 1 dalsi publika¢né opomijené parametry. Jedna se naptiklad o: a) tvar elektrod,
ktery urcoval homogenitu a délku vyboje v zavislosti na vykonu zdroje. U nds byly testovany
prstencové, deskové a neddvno i elektrody ve tvaru dvojité spiraly.'® b) Tvar reaktoru. V nasich
podminkach nebylo zprvu mozno vytvofit kvalitni SiQDs s reaktorem o bézné uddvaném
vnitinim primeéru d = 23 mm. Vytvofili jsme proto reaktor se ziizenou stfedni ¢asti (d = 7 mm).
Diky tomu doslo ke zvySeni homogenity a energie vyboje v dané oblasti bez pfitomnosti
nechténého prehiivani elektrod a dalSich parazitnich jevl spojenych s ptiliSnym vykonem. c)
Tlak a tlakovy gradient v reaktoru ovliviiujici Cetnost srazek iontli v plazmatu a d) mnozstvi
vodiku v pracovnim plynu. Vodik je pfirozenou soucasti silanu (SiH4), takze je automaticky
pfitomny v pracovni smési. Nicméné, bylo ukazéano, Ze zvyseni jeho koncentrace dodate¢nym

pfidanim ¢istého vodiku vede nejen k mirnému snizeni velikosti SiQDs, ale také zméné jeho
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povrchové chemie, projevujici se zménou pomér *SiHx hydridovych vazeb na povrchu (viz
dale).53 186

Prestoze nam adaptace této technologie umoznila vytvaret amorfni kiemikové
nanocastice a SiQDs s laditelnou velikosti v dostate¢ném mnozstvi, jednostupfiovy pritokovy
reaktor neumoznuje ménit povrchovou terminaci nanoc¢astic (mimo tu vodikovou), zvysit jejich
velikost nad 20 nm a také vytvaret komplexni struktury typu jadro/slupka. Za timto ucelem
doslo k zavedeni dvou dvoustupiiovych systémil. Jeden byl vytvofen a druhy vznikl upravou
star§iho systému. Prvni stupeit byl u obou systémil sloZen zreaktoru prezentované¢ho na
Obr. 19a a druhy tvofil: a) pratokovych reaktor téméf identicky s prvnim a b) komora
s objemovym netermalnim RF plazmatem.

Prvni ndmi navrzena dvoustupiiova pritokova aparatura je uréena k rychlé povrchové
upravée nanocastic kfemiku a také dodate¢nému ristu zarodecnych zrn z prvniho stupné. Cilem
je nejen piiprava a-Si/c-Si struktur (amorfni/krystalické), ale také rast vétSich krystalickych
nanocastic, a to dodanim dalSiho silanu pfimo do vyboje v druhém stupni. Obé zminéné
nanostruktury maji velky potencial naptiklad v Li-Ion technologii. V souc¢asné dob¢ jsme jiz
schopni vytvaret nanocastice do velikosti 80 nm. Data a postupy prozatim nebyly publikovany
(Obr. 19d).
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Obrazek 19. a) Schéma experimentalni aparatury na pfipravu kiemikovych nanostruktur
pomoci netermalniho plazmatu. b) Normovana fotoluminiscencni spektra SiQDs o vybranych
velikostech. ¢) HRTEM SiQDs o velikosti ~ 6 nm. d) TEM Si nanoc¢astic pfipravenych pomoci
dvoustupniové ptipravy. e) a f) TEM Si/SiC nanostruktur. g) SAED analyza Si/SiC

nanostruktury (pouzito se svolenim majitele prav John Wiley and Sons).”’
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Druhy zminény systém byl Gspésné pouzit k povrchové terminaci SiQDs uhlikovymi

funkénimi  skupinami'®®

a také na pripravu kfemikovych nano-heterostruktur typu
jadro/slupka.’” Vyznamné usp&sna byla predevsim ptiprava Si/SiC nanostruktury jadro/slupka.
Nanostrukturni formy karbidu kiemiku jsou totiz aplikacné velmi zajimavé, a to diky jejich
nevSednim elektrickym a optickym vlastnostem, jejich pfiprava je ovSem velmi obtizna.
Teplota tani SiC totiz ptesahuje 2700°C a jednim z mala postupti piipravy nano SiC je
implementace karbotermické redukce SiO; uhlikem za teplot okolo 1500°C s redukci velikosti
jednotlivych krystalickych zrn,'® piipadné elektrochemické leptani SiC waferu.!®® Existuje i
nekolik praci ukazujicich mozny zpusob syntézy SiC pomoci netermalniho plazmatu, a to
predev§im piimou syntézou z tetramethyl silanu. Vystupem téchto snazeni byly amorfni

189 ptipadng QDs o priiméru okolo 5 nm.!”° Na rozdil od

nanocastice SiC o velikosti 10 nm,
téchto postupl jsme ukézali, Ze pomoci dvoustupiiové syntézy jsme schopni piipravit téméf
idedlné sféricky symetrické krystalické Si/SiC nanocastice o velikostech od 50 — 150 nm
(Obr. 19e,f).” Piesny postup piipravy nanocastic zahrnoval syntézu krystalickych SiQDs
v prvnim stupni reaktoru (zdrode¢na zrno) a jejich néslednou nékolika minutovou interakci
s plazmatem ve stupni druhém. Plazma ve druhém stupni bylo tvofeno methylsilanem (MMT)
a pouzity vykon byl 5x slabsi nez ve stupni prvnim. Za této situace nedochéazelo k propojovani
zarodecnych zrn, ale pouze k riistu SiC slupky. Strukturni vlastnosti nanoc¢astic byly ovéieny
pomoci HRTEM a elektronové difrakce (SAED), ktera prokazala, Ze se jedna o 3C-SiC
polymorf (Obr. 19g). Chemické sloZeni slupky potvrdila i charakterizace povrchu pomoci
infracervené spektroskopie (FTIR) a detekce, pro tento typ materidlu typické, oranzové
fotoluminiscencni odezvy. Testovano bylo 1 mozné ptidani MMS do prvniho stupné syntézy,
pfipadné pifima ptiprava SiC pomoci Cisttho MMS v prvnim stupni reaktoru. Za téchto
podminek bud’ Zaddné nanocéstice nevznikly nebo vznikl amorfni SiC. Pouziti drobného Si zrna
je tedy zasadni pro vznik sférickych krystalickych Si/SiC nanocastic. PrestoZe existuje né€kolik
chemickych cest pro pfipravu SiC z plynu, vzhledem k podminkam v reaktoru je
nejpravdépodobnéjsi, Ze k rastu SiC na Si zarodku dochéazi podle nasledujiciho schématu

vyuzivajiciho reakce pies Si=CH,:'"!

H
CH,SiH; - H,C = SiH, + H,; : Si = CH, — SiC. (11)

Nami objeveny postup piipravy téchto sférickych krystalickych nano-heterostruktur byl
opakovatelny a struktury by mohly byt snadno vyuzitelné v rtiznych vysokoteplotnich
aplikacich.
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2.2 Kiemikové kvantové tecky s riznou dominantni facetou

Béhem sestavovani databéaze procedur na tvorbu SiQDs pomoci jednostupiiové aparatury jsme
narazili na nasledujici tendence. Pti piidavani dodatecného vodiku do syntetizacni smési jsme
byli schopni pfipravit SiQDs o velmi podobné velikosti, ovSem odlisSném slozenich
povrchovych *SiHy hydridd. Jelikoz SiQDs pfipravené netermalnim plazmatem vykazuji téméf
vyhradné sféricky tvar, a navic kifemik krystalizuje jen do plosn¢ centrované kubické miizky,
tak by zminénd zména povrchové chemie méla byt spojena s restrukturalizaci povrchovych
atomu, které¢ by nasledné prioritné¢ vytvarely jiné kfemikové hydridy. Tato pozorovani byla
zajimava 1 vzhledem k faktu, ze pfesnd struktura povrchu a jadra SiQDs je stile velmi
diskutovanym tématem.’® Byla proto vytvoiena sada vzork, pii jejichZ piipravé bylo postupné
zvySovano mnozstvi dodate¢ného vodiku, a to v rozmezi od 0do 40 SCCM. Prekroceni
horniho limitu vedlo k amorfizaci nanostruktur. Struktura SiQDs byla charakterizovdna pomoci
Ramanovské spektroskopie, HRTEM, SAXS a XRD. Tyto metody ovéfily krystalicky
charakter tecek a urcily jejich velikost, kterd mirné rostla s ubyvajicim mnozstvim vodiku
v rozmezi od 4,5 do 6 nm (Obr. 20b). Byla provedena detailni analyza FTIR spekter vzorki a
uréeny poméry ~SiHy hydridii na jejich povrchu. Uréeni zastoupeni *SiHy hydridii se standardné
zjistuje z poméru “SiHx pikd v intervalu 2000 — 2200 cm™ (v(*Si-Hx) stretching mode, Obr.
20¢).!? Bylo prokizano, Ze vzorek piipraveny bez piidaného vodiku obsahuje nejvyssi
témet identické sloZeni povrchu s vy$§im pomérem *SiHz.;3 (Obr. 20e). U posledniho vzorku
nebyla analyza prikazna. Jeho povrch jiz pravdépodobné vykazoval sniZzeni miry uspofadani,
coz vedlo ke snizeni profilovani pikli a vysoké chybé analyzy. Ta ukazovala na vysoké
koncentrace “SiH» vazeb, coZ je v rozporu s absenci pasu na 695 cm™!, ktery odpovida vibraci
*Si-H» (wagging mode). Na zakladé struktury FTIR spektra mimo sledovany interval 2000 —
2200 cm’! by mél byt povrch posledniho vzorku spiSe dominovéan “Si-H vazbami.

Tyto vysledky byly nésledné srovnany s modely povrchii SiQDs vytvofenymi prof.
Konigem."> Ten pouhym odfiznutim &asti kubické struktury kiemiku vytvoiil hranaté
nanocastice s idealni facetou {111}, {001} a {110}. Jeho studie ukazala, ze ptechodem od prvni
jmenované struktury k posledni vyrazné roste jejich volnd povrchova energie (angl. free surface
energy — SFE) a to 0 0,2 eV/atom mezi facetami. Navic se méni i pomér povrchovych hydridi.
Trend zmény sloZeni kiemikovych hydrid na povrchu naSich QDs s pfiddvanim dodate¢ného
vodiku vyznamné koreloval se zménou chemického slozeni vySe uvedenych modelovych

objektl pfi prechodu od {111} k {110}. Na rozdil od naSich vysledkii vSak prezentované
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modelové struktury obsahuji pouze zanedbatelné mnozstvi *SiHz nezéavisle na faceté.
Zastoupeni tohoto hydridu na povrchu naSich SiQDs se pohybovalo okolo 10 — 15 % napfic¢
vzorky. Jelikoz vsak naSe SiQDs vytvari sférické struktury, neni mozné, aby jejich realny
povrch plné¢ odpovidal prezentovanému modelu. Ve spolupraci s prof. Konigem byl tedy
vytvoren novy, realisti¢téjsi model kvazisférické SiQD. Ten vychazi i z prace B. Jariwala, ktery
odekava, ze povrch SiQDs je tvofen vétsim poétem facet navzijem tvoficich mensi terasy.'*?
Povrchova struktura takového objektu je nasledné téméf nerozliSitelna od Cisté sférického tvaru.
Prestoze takto vytvorené kvazicastice obsahuji rizné facety, jeden typ facet je vzdy nejvice

exponovan, a tak urcuje (dominuje) charakter povrchu.
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Obrazek 20. a) Demonstrace vzplanuti H-SiQDs. b) SAXS analyza SiQDs s dominantni
facetou {111}, {001} a p{110}. Ve vyfezu je HRTEM snimek SiQDs s dominantni facetou
{001}. c) Ukazka analyzy sloZeni kiemikovych hydridl na povrchu SiQDs dominantni-{111}
pomoci FTIR spekter v intervalu 2000 — 2200 cm™. Model povrchu SiQDs pomoci simulace
klasického silouzvého pole. €) Slozeni hydrida na povrchu SiQDs s dominantni facetou {111},
{001} a p{110} za pouziti analyzy zc). f) Srovnani TGA, dTGA (diferencidlni TGA) a
elementarni analyzy H>, HoO a Oz na SiQDs s dominantni facetou {111} v 10% kyslikové

atmosféie (pouZito se svolenim majitele prav ACS Publications).**

Na zaklad€ téchto poznatkii jsme zavedli termin tzv. kvantové te€ky s dominantni

facetou, kterym oznacujeme mnohosténnou kvazisférickou castici s jednou pievladajici
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facetou. Modely takovych objektti pro dominantni-{111}, {001}, {110} vykazovaly obdobné
trendy slozeni hydridi, jako ve zjednoduseném modelu, ovSem s vyrazné vyssim zastoupeni
*SiH; na pfechodech mezi facetami, coz odpovidd meéfenim na naSich plazmaticky
pripravenych SiQDs. Oc¢ekavame proto, ze SiQDs ptipravené bez pouziti vodiku maji podobny
povrch jako QDs dominantni-{111}, SiQDs piipravené s piidanim 10 — 30 SCCM odpovida;ji
QDs s dominantni-{001} a SiQDs pfipravené¢ s 40 SCCM maji obdobnou strukturu jako
dominantni-{110}. Pro ucelenost popisu je dobré¢ zminit, Ze na zadklad¢ FTIR analyz o¢ekavame
u vzorkt ptipravenych s 40 SCCM ptidaného vodiku mirny amorfni charakter povrchu. V textu
proto tyto vzorky oznacujeme jako SiQDs dominantni-p{110} (partly). Moznost ladit slozeni
povrchovych facet SiQDs pomoci piidaného vodiku souhlasi i s o¢ekdvanym vlivem ptidaného
vodiku na syntetiza¢ni mechanismy SiQDs. Tvar vznikajicich kvazisférickych mnohosténti je
totiZ spojen s minimalizaci lokalniho pnuti mezi atomy, které pochéazi z deformace délky vazeb
a thlu mezi nimi. Vezme-li v potaz, Ze atomarni vodik v plazmatu je schopen leptat
vznikajicich nanocastic, a navic ovliviiovat efektivitu pfenosu energie ziontli argonu do
nanocastic, jeho pritomnost mize ménit podminky pro vznik zminénych mnohosténi a tim typ
dominantni facety. Pro ovéfeni ocekavaného vlivu vodiku byl také vytvofen model
kvazisférické castice pomoci simulace klasického silového pole. Na tomto modelu bylo
studovano, jak velké pnuti v SiQDs by vytvofilo nahrazeni jedné atomové vrstvy kifemikovych
atomti hydridem “SiHs. Tento postup mél simulovat leptani povrchu ve vodikovém plazmatu
(Obr. 20d). Zatimco u dominantni-{111} struktury byl vysledny vliv minimalni, u SiQDs
s dominantni-{110} vyvolala popsana zména znacné pnuti a tim vyrazné snizovala tepelnou
stabilitu povrchu.

Zda nase vzorky opravdu vykazuji vlastnosti SiQDs s dominantnimi facetami jsme se
rozhodli ovéfit studiem jejich termalnich vlastnosti. Jako vzorovy jev jsme si vybrali tzv.
nizkoteplotni vzniceni. Bylo prokézano, Zze nanostrukturni kfemik terminovany vodikem ma
tendence se vznitit za relativné nizkych teplot. Tato teplota se napfic strukturami vyrazné lisila
a sahala od 200 do 700 °C.'% 193 Nejnizsi teplota vzniceni byla pozorovana u amorfniho
kifemiku a SiQDs. Piestoze se ocekava vyrazny vliv povrchového vodiku, podstata tohoto jevu
nebyla nikdy jednozna¢né vysvétlena. Predev§im je matouci fakt, Ze pfi teplotach okolo 200°C
by nemélo dochazet k dehydrogenaci povrchu a dehydrogenacni teplota by neméla ménit svou
hodnotu v takovém rozsahu. U naSich vzorki bylo zjisténo, Ze 1 ony vykazuji nizkoteplotni
s dominantni facetou {111} k p{110} (Obr. 20a). Nejnizsi teplotu vzniceni tak nemé¢l vzorek

s nejvyssi koncentraci “Si-Ha.3 vazeb (SiQDs s dominantni-{001}), které by mély byt
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nejsnadngj§im zdrojem vodiku (nizsi disocia¢ni energie nez “Si-H), ale vzorek s nejvyssi
hodnotou SFE. Pro ziskani detailngjSich informaci o termdlnich vlastnostech nasich vzorka
jsme provedli jejich charakterizaci za souasného vyuziti termogravimetrické analyzy (TGA),
diferencidlni snimaci kalorimetrie (DSC) a hmotnostni spektroskopie na teplotnim intervalu
25— 1100°C. Pro urceni vlivu kysliku pfi téchto experimentech byla dand méteni provedena
jak pod ochrannou atmosférou, tak i za pfitomnosti 10% kysliku v argonu (Obr. 20f). Méfeni
odhalila hned n¢kolik vyznamnych termickych procest, které ukazuji na rist tepelné nestability
SiQDs s rustem ocekavané SFE a také potvrdila shodu pomérového rozlozeni hydridi mezi
naSimi vzorky a teoretickym slozenim povrchu SiQDs s dominantni facetou. Detaily méteni
jsou k nalezeni v piiloZzené publikaci.®* Zde shrneme jen hlavni pozorovani: a) bylo zji$téno, Ze
teplota vzniceni je velmi blizka s nabéhovou teplotou (z angl. onset temperature) pro pateini
oxidaci kifemiku (z angl. backbone oxidation) a nabéhovou teplotou dehydrogenace *Si-H».3. Ta
je ovSem az o témét 100°C nizsi nez by se oc¢ekavalo na zékladé bézné udavané disociacni
energie dané vazby. Na zdkladé¢ ziskanych dat a faktu, ze nanostrukturni kiemik vykazuje velmi
nizkou tepelnou vodivost (0,1 W/mK), coz je 1000x mén¢ nez u objemového kiemiku a 3x vice
nez u vzduchu, jsme navrhli nasledujici vysvétleni niztoteplotniho vzniceni SiQDs. Exotermni
oxidace povrchovych Si-Si vazeb pravdépodobné na povrchu SiQDs vytvaii piehiatd mista,
ktera kumuluji tepelnou energii. Diky piehfatym mistim nasledné dehydrogenace z *SiH23
probihd pii nizSich teplotach, nez by odpovidalo jeji disocia¢ni energii, a to vede pii
dostatecném mnozstvi okolniho kysliku k fetézové oxidac¢ni reakci a shoteni celé nanocastice.
Tento efekt je zesilen, pokud se jedna o SiQDs s vysokou SFE, jelikoz s ristem SFE jsme
pozorovali sniZovéani onset teplot pro pateini oxidaci i dehydrogenaci SiH»-3 vazeb.** b) Riistem
SFE nebyla ovlivnéna teplota dehydrogenace z monohydridii, ale dochazelo ke snizovani
teploty vyvolavajici difuzni oxidaci SiQDs. c¢) Mnozstvi uvolnéného vodiku v teplotnich
intervalech, kde o¢ekdvame dehydrogenaci z “Si-Ha; a “Si-H, odpovidalo piedpovézenému
slozeni povrchu jednotlivych SiQDs s dominantni facetou (model a FTIR méfeni. d) Podaftilo
se nam také objasnit vyrazny narust uvolnéné energie pozorovany pii teplotach okolo 700°C,
ktery byl u SiQDs detekovan jinymi autory a byl interpretovan jako dodatecna krystalizace
¢astic.' Pii této teploté jsme totiz naméfili i uvolnéni vétitho mnozstvi vody a ubytek kysliku
v okolni atmosféte. Je obecné zndmo, Zze SiQDs mohou béhem oxidace vytvaret mezi sebou
pevnou vazbu pies kyslikové atomy, coz je divodem obtizné dispergace oxidovanych SiQDs
aglomeratl. S nejvétsi pravdépodobnosti pfi zminéné teploté dochazi k praskani téchto vazeb a

tim 1 aglomerat SiQDs, za souc¢asného narazového uvolnéni vodiku z dutin mezi SiQDs. Tento
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vodik poté rychle reaguje s kyslikem za vzniku vody a uvolnéni energie. Toto chovani nebylo
pozorovano pfi termalni charakterizaci pod inertni atmosférou.

Na zaklad¢€ tohoto vyzkumu jsme ukézali, ze pravou podminek piipravy nanocastic
netermalnim plazmatem je mozno pfipravit SiQDs o razné SFE. Povrchovou strukturu téchto
SiQDs je mozno s dobrou piesnosti popsat pomoci tzv. dominantnich facet, coz rozsifuje
soucasné poznani o povrchu SiQDs. Ptipravou te¢ek o rizné SFE mizeme ménit nejen jejich

povrchovou reaktivitu, ale 1 sloZzeni Si hydridi a tim je optimalizovat pro odlisné aplikace.
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3. Povrchové modifikované kiemikové kvantové tecky

3.1 Terminace kvantovych tecek plazmaticky aktivovanou vodou

Netermalni plazma je vyuzitelné nejen k ptipravé kiemikovych nanocastic, ale ma mnoho dalsi
aplikaci. Jednou z nich je pfiprava tzv. plazmou aktivovanych kapalin (PAL, z angl. plasma-
activated liquid).!*> 1°® Interakce plazmatu s kapalinou vede k vzniku roztoku o vysoké hustoté
raznych reaktivnich entit, jejich slozeni je zavislé na vlastnostech plazmatu, prostfedi, v némz
plazma hoti a samoziejmé pouzitém roztoku. Drtiva vétSina vSech védeckych praci na toto téma
se vénuje plazmou aktivované vodé — PAW, kterd je uzivana k dezinfekci, ni¢eni plisni, ¢i
ochrang potravin.'"”” Mezi hlavni stabilni reaktivni entity v PAW patfi ionty NO;, NO3 a
molekularni H>O». Existuje vSak i hrstka priakopnickych praci, které castecné uspésné ukazaly
mozné vyuziti reaktivniho prostfedi PAW k povrchové terminaci SiQDs zalozené na
dusikovych reaktivnich entitach.!”® Piekazkou k dal§imu rozvoji této snadné, ekologické a
levné techniky povrchové upravy nanomaterialli je predevSim ptitomnost H2O2, ktery nejen Ze
narusuje vznikajici dusikovou terminaci, ale v piipad¢ kfemiku i strukturu nanoc¢éstice samotné.
Pro efektivni vyuziti PAW k terminaci povrchu SiQDs jsme tedy museli nejprve vytvofit postup
pro piipravu tohoto média s vysokym obsahem NO} bez pfitomnosti H>O».

Za timto ucelem jsme vytvofili plazmaticky systém zaloZeny na ptfechodové jiskie,
jakoZzto vyboji, ktery je schopen generovat PAW o vysokém obsahu NO). Nésledné jsme
studovali vliv konstrukce elektrodového systému, vlastnostech vyboje, konstrukce reaktoru
obsahujiciho aktivovanou vodu a okolni atmosféry na chemické sloZeni vysledné PAW. %% %
Bylo zjisténo, Ze vSechny zminéné parametry méni pomér mezi NO, a H,O», ovSem piekvapive
nejzasadnéjsi roli hraje geometrie reaktoru (Obr. 21a). Pfesnéji pomér jeho Sitky a vzdalenosti
volné hladiny PAW od okraje reaktoru, definujici bariéru mezi hladinou PAW a okolni

atmosférou. Z empirickych dat jsme definovali tzv. bariérovy parametr P:”

_ h—0,3823

3,225r '’ (12)

kde 4 je vzdalenost volné hladiny od okraje reaktoru a r je kruhovy ekvivalent poloméru
reaktoru. V piipad€, ze parametr P > 1 dochazelo u naseho systémil ke generaci PAW
o minimalni koncentraci H»O,. Naopak koncentrace NO, piekratovala vSechna doposud
publikovana data o vice nez jeden fad (Obr. 21b). NejlepSich vysledkti bylo dosazeno pfti
nastaveni, kdy P = 1,2 (Obr. 21a). Koncentrace NO3 a NO; byla za téchto podminek rovna
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~ 300 mmol/l, respektive 2 mmol/l. Rov. (12) plati pro reaktor s libovolnym » nepiekracujicim
hrani¢ni hodnotu rmax. VEtSi reaktory generovaly standardni PAW s vysokym obsahem H>O»
bez ohledu na hodnotu jakéhokoliv dalsiho parametru. Vodu aktivovanou vySe popsanym

postupem jsme oznacovali jako HIN:PAW (z angl. high in nitrogen).
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Obrazek 21. a) Koncentrace hlavnich reaktivnich entit v PAW aktivovanych pomoci
prechodové jiskry za podminek rtiznych hodnot parametru P. b) Sumarizace podminek
spojenych s pouzitym reaktorem vedoucich ke generaci HIN:PAW na rozdil od standardni
PAW. c) Schématické znazornéni hlavnich reak¢nich cest pfi generaci HIN:PAW (licence
obrazki a, b, ¢ CC BY, majitel prav IOP Publishing).” d) Stabilita intenzity PL. O-SiQDs za
béznych podminek a pomoci HIN:PAW ve vod¢. e) Srovnani QY O-SiQDs a terminovanych
pomoci HiN:PAW na rtiznych vinovych délkach (obrazky d, e pouzity se svolenim majitele

prav The Royal Society of Chemistry).”®

Za ucelem vysvétlit vliv parametru P na vznik HiN:PAW, jsme provedli méfeni
dynamik emisnich spekter vyboju a slozeni aktivovanych vod za podminek vykazujicich riznou
hodnotu P. Bylo prokézano, Ze sloZeni spekter vybojl za v§ech sledovanych situaci je v prvotni
fazi hoteni vyboje témét identické a sloZzené z molekularni emise plynii obsazenych ve vzduchu
(¢ <10 min). U reaktorti vykazujicich P > 1 vSak postupné dochazi k zesilovani atomérni emise
od H, O a N. Se zménou charakteru vyboje z molekularniho na atomarni dochazelo také
k redukci koncentrace H2O:, ktera byla v prvni fazi pfitomna ve vSech aktivovanych kapalinach
a ristu koncentrace NOJ . Na zaklad¢ téchto vysledkii jsme identifikovali 3 hlavni reakéni cesty,

ke kterym dochazi v naSich reaktorech (Obr. 21¢). Prvni (PAW1) je zaloZena na generaci
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kyslikovych radikalt za vzniku H>O». Druha a tteti cesta (PAW2 a PAW3) je spojena s generaci
NO a NO; za ptispéni dusikovych radikali. Tyto produkty nasledné ve vod¢ reaguji za vzniku
NO}. H20: se ve vod¢ spotiebovava pii reakci s NO2 za vzniku NO3. Nutnymi podminkami
pro piipravu HiN:PAW se tedy ukazalo byt: a) dosazeni vysoké koncentrace dusikovych
radikalti ve vyboji, b) pfitomnost vodnich par a ¢) minimalni mnozstvi kysliku v prostoru
vyboje. Jelikoz disociacni energie N> je vyrazné vyssi nez Oz (9,8 eV, respektive 5,2 eV) ke
splnéni prvni podminky je nutné pouziti vyboje o znacné energii a soucasn¢ zajistit atmosféru,
kterda umozni postupny nartst koncentrace dusikovych radikald nad mez, kdy v reaktoru
prevladne reakéni cesta PAW?2 a PAW3 nad kyslikovou (PAW1). Tim za¢ne v aktivované vod¢
dominovat vznik NOj, které nasledné spotiebuji vznikajici H»O. v kapaling¢. Timto
pozadavkem do reakce vstupuje hodnota parametru P (Obr. 21¢). V situaci kdy P> 1 je hladina
vody v reaktoru dostateéné daleko od jeho okraje, a dochéazi ke vzniku ¢astecné uzaviené
atmosféry (,,bariéry*), ktera blokuje vyméné plynt s okolim a tim dovoli nartstu dusikovych
radikalt. Prostor nad hladinou v$ak stale umoziuje pozvolny pfisun nespotiebované atmosféry.
Detailni popis tohoto mechanismu a chemickych reakci vedoucich ke generaci HIN:PAW je
uveden v piilozenych publikacich.”® %

Nasledné jsme studovali moznosti povrchové tpravy SiQDs pomoci HiN:PAW.*
Standardni povrchové upravy zalozené na hydrosilylaci vyzaduji plné vodikem terminovany
povrch a trvaji az niz§i desitky hodin.”® Naproti tomu povrchové a fyzikalni vlastnosti SiQDs
vykazovaly pfi interakci s HIN:PAW zmény témét okamzité€ a to v piipad€ jak H-SiQDs, tak i
oxidovanych SiQDs. Saturace pozorovanych zmén bylo dosazeno po ~ 30 min.”® Interakei
s HIN:PAW dochézelo k ristu QY SiQDs, posuvu emisniho spektra do Cervené oblasti a
zvyseni jejich dispergovatelnosti ve vodé€. Napiiklad u O-SiQDs byla timto postupem zvySena
jejich QY z 6 % na 25 % a bylo pozorovano zpomaleni doznivani PL o0 30 % (Obr. 21e). FTIR
analyza prokazala ptitomnost dusikovych komplext na povrchu modifikovanych SiQDs. Tyto
zmény byly navic stabilni po dobu miniméln¢ nekolika tydnid, coz neni u SiQDs bézné.
Dlouhodobym plisobenim vody totiz standardni O-SiQDs degraduji v horizontu dnti (Obr.
21d). Bylo také ukazano, Ze pro vytvoreni povrchové terminace dusikovymi komplexy neni
nutnd piitomnost SiQDs ve vod¢é béhem jeji aktivace, ale je mozné tecky smichat s jiz
aktivovanou vodou. LepSich vysledkt je ovSem dosaZeno prvnim zminénym postupem. To je
dano existenci reaktivnich entit s kratkou dobou Zivota (radikald), které pomahaji k vytvoteni
kvalitni povrchové terminace a v predem pfipravené HiN:PAW nejsou ptitomny. Pomoci DFT
simulace, kdy jsme ptfedpokladali nahrazeni 50 % ptvodni -OH povrchové terminace SiQDs za

-O-NO», bylo prokazano, Ze tato Uprava vede k vzniku novych energetickych stavli kolem
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zakazan¢ho pasu, coz zvySuje miru zativého prechodu excitovanych nosict 2,5 — Skrat. Tyto
hodnoty odpovidaji pozorovanému zvyseni QY. Uvedena terminacni procedura byla testovana
i na jinych polovodi¢ovych nanocasticich, a to jmenovité ZnO a MgO. U obou typti nanoc¢astic
byla pomoci FTIR prokazana uspésna povrchova tprava pomoci dusikovych komplext a
zlepsenti jejich fotoluminiscencnich vlastnosti.

V rémci naSeho vyzkumu jsme tedy vyvinuly postup, jak vytvofit plazmaticky
aktivovanou vodu s minimalnim obsahem H»O: a rekordnim obsahem NO.”® Toto medium
bylo nésledn¢ Gspésné pouzito na vytvoreni povrchové terminace riznych SiQDs, ktera byla
nejen stabilni a vytvotfena za velmi kratky Cas, ale vedla i ke zlepSeni hned nékolika pro QDs
vyznamnych fyzikalnich a chemickych vlastnosti. Systém potiebny k vytvoreni HIN:PAW je
navic jednoduchy, levny (do 10tis. K¢&), na rozdil od jinych metod vyuziva pouze béznou vodu
a vysledné produkty nejsou skodlivé. Tento postup povrchové upravy nanocastic byl navic nasi

skupinou patentovan. '%

3.2 Vliv povrchové apravy na rekombinacni procesy excitovanych nosic¢i naboje

Postupu povrchové terminace SiQDs pomoci HiN:PAW jsme také vyuzili k rozSifovani
poznani o rekombinacnich procesech na SiQDs.*? SiQDs totiz mimo b&Zn& pozorovanou
excitonovou luminiscenci (t€Z oznacovana jako pomala/mikrosekundova ¢i Cervena slozka),
muze vykazovat i PL odezvu v modrém spektralnim intervalu. Tato luminiscence vykazuje
vyrazné rychlejsi dobu zivota, a to v nanosekundové casové skale (téz oznaCovana jako modra
nebo rychld/nanosekundova slozka). Jeji plivod neni jednoznacné urcen, ale byva spojovan
s piimym ptechodem netermalizovanych elektrond pies I35 — [s stavy kiemiku, defekty na
povrchu, piimési, ¢i zafivymi stavy v SiO: pasivaci.'®® 2% Pii studiu modré PL slozky SiQDs
bylo mimo jiné uk4zdno, Ze pozitivni vliv na jeji intenzitu ma pfitomnost dusiku béhem
pripravy tecek nebo jejich pasivace.’’! V rozporu s témito zavéry jsme povrchovou Gpravou
plazmaticky ptipravenych SiQDs pomoci HiN:PAW vznik modré slozky luminiscence
nepozorovali.”® Pro ovéfeni vlivu dusikovych komplexi na PL SiQDs jsme vytvoiili sérii tecek,
které byly syntetizovany pomoci elektrochemického leptani, nechali je pfirozené zoxidovat a
nasledné provedli jejich povrchovou upravu prostiednicvim HiN:PAW. Na rozdil od prvnich
zminovanych totiz O-SiQDs pfipravené elektrochemickou cestou modrou slozku luminiscence
ptirozené vykazuji.3? Piestoze elementarni i povrchové charakterizace prokazaly efektivni
navazani dusikovych komplext na jejich povrch (Obr. 22a,b), ani v tomto pfipad¢é jsme

nepozorovali zesileni modré slozky PL, ale naopak jeji vyrazné potlaceni. Vlastnosti modré
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Obrazek 22. a) SEM a elementarni analyza elektrochemicky ptipravenych O-SiQDs pted a po
terminaci HIN:PAW (unmodified/modified). b) Srovnani FTIR charakterizace vzorki z a).
Hlavni peaky jsou vyznaceny. ¢) 2D mapa spektralni a ¢asové zavislosti doznivani PL na
vzorcich z a) ziskané pomoci rozmitaci kamery a detailni analyza dynamiky PL na vinové délce
387 nm. PL bylo excitovano pulzy o ¢asové Sitce 150 fs, frekvenci 1 kHz a vinové délce 343

nm (pouZito se svolenim majitele prav The Royal Society of Chemistry).3?

slozky luminiscence elektrochemickych O-SiQDs byly proto pfed i po modifikaci detailngji
studovany pomoci casové rozliSené laserové spektroskopie vyuZivajici rozmitaci kamery
(Obr. 22¢). Doznivani PL nemodifikovanych O-SiQDs vykazovalo tfisloZkovy charakter.
Prvni dv€ mély mono-exponencidlni ¢asovou zavislost o ¢asovych konstantach 71 ~ 40 ps a
~ 1,2 ns. Posledni slozka byla dobfe aproximovatelnd napnutou (z angl. stretched)
exponencialni funkci (13 ~ 10 ns). Modifikace pomoci HiN:PAW sice neovlivnila prvni slozku
doznivani, druhou slozku vSak plné potlacila a tfeti intenzitn€ zeslabila ~ Skrat. Jelikoz
spektralni poloha prvni slozky byla korelovana s excita¢ni vinovou délkou, byla ztotoznéna
s Ramanovskym signalem a nejedna se tedy o PL signal ze vzorka. S piihlédnutim k vyse
prezentovanym simulacim energetického spektra SiQDs modifikovanych pomoci HiN:PAW
je druha slozka doznivani luminiscence pravdépodobné spojena s defekty v SiO» obalu.”®
Posledni slozka by poté méla odpovidat zarivym procesiim nosicu v jadie nanocastic a jedna se

o pfimou rekombinaci netermalizovanych nosict naboje. Povrchova terminace totiz nenavaze
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na povrch pouze dusikové komplexy, ale vede i ke zlepSeni kyslikové pasivace SiQDs. To
potlac¢i PL generovanou z povrchovych defekti a soucasn¢é zptisobi urychleni termalizace
excitovanych nosicii a tim snizeni intenzity posledni slozky PL. N4&§ vyzkum tedy ukazal, Ze ne
vSechny dusikové terminace musi vést k rastu efektivity modré luminiscence na SiQDs, ale
mohou ji 1 potlatovat. V naSem ptipadné hralo vétsi roli zvySovani kvality povrchové
oxidované pasivace SiQDs v pfitomnosti HIN:PAW nez vliv dusikovych komplexd.

V ramci naSeho vyzkumu jsme provedli i komplexni studium dynamik cervené slozky
luminiscence rtzné pfipravenych a terminovanych SiQDs za tUcelem osvétleni parametri
ovlivitujici jejich vnitini (iQY) a vnéjsi (QY) kvantovy vytézek.>* Je obecné piijiméano, Ze
zdrojem Cervené slozky luminiscence je rekombinace excitont v jadru te¢ek. Stale vsak nejsou
jednoznacné objasnény mechanismy ovlivitujici Casovy pribéh jejich dynamik PL a vztah mezi
1QY a QY soubort tecek (Obr. 23a). Nejednotny neni ani postup aproximace ¢asového
doznivani Cervené slozky PL. Nejcastéji byva vyuzivano vice exponencidlnich funkci nebo
napnuté exponencialni funkce, kterd ma funké&ni predpis:*%?

e )ﬁu)

1(t,A) = IO(A)e(m (13)

kde zse a f zna¢i Casovou konstantu napnuté exponencialy, respektive disperzni parametr.
Odchylka téchto doznivani od mono-exponencidlni dynamiky typické pro binarni kvantové
teCky byva interpretovana na zakladé¢ drobné variance dob zivota riznych teéek nebo
pritomnosti kompetitivniho chovani zativych a nezativych rekombinacnich procest na SiQDs.
203V tom svétle miizeme zse chdpat jako primérnou dobu Zivota nanogéstic v souboru a f je
spojeno s velikosti intervalu téchto dob. Diky svym zkuSenostem s pfipravou
plazmatickych/elektrochemickych SiQDs o rtizné velikosti a povrchové Gpravé mame dobré
podminky pro komplexni studium chovéani doznivani ¢ervené PL na velmi Sirokém soubora
vzorkl o rliznych vlastnostech. Tento soubor byl navic doplnén i o SiQDs pfipravené termalni
disproporcionaci HSQ, které byly pfipraveny spolupracujici skupinou (prof. Ceroni, Italy).
Vétsina pouzitych vzorkli méla pfirozenou kyslikovou povrchovou pasivaci a nékteré byly
terminovany uhlikovym ligandem pomoci standardniho hydrosilylacniho postupu. U vSech
téchto vzorkli bylo provedeno meétfeni doznivani luminiscence (Obr. 23a). K jejich
vyhodnoceni jsme vyuzili novou metodu zalozenou na vypoctu tzv. primérné doby Zivota — tav
(Obr. 23b).?’ Vyhodou tohoto postupu je nezavislost vypoétu tay na zvoleném matematickém
modelu pro aproximaci doznivani a také ptifazeni danému doznivani pouze jeden parametr,

ktery jej charakterizuje, coz zvysi presnost jeho vypoctu. Parametry komplikovanéjsich fit
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jsou totiz Casto vzajemné¢ zavislé. Predpis pro vypocet spektralni primérné doby Zivota zav je
roven:

Jy tIt, Dt

Tav(4) = W (14)

Tato zavislost byla nasledné pfevedena do formy zav (eV). Studiem doznivani nasich vzorka
nasledné vyplynulo, Ze 7av (E) mono-exponencialni charakter ve tvaru:>*
—E

Tav(E) = Ape”ec, (15)
kde E udéava energii fotonti v eV, vyraz 1/koc charakterizuje silu kvantové-rozmérového jevu,
respektive jeho vliv na zativou dobu Zivota excitovanych nosi¢li. Vyznam offset parametru Ap.
bude vysvétlen pozdéji. Analyzovana doznivani nevykazovala pouze spolecnou zavislost dle
predpisu (15), ale mé¢ly témét identické hodnoty parametrti kqc a Ap. (Obr. 23b). Pro srovnani
byly metodou vypoc¢tu primérné doby zivota vyhodnoceny i PL doznivani SiQDs
vykazujici &isté zativy charakter (iQY ~ 100%), které byly publikovany jinymi skupinami. 2"
203 Vysledné zavislosti Tav (eV) byly téméf identické s nasimi vzorky (Obr. 23¢). JelikoZ tav
(eV) v sob¢ zahrnuje vliv zativych i nezativych rekombina¢nich procest, tak jediné vysvétleni
pozorované shody je, Ze 1 vétSina naSich SiQDs vykazuje plné€ zativy charakter. U téchto vzork
bylo nésledné provedeno méteni QY (celkového kvantového vytézku souboru teCek) metodou
vyuZivajici integracni koule. Vzorky vykazovaly QY od 2 do 26 %. Rozdil mezi hodnotou iQY
a QY lze interpretovat nasledujicim zpiisobem: kazdy vzorek obsahuje SiQDs, na kterych plné
prevlada bud’ nezatfivy nebo zafivy rekombinacni kandl. Kvantova tecka poté vykazuje bud’
1QY ~ 100 % (jasna kvantova tecka) nebo 1QY ~ 0 % (temné kvantova tecka). Jelikoz temné
SiQDs neemituji PL, tak jejich pfitomnost neovliviiuje vysledek vypoctu zay. I ony vSak
absorbuji dopadajici svétlo, takZe se jejich pfitomnost projevi v hodnoté QY souboru SiQDs.
Pokud budeme uvazovat ptitomnost pouze jasnych a temnych tecek a o¢ekavame stejny ucinny
prufez obou entit, pak hodnota QY ptimo reflektuje pomér mezi temnymi a jasnymi teCkami.
Tento pomér je vypoditan a diskutovan v nadi publikaci.®* Otdzkou pouze ziistiva, pro¢ se
prabéh zav (eV) dvou vzorkil lisil od vSech ostatnich (plazmatické O-SiQDs a leptané O-
SiQDs). Na ving je pravdépodobné¢ fakt, ze vzorky neobsahuji jen temné a jasné tecky. Pokud
na tecce jednoznacné nepievlada jeden typ rekombinace, ale jejich efektivita je blizka, muze

1QY nabyvat libovolnych hodnot od 0 do 100 %. Mluvime pak o tzv. Sedych kvantovych
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teCkach. Velikost i1QY je poté piirozené spojena hodnotou parametru Apr, kterd mize byt
pouzita k hrubému odhadu velikosti iQY tedek v daném vzorku, vice viz publikace.>*

Vyse zminénou analyzou naSich vzorkli bylo zjisténo, ze na rozdil od O-SiQDs
hydrosilylované vzorky pfipravené libovolnou metodou vykazuji iQY ~ 100 %. Pfirozené
oxidované vzorky naopak Casto vykazuji pfitomnost Sedych tecek, coz je pravdépodobné dano
nehomogenitou jejich povrchové terminace a ptitomnosti pastovych povrchovych stavii. Nase
vysledky jednozna¢né neodhalily, zda hydrosilylace mtze prevadét temné teCky na svétlé nebo
jen zlepsuje 1QY u Sedych nanocastic. TeCky pfipravené metodou bottom-up mohou mit defekty
piimo v jadie nanocastice, coz u metod top-down (elektrochemické leptani) neni tak
pravdépodobné. Povrchova uprava tedy nemusi byt vzdy schopna ovlivnit nezafivé
rekombina¢ni procesy dominujici v temnych teckach. Tato prace ukézala potencial analyzy
doznivani PL SiQDs pomoci vypoctu zav (eV). Zminény proces vyhodnoceni PL je schopen
nejen studovat slozit¢ méfitelny 1QY kvantovych tecek v souboru, ale i odhalit pfitomnost
Sedych kvantovych tecek, coz je jinak experimentalné velmi slozity tkol. Komplexnéjsi diskuze
vztahu mezi rav a fitovacimi parametry napnuté exponencialy, spolu s detailnim rozborem

studovanych vzorkt a jejich vlastnosti je k nazeleni v ptilozené publikaci.’*

a) o b) ~NTP-SiQD:O | ©) 10 E
~NTP-SiQD:C | N = =g
HsQ-siaD:C |@ A1, P kqe
1004 -~ etch-SiQD:0a | £
= etch-SiQD:Ob | & 1;,; APFP=0.040s
—_ £ exp
+ E 0 = ke =0.292 eV
E1E E S E 10 T=
- 2 A E s = iy, 3
gOA [V - o :‘_: — | 3
5ic ]‘"‘umm il 2107 E 5 = fa . O
= ! 3 = ° o =~ Greben et al
& ﬁ!‘!llll‘[d!fﬂll_ - = = Csbenatl
1 2 o 239 o alenta et al.
t (ms) 3] Delerue et al.
2 T T =1 £
650 700 750 800 14 16 18 2.0 22 24 ¢ 1.25 1.50 1.75 2.00 2.25 2.50

emission photon energy (eV)

wavelength (nm) emission photon energy (eV)

Obrazek 23. a) Ukéazka zavislosti doznivani intenzity PL na vinové délky detekovana rozmitaci
kamerou na vzorovém SiQDs. b) Spektralni prabéh Cervené slozky PL vzorki (spodni ¢ast) a
jim pfiislusné zavislosti zav (eV). c¢) Srovnani spektralniho pribéhu zav nasich vybranych
vzorkd a méfenich na jasnych SiQDs publikovanych jinymi skupinami (pouZito se svolenim

majitele prav ACS Publications).>*
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4. Rekombinacni a transportni procesy v perovskitovém nanohybridu

Halogenidové perovskity (PS) patii v soucasné dobé k jedném z nejintenzivnéji studovanych a
rozvijejicich se pokroc¢ilych materidli. To je déno nejen jejich snadnou ptipravou, ale
piedevsim excelentnimi vlastnostmi na poli konverze svételné a elektrické energie.!'!!'7 Studiu
rekombinac¢nich a vodivostnich procesti v objemovych PS byla vénovéana plejada publikaci.?**
205 Nicméné piekvapivé omezené jsou prace popisujici procesy excitovanych nosi¢t v jednom
z nejzajimavéjSich hybridi na zminéném materidlu, a to PS obohacenych o polovodicové
kvantové teCky. Piitom spojeni absorp¢nich a vodivostnich vlastnosti PS a efektivni zativé
rekombinace lokalizovanych nosici na QD je mozno vyuzit v aplikacich zaméfenych na
svételnou generaci, fotodetekci a pii vhodné energetické a strukturni konfiguraci i ke zvySeni
efektivity PS fotovoltaickych zafizeni.

V ramci naSeho vyzkumu jsme se zaméfili na detailni mapovani procesti excitovanych
nosicl naboje ve zminénych hybridech. Pro usnadnéni interpretace pozorovanych jevi jsme
nas hybrid vytvofili zjednoho z nejlépe prostudovanych PS (MAPbI3) a standardnich
polovodicovych kvantovych tecek (PbS), které byly pro zvyseni lokalizace nosi¢li navic
dodate¢né potazeny slupkou z CdS. Velikost kvantovych te¢ek byla 3 nm (0,3 nm slupka).'
Ptipraveny byly vzorky s rtiznou koncentraci QDs kvantifikovanou pomoci hmotnostniho
procenta (we,) v rozmezi od 0 do 7,3 %. Dynamiky excitovanych nosi¢ii jsme studovali n¢kolika
komplementarnimi metodami. Vyuzili jsme: a) ultrarychlou spektroskopickou metodu
pfechodné absorpce (z angl. transient absorption - TA), ktera je schopna s ¢asovym rozliSenim
< 1 ps studovat dynamiky excitovanych nosi¢i v riznych stavech; b) ultrarychlou
terahertzovou spektroskopii (THz), ktera se srovnatelnym casovym rozliSenim sleduje zménu
fotovodivosti vzorku. Spojenim vystupli obou metod mizeme ziskat komplexni vhled do
procesti spojenych s transportem, transferem, zachytem nebo rekombinaci excitovanych
nosicl. Tyto metody byly navic doplnény c) zébleskovou fotolyzou, ktera dava informaci o
hodnot¢ ptfechodné absorpce v dlouhych ¢asovych intervalech > 1 ns, a tim dopliuje celkovy
obraz studovanych rekombinacnich procest 1 o ty s pomalou dynamikou. Jelikoz TA signal
z QDs v hybridu byl zanedbatelny, pro studium rekombinace nosicii na te¢kach byla pouzita d)
Casoveé integrovana luminiscencni spektroskopie. Pro ziskdni co mozZna nejkomplexnéjsiho
pohledu na studované dynamiky byla méfeni TA realizovana s pouzitim rliznych excita¢nich
vlnovych délek, ¢imZ jsme mohli srovnat chovani nosi¢l s riiznou hodnotou excita¢ni energie,

a také za pouziti rtiznych excitanich intenzit, coZ pfineslo informace o zastoupeni
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monomolekuldrnich, bimolekularnich a Augerovskych procesii. Obdobna méfeni byla

provedena i pomoci THz spektroskopie.
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Obrazek 24. a) TA spektra ¢ist¢tho MAPbIz a MAPbI3/QDs (wo, = 6.3 %) excitovana pulzy o
vlnové délce 600 nm a skenovana bilym svétlem se zpozdénim 1 ps. b) Doznivani TA obou
vzorkilt na vlnové délce 760 nm. c) Doznivani TA MAPbI;/ QDs vzorkii o riznych
koncentracich QDs na vinové délce 760 nm. d) Srovnani doznivani TA a fotovodivosti na 760
nm (wey, = 6.3 %). e) Schémata kinetickych procesti realizovanych v ¢istém MAPbDI3 a

MAPbI3/QDs (pouzito se svolenim majitele prav Elsevier)."”

Meéteni TA na MAPDI; bez pritomnosti QDs vykazovala typicky spektralni priitbéh
slozeny ze dvou negativnich past spojenych se saturaci absorpce okolo 480 a 760 nm a
pozitivniho péasu indukované absorpce na volnych excitovanych nosi¢ich 520 — 700 nm
(Obr. 24a). Detailn¢ analyzovéana byla doznivani hlavniho negativniho pasu s maximem okolo
760 nm, ktery je spojen se saturaci absorpce v blizkosti zakdzaného pasu. Dynamika TA tohoto
pasu byla pozvolnd a na sledovaném c¢asovém intervalu sahajicim do 1,4 ns klesla intenzita
signalu na ~ 70 % pocatecni hodnoty (Obr. 24b). Velmi podobné chovani bylo pozorovano i
na vzorcich MAPbI3/QDs s wy, od 0 do 0,18 % (Obr. 24¢). Vzorky s vyssi koncentraci QDs
sice vykazovaly s Cistym PS témét shodné pocatecni TA spektrum, coz ukazuje na to, Ze
meéteny signal TA je dominovan nosi¢i generovanymi v perovskitové matrici, ale doznivani
signdlu hlavniho negativniho pasu bylo mnohem rychlejsi a u nejkoncentrovanéjSich vzork

dosahovalo az 90% sniZeni intenzity na prvnich 200 ps (Obr. 24a,b,¢). Obdobnych dynamik
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bylo dosazeno i pfi méfeni vzorkli pomoci THz spektroskopie (Obr. 24d). Dynamiky
fotovodivosti tedy byly dany pouze zménou koncentrace excitovanych nosicd, a ne jejich
pohyblivosti. Ziskané dynamiky byly nasledné analyzovany pomoci kinetického modelu bézné
aplikovaného ke studiu procesii na Cistém PS, ktery jsme modifikovali o procesy spojené
s transportem/transferem nosicti z PS do QDs.!” Na zakladé vysledki z téchto modelii a znalosti
energetického schématu MAPDI3/PbS@CdS jsme byly schopni namétfenda data interpretovat a
dosli jsme k nasledujicimu zjisténi o chovani nosi¢l ve studovaném hybridu.

Kazdy vzorek by se dal pomysIn¢ rozdé€lit do dvou oblasti. Excitované nosice z prvni
oblasti nebyly ovlivnény ptitomnosti teCek a rekombinovaly dle standardnich procesii pro Cisty
PS (Obr. 24e). NosiCe v druhé oblasti se diky vysoké difuzni vzdalenosti dostaly k nejblizsi
QD, kde dochazelo k transferu dér do valen¢niho pasu tecky a elektroni do stavii na rozhrani
PS a QD (Obr. 24e). Takto zachycené nosie nasledné vzdjemné zafivé rekombinovaly
s dlouhou c¢asovou konstantou, coz dokazuji métfeni fotoluminiscence. Spektralni pozice
detekované luminiscence totiz odpovida energetické vzdalenosti valen¢niho pasu PbS a
pastovych stavli na rozhrani. Netradicné pro PS struktury bylo na naSich vzorcich detekovéano
1 malé mnozstvi rychle rekombinujicich excitont (ps Casovy interval), které pravdépodobné
vznikly na defektech na rozhranich PS a QDs. Velikost obou popsanych oblasti byla zavisla na
koncentraci QDs. Velikost druhé oblasti pro vzorky s we, nad 0,18 % se pohybovala od 85 do
92 %. Z naSich méfeni plyne, Ze od koncentrace QDs o wy, 0,18 % vySe bylo vice nez 85 %
nosicu excitovanych v PS efektivné svedeno do QDs. Koncentrace te¢ek navic ovliviiovala i
hodnotu koeficientu miry transferu excitovanych nosicli (ketrans @ Ahtrans), Ktera se s ristem
koncentrace zvySovala od ptvodnich 0,13 az po 4,6:-10'° s pro diry a od 0,002 aZ po
1,2:10'%s ! pro elektrony. Tyto parametry zahrnuji jak difuzi nosi¢ii k rozhrani, tak samotny
preskok. Koncentrace excitonti taktéz rostla s koncentraci QDs a u nejkoncentrovanéjSiho
vzorku dosahovala 7 % vSech excitovanych nosici.

Mezi zajimavé zavery patii 1 4krat vyssi efektivita transferu dér do valen¢niho pasu PbS
nez zachyt elektroni na rozhrani. Jelikoz mobilita dér a elektronti je u tohoto PS téméf stejna,
je tento rozdil dan piedevsim koncentraci pastovych stavli na rozhrani obou slozek hybridu.'
Soucasné se také ukéazalo, Ze vzorky s vyssi koncentraci QDs vykazuji niz$i hodnotu difuzni
vzdalenosti, kterd byla az 10krat niz§i nez tomu je u €istého perovskitu (~ 40 nm). To ukazuje
na niz§i kvalitu PS matrice v ramci hybridu, coz jde proti béZné publikovanym vysledkiim, kdy
se QDs o obdobné miizkové konstanté cilené pouzivaji ke zvyseni kvality PS krystalf.'*
Nicméné, na§ vyzkum nejen ukazal vysokou efektivitu transferu excitovanych nosici z PS do

QDs v ramci hybridu, ale ptfedevs§im detailn€ zmapoval rekombinaéni procesy v rdmci hybridu
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MAPDI3/PbS@CdAS. Demonstrované vysledky, a predevSim navrzené a UspéSné otestované
kinetické modely, mohou byt pouzity pfi snaze snizit koncentraci defektii na rozhrani slozek

hybridu ¢i pfi zavadéni jinych optimalizacnich postupti.
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Obrazek 25. 2D casova a spektralni zavislost TA signdlu: a) cisttho PS MAPbDI;, b)
MAPBI3/QDs o velikosti 2,9 nm a ¢) MAPBI3/QDs o velikosti 5,3 nm. d) Vyvoj energie
valen¢niho a vodivostniho pasu PbS v zavislosti na velikosti te€ky, srovnany s pozici téchto
pastt v Cisttm MAPDI3. e) Schéma kinetickych procesii realizovanych u MAPbI3/QDs
vyuzivajicich QDs o riiznych velikostech. f) Zavislost velikosti celkového koeficientu miry
transferu dér (kn) a elektronti (ke) z PS do QDs na velikosti QDs (neocistény o difuzi k rozhrani;

pouzito se svolenim majitele prav The Royal Society of Chemistry).'>

V dalsim kroku vyzkumu hybridii PS/QDs jsme se pokusili odhalit vliv velikosti QDs,
a tedy reaktivnosti povrchu a vzdjemné polohy energetickych hladin obou sloZek hybridu, na
chovani excitovanych nosic¢ti. 1*° Za gelem zjednoduseni popisu energetickych stavii, a také
sniZzeni mnozstvi defektl na rozhrani slozek hybridd, jsme tentokrat do MAPDI; zabudovali
¢isté PbS QDs o velikosti 2,9, 3,2, 4,5 a 5,3 nm. PbS ma totiz vzhledem k MAPbI; blizsi
hodnotu miizkové konstanty nez CdS. U dvou nejmensSich skupin teCek by méla pozice
vodivostniho péasu PbS leZet nad vodivostnim pdsem MAPbI; a u zbylych QDs by méla byt
vzéjemna poloha vodivostnich péasti opacnd. Valen¢ni pas PbS je vzdy nad timto pasem
v perovskitu (Obr. 25d). Mnozstvi QDs o rtizné velikosti bylo v kazdém hybridu nastaveno
tak, aby jejich vzdalenost v PS matrici byla u vSech vzork stejnd, a tim se minimalizoval vlivy
vzdalenosti, kterou musi excitované nosice difundovat k tecce. VSechny vzorky byly

charakterizovany obdobnym zptisobem jako v minulé préci, tedy predev§im pomoci TA a THz
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ultrarychlé spektroskopie. Studovan byl i vliv velikosti excita¢ni vinové délky a intenzity.
Vysledné dynamiky byly vyhodnoceny matematickym modelem z ptedeslé prace.

Vysledky méteni ukazala vyrazné zrychlovani doznivani TA i THz signdlu s rostouci
velikosti QDs, a tim zvySovani rychlosti transportu/transferu elektronti a dér do QDs
(Obr. 25a,b,c). Byl navrzen kineticky model, ktery predpoklada transfer dér z PS matrice do
valen¢ni hladiny PS ptes povrchové stavy a elektronovy transfer QDs do povrchovych stavii
nebo dokonce vodivostni hladiny PbS (Obr. 25d,e). Se znalosti primérné vzdalenosti QDs
v PS matrici a mobility nosi¢t diky THz méfeni bylo v tomto pfipadé mozno vypocitat nejen
celkové koeficienty transportu elektronii a dér (Obr. 25f) pro jednotlivé vzorky, ale dokonce
z téchto parametrti odecist dobu nutnou k difuzi nosi¢t smérem k tecce, a ziskat tak pouze
Cistou konstantu transferu elektroni, respektive dér do QDs ¢i rozhrani hybridu. U dér hodnota
ocisténé konstanty transferu rostla téméf linedrné s velikosti QDs a zminény koeficient
dosahoval hodnot od 1,04-10° s™! do 7,81:10° s™.. U elektronil byl narGst efektivity transferu
jeste vyrazngjsi. Pro nejmensi QDs, kdy dochazelo k transferu elektronti do past'ovych stavii na
rozhrani, se konstanta miry transferu pohybovala od 0,11-10'° s7! do 1,56-10'° s!. Pro vétsi
QDs, kdy elektrony mohly byt pteneseny i od valen¢niho pasu tecek, byl ptechod rychlejsi nez
casové rozliSeni méteni (< 70 fs). Vyrazné€ pomalejsi pfechod dér do valenc¢niho pasu PbS nez
u elektronti do vodivostniho pasu je pravdépodobné dan nizkou koncentraci povrchovy stavi,
které¢ slouzi jako moderator transferu. Predkladany vyzkum tedy demonstruje vliv nejen
velikosti QDs, a tim hodnoty zakdzaného pasu, ale také koncentrace defektli na rozhrani slozek

hybridi na efektivitu rekombinac¢nich/transportnich procesti nosi¢li excitovanych v PS matrici.

Nejvyznamngj$i publikace autora zabyvajici se timto tématem:

1) Galar, P., et al., Perovskite-quantum dots interface: Deciphering its ultrafast charge carrier dynamics.
Nano Energy, 2018. 49: p. 471-480. 0.1016/j.nanoen.2018.04.069.

2) Piatkowski, P., Masi, S., Galar, P., et al., Deciphering the role of quantum dot size in the ultrafast charge
carrier dynamics at the perovskite—quantum dot interface. Journal of Materials Chemistry C, 2020. 8(42): p.
14834, 10.1039/DO0TC03835K
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5. Chovani excitovanych nosi¢t v nanodiamantovych hybridech

5.1 Vliv nediamantové faze na rekombinacni procesy v nanokrystalickém diamantu

Nanokrystalicky diamant (NCD) v sobé kombinuje unikatni vlastnosti objemového diamantu

vvvvv

aplikaci téchto materiali saha od opto-elektroniky, senzoriky az po biologii a medicinu.!>% 77

Pro mnohé¢ z téchto aplikaci je nutné vytvaret hybridy NCD s organickymi latkami, nejcastéji
makromolekulami nebo vodivymi polymery.2°® 207 Pfestoze priprava téchto hybridi je v dnesni
dobé jiz relativné béznou zélezitosti, stale neni zifejmé, jakym zplsobem probiha
transport/transfer excitovanych nosi¢i na rozhrani slozek téchto hybridid. Prekazkou
k objasnéni podstaty zminénych procesii nejsou pouze obtize spojené s charakterizaci a
interpretaci dynamik nosicli na rozhrani obou slozek, ale i fakt, ze stile nepanuje shoda na
presné podstaté rekombinacnich procest excitovanych nosi¢ti v samotném NCD. Predevs§im

neni jasny vliv mnozstvi nediamantové fize a rozhrani zrn na tyto procesy.'>
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Obrazek 26. SEM snimky NCD filmu s a) fg =99 a b) fg = 40. c) Doznivani PL vzorki s fg =
99 (oznaceno jako A), 59 (B) a 40 (C) na nanosekundové a mikrosekundové ¢asové skale. PL
byla excitovdna fs pulzy o excitacni vlnové délce 400 nm. Doznivani jsou aproximovana
napnutou exponencidlou, respektive mocninnou funkci. d) Model struktury NCD filmu o
vysokém fg a pfislusSné energetické schéma zobrazujici procesy zodpovédné za
mikrosekundovou a nanosekundovou luminiscenci (pouzito se svolenim majitele prav Optica

Publishing Group). '3
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Nase snaha o objasnéni podstaty dynamik excitovanych nosi¢ii na rozhrani
NCD/organicka latka tedy musela byt rozdélena do dvou krokii. V prvnim kroku jsme se
zaméfili na studium procesii excitovanych nosi¢ti v samotném NCD.!”® Za timto uéelem byly
pripraveny tfi raizné NCD filmy, jejichz faktor kvality (fg) mél hodnotu 99, 59 a 40. Parametr
fq charakterizuje pomér mezi diamantovou a nediamantovou slozkou v NCD a jeho hodnota
sahajici od 0 (jen nediamantova faze) do 100 (Cisty diamant) se urcuje analyzou Ramanova
signadlu NCD. Po strukturni analyze (Obr. 26a,b) byly filmy charakterizovany pomoci ¢asové
rozliSené¢ luminiscencni spektroskopie s vyuzitim rozmitaci kamery za pouziti excitace
nepresahujici zakdzany pas diamantu (A = 400 nm). Méteni odhalila, ze vzorky se 1i$i nejen
Casov¢ integrovanym PL spektrem, ale piedev§im dynamikou doznivani luminiscence
(Obr. 26¢). Vzorek s nejvyssim fg vykazoval pfitomnost dvou nezavislych rekombinacnich
procest. Prvni proces se odehraval na nanosekundovém ¢asovém intervalu, jeho dynamiku bylo
mozno dobfe aproximovat napnutou exponencialou (viz rov. 13) a jemu pfislusici integrované
spektrum se rozprostiralo v intervalu 350 — 600 nm. Jak bylo feceno v predeslé kapitole,
doznivani charakterizované napnutou exponencialou byva interpretovano pomoci zativé
rekombinace na vice zdrojich, které vykazuji mono-exponencialni doznivani s mirné se liSici
dobou Zivota. Druhy proces byl vyrazné pomalejsi, nachazel se v mikrosekundovém casovém
okné, vykazoval dynamiku odpovidajici mocninné funkci a ptisluSné integrované spektrum se

nachazelo v intervalu 400 — 750 nm. Funk¢ni pfedpis pro mocninné doznivani je dan vztahem:
I(t) = At™™. (16)

Tento typ doznivani se Casto projevuje v neuspoiddanych ¢i amorfnich systémech, kde
dualezitou roli hraje separace nosicl. Pfipadné se jedna o rekombinaci na nahodné rozlozenych
pastovych stavech. Hodnota exponentu n je poté tzce spojena s rekombina¢nim procesem
zodpov&dnym za pozorovanou dynamiku. Doznivani vykazujici hodnotu » < 1 byva spojeno
s tunelovanim nosic¢li mezi pastmi a rekombina¢nimi centry. Pfi hodnot¢ n > 1,5 byva
rekombinace nosi¢ti dina preskoky mezi lokalizovanymi stavy nebo difuzi nosi¢t.? 20
V naSem piipad¢ hodnota parametru  rostla s klesajici vinovou délkou a pohybovala se od 0,45
do 0,8. Zbyl¢é dva filmy vykazovaly fadové niz$i intenzitu luminiscence. To bylo ddno nejen
absenci mikrosekundového doznivani, ale 1 urychlenim dynamik nanosekundové rekombinace
s poklesem hodnoty fg.

Pro ziskani komplexnégj$iho pohledu na chovani obou rekombina¢nich procest bylo

nasledné provedeno méteni doznivani PL u filmu s nejvyssim fg v zavislosti na teploté (15 —

300 K) a tlaku okolni atmosféry. Studovan byl i vliv excitacni intenzity a vinové délky (pouzito

72



A=2325nm a 200 nm). Zatimco chovani mikrosekundové slozky PL nebylo zménou teploty ani
tlaku nijak ovlivnéno, nanosekundova slozka vykazovala vyrazné urychleni doznivani a nartst
intenzity PL po ohtati filmu nad 200 K. Intenzita PL této slozky byla zvySena i pfechodem
z atmosférického tlaku do vakua. M¢éfeni s rostouci excitacni intenzitou prokazalo linearni
narust intenzity PL nanosekundové slozky a relativné rychlou saturaci slozky mikrosekundové,
coz ukazuje na omezenou koncentraci stavii zodpovédnych za pomalejsi z nich. PL odezva
obou slozek byla navic velmi citlivd na pfechod k excitaci pfes zakdzany pas diamantu
(A =200 nm). Pomér mezi celkovou intenzitou nanosekundové a mikrosekundové PL slozky se
pii této excitaci zvysil ~ 60x ve prospech druhé jmenované.

Na zéklad¢ téchto vysledkli jsme navrhli model energetickych stavil a vnitini struktury
NCD vysvétlujici rekombinacni procesy excitovanych nosict u filma s vysokou a nizkou
hodnotou fg. Filmy s vysokym fg byvaji slozeny z velkych diamantovych zrn, které jsou
obaleny mens§im mnozstvim nediamantové faze (Obr. 26d). Ocekavame, Zze mikrosekundova
slozka doznivani je spojena s pastovymi stavy na hranicich zrn, coz souhlasi nejen s mocninnou
dynamikou PL, ale i s nizkou citlivosti na okolni tlak a teplotu, saturaci PL s rostouci excita¢ni
intenzitou, nebo i vyraznym zesilenim intenzity pfechodem k excitaci nad zakézany pas
(Obr. 26d). Tyto past'ové stavy jsou totiZ dostupné volnym nosi¢im z diamantu, které vznikaji
excitaci nad zakdzanym pasem diamantu. Naopak nanosekundova dynamika PL se da vysvétlit
jako rekombinace nosi¢ti mezi m-m* stavy uhliku vsp? fazi. Aby nedochéazelo k rychlé
prostorové separaci téchto nosicli, musi byt dané stavy prostorové lokalizované. To by
odpovidalo ptitomnosti sp? klastrii mezi diamantovymi zrny, jejichZ existence byla
piedpovézena.?!® Chovani nosi¢li v téchto stavech souhlasi s pozorovanymi méfenimi, a to
véetné spektralni pozice PL, tepelné aktivace po prekroceni teploty 200 K i dynamik PL
odpovidajicim napnuté exponencidle. D4 se totiz o¢ekavat, ze klastry budou mit riiznou velikost
1 tvar, coZ bude spojeno s variaci miry lokalizace excitovanych nosici napfic klastry a tim i dob
zivota zminénych nosi¢ii. U vzorkl z nizsi fg dochazi k nartistu nediamantové faze a snizeni
velikosti diamantovych zrn. To je pravdépodobné spojeno s riistem velikosti klastra a jejich
moznému propojovani, coz by sniZilo lokalizaci excitovanych nosi¢l spojenych s klastry, a
vedlo k urychleni rekombinace mezi n-n* stavy uhliku v sp? fazi. Strukturni zmény spojené se
snizenim fgq vedou také k pasivaci povrchovych pasti zodpovédnych za mikrosekundovou
slozku PL, ptipadné k vytvofeni novych nezatfivych rekombinacnich kandli, a tim potlaceni

této emise.
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5.2 Separace excitovanych nosi¢i v ramci hybridu nanodiamant/vodivy polymer

V druhém kroku jsme pfipravili dva NCD filmy o téméf identickém parametru fg (97 a 95).!%

Vzorky o vysokém fg jsme pro studium separacnich procest hybridu zvolili z diivodii moznosti
studovat vliv organické slozky na ob¢ slozky PL, a také z Cisté aplika¢niho hlediska. Prave tyto
typy filml jsou totiz v pokroc€ilych aplikacich vice vyuzivany z divodl vyssi propustnosti
svétla.!>® Oba NCD filmy se lisily svou tloustkou, kdy prvni vzorek vykazoval tloustku 170
nm a druhy 920 nm. Na ¢asti obou vodikem terminovanych NCD filmu byla nasledn¢ metodou
elektrochemického napojovani (z angl. electrochemical grafting) deponovana vrstva vodivého
polymeru polypyrrolu (PPy). Tato metoda umoziuje vytvorit kovalentni vazbu mezi atomy
uhliku polymeru a NCD, a tim nastavit podminky na efektivni interakci mezi slozkami hybridu.
Tloustka PPy vrstev byla u obou filmt srovnatelna a méla hodnotu okolo 150 nm (Obr. 27a,b).
Oba hybridy byly charakterizovany pomoci Casové€ rozliSené luminiscen¢ni spektroskopie za
obdobnych podminek jako samostatné NCD filmy z prvniho kroku vyzkumu. Na tomto misté
je dobré zduraznit, ze NCD film byl excitovan a PL byla detekovana na opacné stran¢€, nez byla
deponovana PPy vrstva. PPy sam sice nevykazuje téméf zaddnou PL odezvu, ale silné absorbuje
svétlo ve viditelném intervalu. Soucasné bylo také zjisténo, Ze intenzita obou slozek PL NCD
u obou hybridi klesla po depozici PPy minimélné 2,5krét. Jelikoz se tento efekt vyskytuje u
vSech provedenych méfenich, neni pravdépodobné dan zménou rekombinacnich procesti, ale je
Cisté optického charakteru. Mize se jednat napf. o zménu odrazivosti ¢i omezeni rozptylu na
odvraceném rozhrani NCD. Tento pfedpoklad byl ovéfen nakdpnutim oleje ¢i nanesenim
chemicky pfipraveného PPy, ktery nemé potencial vytvofit kovalentni vazbu s NCD, na ¢isté
casti NCD filmu. V obou pfipadech doslo ke snizeni PL intenzity NCD, aniz bychom
pozorovali ovlivnéni dynamik obou slozek PL. Zména intenzity PL byla navic reverzibilni a po
odstranéni PPy vrstvy se vratila na velmi podobnou hodnotu, jakou vykazovala odhalena ¢ast
NCD filmu. V dal§im textu jsou tedy diskutovany jen efekty vedouci ke sniZzeni PL intenzity
nad vySe zminénou hodnotu (oznacovéano jako dodatecné snizeni PL) a zméné€ dynamik
doznivani PL po depozici PPy.

U tenc¢iho z NCD filmt pfitomnost kovalentné vazaného PPy zptsobila dodatecné
snizeni intenzity PL (~ 2krat) nanosekundové slozky a transformaci jeji dynamiky z napnuté
exponencialy na mocninnou funkci s koeficientem # = 1,63 (Obr. 27¢). Obdobné chovani bylo
pozorovano pro excitaci pod i1 prfes zakazany pds diamantu. Naproti tomu dynamika
mikrosekundové slozky PL NCD nevykazovala zadné zmény po depozici PPy. Pouze bylo

pozorovano dodatecné sniZeni intenzity PL této slozky pii pfechodu od excitace na 400 nm
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k 200 nm (~ 3krat). V ptipad¢ tlustS§iho NCD hybridu nebyl pozorovan zadny vliv pfitomnosti

PPy nad ramec zminéného plo$ného snizeni PL intenzity.
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Obrazek 27. SEM snimky NCD/PPy hybridl o tloustce NCD vrstvy a) 170 nm a b) 920 nm.
¢) Srovnani doznivani PL v nanosekundovém c¢asovém okné ¢isttho NCD a NCD/PPy pro
vzorek a). Pouzita excita¢ni vinova délka pulzti byla 400 nm. Prezentovana doznivani jsou
prolozena napnutou exponencidlou a mocninnou funkci. Pfilozena jsou i pfislu$na integrovana
PL spektra. d) Energetické a e) strukturni schéma hybridu NCD/PPy demonstrujici procesy
zodpové&dné za separaci excitovanych nosici na rozhrani slozek hybridu, a tim zménu doznivani

nanosekundové slozky PL (pouZito se svolenim majitele prav AIP Publishing).'®*

Pro interpretaci t€chto vysledkli jsme vysli z energetického a strukturniho modelu NCD,
ktery jsme navrhli v prvnim kroku vyzkumu a modifikovali ho stavy spojenymi s pfitomnosti
PPy (Obr. 27d,e). Nejprve jsme se zaméfili na tenci z obou hybridd. Jelikoz u tohoto vzorku
nedoslo depozici polymeru ke zméné dynamiky mikrosekundového doznivani PL, kovalentné
navdzané¢ PPy pravdépodobné nemd vliv na nosi¢e zachycené v povrchovych pastovych
stavech diamantovych zrn. Na druhou stranu, vyrazné sniZeni intenzity této slozky PL po
piechodu k excitaci ptes zakdzany pas naznacuje, ze je PPy schopno ovliviiovat dynamiky
volnych nosi¢il ndboje v diamantové fazi, které po depozici PPy nekoncily ve zminénych
povrchovych stavech zrn. Zména dynamiky nanosekundové slozky PL NCD po depozici PPy
je s nejvetsi pravdépodobnosti dana separaci dér excitovanych v nediamantové fazi mezi zrny.

Ptitomnost PPy na povrchu NCD muze diky energetické poloze valencniho pasu PPy vést
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k vytvofeni vnitiniho elektrického pole, které zpiisobuje drift dér excitovanych uvniti dobie
vodivé nediamantové faze mezi diamantovymi zrny smérem k PPy vrstvé. Tento proces vytvari
dodate¢ny nezafivy kandal pro nosice, které¢ by v opacném piipadé zativé rekombinovaly mezi
n-n* stavy uhliku v sp? fazi. Toto tvrzeni je v souladu nejen s odekdvanym energetickym
schématem hybridu, snizenim intenzity této slozky po depozici PPy, ale i mocninnou
dynamikou doznivani s hodnotou exponentu n nad 1,5, ktery naznacuje difuzni/driftovou
separaci nosicl. Jelikoz popsané zmény dynamik nebyly pozorovany u siln¢jStho NCD a ani u
tenciho NCD, kdy PPy bylo pouze nakapnuto, da se ocekavat, ze zdsadni pro separaci dér je
nejen kovalentni navazani PPy, ale i jeho vzdélenost od pozorovaného povrchu. Na zékladé
nasich méteni odhadujeme, Ze PPy je schopno ovlivnit nosi¢e excitované maximalné do
hloubky 200 — 300 nm NCD. Piedkladany vyzkum nejen prokazal schopnost kovalentné
navdzan¢ho PPy separovat nosi¢e excitované¢ v nediamantové fazi NCD, ale i ovlivnit
dynamiky volnych nosict excitovanych v diamantovych zrnech, coz by mohlo mit uplatnéni

njak v optoelektronice, tak i senzorice.
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6 The storage and release of energy is an economic cornerstone. ;
7 In q}mntum dots (QDs), energy storage i.s mostly governed by their surfaces, in %, (10}
8 particular by surface chemistry and faceting. The impact of surface free energy siQD 5333
9 (SFE) through surface faceting has already been studied in QDs. Here, we
10 introduce dominant faceting representing the structural order of the surface. In Plasma )

. e . . . ‘ ‘ Ignition
11 particular, we propose that realistic QDs attain complicated polyhedral quasi-
12 spherical shapes while keeping the dominance of a certain type of facet. The
Surface

13 type of dominant facet determines the rates of surface-related processes.
14 Therefore, by connecting dominant faceting with SFE, trends analogical to
15 bulk material are kept despite the lack of evident microscopic shape control.
16 To demonstrate the applicability of dominant faceting, we synthesize the sets of silicon QDs with sizes around 5 nm and
17 classify them based on increasing SFE of the corresponding analytic geometrical models, using a detailed surface chemistry
18 analysis. Total energies released during oxidation of the synthesized QDs reach the theoretical limit, unlike in the reference,
19 “large” (>100 nm) silicon nanoparticles, which release about 15% less energy. Next, we perform a comprehensive experimental
20 study of dehydrogenation and thermal oxidation of the synthesized QDs in the temperature range of 25—1100 °C, identifying
21 SFE as the key factor determining their thermal stability and surface reactivity. In particular, four distinctive stages of energy
22 release were observed with onset temperatures ranging between 140 and 250 °C, 500 and 650—700 °C, respectively, for the
23 SFE-differing samples. Finally, the thermal oxidation of the synthesized QDs is completed at lower temperatures with
24 increasing SFE, decreasing from 1065 to 970 °C and being > 150 °C lower in QDs than in larger reference nanoparticles.
25 Therefore, despite a rich mixture of features, our description based on linking dominant faceting with SFE allows us to fully
26 explain all the observed trends, demonstrating both the potential of SFE-based engineering of energy-storage properties in
27 QDs and the prospects of silicon QDs as an energy-storage material.

reactivity

28 quantum dots, dominant faceting, thermal oxidation, energy storage, surface free energy, silicon, ignition
29 range of their physical and chemical properties, thus tailoring 43
them for a specific application. 44

30 Diversification of ways to produce, store and reuse energy is an

Key properties to tune the behavior of QDs are their size
31 important task which will to a large degree influence future Y prop Q w8

surface ligands or shell and the degree of structural order in 46
their core. A degree of freedom which is much less explored 47
here is the surface free energy (SFE), or in other words, the 43
excess energy that the surface has compared to the bulk of the 49
material. The surface of any QD must have undergone surface so

32 advancements in technology and society. Many ways to store
33 energy so that it could be used later are being explored,l’2
34 including improvements of existing Li-ion batteries, generation
35 of hydrogen in combination with the fuel cell technology,
36 ground thermal storage, capacitors, flywheel energy storage,

37 and many more. In addition to energy storage, closely related August 18, 2024
38 energetic materials including thermites, which rely on highly December 2, 2024
39 controlled release of energy, also deserve close attention.’ December 10, 2024

40 Similar to other applications, the specific properties of
41 quantum dots (QDs) or nanostructured materials in general
42 are employed,™ as these materials allow for tuning of a wide
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reconstruction to minimize its total energy, exposing different
surface facets. While QDs with varied surface facets differ in
SFE and thus in their stability, they also favor certain types of
chemical reactions, as such chemical reactions proceed on
surfaces with different orientations at substantially different
rates. In ligand-passivated QDs, different surface facets also
support different types of ligands, as due to geometrical
constraints, each surface atoms is bonded to a given number of
neighboring atoms, which leaves a certain number of bond(s)
exposed.® Thus, SFE is an important parameter for tailoring
surface reactivity and possibly other properties of QDs.

Generally speaking, surface faceting is known to impact
stability.” As such, tuning of SFE is not an unexplored topic
even in QDs. In the past, chemical or physical properties of
QDs synthesized using wet-chemistry methods were linked to
the geometry of model QDs. For example, in II-VI QDs, a
clear connection between surface geometry and surface traps
has been reported based on calculations.” In lead chalcogenide
PbS QDs, a size-related threshold between mixed {111} and
{100} faceting and exclusive {111} faceting has been identified
as the root cause of size-dependent air stability, as the {100}
facets are more prone to oxidation.'” The synthesis of
exclusively {111} faceted tetrahedral InP QDs imparted optical
properties different from their spherical counterparts.'""

An ideal material for the study of the influence of SFE on the
energetic and energy-storage properties of QDs is silicon.
There are many reasons for this choice: (i) Crystalline silicon
has a relatively high melting point (21415 °C), due to the
strong covalent bonds between its atoms, implying large
volumetric energy density of 75.5 kJ-cm™, which is about 2.5
X higher than gasoline. The corresponding gravimetric energy
density is 32.4 kJ-g™."> (ii) Unlike other semiconductor
materials, it crystallizes only in a single type of face-centered
diamond cubic structure. Its crystalline structure is highly
stable in a wide range of temperatures and even under
pressure.'* Therefore, any observed change in behavior of this
material can be assigned to the influence of the surface;
potential changes in the crystalline structure can be excluded as
long as the material stays crystalline. (iii) Bulk Si itself is
unsuitable as a carrier of energy, because the rupture of Si—Si
bonds requires high temperatures,'* and oxidation is limited by
the extremely slow diffusion of oxygen through the surface

$i0, layer (1 A at 1000 °C).'¢ Fortunately, the high surface

reactivity of nanostructured Si overcomes these limita-
tions."°™"? (iv) The direct chemical toxicity of silicon and
Si0, are low, even in the form of QDs,*’ and its abundance in
the Earth’s crust is extremely high,”' providing strong
motivation for using silicon as resource-efficient environ-
mentally friendly energy-storage material. (v) Even if SiQDs
are not yet readily commercially available, they can be obtained
in sufficient amounts and their structural properties can be
widely tuned if they are synthesized in nonthermal plasma.***

The highly covalent nature of SiQDs brings about several
challenges when compared to the more traditionally studied
QD materials. The reported shapes of SiQDs are, with only a
few exceptions,”> > almost exclusively spherical’®*” and the
tendency of SiQDs to form purely faceted structures might be
severely limited. Moreover, covalent Si QDs require higher
energies for their formation and therefore cannot be fabricated
using wet-chemistry approaches typical for other QDs.
Consequently, the methods of synthesis of SiQDs do not yet
reach the same high levels of elaborate control and precise

shape tuning of macroscopic amounts as in more traditional
QD materials.

Nevertheless, hints as to the possible immense influence of
SFE in nanostructured silicon can be found in the literature,
with the most obvious one being the low-temperature ignition
phenomenon. In nanoporous silicon, spontaneous combustion
was reported even at the temperature range as low as 4.2—90 K
under special conditions,'® if condensed or liquid oxygen filled
the pores of H-terminated porous Si. Other ignition temper-
atures for nanosized Si were reported to be higher, above 600
°C,” but still well below the temperatures typical for effective
combustion by in-diffusion of oxygen on a large scale. These
findings suggest that dehydrogenation and/or oxidation of
nanostructured silicon is widely tunable if suitable conditions
are applied.

In this article, we introduce the term of dominant faceting,
which refers to the SFE-governed tunability of surface
properties without evident microscopic shape control. The
apparent contradiction of facet tuning without shape control is
achieved though highly polyhedral, quasi-spherical shape of the
nanoparticles, in which a certain facet still spatially dominates
the surface. Thus, dominant faceting signifies that the trends
inferred based on simple bulk geometrical models and SFE are
also observed in QDs “on average”, that is if the QDs are
experimentally studied as a macroscopic ensemble. This
approach is in contrast to, and in a way a generalization of]
the published reports on the tuning of properties of chemically
synthesized QDs using the faceting of their surface. In order to
show how surface properties and dominant faceting influence
SiQDs, we focus on the ignition of Si nanoparticles fabricated
by standard protocols and explain the observed phenomena
using a detailed study of the dehydrogenation and thermal
oxidation of surface bonds in SiQDs. In these sets of
experiments, we identify SFE as a key factor determining the
stability and surface reactivity of the synthesized material. In
addition to the introduction of dominant faceting, our results
thus provide a detailed guide to the tuning of energy-storage
and thermal properties of SiQDs and explore their potential as
an energy-storage material.

RESULTS AND DISCUSSION

Ignition Properties of Si Nanoparticles. In order to
efficiently tune the degree of structural order of the surface, Si
nanoparticles for this study were synthesized in nonthermal
plasma, see Table 1 and Supporting Information Section S2.1
for details. Each sample was collected on a 150-y m-thick glass
slide in the form of a cone-shape pile of lightly packed powder
in the amounts of approximately 5 mg per synthesis

Table 1. List of the Most Important Properties of the
Studied Samples and Preparation Conditions (Using 1%
Silane in Argon at 80-SCCM Flow Rate as the Carrier Gas)“

label power hydrogen flow | fresh/aged | nominal size
(W) (scem) (nm)

amorphous 1 30 0 X 2 — 6, irregular
amorphous 2 90 0—100 X 2 — 6, irregular
SiQDs {111} 150 0 v ~5—6

{001} 150 10— 30 v ~5-—6

p{110} | 150 40 v ~4-5

¢-SiNCs commercial X 170

“The fresh/aged column shows which of the samples were studied as
the two separate fresh/aged varieties ('), and which were not (X).
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Figure 1. (a) Ambient-light photographs of synthesized SiQDs as deposited, ignited with a laser pointer (405 nm, S0 mW) and after
combustion (from left to right). The change in color from beige-orange to white marks the complete oxidation of silicon into silicon dioxide.
See a Supplementary Video File for an example of light-initiated ignition. (b) Raman spectra of Si nanoparticles fabricated with different
outputs on the source, influencing the degree of structural order. Raman spectrum of bulk silicon is included for comparison as the dashed
blue curve. (c) FTIR spectra showing Si—H bonds on the surface of Si nanoparticles from panel (b). (d) Ignition conditions of Si
nanoparticles from panel (b). The samples were ignited on a hot plate or using a laser pointer. The dashed curves serve merely as the guides
for the eye. (e) FTIR spectra of Si nanoparticles synthesized at 90 W (amorphous 2 in panel (b)) under varying flow of H,, effectively
etching the surface of Si nanoparticles during the synthesis. (f) Ignition conditions of Si nanoparticles from panel (e). The dashed curves
serve merely as the guides for the eye, and error bars are standard deviations.

(depending on the type of sample). Based on a simple
estimate, the porosity (the volume fraction of air) in our
samples'” is 0.77. An example of a synthesized sample is shown
in Figure la in the leftmost photograph. In some of the
synthesized samples, we observed spontaneous combustion
when the sample was transferred out of the reactor and
exposed to ambient conditions (not shown). The combustion
of synthesized SiQDs under controlled conditions is shown in a
Supplementary Video File and in Figure 1la. The change in the
ambient-lightning color of the SiQD powder before and after
the combustion from deep beige/orange to white signifies a
highly efficient oxidation of the starting mostly Si-based
material to SiO,, which was accompanied by the energy release
in the form of a small explosion.

To explore the combustion conditions in more detail, we
fabricated three types of samples with varying input power of
the source during synthesis. Power on the source predom-
inantly tunes the structural order of atoms in the nanoparticle
core, since the core crystallizes only if sufficient energy is
available.”*” Possibly, also the size of the produced nano-
particles can be influenced. The structural change from
amorphous nanoparticles to SiQDs is documented in Figure
1b, where, at the highest power setting, the corresponding
Raman spectra change from the broad peak assigned to
amorphous Si to a sharper line at ~510 cm™!, typical for the
optical phonon in quantum-confined Si.”**°

The produced set of amorphous and crystalline Si
nanoparticles was further characterized using FTIR measure-
ments presented in Figure lc. The synthesized material is

mostly hydride terminated, showing only trace amounts of 189

surface oxidation as the broad peaks at ~1045 cm™" assigned
to the antisymmetric stretches of Si—O—Si.*’ > The typical
2000—2200 cm™' region marked as v(*Si—H,, whereby *Si
stands for silicon on the surface of an Si nanoparticle), is
clearly associated with the *Si—H, stretching modes,”***~*
namely with v(*Si—H) at 2080 cm™, v(*Si—H,) at 2098 cm ™
and v(*Si—H;) 2133 cm™'. Furthermore, the region between
600—700 cm™ marked as §(*Si—H,,) is characteristic of *Si—
H bending and/or *Si—H, wagging modes.>>*° However, the
assignment of the doublet marked as §(*Si—H,,) at 905 and
857 cm ™! is less clear. Based on literature data, it can represent
the degenerate and symmetric deformation modes of silicon
trihydrides *Si—Hj, respectively, even though also silicon
dihydrides can be present in this region.’* Unlike the two other
features, this doublet appears only in plasma-synthesized Si
nanoparticles,”*****' whereas in SiQDs prepared by electro-
chemical etching or by thermal annealing of Si-rich SiO,, only
a single peak at ~900 cm™" appears.”>***>** Thus, we believe
that the spectral shape of the 900 cm™ region is, for reasons
currently unbeknownst, linked to the applied synthesis method
rather than to the structural properties of the sample. One
possibility is that one of the peaks in the doublet is not directly
connected to the surface of Si nanoparticles, but rather
represents the interconnecting material.

Interestingly, the structural change from fully amorphous to
structurally ordered material evidenced by Raman measure-
ments in Figure 1b is also reflected on the surface of the
nanoparticles, as confirmed by FTIR measurements. The FTIR
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Figure 2. (a) Raman spectra of SiQDs synthesized under varying hydrogen dilution. (b) Measured (black circles), calculated (red line), and
difference (green line) X-ray diffraction patterns of investigated samples (please note that a smaller amount of {001} and p{110} sample was
used due to technical reasons). (c) Particle size distributions of the investigated samples determined from SAXS measurements, the
corresponding fits are shown in Figure S5. (d) FTIR spectra of structurally ordered SiQDs with varying hydrogen dilution. Samples marked
as “fresh” were characterized shortly after the synthesis, samples marked as “aged” were characterized after about a 14-day storage in a
nitrogen-filled glovebox. Full FTIR spectra are shown in Figure S7. (e) Example of the deconvolution of the spectral structure v(*Si—H,)
into the individual components for the 20 sccm SiQD sample. (f) Ratio of silicon mono-, di- and trihydrides on the surface of SiQDs from
panel (d) determined using the deconvolution shown in panel (e). “Fresh” and “aged” samples are treated simultaneously since no difference
was detected in their FTIR spectra. The error bars correspond to standard deviations. The FTIR spectra of the p{110} sample are no longer
well-resolved due to a lower degree of structural order on the surface, which invalidates the deconvolution analysis in that sample.

stretching-mode region at 2000—2200 cm™' and the
deformation modes at 600—700 cm™" (Figure 1c) exhibit a
systematic change from broader smooth peaks in the
amorphous nanopartices to sharper lines and a more structured
shape in the structurally ordered SiQD sample. Narrowing of
peaks in a crystalline SiQD is to be expected, since the more
ordered character of the QD core also causes higher ordering
of the surface of the QD, resulting in better-defined vibrations
of surface hydrides. The narrowing effect in the SiQD sample
is evident especially in the deformation-mode &(*Si—H)
spectral region, where a clearly resolved doublet appears at
630 and 661 cm™, together with a hint of a side shoulder at
695 cm™'. Here, the 630/661 cm™ doublet is likely to
originate in *Si—H bending deformations and the side
shoulder at 695 cm™ is due to *Si—H, wagging vibrations.
A very similar spectral shape of the corresponding FTIR peak
is typically observed also in fully crystalline SiQDs in porous-
silicon layers.”*" Unlike these spectral regions, the 905/857
cm™" doublet stays resolved in all the samples regardless of
their degree of structural order. This absence of spectral
change is likely connected to the unclear assignment of this
spectral structure as discussed above. Therefore, this structure
will not be further discussed in the text. Notwithstanding, our
experiments clearly demonstrate that the structural ordering of
SiQDs is strongly reflected also in their surface-bond
vibrations.

Next, we studied the ignitions conditions for the amorphous
Si nanoparticles and SiQDs from Figure 1b,c. The samples
were ignited as deposited on the glass slide. The glass slides
were either placed on a hot plate and slowly heated up, or they

were irradiated with a 405 nm (S0 mW) laser pointer with
increasing the intensity of the laser pointer and the conditions
required for ignition were recorded. The results are presented
in Figure 1d. An important observation here is that the ignition
temperature is relatively low, in the range of 150—200 °C,
which is even below the dissociation temperatures of higher
hydrides on silicon, as shown later in Figure 1b. Moreover, this
is a much lower temperature than that reported when
amorphous Si nanoparticles were used as an additive to
lower ignition temperature in an Si/KClO, nanocomposite.’
As the next step, we wanted to test if and how much the
ignition properties of Si nanoparticles can be influenced by the
surface. Thus, we synthesized “amorphous 2” Si nanoparticles
close to the amorphous/structurally ordered threshold, but
using a varying H, dilution in the synthesis gas. Diluting the
synthesis gas with H, induces an etching-like process in the
plasma and thus can change the composition of surface
hydrides.”* The FTIR spectra of these Si nanoparticles in
Figure le show very little difference with increasing H,
dilution, demonstrating that due to the amorphous nature of
these nanoparticles, potential changes in the overall
composition of the surface hydrides are small. However, the
subsequent study of the ignition conditions presented in Figure
1f reveals a systematic trend of decreasing ignition temperature
and light intensity with increasing H, dilution. This direction
of the trend is intuitively expected, as nanoparticles with more
disturbed surfaces due to the additional hydrogen in the
synthesis process are likely to be less stable. However,
quantitatively speaking, the corresponding changes are modest,
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about 5% at most, corroborating the nearly identical FTIR
spectra.

Thus, even though the properties of the surface have a clear
potential to be used to tune the thermal properties of
nanoparticles, amorphous nanoparticles do not seem to be the
ideal candidate. Therefore, a more thorough study of the
surface composition and thermal properties was conducted
using structurally ordered QDs.

Structural and Surface Characterization of SiQDs.
Therefore, we synthesized a set of highly structurally ordered
Si nanoparticles with varying H, flow in the synthesis gas and
characterized both their structure and surface chemistry. Then,
to address the suitability of Si nanoparticles for energy-storage
applications, we measured the energy density released by these
nanoparticles during oxidation.

However, one possible interpretation of the low-temperature
ignition mechanism in the sample of Si nanoparticles we
reported in Figure 1 is the release of energy caused by the
contact of hydrogen trapped in the microvoids within the pile
of Si nanoparticles with atmospheric oxygen. Thus, the
experiments presented in this section were performed on
“fresh” and “aged” samples. In “fresh” SiQDs, the measure-
ments were conducted relatively shortly (24 h at maximum)
after the synthesis with minimized exposure to atmospheric
oxygen. Samples referred to as “aged” were kept approximately
14 days in a nitrogen-filled glovebox to significantly decrease
the potential hydrogen trapped in microvoids. Thus, the
differentiation between the “fresh” and “aged” samples will
reveal the influence of both potentially trapped hydrogen and
storage time on the studied SiQDs.

In analogy to the experiments from Figure 1, the character of
the surface of structurally ordered SiQDs is affected by
hydrogen flow in the synthesis gas. The influence of hydrogen
flow was first probed using Raman spectra of SiQDs, as
presented in Figure 2a. Clearly, if hydrogen flow is kept under
S0 sccm, the synthesized nanoparticles are highly structurally
ordered, as evidenced by the relatively narrow Raman line at
~514—519 cm™. Therefore, in order to focus on structurally
ordered SiQDs, hydrogen flow during the synthesis of SiQDs
was varied in the 0—40-sccm range.

X-ray diffraction (XRD) measurements were used to obtain
more detailed structural and microstructural information about
SiQDs synthesized under varying hydrogen flow. Measured
XRD patterns fitted using the whole powder pattern fitting
procedure, specifically the Rietveld method using the MStruct
software,*’ are shown in Figure 2b. XRD confirmed that the
investigated samples consist of a single crystalline phase,
namely cubic Si (space group Fd3m). The significant
broadening of the diffraction profiles in comparison to bulk
Si clearly confirms nanocrystalline nature of the investigated
samples. The refined lattice parameters presented in Table 2
are only slightly smaller (0.2—0.5%) than the tabulated data for
coarse-grained, defect-free standard Si powder. The size of
coherently diffracting domains was modeled using a log-normal
distribution and mean sizes are listed in Table 2.

The distribution of sizes was determined using small-angle
X-ray scattering (SAXS) by fitting using the model of spherical
particles with the sticky hard sphere structure factor’"*
assuming the log-normal distribution. Refined normalized log-
normal distributions of particle diameters are shown in Figure
2c. Additionally, the sizes were also characterized using high-
resolution transmission electron microscopy (HRTEM), as
shown in Figure S6. Mean sizes derived using these two

Table 2. List of Mean Diameters of the Investigated Samples

Determined Using Different Methods, and FW;IM Is Used as

the Error to Characterize the Width of the Distribution”

SiQD mean diameter (nm) a (A)
sample SAXS HRTEM XRD XRD
{111} 55+10 62+05"° 40402 54258 + 0.0014
{001} 46 + 12 5.5 +0.7 32+03 5.4269 + 0.0007
p{110} 40 £ 1.5 4.0 + 0.7 24 +£03 5.4282 + 0.0002

“The last column lists lattice constants a derived from XRD
characterizations (NIST Si standard reference material: a = 5.43102
A). ®The HRTEM-derived distribution of the {111} sample indicates
the presence of smaller sizes of (4.8 + 0.4) nm making up
approximately 15% of QDs.

methods are listed in Table 2. Clearly, the SAXS- and
HRTEM-derived sizes are in good agreement. There is a
significant overlap between the distributions of sizes of the
individual samples, which can be quantified using the
Bhattacharyya coefficient of the correponding normal dis-
tributions as 0.75 and 0.88 for the first and second, and second
and third sample, respectively. Thus, even though the mean
sizes decrease from about 5.5 to 4 nm with increasing
hydrogen flow, this difference is not large considering the
significant overlap of the distributions.

Mean sizes were also determined from XRD measurements,
yielding smaller values than the SAXS- and HRTEM-based
distribution. This difference is a consequence of the applied
method, since XRD detects only the signal from the volume
diffracting with a high degree of coherence, which is evident
from the high certainty of the derived lattice constants in Table
2. Thus, in contrast to XRD, HRTEM and SAXS also include
the reconstructed surface. This effect has been observed in the
past and was attributed to an amorphous shell.”® However, in
our case, the surface of the investigated samples has a higher
degree of structural order when compared to a purely
amorphous layer, as will be shown below. Notably, in addition
to the good agreement between the size distributions obtained
by different methods, our measurements confirm the absence
of potential larger nanoparticles, which could influence the
results of further experiments.”” Both the SAXS and XRD
techniques probe macroscopic amounts of SiQDs, ensuring
that the derived distributions represent the whole sample.
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Combining the macroscopic characterization with probing of 368

the whole core of QDs, SAXS is the method of choice for the
accurate determination of size distributions, while HRTEM
guarantees the accuracy of the absolute size measurements
obtained.**

The Fourier-transform infrared spectroscopy (FTIR)
characterization of the surface of SiQDs synthesized under
varying hydrogen flow is shown in Figure 2d. First, there is
only the negligible difference between the “fresh” and “aged”
varieties of the samples, including a low level of oxidation
evidenced by the weak ~1045 cm™" Si—O—Si peak. Thus, we
can conclude that medium-term storage time in nitrogen
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atmosphere at room temperature does not affect the surface of 380

the synthesized SiQDs to a notable degree. Furthermore, the
SiQDs synthesized in the 0—30-sccm H, flow keep a very
similar well-resolved spectral structure in both the §(*Si—H,)
bending-deformation spectral region at 600—700 cm ™' and at
the v(*Si—H,) stretching-mode region at 2000—2200 cm ™,
except for a somewhat different ratio of the mono-, di- and
trihydrides.”**” Following the well-established methodology
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Figure 3. (a) Idealized geometric models of SiQDs cut off from a perfect crystal so that certain types of crystalline facets on the surface are
exposed. The color coding highlights the different ratios of silicon hydrides in such structures. Adapted after® (CC BY license). (b)
Difference in SFE A SFE relative to the {111}-dominant faceted QD type with the lowest SFE values. The inset shows absolute values from
which A SFE was derived, see text for details. (c) Example of a geometry of a S nm natively H-passivated SiQD with {111} dominant faceting
relaxed by the classical force field. The color of the bonds indicates the difference of bond length from the bulk lattice constant, illustrating
passivation-induced strain. The bottom of the panel shows native bonding of hydride surface groups on different facets. (d) Geometry from
panel (c) was disrupted by the incorporation of *SiH; groups, simulating the extreme situation, where exactly half a layer of Si atoms was
etched away by hydrogen plasma. Only minor strain is induced. The bottom of the panel shows hydride bonding on the disrupted {111}
facet. (e) Geometry from panel (c), where Si—Si bonds at the {110}-like edge are broken and replaced by hydrogen to simulate the plasma
etching, leading to *SiH; groups. Significant strain is induced. The bottom of the panel shows hydride bonding on the disrupted {110}-like

edge.

presented in,” we deconvoluted the v(*Si—H,) stretching-
mode region into the individual components, as outlined in
Figure 2e.

The results of the surface-hydride analysis are presented in
Figure 2f. This analysis confirms that Si trihydrides are the
least common ones and that there is a roughly 1:1 ratio of
dihydrides and monohydrides on the surface of SiQDs.
However, a clear step-like change is detected with the addition
of hydrogen flow to the synthesis, when the relative ratio of
surface monohydrides drops in the 10-sccm sample but stays
the same for the 20-sccm sample. However, in the 40-sccm
sample, a clear change of the shape of the FTIR spectrum
occurs: the typical structure at the bending-deformation
spectral region at 600—700 cm™' disappears and the peak
slightly shifts, see Figure 2d. Moreover, the lines in the 2000—
2200 cm™' stretching-mode range broaden and merge.
Whereas the typical fwhm of the fitted lines is 25 cm™ in
the 0—30-sccm samples, apart from the first line wider
probably as a result of fitting of the minuscule tail at 2000
cm™, fitted peaks reach the fwhm of 40 cm™' and are much
less proportionate in the 40-sccm sample. Overall, the broader
FTIR peaks and change in spectral shape prohibit the
automatic application of the same deconvolution approach,
as the surface of this SiQDs clearly reverts to a less-ordered
state despite the structurally ordered core confirmed by Raman
spectroscopy. Even though the changes observed in the 2000
cm™! spectral region used for the surface-hydride analysis are
small, repeatability of the obtained results ensures that our
approach is valid.

To summarize, the structural characterization presented in
Figure 2a—c proves that the SiQD samples studied here are,

given the state-of-the-art synthesis protocols in this material, as
similar as possible in their internal structure, whereas their
surface properties can be tuned (Figure 2d—f) by changing
hydrogen flow in the plasma during synthesis. The three

different types of QDs support a different composition of 423

surface hydrides and also likely a structurally less ordered state
in the sample with the highest hydrogen flow. Also, no
detectable differences were found between the “fresh” and
“aged” varities of the sample, implying that no trapped
hydrogen is present in the porous sample and that storage time
in a nitrogen-filled glovebox before the measurement does not
influence the surface properties.

Dominant Faceting. The quantitative and qualitative
interpretation of FTIR spectra can be combined using models
of SiQDs. In general, models of SiQDs can be computationally
constructed with the structures being optimized to attain the
lowest total energy state simulating surface reconstructions, but
such calculations are extremely computationally costly and
have so far been performed only for smaller QDs.*” However,
as a first approximation, we can use a simple purely geometrical

424
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model of ideally crystalline SiQDs constructed by being cut off 439

from a perfect crystal and exposing certain facets,® see Figure

440 f3

3a. Clearly, a certain type of facet prevails on the surface of 441

these QD models, which we refer to as dominant faceting. The

SFE area densities of the relevant facet orientations are

DY = 1.23 J/m?, DIXY = 1.36 J/m? and DI = 1.43 ]/
SFE » DskE ) SFE

m2%° Using the analytic framework of® we can derive the

surface area per facet orientation for all three Si QD types as a

function of their size, see Section S1 in Supporting

Information. The multiplication of the above SFE density
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449 values with such specifically oriented surface areas yields the
450 total SFE per SiQD. The nominal unit for such SFEs at hand
451 would be femto-Joule (f]) which is somewhat difficult to relate
452 to general forces in the nanoscale range such as van der Waals
453 or Casimir—Polder forces. Therefore, we relate the SFE to the
454 number of Si atoms forming the respective QD, and convert
455 the energy units from fJ to electronvolt per atom. This way, we
456 obtain an SFE value per QD atom which can readily be related
457 to general nanoscale forces.

458 For the three Si QD topologies from Figure 3a, we show the
459 SFE values in the inset of Figure 3b. For comparing different
460 QD geometries, we need the difference in SFE (ASFE) relative
461 to a baseline given by the QD type with the lowest SFE values,
462 see Section S1 for details. This QD type is presented by the
463 quatrodecahedral Si QD with {111}-dominated faceting, see
464 Figure 3b. For QD sizes of around S nm as featured in our
465 work, we obtain a total SFE per QD of SFE_;; ~ 0.18 eV/QD
466 atom for the {111}-dominated geometry, of SFE 4, =~ 0.20
467 eV/QD atom for the {001}-dominated geometry, and of
468 SFE 110 & 022 eV/QD atom for the {110}-dominated
469 geometry. Due to the selectivity of chemical reactions, each
470 type of facet supports a certain type of hydride configuration as
471 becomes apparent from geometrical boundary conditions, see
472 Figure 3.

473 First, these SiQD models show a very low proportion of
474 trihydrides, which appear only at the “apexes”. The low
475 proportion of trihydrides is corroborated by our experiments,
476 even though the measured proportions are higher than what
477 would be expected from the idealized geometry. This finding
478 can be interpreted to the end that the increased amount of
479 detected *SiH; accounts for a non-negligible structural
480 disturbance on SiQD surfaces, forming small terraces with
481 numerous edges and atomic steps.”® Second, as demonstrated
482 by the analytic QD description in,” a model QD with dominant
483 {111} faceting is terminated dominantly with monohydrides,
484 but dihydrides are still non-negligible. The ideal dominantly
48s {001} faceted QD contains roughly a balanced proportion of
486 mono- and dihydrides, while exclusive {110} faceting leads to a
487 very high proportion of monohydrides on the surface.
488 Importantly, the very same pattern of the evolution of the
489 composition of hydrides occurs in our synthesized SiQDs. In
490 the sample synthesized without any hydrogen flow, mono-
491 hydrides are dominant according to Figure 2f and the 2080
492 cm™! FTIR line corresponding to hydrogen on Si{111} in bulk
493 is the strongest. In the samples synthesized with up to 30 sccm
494 hydrogen flow, mono- and dihydrides are roughly balanced,
495 similarly to the ideal geometrical model with dominant {001}
496 faceting. The single broader band at ~2100 cm™ in the 40-
497 sccm sample, where the mathematical deconvolution is no
498 longer valid, most likely corresponds to the vibrational bands
499 of monohydrides on several orientations of crystalline Si
s00 surfaces, possibly with the dominance of Si{110}.>"* The
so1 interpretation of an increased proportion of monohydrides
s02 incurred by H, etching in plasma in the 40-sccm sample is
s03 supported by the disappearance of its *Si—H, shoulder line at
504 695 cm™ at this sample.

505 Thus, even though the variability in the composition of
506 surface hydrides has been reported in the past,”**" we provide
507 a physical interpretation of this phenomenon. The additional
s08 H, flow in plasma, causing “etching” of the surface of SiQDs
509 and/or influencing the transfer of kinetic energy from Ar ions
s10 during the collisions with the forming particles, leads to
s11 different dominant faceting of the synthesized QDs, evolving as

—_

—

har

—_

—

@

{111} — {001} — {110} with increasing H, flow in the s12
synthesis gas. Our samples will be labeled using this notation, 513
see Table 1, apart from the 40-sccm sample, which will be 514
referred to as p{110}, where p stands for partial faceting due to sis
the likely more disordered nature of its surface. 516

This classification based on dominant faceting does not s17
imply that each of the synthesized SiQDs in the particular s18
sample has the shape shown in Figure 3a. Since the synthesis is 519
a highly nonequilibrium process, the forming nanoparticles s20
typically do not reach ideal faceted crystal structures. During s21
the formation process, apexes and edges are the least stable s22
parts, most accessible to potential cleavage. Therefore, the s23
surface is likely made up by a larger number of facets, forming s24
smaller terraces.”® Such a multifaceted nanoparticle, albeit s2s
assuming embedding in an SiO, matrix in their case, was 526
constructed theoretically by Hadjisavvas et al.>’ Their 527
calculation produced a 5 nm SiQD with 42 facets of three s28
types. In our experimental study, we propose an analogous 529
situation: we argue that a realistic QD, unlike the idealized s30
models from Figure 3a, typically has a larger number of facets, s31
with edges and apexes possibly eroded.”* Such a complicated s32
polyhedral shape is basically indistinguishable from a spherical 533
one using classical HRTEM imaging, let alone for a s34
macroscopic number of QDs. However, a certain type of the s35
exposed surface is dominant. We propose that, when s36
experimentally probing a macroscopic set of QDs, the s37
preference for a certain type of surface, or dominant faceting, s3s
is the key property regardless of the spatial distribution of these s39
facets on the surface of the QD. Thus, a set of SiQDs with one s40
type of dominant faceting will exhibit an average characteristics s41
in analogy to the corresponding bulk material, e.g. in its s42
thermal properties. 543

During the formation of a nanoparticle, the details of the s44
quasi-spherical polyhedral shape are a result of the local s4s
minimization of strain energy originating in bond-length and s4s
bond-angle distortions. A thorough analysis of the synthesis s47
process and atomistic details of the surface of realistic particles s48
are beyond the scope of the current article. Nevertheless, it is s49
fairly certain that the limited reaction time, energy, and varying sso
volume flux density of the SiQD precursor SiH, in the ss1
nonthermal plasma results in different SiQD geometries, of ss2
which many are “frozen” in a premature stage by the limited ss3
time-energy integral during their formation. To gain some ss4
insight into the relation between crystalline facets, surface sss
passivation and the formation of the nanoparticles in ss6
hydrogen-enriched plasma, we calculated local strain of Si—Si ss7
bonds induced by the presence of different hydrides for three sss
limiting model situations using the classical force field ss9
simulations based on FireCore.”" First, a {111}-dominantly seo
faceted SiQD with the diameter comparable to the QDs we s61
synthesize was constructed (see Figure 3c). In addition to se
{111} facets, this model also has {001} facets to mimic the s63
observed spherical shape. The edges between the {111} and se4
{001} facets are structurally equivalent to {110} facets. Already s6s
in this natively passivated model, the less stable {001} facets s66
are slightly tensile-strained by the steric repulsion of the s67
natively passivating *SiH, groups, whereas the {111} facets are ses
completely bulk-like. To simulate hydrogen “etching”, this se9
geometrical model was disrupted by removing the topmost Si 570
atoms and artificially repassivating the bonds with *SiHj s71
groups. When such disruption was applied to the {111} s72
facet, see Figure 3d, the passivating *SiH; groups sterically fit 573
rather well and produce only minor strain, comparable to or 574
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Figure 4. Characterization of the thermal properties of SiQDs by simultaneous measurements of differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and mass spectrometry (MS). (a) DSC and TGA measurements of SiQD-{111} (solid curves) and
commercial Si nanocrystals (170 nm, the dashed curves). The studied temperature range is divided into four zones based on the prevailing
effects responsible for the release of energy. (b) Elemental analysis of selected species released/consumed during the annealing of SiQD-
{111}. Ranges of reported dissociation temperatures for *Si—H,, species are also included.>>%*%5%6 (¢) Combination of the DSC and MS
curves from panels (a) and (b) plotted in one graph to facilitate the comparison. These curves are complemented with a derivative of the
TGA curve (dTGA) from panel (a). (d) Comparison of the DSC and TGA curves of the three studied SiQD samples. (¢) DSC-based onset
temperatures marking the onset of energy release in the four zones identified in panel (a) for the three studied SiQD samples. The inset
directly compares the TGA-derived temperature ranges marking different oxidation processes, corresponding to the individual zones in the
studied samples. (f) Origin of released hydrogen for the three studied samples. The analyses presented in all panels were performed in an
oxidizing (10% O,/Ar) atmosphere, with the exception of panel (f), which reports released hydrogen under an inert atmosphere (pure Ar),

where the presence of oxygen cannot interfere with its detection.

even smaller than that in natively *SiH,-passivated {001}
facets. We do not expect the presence of *SiH; groups at
{001} facets as the removal of an Si layer at this facet recovers
the *SiH,-pasivated {001} surface (just rotated by 90°).
However, the disruption of the {110}-like edge produces
sterically hindered *SiHj, see Figure 3e, which face each other
due to the geometry of the underlying crystal lattice, causing
significant tensile strain to nearby Si—Si bonds. In realistic
nanoparticles, this local strain would make these bonds more
reactive and prone to further etching and can even lead to
reorganization of the surface. Thus, we put forward a
hypothesis that the local strain, especially at the {110} edges,
leads to the lower thermal stability and increased reactivity of
hydrogen-“etched” SiQDs as well as to the observed nonideal
quasi-spherical shape.

The different dominant faceting is associated with increasing
surface energy E,y, with Egjyyy < Eqgopy < E{110}6’50 and with
increased local strain on the facets. Therefore, we predict that
the presence of H, in the synthesis gas leads to SiQDs
structures with higher SFE and thus lower thermal stability.
The first piece of evidence supporting the lower thermal
stability of higher-SFE samples is the measurement of ignition
temperature of the SiQD samples shown in Figure S8. These
measurements clearly indicate that lower-SFE samples are
systematically ignited at lower temperatures. The lower
thermal stability is also supported by the analytic SFE
calculations above which clearly show a maximum SFE for
the {110} facets. Therefore, SiQDs with an increased fraction
of {110} facets become thermally less stable and are prime

candidates for a pyrophoric reaction in air at the minimum
possible temperature. )

In the theoretical study by Hadjisavvas et al,>® the {001}
interface was found to be the most stable one because they
consider a system of SiQDs embedded in surface-bonded
oxide. Here, we focus on free-standing hydrogen-terminated
SiQDs. As hydrogen termination is known to influence the
electronic properties of SiQDs to only a very small extent,*
the stability trend we propose in our system reflects the purely
structural SFE of silicon surfaces.”

607
608

612

Thus, the term of 613

dominant faceting we introduce here, using the case study of 614

hydrogen-terminated SiQDs, can be generalized to other

615

systems. In ligand-terminated QDs, a prevalent type of 616

crystallographic surface in a highly polyhedral, quasi-spherical
QD can be linked to the composition of the surface ligands as
in our case. In more complicated systems, the difference in
interfacial energy corresponding to individual facets will be
minimized, but the quasi-spherical shape with dominant
faceting can still prevail.

Energy Density. For assessing the energy density of our
synthesized SiQDs, we carried out calorimetric measurements
in pure oxygen, see Figure S9. The calorimetric measurements
were performed separately for the “fresh” and “aged” varieties
of the samples, but no statistically significant differences were
observed. Thus, the “fresh” and “aged” varieties of samples
were grouped together. (One exception was the p{110}-fresh
SiQD sample, which burnt when introduced to the calorimetric
chamber and therefore could not be characterized.) The
measured values of released energy (32.0—32.6 kJ/g) are equal
to the theoretical limit of the gravimetric energy density in
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634 silicon, confirming that all the silicon present in the sample is
635 indeed surface-oxidized, as has already been suggested by the
636 clear white color of the Si nanoparticles after combustion in
637 Figure la. As a comparison, we also performed calorimetric
638 measurements of commercial Si nanocrystals with the diameter
639 of about 170 nm, which, in contrast to SiQDs, burnt only
640 incompletely and their released energy was lower by about
641 15%, see Figure S9. Thus, reaching the theoretical limit of
642 released energy in SiQDs was made possible by the nanometer-
643 sized nature of the sample with its high surface-to-volume
644 ratio.’

645 The calorimetric measurements of oxidized, as opposed to
646 hydrogen-terminated, SiQD-{111} sample showed a modest
647 decrease in released energy to 30.5 kJ/g. The decrease is easily
648 understandable because in an oxidized SiQD sample, the
649 oxidized surface bonds cannot release any energy. Using a

=

ss0 Simple estimate based on a geometrical model,’ about % of

651 bonds in a 5 nm SiQD are interfacial and the energy contained
652 in the in the “surface” Si—H bonds makes up about 3—5% of
653 the energy originating in the “volume” Si—Si bonds, depending
654 on dominant faceting. In accordance with this estimate, the
6ss energy density of the H-terminated samples is by about five
6s6 percent larger than that of the oxidized sample. This estimate
657 also indicates that the relative differences of the gravimetric
6s8 density based on varying dominant faceting and different
659 content of hydrogen are very small, in the range of 1-2%,
660 again in accordance with Figure S9. Thus, in our set of
661 samples, nearly the same amount of energy is released during
662 oxidation, regardless of dominant faceting and the composition
663 of surface hydrides. However, as a result of the highest density
664 of surface bonds,’ the relatively highest amount of Si—H-
665 originating energy (5%) should be present in the {001}-
666 dominated sample. Again, Figure S9 suggests the very same
667 tendency, even though the difference is close to the
66s experimental error. Also, the {001} facets chemisorb the
669 highest amount of hydrogen, whereby it is also plausible that
670 such H atoms initiate the oxidation process in SiQDs.

671 Thermal Properties of SiQDs. In order to understand the
672 phenomena responsible for the flammability of SiQDs
673 presented in Figure 1 and to verify if the dominant faceting
674 introduced in Figure 2f and SFE influence the thermal
675 properties of SiQDs, we performed simultaneous differential
676 scanning calorimetry (DSC) measurements, thermogravimetric
677 analysis (TGA) and mass spectrometry (MS). As no detectable
678 differences between the “fresh” and “aged” varieties of the
679 samples were found, the storage time before measurement was
680 disregarded as a potential parameter and the “fresh” and “aged”
681 varieties were no longer distinguished. These measurements
682 were conducted in the temperature range from 25 to 1100 °C
683 (unless specified otherwise) in both, 10% O,/Ar atmosphere,
684 referred to as “oxidizing”, and pure Ar atmosphere, referred to
68s as “inert”. As samples, we used the three types of SiQDs and
686 the commercial SiNCs listed in Table 1.

687  Prior to the discussion of the SiQD samples, it is important
688 to discuss the effects present in a typical commercial
689 nanostructured Si (c-SiNCs, diameter 170 nm), which does
690 not exhibit low-temperature ignition and is surface-oxidized. Its
691 behavior during annealing under oxidizing atmosphere is
692 shown in Figure 4a by the dashed curves. The slowly increasing
693 DSC curve with two visible broad bands with onset
694 temperatures of 80 and 830 °C confirms a slow gradual
695 release of energy during annealing. Moreover, the increase of

—

—

the TGA curve implies that the c-SiNCs sample gains weight. 696
Initially, the increase of mass is only by about 6 (w/w)% in the 697
temperature range 300—800 °C, and the subsequent significant 698
rise continues to 1350 °C, reaching 64 (w/w)%. This sample is 699
not fully oxidized after the annealing. MS measurements did 700
not detect any signal related to any monitored compounds or 701
fragments except for the ongoing consumption of oxygen (see 702
Figure S10). Thus, as the sample underwent the initial surface 703
oxidation, the only two effects observed in c-SINCs during 704
annealing are connected with (i) the slightly exothermic 70s
structural rearrangements of surface oxide at temperatures 706
<800 °C and (ii) the diffusive oxidation of the Si core at high 707
temperatures (800—1350 °C). This interpretation is further 70s
validated by the thermal characterization of surface-etched 709
partially hydrogen-terminated commercial Si nanocrystals (H- 710
¢c-SiNCs). The corresponding DSC and TGA curves are shown 711
in Figure S11 and the MS curves are presented in Figure S10. 712
During annealing, the DSC and TGA curves of H-c-SiNCs 713
followed a similar trend as the one observed in oxidized c- 714
SiNCs under oxidizing atmosphere. Virtually no effects in the 715
whole 25—1000 °C temperature range under inert atmosphere. 716
One subtle difference is a hint of an exothermic effect in the 717
DSC curve starting at around 250—300 °C, see Figure Slla, 718
which is likely connected with the surface dehydrogenation 719
and oxidation of this sample. Moreover, the diffusive oxidation 720
effect clearly starts and finishes at lower temperature for the 721
partially oxidized nanocrystals (H-c-SiNCs), which is due the 722
thicker oxide shell in ¢-SiNCs, which represents a higher 723
barrier for the oxidation process. These results corroborate the 724
well-known stability of silicon structures, in which the bulk of 725
the material is susceptible only to diffusive oxidation at high 726
temperatures.>'® Clearly, this stability persists even at 727
relatively small sizes of the nanostructures of about 170 nm. 728

In contrast to simple nanostructured Si, SiQDs show a much 729
wider variety of processes during the annealing process. As 730
illustrated in Figure 4a for the SiQD-{111} sample, the studied 731
temperature range can be divided into four different zones. 732
The onset temperatures of the weight-gaining processes 733
(oxidation) in the TGA curve mark the end points of the 734
intervals: Zone 1 ranges from 25 to approximately 180 °C with 735
no increase in weight of the sample, followed by Zone 2 from 736
180 to 450 °C with 25 (w/w)%, then followed by Zone 3 737
between 450 and 720 °C with a 35 (w/w)% increase and, 738
finally, Zone 4 from 720 to 1050 °C with a 44 (w/w)% 739
increase. After heating, the SiQD sample is fully oxidized, as 740
corroborated by the change in its ambient-lightning color from 741
beige-orange to white, see Figure S12. The total relative weight 742
increase during the heating process reaches 104 (w/w)%, 743
which is slightly lower than the theoretical value of 114 (w/ 744
w)% in an ideal sample made up solely by silicon atoms 7ss
undergoing complete oxidation. As a reference, TGA measure- 746
ments of the SiQD-{111} sample under inert atmosphere 747
showed only minor changes, see Figure S11d, namely a small 748
decrease of about 1 (w/w)% in the interval from 235 to 500 749
°C, which can be explained by the release of hydrogen, and a 750
slow continuous relative weight rise of about 2 (w/w)% up to 7s1
1100 °C (Figure S13a), which likely results from weak 752
oxidation caused by either adsorbed water or trapped oxygen, 753
or tentatively impurities in the carrier Ar gas (Figure S13c). On 754
the whole, there is a marked difference in the DSC curves 7ss
between commercial nanoparticles and SiQDs under oxidizing 7s6
atmosphere. This difference results from a variety of processes, 757
which will be explained in detail in the following paragraphs. 7s8
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759 The summary of DSC/TGA/MS results is shown in Figure
760 4. First, we focus on a representative SiQD-{111} sample as
761 Figure 4ab compares their DSC/TGA and MS curves with
762 those of ¢-SiNCs. Figure 4c then shows the DSC/MS curves
763 for the representative SiQD sample for comparative purposes
764 and plots the derivative of TGA (dTGA). This derivative
765 highlights the portions of the TGA curve where changes occur.
766 Thus, the good correspondence between the DSC and the
767 dTGA curves in Figure 4c demonstrates that the detected
768 exothermic processes are connected with the increase of
769 sample weight (through oxidation). Next, the influence of SFE
770 on the surface reactivity of SiQDs, in particular the
771 dehydrogenation and thermal oxidation of their surface, is
772 discussed separately, see Figure 4d—f. The processes are
773 described using two types of temperature labeling: TGA-based
774 temperature intervals, marking the individual oxidation-related
775 zones, and DSC onset temperatures, which indicate the
776 temperatures at which the release of energy starts. Please
777 note that we opted to classify the zones based on oxidation
778 processes, which do not include dehydrogenation. The latter
779 process is therefore not in close alignment with the chosen
780 boundaries of the zones (see Figure S).

Oxidation zones
Low Sub-oxides  SiO,Shell Diffusive oxid.
i
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i i
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Figure S. Schematic summary of the observed trends in SiQDs
compared to commercial partially hydrogen terminated c-SiNCs,
serving as a guide for tuning energy storage properties and its
release. The different TGA-based oxidation zones are shown by
different colors, the energy-release DSC onset temperatures are
shown as the red dashed lines. Temperature ranges in which
hydrogen is released are indicated by the dark blue stripes.
Detection of water, most of which originate from released
hydrogen reacting with oxygen before detection, is marked by
the green stripes. The detection of solely water in the 600—700 °C
range in the SiQD samples comes from hydrogen released from
ruptured agglomerates. The main properties of the individual
samples are listed. Please note that the H-c-SiNC sample also very
likely undergoes a small degree of oxidation around 600 °C, where
released hydrogen is detected. However, due to a much smaller
relative surface-to-volume ratio in these large nanoparticles, the
oxidation effects are difficult to detect.

781 Zone 1 (Relaxation of Surface and Structural Defects).
782 The changes occurring in Zone 1 in the temperature range
783 25—180 °C in SiQD-{111} under oxidizing atmosphere are
784 not connected with any weight gain, as is clear from the TGA
785 curve in Figure 4a,c, thus, no oxidation takes place. However,
786 the DSC curve (Figure 4a) features a weak exothermic event

with onset temperature at 79 °C (T, = 130 °C). As is evident
from the measurements under inert atmosphere, a small
amount of hydrogen (onset temperature 70 °C) is released in
this temperature range, see Figure S13c. Very likely, some
hydrogen is released also under oxidizing atmosphere, and it is
partially transformed into water before detection while oxygen
is consumed, see Figure 4b. The release of hydrogen in Zone 1
is unlikely to originate in the thermal breaking of Si—H, bonds,
since the temperature is too low.>?93855°¢ Therefore, the
process responsible for the exothermic event occurring in Zone
1 is the relaxation of surface and structural defects,” and or,
alternatively, the out-diffusion of H, from interstitial sites
within the SiQD lattice.

Zone 2 (Backbond Oxidation, Hot Spots, and Dehydro-
genation). A wide range of effects occurs in Zone 2 in the
temperature range of 180—450 °C in SiQD-{111} under
oxidizing atmosphere: there is a weight gain related to
oxidation (Figure 4a, TGA), which is highly exothermic
(Figure 4a, DSC) and accompanied by the release of hydrogen,
small amounts of SiH, and SiHj; radicals and even water
(Figure 4b). At the start Zone 2, backbond oxidation,
proceeding primarily through the breakage of the bonds
between surface Si atoms, starts to play an important role.”*’
However, unexpectedly high amounts of released hydrogen
were detected at sample temperatures even below 200 °C, see
the MS H, curve in Figure 4b. Typically, higher surface
hydrides *Si—H,,; dehydrogenate in the 200—400 °C
temperature range in nanocrystalline silicon, whereas stronger
monohydrides *Si—H dehydrogenate at even hiégher temper-
atures at 400—600 °C, see Figure 4 76385556 pleage note
that the difference in dissociation temperatures results from
activation energies of the dissociation processes, which can
substantially vary in surface hydrides with different composi-
tions and even on different surfaces.”®>” The breakage of Si—H
bonds in higher hydrides observed here can be explained by
the formation of hot-spots within the sample locally at higher
temperature as a result of the poor heat conductivity of SiQDs
in powder form.® The subsequent exothermic reaction,
evident in the DSC curve with the onset at about 240 °C
(Tmax = 309 °C) most likely accelerates the process of H
release by out-diffusion. It results also in the dehydrogenation
of the stronger Si—H bonds in monohydrides, as most
hydrogen including that in the monohydrides is released
within Zone 2, see the MS H, curve in Figure 4b. In addition
to H,, the detected water also signifies the release of hydrogen
under oxidizing atmosphere, as hydrogen can be partially
converted to water before detection. The same measurements
carried out under inert atmosphere (Figure S13b) are helpful
in revealing the structural changes in the absence of oxidation.
Here, the dehydrogenation occurs in a somewhat wider
temperature range and its slower progression results from a
smaller influence of hot-spots due to the absence of oxidation
as an additional exothermic effect promoting H release in any
form. The dehydrogenation under inert atmosphere lacking the
oxidation-related acceleration is evidenced by the MS H, peak
with onset at 150 °C and a side shoulder with onset at 330 °C
(Figure S13c). These two peaks are likely connected to the
dehydrogenation of higher hydrides and monohydrides,
respectively, based on the relative strengths of the two types
of bonds.”******% Virtually no water and about twice as
much hydrogen is detected under inert atmosphere as
compared to the oxidizing ambient because released hydrogen
cannot be effectively transformed to water before detection.
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850 The amount of energy released under the two atmospheres is
851 comparable up to about 240 °C, above which oxidation leads
852 to a more rapid energy release under oxidizing atmosphere.
853 Similarly, the Si—H,; species are also not detected under inert
854 atmosphere, implying that their release is driven by surface
8ss oxidation. Thus, we clearly show that the co-occurrence of
856 oxidation and dehydrogenation is the driving factor for the
857 highly exothermic processes in Zone 2, being responsible for
8s8 the sharp DSC peak absent in other types of nanostructured
859 silicon or under inert atmosphere.

ss0 Zone 3 (Residual Dehydrogenation and Rupture of
ss1 Agglomerates). At the beginning of Zone 3, which extends
862 between 450 and 720 °C in the SiQD-{111} sample under
863 oxidizing atmosphere, oxidation progresses through the
864 transformation of separate suboxide fragments into a compact
865 layer, just a few atomic monolayers thick,****®" as evidenced
866 by the weight gain (Figure 4a, TGA) and the ongoing
867 consumption of oxygen (Figure 4b). Furthermore, dehydro-
868 genation of the residual monohydride species not yet
869 dehydrogenated due to hot-spots proceeds, as confirmed by
870 the MS H, peak (Figure 4b) and by the broader peak with a
871 gradual increase and onset temperature of 485 °C in the DSC
872 curve (Figure 4a). In addition, the DSC curve shows a sharp
873 and strongly exothermic effect with maximum at 672 °C and a
874 temperature range of 630—700 °C. This effect was observed in
875 the past,””> and was attributed to the crystallization of Si
876 nanoparticles”> or to diffusive oxidation.” We disagree with
877 both these interpretations because (i) our SiQDs are already
s78 crystalline, (ii) the energy release in the temperature range
879 from 630 to 700 °C significantly exceeds the amount to be
880 expected from a mere relaxation of Si atoms from a disordered
881 into a more ordered phase, and (iii) diffusive oxidation
8s2 proceeds at later stages of the heating process, as shown below.
883 A peculiar feature of this process is the detection of high
8s4 amounts of water and the consumption of oxygen with no
8ss detectable release of hydrogen at 675 °C (Figure 4b). Clearly,
886 at temperatures above 600 °C the sample should be free of
887 hydrogen and water. Therefore, we ascribe this effect to the
gs8 rupture of agglomerates of SiQDs. Si nanocrystals are known
889 to form agglomerates and aggregates strongly bonded via the
800 growing surface oxide, starting at the very early stages of
891 oxidation.” Going through Zone 2, SiQDs first oxidize and
892 agglomerate, which results in the sealing of microvoids in
893 between SiQDs. Then, the dehydrogenation of silicon hydrides
804 occurs throughout Zones 2 and 3. After reaching a critical
80s temperature of 630 °C, the agglomerates are no longer stable
896 as a result of high temperature and the overall stage of
897 oxidation. Therefore, the agglomerates rupture, the remaining
898 trapped hydrogen is released and is detected as water after it
899 was oxidized. Moreover, the exposition of the as of yet
900 unoxidized SiQD surfaces results in oxidation (see the peak in
901 the TGA curve in Figure 4a), which is rapid and highly
902 exothermic. Our interpretation is corroborated by measure-
903 ments under inert atmosphere, where neither the exothermic
904 DSC effect (Figure S13b) nor the detection of higher amounts
905 of hydrogen or water (Figure S13c) occur, because the absence
906 of oxidation did not lead to the formation of agglomerates.
907 Thus, the driving factor behind the second sharp exothermic
908 effect observed during the thermal oxidation of SiQDs is the
909 rupture of oxide-bonded agglomerates and the subsequent
910 oxidation of the newly exposed surfaces. In a nutshell, Zone 3
o11 could be described by thermal cracking with subsequent
912 oxidation of the exposed Si surfaces.

-

—_

—

Zone 4 (Diffusive Oxidation). In the last Zone 4, extending 913
between 720 and 1050 °C in the SiQD-{111} sample under 914
oxidizing atmosphere, the oxidation of silicon in SiQDs is 915
completed via diffusive oxidation. This interpretation is 916
confirmed by the continuous rise in TGA, the peak in the 917
DSC signal with onset temperature at 707 °C and T,,,, = 892 918
°C (Figure 4a), the absence of any effects under inert 919
atmosphere (Figure S13) and the continuous consumption of 920
oxygen (Figure 4b). The rupture of agglomerates occurring in 921
the preceding zone facilitates the diffusion of oxygen to the 922
cores of SiQDs and contributes to the completion of the 923
oxidation process at lower temperatures. 924

Changes in Thermal Properties with Dominant 92
Faceting. The overall TGA-derived weight gain is very similar 926
regardless of dominant faceting, signifying that the difference 927
in the amount of surface-bonded hydrogen in the three types 928
of samples under study is not significant, at least in terms of its 929
relative weight. The differences in the three samples will be 930
discussed for the individual zones separately. 931

Zone 1. The main difference observed in the other two 932
samples with higher SFE during the surface and defect 933
relaxation stage is the lower DSC onset temperature (around 934
50 °C, see Figure 4d,e), implying that the energy release begins 935
at lower temperatures. Moreover, in agreement with the 936
increased percentage of less stable higher surface hydrides as 937
shown in Figure 2f, the {001} sample, in contrast to {111}, 938
releases much more hydrogen before reaching Zone 2, see 939
Figure 4f. This effect is especially apparent in the MS curves 940
under inert atmosphere (Figure S14). 941

Zone 2. Within the backbond oxidation and dehydrogen- 942
ation stage, both the samples with higher SFE released about 943
30% more energy than {111}, see Figure 4d. The dehydrogen- 944
ation process at 200 °C differ considerably on a per-sample 945
basis, see Figure S14. The least amount of hydrogen is released 946
by the medium-SFE sample {001}, because its much more 947
profound dehydrogenation had occurred already in Zone 1. 948
Also, the side shoulder of the MS H, peak attributed to the 949
dehydrogenation of surface monohydrides is the least evident 950
in the {001} sample, which has the lowest proportion of 9s1
surface monohydrides, see Figure 2f. The DSC onset 952
temperature of Zone 2 gradually shifts to lower temperatures 953
(Figure 4e) with increasing SFE down to roughly 100 °C at 954
p{110}. This downshift correlates well with the expected lower 9ss
stability of the higher-SFE samples. 956

Zone 3. In the zone characteristic for residual dehydrogen- 957
ation and rupture of agglomerates, there are detectable 9s8
differences in the initial dehydrogenation stage. In good 959
agreement with the composition of surface hydrides (Figure 960
4d), no hydrogen is released by the {001} sample which has a 961
higher proportion of less stable higher hydrides. On the other 962
hand, the MS H, peak of the p{110} sample predominantly 963
terminated by monohydrides (Figure S14f) still has a o6
detectable tail here, see Figure 4f. The onset temperatures of 965
Zone 3 are almost the same for all three samples, see Figure 4e, 966
because the outermost atomic shells of the QDs, which have 967
already been covered with a monolayer of oxide, are not as 968
sensitive to the silicon surface bonds and dominant faceting as 969
in the initial stage of oxidation. After exceeding 650 °C and the 970
rupture of agglomerates, the most energy is released by the 971
medium-SFE sample {001}, which is a consequence of its most 972
complex composition of surface hydrides getting decomposed. 973
This decomposition causes its highest propensity to agglom- 974
erate. 975
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Zone 4. The only significant difference between the three
samples in the diffusive-oxidation zone is the lowering of both
the TGA and the DSC onset temperature and the lowering of
the temperature when the oxidation is finished (Figure 4d).
This effect results from (i) a lower stability of the higher-SFE
QDs and/or (ii) a somewhat smaller size of the more surface-
etched, higher-SFE QDs.

We therefore, despite the complicated trends observed
during the thermal oxidation of SiQDs, successfully explained
the evolution of the DSC/TGA/MS curves in all the SiQD
samples based on the existing knowledge of oxidation and
dehydrogenation in nanostructured silicon. The key factors
driving the processes are differences in SFE and the closely
related differences in the composition of surface hydrides. Our
description successfully explains even the observed hydrogen
released in the highest-SFE partially structurally disordered
SiQD-p{110} at relatively higher temperatures when compared
to the other two types of samples, which would not be an effect
intuitively expected. Thus, these results underline the
importance of SFE and dominant faceting in the properties
of QDs.

Dominant Faceting versus Size Dependence. In
principle, the differences in surface reactivity could be caused
by the slightly different size distributions of the synthesized
nanoparticles (see Figure 2c). There are several arguments
against this interpretation. A preliminary assessment of the
extent to which the size and dominant faceting influence SFE
can be based on our calculations from Figure 3b using mean
sizes of the individual samples. This analysis shows that, for an
~S nm QD, the changes in SFE induced by these two factors

meV

QD atom
reactivity experiments probe the whole size distributions rather
than just the mean sizes. Thus, the overlap of the distributions
of 0.75 and 0.88 as characterized by the Bhattacharyya
coeflicient reduces the impact of size even further. Moreover, a
closer look at the HRTEM-derived histograms in Figure S6
reveals that the size distribution of the {111}-dominantly
faceted sample could be slightly bimodal, which is an
additional factor contributing to the overlap of the first two
distributions. Importantly, the inherent connection between
size and SFE is strictly monotonous, see Figure 3b. In contrast
to a monotonous trend, in our experiments, the {001}-
dominantly faceted middle-SFE (and medium-sized) sample
exhibits a detectably nonmonotonously different dynamics of
the dehydrogenation process, clearly determined by its
dominant faceting rather than size-induced SFE changes, see
Figure 4f. Therefore, our experiments justify the proposed
assignment of dominant faceting as an important factor in
surface reactivity.

Tuning of Thermal Oxidation in Silicon Quantum
Dots. The trends observed during the thermal oxidation
process are schematically summarized in Figure 5. This scheme
clearly shows how higher SFE leads to the lowering of the end
points of the TGA-based temperature intervals for the
individual stages of thermal oxidation. The exception to the
rule here is, quite intuitively, the Zone-3 growth of a thicker
SiO, shell on an already oxidized surface. Moreover, the DSC-
based onset temperatures also decrease with increasing SFE
with the exception of Zone-3 residual dehydrogenation.
However, the subsequent agglomerate-rupture-related energy
release is finished at lower temperatures in higher-SFE samples.

are at least comparable (x20 — 30 ). However, surface

The release of hydrogen is then influenced by both the SFE
and the composition of surface hydrides.

An interesting feature observed in Zone 1 is the relatively
high amount of released energy, especially considering DSC
measurements under inert atmosphere, see Figure S11c, where
no energy can be released from hydrogen. Therefore, we
attribute the energy released in this temperature range to the
structural reorganization of the surface. In general, structural
relaxation in a similar temperature region was described mostly
in glassy systems.G3 However, an analogic phenomenon can
occur in Si (or other) QDs. The exothermic structural
relaxation results from the increased fluidity or mobility of
atoms due to the increase of free volume, which is the
difference of an average volume per molecule/atom in the
liquid and its van der Waals volume.

Figure 5 provides a guide for the tuning of the thermal
properties of SiQDs via dominant faceting. Clearly, ignition
temperatures as low as 150 °C are attainable in SiQDs if
desired. However, if need be, the energy release in the Zone-2
temperature range can be bypassed by performing slow natural
oxidation under ambient conditions. In such an oxidized
sample, major energy release would come from the Zone-3
rupture of agglomerates at much higher temperatures >600 °C.
This scenario very likely occurred, perhaps inadvertently, in the
study of the combustion of amorphous Si nanoparticles,®
where, similarly to our measurements, the DSC curves of H-
terminated Si nanoparticles showed a major peak at low
temperatures around 200 °C. However, ignition of a
nanoparticle-based composite happened at much higher
temperatures (>700 °C). This discrepancy is likely to have
been caused by a thin layer of oxide on silicon nanoparticles in
the combustion experiments, formed during the ultrasonica-
tion step when the nanocomposites were prepared. It appears
that in their’ combustion experiments, the silicon nano-
particles were no longer H-terminated and the ignition was
initiated by the hydrogen released after the rupture of the
agglomerates. This example illustrates how, using a combina-
tion of SFE and surface chemistry, the ignition temperature of
Si nanoparticles can be tuned from temperatures as low as 150
°C to >700 °C.

Apart from ignition-related properties useful for energetic
applications,” Figure 5 also hints toward the possibility of using
SiQDs for hydrogen storage since hydrogen release can be
achieved under various conditions. Even though our findings
represent fundamental characteristics of this material, the main
motivation drivin% this research is the potential of havin
resource-efficient”’ material with inherently low toxicity”
since silicon is the second most abundant element in the
Earth’s crust and a trace element in humans. Unlike other
traditional energy-storage materials, silicon is so biocompatible
that high-quality SiQDs can even be synthesized using rice
husks, which is agricultural waste, as the source of silicon.®*
Naturally, countless other issues need to be resolved before a
potential production roll-out, including the reversibility of the
oxidation reaction leading to highly stable products. Whereas
complete oxidation including the Zone-4 diffusive stage is very
likely irreversible because the QDs are destroyed, the
reversibility of the surface backbond oxidation is currently
being tackled in silicon-air batteries.”' Interestingly, plasma
synthesis of silicon nanoparticles itself has already been
commercialized. Slightly larger silicon nanoparticles (~12
nm) formulated into a screen printable ink are already available
as a selective emitter layer in silicon solar cells by Innovalight
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Corporation.”® Besides, the utilization of silicon is considered
in Li-based batteries,"”®” partially because Si nanoparticles and
QDs can accommodate expansion.

While thermal oxidation was chosen as the studied process
here because SiQDs are highly prone to oxidation and readily
oxidize when exposed an environment containing oxygen
species, it is also possible to tune the energy-storage properties
by changing the reactive environment. However, such a study
is beyond the scope of this article.

Mechanism of Ignition. The combined measurements
allow us to identify the processes responsible for the relatively
low-temperature ignition of Si nanoparticles reported in
Figures 1 and S8. The initially proposed possibility of the
combustion being linked to trapped hydrogen was proven
wrong by experiments using the “fresh” and “aged” varieties of
samples. These experiments demonstrate that the amount of
trapped, not chemically bonded hydrogen is negligible. Thus,
the low-temperature combustion is linked almost exclusively to
the highly exothermic hot-spot-driven processes occurring at
the beginning of Zone 2. Several factors influence the observed
ignition process. First, in 6general, SiQDs are known to have
low thermal conductivity.”” Based on calculations presented
in," the effective thermal conductivity k. of our samples

(porosity 0.77) is roughly 0.1 %, which is much closer to air (
Ky ~ 0.03 — 0.04— at 30-200 °C) than to silicon (
kg = IOO% at 30—200 °C). These conditions favor the

backbond-oxidation-driven formation of hot-spots locally at
much higher temperatures, as locally, temperatures around 400
°C can be reached solely as a result of absorption of light.””
Such temperatures are well within the temperature range of the
typical dehydrogenation of silicon hydride bonds, see Figure
4b. Next, the oxidation of hydrogen in contact with air results
in a gaseous reaction product diffusing away (vs SiO, staying
put as a solid), and a considerable amount of thermal energy is
being passed on to neighboring Si atoms as a result of
dehydrogenation. Thus, the released hydrogen provides
sufficient energy to drive further dehydrogenation and, finally,
also the diffusive oxidation of the whole volume of the sample.

The ignition temperature is lower in amorphous nano-
particles, see Figure 1d, as, in accordance with the trends
reported in Figure S5, the thermal oxidation processes start
earlier in less structurally ordered nanoparticles. In addition,
amorphous Si nanoparticles can store and thus also release
higher amounts of H when heated. Since H is much more
reactive in bonding with oxygen as compared to Si, a catalytic
Si oxidation due to local heat transfer from H undergoing an
oxyhydrogen reaction lowers the combustion temperature of
amorphous Si nanoparticles.

On the contrary, when the combustion process is initiated
by light absorption rather than by heating, light is absorbed
primarily by nanoparticles, which are insulated from one
another by air. Here, the key factor driving the combustion
process is the dissipation of heat from the nanoparticles to the
surrounding air. Therefore, this process is unlikely to be
strongly dependent on the degree of structural order, instead, a
difference between fully amorphous and structurally ordered
nanoparticles can be expected. This expectation is confirmed
by the trends observed in Figure 1d,f.

No ignition analoguous to that described in Figure 1 was
observed in the DSC experiments. The lack of this effect can
be caused by (i) a lower oxygen content in the oxidizing

atmosphere during the DSC/TGA/MS measurements and (ii)
faster heating rates in the ignition experiments, which lead to
more pronounced hot-spots and (iii) the pumping present in
the DSC/TGA/MS measurements, which causes the outflow
of the reaction byproduct from the reactor so that it could be
analyzed.

Other Considerations. As a result, surface properties,
thermal properties and the overall stability of SiQDs can be
tuned by SFE. In this regard, synthesis in nonthermal plasma
could be the ideal method for SFE tuning. The two other most
frequent competitive methods capable of producing SiQDs are
electrochemical etching71 and thermal annealing of Si-rich
silicon-oxide matrices.”>”? During electrochemical etching,
SiQDs are “extracted” from an initially ideally crystalline wafer
with a defined crystalline orientation through an HF-based wet
electrolytic etching process. In the thermal annealing approach,
a silicon-rich glass with a suitable composition undergoes
thermal annealing at high temperatures >1000 °C, which
induces the diffusion of silicon atoms, leading to the formation
of QDs. Then, the oxide matrix is removed by HF etching.
Neither of these methods seems promising in tuning the
surface properties of the produced QDs: etching of a
monocrystal in a predefined crystalline direction is unlikely
to lead to QDs with varying surface faceting and the degrees of
freedom of the migration of ions inside a solid amorphous
matrix is in principle significantly limited by the matrix itself.
Thus, while dominant faceting in SiQDs can be tuned, it is
possible that only some methods can provide such tuning
abilities, with the synthesis in nonthermal plasma being an
ideal candidate.

One more interesting observation we want to discuss
pertains to the highest-SFE sample SiQD-p{110}. Based on
FTIR spectroscopy, we argue that the surface of this sample
seems less ordered than in the other SiQD samples studied
here, most likely as a result of the highest SFE. However, it still
contains a high proportion of surface monohydrides and its
surface geometry is analogous to a {110} faceted Si surface. A
model of an SiQD being a heterostructure comprising a
structurally ordered core and an “amorphized Si shell” has
been proposed in SiQDs fabricated by thermal annealing.**”*
Here, we prefer to use the term “degree of structural order”
rather than the bulk-based dichotomy of crystalline vs
amorphous materials, as the question of crystalline order in
QDs is more complex.”* Moreover, we believe that the
difference in the size distribution as determined from
coherently diffracting domains in XRD and using HRTEM*®
reflects the layer in a QD affected by surface reconstruction,
which does not necessarily need to be amorphous. This
quantity is closely related to the degree of structural order of
the surface which we describe using SFE. Leaving this issue
aside, the obvious question which comes to mind is, if and how
much the proposed amorphized shell is linked to the HF-
etching step of the fabrication process in the thermally
annealed SiQDs. It is entirely plausible that the interaction of
the surface of synthesized QDs, whatever its initial structural
properties might be, with a highly corrosive agent might
change the initial surface structure to a less ordered state. For
planar Si surfaces such as crystalline Si wafers, such increased
disorder reveals itself by an increased surface roughness. Thus,
the structural properties of the surface, as discussed here and
in”*”° can be highly dependent on the fabrication method and
sample history. However, at this point, we leave this hypothesis
unproven, pointing to further research efforts.
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CONCLUSIONS

1225 We introduced the concept of dominant faceting as macro-

1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262

1263

1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287

scopically detectable preferential structural order of the surface
of QDs, present even without evident shape control on the
microscopic scale. Dominant faceting describes a state in which
a certain type of facet dominates at the surface of highly
polyhedral quasi-spherical QD, determining the QD’s surface
reactivity regardless of the concrete spatial distribution of the
facets on the surface. We tentatively propose that local strain
induced by surface atoms on the facets is responsible for the
changes in reactivity, as supported by classical force field
simulations. Furthermore, we showed that dominant faceting
can be applied to tune the thermodynamical properties of
QDs, such as their stability or surface reactivity,using SiQDs as
a case-study material. In particular, we derived analytical
expressions for surface free energy for three model geometries
of SiQDs differing in dominant faceting. Next, we established a
link between the measured surface properties of synthesized
SiQDs with the surface free energy of the idealized SiQD
models and show that this association successfully predicts the
lowering of onset temperatures of different exothermic
processes during thermal oxidation. We discussed that SFE
tuning can potentially be dependent on the fabrication
method, with synthesis in nonthermal plasma being able to
attain a wide range of SFE in SiQDs. Moreover, the energy
released during thermal oxidation was shown to be very close
to theoretical limits, confirming that full oxidation of all the
contained silicon material is achieved. This finding underpins
the potential of silicon as an energy-storage material. Next,
using combined DSC, TGA and MS measurements, we
identified the processes responsible for the release of energy
during thermal oxidation of SiQDs. Here, especially the release
of surface-bonded hydrogen was shown to be tunable in a wide
range of temperatures by surface properties. In addition to
introducing dominant faceting, our experiments provide a
detailed guide for using SiQDs as an energy-storage or thermal
material, by showing that both low-temperature ignition (=
200 °C) and higher-temperature energy release (= 650 °C)
can be obtained by tuning their SFE.

METHODS

This section lists only a brief overview of the applied methods, see
Supporting Information for a more detailed description.

Synthesis of Nanoparticles. SiQDs were synthesized using a
noncommercial flow-through reactor in nonthermal plasma and
collected onto glass covers for microscopy. Synthesis parameters for
the individual samples are listed in Table 1. The commercial oxidized
Si nanoparticles (c-SiNCs) were purchased from PlasmaChem
GmbH. The partially hydrogen-terminated commercial Si nano-
particles (H-c-SiNCs) were etched using HF.

Study of Ignition Conditions. In the heat-initiated ignition, the
sample was placed on a hot plate on top of an aluminum foil and
temperature was increased stepwise from 50 °C until ignition. The
light-initiated ignition was realized using a standard 405 nm laser
pointer. The measurements were repeated several times to obtain
standard deviation of the ignition temperature.

Structural and Chemical Characterization. X-ray diffraction
(XRD) measurements were performed on a Rigaku SmartLab
diffractometer equipped with a 9 kW rotating anode Cu source
(wavelength K,; 4 = 0.154056 nm) in a semi focusing Bragg—
Brentano geometry. Diffracted intensity was counted by a 2D hybrid
pixel single photon counting HyPix3000 detector.

The ordered mesoporous structure was determined from small-
angle X-ray scattering (SAXS) using Xenocs Xeuss 2.0 SAXS
instrument equipped with the Mo K, (1 = 0.07107 nm) radiation

X-ray microfocus sources, toroidal X-ray mirror and scatter-less slits
producing collimating parallel beam point focus, and a Pilatus 200k
(Dectris) hybrid pixel single-photon counting detector.

High-resolution transmission electron microscopy (HRTEM)
measurements were carried out using EFTEM Jeol 2200 FS operated
at 200 kV. Surface of HRTEM analyzed SiQDs was dodecyl
terminated using the thermal hydrosilylation method. The acquired
HRTEM images were analyzed manually.

The Fourier-transform infrared (FTIR) absorption analysis was
realized using Nicolet iS50 FT-IR microscope (Thermo Scientific).
The measurements were performed in the attenuated total reflectance
regime using a monocrystalline diamond crystal. The Raman spectra
measurements were realized using microspectrometer Renishaw inVia
Reflex equipped with a HeCd continuous laser (Kimmon Dual
Wavelength HeCd) using the excitation wavelength of 442 nm. We
cannot rule out that some of the observed shifts in the 520 cm™ are
caused by sample heating.

Determination of the Ratios of Surface Hydrides. Based on
published analysis,*® we used one peak for the SiH, surface stretching
mode (2140 cm™"), two peak for the stretching modes of SiH, (2100
and 2117 cm™") and two peak for the stretching modes of SiH (2070
and 2085 cm™'). The ratio of the integrated peaks was used to
determine the surface hydride composition. Each data point of SiH,
composition represents at least six independent measurements.

Classical Force Field Simulations of Strain. The classical force
field simulations were conducted with homemade code FireCore.>*

Calorimetry. The gravimetric energy density was determined
using a commercial Combustion compensated jacket calorimeter Parr,
Model 1351, (Parr Instr. Comp., Moline, IL, USA), equipped with an
oxygen bomb Parr 1108.

DSC/TGA/MS. All samples were measured by nonisothermal DSC-
TG analysis using the Setaram Themys 2400 simultaneous thermal
analyzer, which was coupled by a quartz capillary with the Pfeiffer
Vacuum OmniStarTM GSD320 mass spectrometer. Data from all
performed analyses (DSC-TGA-MS) were processed by the Calisto
Processing software. Each experiment was repeated 2—3 X for every
sample, repeated experiments led to very similar trends.
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Abstract
Silicon carbide (SiC) nanoparticles have excellent properties and varied possible
applications. However, the synthesis of this material usually requires high tem-
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synthesis of highly spherical SiC nanocrystals (50-150 nm) using nonthermal
plasma, a method not yet widely
employed for the synthesis of
SiC, but generally very suitable
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two-stage reactor, where Si na-
nocrystals are synthesized in the
first stage and these are used as
growth seeds for SiC in the sec-
ond stage. The Si nanocrystals
remain inside the SiC nano-
particles after the synthesis. The
produced SiC nanocrystals ex-
hibit yellow-orange naked-eye-

visible photoluminescence.
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1 | INTRODUCTION

Moreover, as a result of the inherently low toxicity
and biodegradability of SiC, this material can be

Silicon carbide (SiC), in a bulk or nanostructured
form, is a material with unique properties in terms of
mechanical hardness and fracture toughness,
high chemical stability, high charge carrier mobility,
and good thermal transport properties. These favor-
able properties predestine this material to a very
varied usage, ranging from the early abrasive agents
to more advanced applications for example in high-
power electronics!'! or in quantum computing.!’!

advantageous also as a novel anode material in li-
thium batteries,'*! for bioimaging (see e.g., Reference
[4] and references therein) or even as an im-
munomodulatory agent.!”!

The synthesis of bulk crystalline SiC typically re-
quires very high temperatures. Commercially, crystal-
line SiC is produced via the carbothermic reduction
(>1500°C) of quartz sand (SiO,) by carbon using the
same raw materials.'! Nanoparticles (NPs) can then be
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manufactured from SiC bulk wafers using electro-
chemical etching, leading to sub-10-nm NPs exhibiting
the quantum confinement effect.l”! This process see-
mingly avoids the high-temperature stage, but clearly
leads to a substantial material loss. Other, more
resource-efficient procedures yielding submicron-sized
SiC particles include, for example, the microwave
sintering of pressed pellets of waste crystalline silicon
(1450°C),'*! an NP analogy of the traditional bulk
synthesis via the carburization of SiO, NPs (1450°C)[9]
or other materials,[w] the addition of metal agents such
as magnesium during the synthesis (600-700°C),""]
various types of chemical vapor depositions from tet-
ramethylsilane or methylchlorosilane precursors
(>1000°C)!"**! or thermal plasmas (>600°C).I'* siC
NPs can also be synthesized by chemical vapor de-
position from Si NPs (1000°C)!*! and new preparation
routes are constantly being reported.!'>°]

However, the application of highly nonequilibrium
nonthermal plasma to the growth of SiC NPs has been
investigated only scarcely so far despite its clear po-
tential for the synthesis of nanocrystals of materials
with high melting points.!'”! Specifically, carbon-rich
amorphous SiC with sizes <10 nm were produced by
the decomposition of tetramethylsilane in a gas phase
flow reactor induced by low-temperature microwave
plasma[”” and atmospheric pressure microplasmas
were also applied to synthesize SiC NPs from tetra-
methylsilane.l’”?'! Small, 5-nm 3C-SiC NPs were
synthesized by the in-flight carburization in C,H,/Ar of
crystalline Si NPs formed upstream in a tubular flow
reactor.l Last, hollow ~20-nm SiC NPs were obtained
via a two-step tandem process wherein silicon NPs
produced in a nonthermal plasma reactor were car-
burized in a second methane stage.””

In contrast to the above techniques, we show that it is
possible to synthesize 3C-SiC NPs (average size 100 nm)
with a carbon-rich surface layer using monomethylsilane
(MMS) plasma if upstream-synthesized Si nanocrystals
are used as seeds. This procedure does not proceed
through the traditional carburization reaction and the Si
seeds remain inside the formed SiC NPs after the
synthesis. The resulting SiC nanocrystals can be prepared
in the form of a thin film, or they can be dispersed in a
liquid. The structural and chemical properties of the
resulting SiC NPs are confirmed by high-resolution
transmission electron microscopy (HRTEM), Fourier-
transform Infrared (FTIR), and the selected area electron
diffraction (SAED) studies and the produced material
exhibits naked-eye observable photoluminescence at
about 620 nm.
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(a) Gasflow (b) Gas flow
Ar + SiH, Ar + SiH,
RF power source RF power source
+ matching Plasma + matching Plasma
(13.56 MHz) Electrodes (13.56 MHz) Electrodes
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FIGURE 1 Schemes of the apparatus containing a first (glass

Secondary plasma
Resulting

tube) and a second stage (vacuum chamber) supplemented by the
images of the resulting samples. (a) Preparation of the seeding Si
nanocrystals and (b) preparation of the silicon carbide
nanocrystals. The main conical part (Peak) and the thin side layer
(Side) of the sample are highlighted

2 | EXPERIMENTAL
2.1 | The nonthermal plasma system

The syntheses were carried out in a two-stage low-
pressure flow-through nonthermal plasma reactor.!”’!
The setup is schematically shown in Figure 1. The first
stage was made up of a glass tube with an inner diameter
of 7mm. In this glass tube, capacitively coupled plasma
was generated using a radiofrequency (RF) power source
RFG-600W by Coaxial Power Systems operating at the
frequency of 13.56 MHz, coupled to the high-efficiency
automatic matching network AMN-600 (Coaxial Power
Systems). The plasma region in the glass tube was pow-
ered (in contrast to the ring electrodes in Reference [23])
by two rectangular copper electrodes with a size of
3 x 9cm?. The electrodes were placed parallel to the glass
tube with the distance slightly exceeding 10 mm so they
almost touched the glass tube walls. One of the electro-
des was grounded while the other one was powered by
the RF generator. The second stage was a standard va-
cuum chamber, separated from the first stage by an
aperture and evacuated by the same vacuum pump sys-
tem. The second chamber served for the collection of the
sample (Figure 1a), but it also enabled the ignition of a
second nonthermal plasma using a 13.56-MHz RF
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generator (Thamway T161-5068A) coupled to an
FM-AM signal generator SG 5155 and a manual T020-
5068A matchbox. The plasma in the second stage was
generated almost in the whole volume of the chamber
and reached the substrate for sample collection
(Figure 1b). The second stage had a separate gas mixture
input. The collection substrates were kept at room
temperature.

2.1.1 | Silane synthesis only

The synthesis was performed from a mixture of 1 sccm of
silane as a precursor gas mixed in 150 sccm of argon as a
carrier gas in the first stage. The pressure inside the tube
rose up to 500 Pa. The power of the RF generator was set
to 120 W, which made the plasma region as long as
20 cm. On the basis of these parameters, the estimated
residence time of the forming NPs in the plasma was
about 15 ms. The synthesized NPs were carried by the gas
flow through the aperture to the second chamber where
the pressure was approximately one-fifth of that in the
glass tube. The sample was collected on a glass substrate
placed 10 cm below the aperture in a form of dry powder
(Figure 1a). No additional gas or plasma was present in
the second stage. Because of the initial gas flow and the
pressure gradient between both the stages, the powder
formed a compact cone surrounded by a fine layer. The
synthesis time was 2 min and the amount of the SiNCs
sample ranged from 2 to 3 mg.

2.1.2 | MMS synthesis only/
MMS + silane only

The flow of the MMS was also 1 sccm. In the case of the gas
mixture, 0.5 sccm of each gas was used. The remaining ex-
perimental conditions were the same as in the case of the
silane-only synthesis. A 2-min run of the “MMS synthesis
only” experiment provided about 1 mg of powder.

2.1.3 | MMS plasma

In addition to the silane-only synthesis, a small amount of
MMS with a flow of 0.7 sccm was introduced to the second-
stage vacuum chamber (Figure 1b) where the sample was
collected. The second-stage MMS plasma was ignited si-
multaneously with the first-stage plasma using an RF
generator power in the range of 5-25W. The carrier gas
with the synthesized Si nanocrystals flowed through a
second plasma stage before the sample collection on the
glass substrate. The total pressure of the primary-stage gas
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mixed with MMS in the second stage was 100 Pa. The
synthesis duration was 2 min, afterward, the primary plas-
ma together with the precursor gas was switched off, and
the sample was treated by MMS plasma for up to 10 min.

2.2 | Material analysis

The morphology of the samples was studied using
HRTEM and field-effect scanning electron microscopy.
The HRTEM images were obtained using Jeol 2200 FS
(200 kV). Holey carbon 300 mesh copper grids were used
as the support for the NPs. The images of SAED were
analyzed using the CrysTBox softwarel” with cell
parameters taken from Reference [25]. The SEM images
were collected using MAIA3 (TESCAN) with the accel-
eration voltage of 10 kV and the magnification of x100 k.
The chemical composition of the samples was studied
using energy-dispersive spectroscopy (EDS) and FTIR
absorption spectroscopy. The EDS was collected using
the Bruker Quantax 200 with the 6110 XFlash detector
with an acceleration voltage of 15kV. The FTIR analysis
was realized in the attenuated total reflectance (ATR)
mode using Nicolet iS50 (Thermo Fisher Scientific).
The spectra were collected within the range of
400-4000 cm™*, the spectral resolution was 4cm™'. The
data were collected using a DTGS (deuterated triglycine
sulfate) detector. The ATR system was equipped with a
diamond crystal (Type IIa), the angle of incidence was set
to 45°. The use of the diamond substrate caused the
presence of low substrate-originating signal within the
2000-2300cm™" region. A KBr crystal was used as a
beam splitter. The powder sample was deposited on the
diamond crystal using a pressure tip, which was placed at
the same position for every measurement. As the IR
signal in the range of 600-2300cm™" was interpreted
only relatively, the data were not corrected for the optical
properties of the diamond crystal.

2.3 | Photoluminescence (PL)
measurements

Steady-state PL spectra were collected using imaging
spectrograph Shamrock 300i (Andor; Oxford Instru-
ments) coupled with an EMCCD camera (Newton 971;
Andor, Oxford Instruments). The PL spectra were excited
by a continuous-wave HeCd laser at 325 nm. The laser
beam intensity was about 3.5 mW. In order to minimize
the effect of possible sample inhomogeneities and to
avoid potential laser-induced modification of the sample,
the nanocrystals were characterized dispersed in toluene
(UV/IR Grade, >99.8%, Rotisolv; Carl Roth) in a quartz
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cuvette. The dispersion was homogenized in a standard
laboratory ultrasonic bath for 20 min before the PL
measurements. All collected spectra were corrected for
the spectral sensitivity of the whole system. Even though
the PL measurements were not absolute, they were al-
ways normalized for the absorption of the laser beam in
the sample and, therefore, the PL intensity of the in-
dividual PL spectra is fully comparable among the in-
dividual samples with the margin of error of about 10%.

The PL spectra from Figure 5a were plotted in the
“physically correct” axis of photon energies, including the
intensity-axis transformation term (I (eV) = I (nm)A?
(nm)).”®! The spectra were fitted with two Gaussians for the
sample treated for 2 min (MMS plasma 2 min), which ex-
hibits two peaks, and one Gaussian for the rest of the sam-
ples. The extracted peak positions in eV were then
recalculated back into nanometers for easier comparison.
Please note that, contrary to intuition, broad PL spectra do
exhibit different positions of maxima when plotted in photon
energies or wavelengths as a result of the intensity trans-
formation term!”® and the apparent difference in peak po-
sition in Figure 5a and Table 3 is not erroneous. The peak
center values from the wavelength-dependent plots are pre-
ferred in the text to ease the comparison with other standard
wavelength-plotted results.

3 | RESULTS

The performed syntheses and control experiments are
summarized in Table 1 and will be discussed in more
detail in the following text.

3.1 | MMS as the primary stage
precursor gas (MMS synthesis only)

First, we employed a system based on a low-pressure glass-
tube flow-through nonthermal reactor, as described in detail
in Section 2.1 and shown in Figure la. To synthesize SiC

NPs, we use the MMS gas CHj; - SiHj; as a prospective source
of a stoichiometric ratio of the silicon and carbon species.
The synthesis used 1sccm of MMS in 150 sccm of argon.
The structural (HRTEM) and chemical (FTIR) analyses
of the resulting sample are presented in Figures 2a and 3a.
The HRTEM characterization points to the presence of ir-
regular structures in the produced sample with a few sphe-
rical structures without a clear presence of crystals. The
FTIR spectra are dominated by a broad band located at
about 830cm™. This spectral region is typical of Si-C
bonds;[27] however, the fact that the band is broad and fea-
tureless implies that the resulting structure is amorphous.*”!
Thus, this simple nonthermal plasma synthesis produces SiC
NPs, but these are not crystalline.

3.2 | Silane in the primary stage
precursor gas (silane synthesis only)

Reactors such as the one described in Section 3.1 are
typically used for the nonthermal plasma synthesis of the
nanocrystals of silicon."”****] To confirm the operation
of the system, we used it to synthesize silicon nano-
crystals using 1 sccm of silane as a precursor gas mixed in
150 sccm of argon as a carrier gas. The resulting powder
forms a conical deposit on the collection substrate
(Figure 1a). HRTEM analysis of the produced sample in
Figure 2b clearly shows the presence of crystalline par-
ticles with sizes of about 8 nm (a larger field of view is
shown in Figure S1, a more detailed image of the crys-
talline NPs in Figure S2). Moreover, the FTIR spectrum
in Figure 3b is composed of bands typical for the as-
prepared nonthermal plasma nanocrystals,[zg] confirm-
ing the originally hydrogen-terminated and subsequently
oxidized surface. In particular, the spectrum is domi-
nated by peaks related to the Si-H bonds at 627 and
665cm ™!, Si-H, bonds at 856 and 903 cm ™!, and Si-O-Si
bonds at 1060 cm™" bands, a broad band containing the
contributions of various Si-Hx species ranging from 2060
to 2150cm ™' and a weak peak of Si-OH at 962cm ™"

TABLE 1 Summary of the performed syntheses and their main parameters (source of silicon atoms and the power of RF generated)

Label First stage
MMS synthesis only MMS, 120 W
Silane synthesis only Silane, 120 W
MMS plasma (side/peak) Silane, 120 W
MMS gas Silane, 120 W
Silane + MMS Silane + MMS, 120 W

Structural properties of the resulting nanoparticle are also presented.

Second stage
Sample collection
Sample collection
MMS, 25W

MMS, discharge off

Sample collection

Outcome

Amorphous SiC

Si nanocrystals (8 nm)

SiC nanocrystals (50-150 nm)
Si nanocrystals (8 nm)

Nonstructured powder, carbon clusters

Abbreviations: MMS, monomethylsilane; RF, radiofrequency; SiC, silicon carbide.
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Number of nanocrystals

60 80

100 120
Size (nm)

140 160 180

FIGURE 2 (a-f) Transmission electron microscopy (TEM) images of the products of the performed syntheses, synthesis conditions for
the individual panels are listed in Table 1. (e) A higher-resolution detail of panel (c), which displays an SiC nanocrystal small enough for the
inner Si nanocrystal to be visualized. (g) A histogram of the sizes of the formed SiC nanoparticles based on TEM measurements of
approximately 150 nanoparticles

Si-H, Si-CH, / Si-C Si-0-Si TABLE 2 Assignment of the Fourier-transform infrared peaks
from Figure 3, including the references

MMS synthesis only
Peak (cm™%) Interpretation Reference

o
N
A

627 Si-H bend [29]

Absorbance
o

665 Si-H wagg [20]

770-790 Si-C [20]

e 9
o o
® S

Silane synthesis only
802 SI—O [31,32]

830 Si-C amorph [27]

Absorbance
o
g

856 Si-H, wagg [32-34]

o 0.08+ MMS plasma side 903 Si-H, stretch [29,34,35]
& 8051 930 Si-C 36]

Q

5 %% 962 Si-OH -

<]
173
2 0.02- ; ;
980 Si-O-Si [27]
0.00 - =
o 0044 MMS plasma peak 1030 Si-0-C [37,38]
Q 9 o
E 1062 Si-O-Si [31,33]
e d .
§ 0.02 1250 Si-CHj; [30,37,39]
. /‘"‘/\ 1344 CH; -
0.00 2000 1600 1200 800
) 1392 Si-CH; [37.39]
Wavenumber (cm™)
2080 Si-H [35,40]
FIGURE 3 Fourier transform infrared analysis of the synthesis 2101 Si-H, (35.40]
products. The synthesis conditions for the individual panels are . ’
listed in Table 1 (the “MMS plasma” samples were treated in MMS LAt Si-Hs [35.401
for 10 minutes) 2242 —-0,Si-H, [32,33]
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(see also Table 2 for the assignment of the peaks and the
corresponding references).

The crystalline nature of the sample was confirmed
using selected-area electron diffraction (SAED) mea-
surements presented in Figure 4a. The diffraction rings
are typical diffraction patterns of an ensemble of very

<137> 6H-SIC
<115> 3C-SiC

<022> 3C-SiC
<016> 6H-SIC
<011> 3C-SiC

25(/nm) 25(1/nm)
(c) & (d) = 3C-SiC
g < 6H-SiC
S| £ |a Fi
o v T 3
& Y £
S S
2 oy 2
2 £ @
[ ?v ﬁ A A s
- \V ©d [
c o b
theony] |1 [T 11T [TT1]
5 10
q (1/nm)

FIGURE 4 Selected area electron diffraction pattern of (a) the
“silane synthesis only” and (b) the “monomethylsilane plasma
side” samples. (c,d) Radially averaged plots with indexed peaks.
The bottom parts of the two panels present the theoretical positions
of peaks of the corresponding bulk materials

—&— MMS synthesis only
401 —a—silane synthesis only

’:T 354 MMS plasma (2 min)

o —4&— MMS plasma (2+5 min)

& 30— Mms plasma (2+10 min)

> 25

[N
o
1

15
10 1

PL intensi

3]
1

B T e :
500 600 700 800 900 1000
Wavelength (nm)

small, randomly oriented NPs and their positions can
be indexed based on the structure of crystalline Si, as
evidenced in Figure 4c. Moreover, the crystalline sili-
con NPs exhibit a broad PL band located at around
930 nm (see Figure 5a) which is a characteristic of this
size of silicon nanocrystal.l*'! There was no difference
between the part of the sample inside the central cone
of the deposit and in the fine layer surrounding it,
implying that the whole sample is composed of Si
nanocrystals.

3.3 | MMS plasma in the second stage,
SiNCs as seeds (MMS plasma)

After the unsuccessful attempt at the direct nonthermal
plasma synthesis of crystalline SiC NPs in Section 3.1, we
used Si nanocrystals as seeds. The vacuum chamber stage
of the reactor was used only for the collection of the
sample in the preceding experiments. In this experiment,
as presented in Figure 1b, the vacuum chamber was
utilized as a second stage, for a mild MMS plasma
treatment of the Si nanocrystals synthesized in the first-
stage flow-through glass tube using the conditions of the
“silane only” experiment. The natural conical shape of
the sample deposit (see the photo in Figure 1b) allows for
a simple reference of the influence of the second-stage
plasma treatment. The powder in the bulk of the central
“heap” is protected from the MMS plasma treatment,
therefore a lesser effect is expected, whereas the fine
layer surrounding the conical structure will be exposed to
the MMS plasma homogeneously, resulting in a more
profound influence. Therefore, these two parts were

—
O
-

401 _a—silane synthesis only

—A— MMS plasma - Peak
—&— MMS plasma - Side

w
(3]
1

301

- N N
g O o
1 1 1

104

PL intensity (arb.u)

L3
1

o

500 600 700 800 900 1000

Wavelength (nm)

FIGURE 5 The PL spectra of the products of the syntheses. The syntheses conditions for the individual curves are listed in Table 1. The
“MMS plasma” samples in (a) were taken from the “side” part and treated in MMS plasma for 2 min with an additional after-treatment for 5
and 10 min, as listed in parentheses. The “MMS plasma” sample shown in (b) was treated for (2 + 10 min). The PL was excited by
continuous beam excitation at 325 nm with the intensity of 3.5 mW, the produced powder was dispersed in toluene. The spectra were

corrected for the spectral sensitivity of the system

85U8017 SUOLULLOD BATe810 3(edldde aup Aq peusenob aJe sspie YO ‘8N JO Sa|n 10} ARiqiT8uljuQ A8|IA UO (SUONIPUOD-PUR-SLLIBY/LIOD" A | IM A e1q Ul UO//:SANY) SUORIPUOD pUe SWB | 8L 88S *[£202/80/8T] U0 ArIqITaullUO A8]IM ‘SeD SOIsAU JO aimiisul Aq £2T00TZ0z dedd/Z00T 0T/10p/woo A8 | 1m ARiqpul|uoy/:sdny wouy pepeojumod ‘2 ‘220z ‘69882T9T



GALAR kT AL.

characterized separately and will be referred to as “peak”
and “side,” respectively. The difference in the effect of
the secondary plasma on these two parts of the sample
was evident even by a simple naked-eye observation
when the “side” layer of the sample changed its ambient
lighting color from brown to sage green.

HRTEM analysis of the “MMS plasma” sample in the
“side” layer showed that the MMS plasma led to a growth
of relatively large NPs (Figure 2c,d), with sizes ranging
from approximately 50 to 150 nm and surprisingly reg-
ular spherical shape. The corresponding size histogram is
presented in Figure 2g. Furthermore, the Si nanocrystals
did not disappear during the growth of the spheres, but
they stayed in the center of the shell material (Figure 2e).
While the part of the sample from the “side” fine layer
around the peak was composed nearly entirely of these
spheres, only a few such spheres were detected in
the volume of the central “peak” part (Figure 2f). The
structural difference between the two regions of
the sample is also evident from a larger electron-
microscopy image (Figure S1B,C), where the presence of
the spheres in the “side” sample leads to a “fluffier,”
more cauliflower-like structure.

As shown in Figure 3c,d, the “MMS plasma” sample
showed a reduction of the FTIR bands connected with
the surface of Si nanocrystals, namely lowered Si-H,-
related bonds and the total quenching of Si-OH. On the
contrary, an increase in the signal related to Si-C at
770-790 (LO) and 930cm™' (TO), Si-CH; at 1250 and
1390 cm ™, CH; at 1344 cm ™! was detected. In contrast to
the “MMS synthesis only” sample, the LO SiC band is
structured and its splitting into two bands at 780 and
830 cm ™' could be indicative of a small-size crystalline
SiC structure.!'”) Thus, the synthesized spheres are
mostly made up of SiC. The predominantly SiC compo-
sition of the “side” sample is confirmed also by EDS
elemental analysis (Figure S3), where the carbon content
increases in the “side” sample even when compared to
the “peak” sample. The shift of the Si—-O-Si FTIR broad
band in the “silane synthesis only” experiment to-
ward lower wavenumbers in the “MMS plasma” synth-
esis can then be interpreted as the formation of Si—-O-C
bonds, commonly observed at around 1030 cm™'. This
band, together with the Si-CHj; bonds, is most likely
responsible for a thin amorphous structure surrounding
the synthesized SiC NPs evident in HRTEM images
(Figure 2d).

The crystalline nature of the synthesized SiC NPs was
confirmed by SEAD measurements, see Figure 4b. The
circularly arranged dots are a typical pattern for an en-
semble of larger, randomly oriented crystalline NPs. The
radially averaged profile of the SAED pattern (Figure 4d)
can be indexed to the diffraction lines of the 8 (3C)

PLASMA PROCESSES 7of 10
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polytype of SiC, mainly due to the (004) and (033) dif-
fraction peaks, which are present in a region with no
lines in the a (6H, 4H, 2H) polytypes (see the theoretical
positions of the lines included as a bottom panel in
Figure 4b). However, the addition of the 6H-SiC polytype
to the analysis improved the fitted positions of two
identified peaks (see Figure 4d), and therefore, the pre-
sence of this phase cannot be excluded. On the contrary,
the diffraction lines of the 4H-SiC polytype clearly did
not match the measured diffraction pattern.

The growth of the SiC nanocrystals also alters the
original PL of the Si nanocrystal seeds: the original Si-
originating PL peak is quenched, while a new PL peak
located at approximately 620 nm appears, see Figure 5.
To identify the origin of the rising PL peak, the PL
spectra were fitted with Gaussian curves. The results of
this analysis are summarized in Table 3. First, the sec-
ondary MMS plasma treatment, which was on only for
the duration of the primary silane plasma (2 min) led to a
PL spectrum containing both the PL peaks (see
Figure S4). Whereas the Si-originating IR peak slightly
blueshifts in comparison with the “silane only” sample,
the newly arising PL peak stays roughly at the same
position and increases in intensity with the prolongation
of the MMS treatment (2 + 5 and 2 + 10 min). This gra-
dual increase without a change in position is one in-
dicator that the new visible PL peak comes from the
growing SiC NPs. Moreover, the visible SiC-originating
PL is broader than the Si-originating IR one (about 2 X),
further corroborating the different origins of the two
peaks. The tendency toward broader peak widths during
the shortest MMS treatment (2 min) then suggests that in
its initial stages, the MMS treatment causes a higher
degree of disorder in the material. Also, as expected, the
MMS plasma affected only the PL of the “side” part of the
sample (Figure 5b, please note that the PL is measured in

TABLE 3 Analysis of the data from Figure 5a

Center Intensity Width

MMS Center (eV) (mn) (a.u) (meV)

Silane only  1.306 +0.001 ~950 13.4+0.1 104 +1

2 min 1.346 +0.003 ~920 0.69+0.09 170+8
1.842 +0.042 ~673 1.28 +0.13 430+40

(2 + 5) min 1.827 +0.003 ~678 2.16+0.02 362+3

(2+10)min  1.85+0.001 ~670 3.55+0.01 348+1

Note: The PL spectra plotted in photon energies were fitted with Gaussians
and the peak centers (the column Center [eV]), widths (the column Width
[meV]), and areas (the column Intensity [a.u.]) were extracted. The listed
errors are 95% confidence bands of the fits. The fitted peak position is
recalculated into nanometers for easier comparison (the column Center
[nm]). The recalculation of the spectrum into photon energies naturally
leads to shifted positions of peaks.[*"!
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the form of a dispersion of SiC nanocrystals, and there-
fore the bulk of the “peak” part is probed by this
measurement).

The significant reduction of the Si-seed-originating
IR PL peak in the “MMS plasma” sample is an addi-
tional confirmation of the growth of SiC nanocrystals, as
the thick SiC layer of the NP effectively screens off the
laser excitation signal from the Si seed. First, comparing
the bulk absorption coefficients of Si and SiC as
the basic characterization of the material absorp-
tion cross-section (at5is,, = 1.2 X 10cm™ = 0.12 nm,
a;SSIC = 37 x 104 em™! = 3.7 X 10~ nm~1*?l)  confir-
ms that silicon generally absorbs excitation much more
efficiently (ct3is,m ~ 320a5555.C) as a result of the very
wide direct bandgap of SiC (6 eV). However, in contrast
to bulk materials, the absorption cross-section in NPs is
volume-weighted.[**! The Si:SiC volume ratio in a
100-nm SiC NP with an 8-nm Si seed is 1:2000. Fac-
toring the volume weighting into the solely material-
based absorption reverses the absorption ratio
(a$8nm) 1 /6 3SSICO2m)y [ ast, considering a simple
one-dimensional approximation of the 8-nm Si seed
being in the middle of 100-nm SiC and the bulk ab-
sorption  coefficients, the integration of the
Lambert-Beer's law produces another factor of only 10%
of the excitation being absorbed in the Si seed. Com-
bined together, these factors give the estimate of at most
2% of the excitation light being absorbed in Si. Conse-
quently, the signal emitted by the seeding Si nanocrys-
tals has to be lowered accordingly.

SiC is a material with a fundamental indirect band-
gap of 2.36eV (525nm) at room temperature.*! The
sizes of the synthesized SiC nanocrystals are clearly far
too large to impart a quantum confinement effect (the
Bohr radius for 3C-SiC is 2.0 nm!'”) and the observed
SiC PL thus, in agreement with Table 3, cannot be tuned
by the size of the nanocrystal. Being situated inside the
bandgap,'”! the observed PL is surface-induced. A hint
toward the origin of the observed PL is given by the
position of the observed peak, which is typical of the
3C-SiC polytype with Si-O bonds.!*'***! This red PL is
in contrast to the PL of the “MMS only” sample with a
broad band centered at longer wavelengths (700 nm),
which very likely originates in amorphous SiC (a broad
band at 650 nm) and/or carbon clusters (750 nm).[*"!

3.4 | Control experiments

In addition to the above-described syntheses, we per-
formed two control experiments to verify that the “MMS
plasma” conditions are ideal for the synthesis of spherical
SiC NPs. As confirmed by the FTIR and PL

measurements presented in Figures S5 and S6, neither
the treatment of the Si nanocrystal seeds in nonionized
MMS plasma nor the synthesis carried out using both
silane and MMS as the primary gas yield SiC NPs. The
former synthesis results in Si nanocrystals with a worse
surface passivation layer for PL, while the latter yields
most probably carbon clusters.

4 | DISCUSSION

Both the first-stage and the second-stage plasma were
switched on at the same time and, therefore, during
the synthesis, the Si seeds were potentially affected by the
MMS plasma in two ways: (i) during the flight through
the second-stage vacuum chamber and (ii) after being
deposited on the substrate. The effect of the duration of
the exposition of the “MMS plasma” sample to the MMS
plasma documented in Figure 5 has two important im-
plications. First, the growth of the SiC nanocrystals clearly
does not proceed during the flight of the sample through
the MMS plasma (which is a very short time interval, units
of ms), but during the following treatment on the sub-
strate after the collection of the sample. Second, the
plasma cannot effectively penetrate the compact cone and
only the upper layer of the cone is affected by the MMS
plasma. Thus, our synthesis method is well suited for the
production of a thin layer of SiC nanocrystals.

A very interesting aspect of the proposed synthesis is
the fact that the Si nanocrystals remain inside the SiC
NPs after the synthesis. Usually, the growth of SiC
proceeds via the carburization of crystalline Si into SiC,
which is how small 3C-SiC nanocrystals!® or larger
hollow SiC nanocrystals”?! were formed. In our synth-
esis, the Si nanocrystals clearly act as seeds, in parallel
to the seeded growth of nanodiamond layers.[**! How-
ever, as is evident from Table 3, the Si-originating PL
undergoes a blueshift in the initial stages of the MMS
treatment. This observation suggests that the seeding Si
nanocrystals decrease their size to a small extent. The
shift (as deduced from the wavelength-intensity plots)
from 930 to 880 nm is consistent with the size decrease
from about!*'! 8 to 7 nm, indicating that the outer part
of the Si nanocrystal is consumed in the initial stage of
SiC growth.

Factors that contribute to the possibility of the seed
mode of growth are the high reactivity of the surface
Si-H bonds of the Si seeds and the relatively mild
conditions in the nonthermal MMS plasma where most
of the energy is provided by highly mobile electrons.
Moreover, we chose a chemically relatively simple
MMS gas as a prospective source of Si and C in roughly
stoichiometric ratio. In contrast to our approach, for
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[22] em-

example, the study producing hollow SiC NPs
ployed Si nanocrystals as the source of silicon and
methane as the source of carbon. Moreover, a study of
the reactions pathways of the more commonly used
tetramethylsilane precursor[lz] confirms that a wide
variety of reaction pathways are possible in tetra-
methylsilane due to isomerization steps. MMS, on the
contrary, constitutes only one of the branches in this
pathway scheme, which leads directly to SiC via the
Si=CH, species!'>*"l:

CH,SiH; — H,C = SiH, + Hy, :Si = CH, — SiC.( )

1

Thus, the use of the MMS gas prevents the formation of
other, competing phases, resulting in the growth of per-
fectly spherical 3C-SiC nanospheres with amorphous,
carbon-rich shell.

5 | CONCLUSION

We report on a two-stage nonthermal plasma synthesis
of highly spherical 3C-SiC nanocrystals (50-150 nm).
In the synthesis, Si nanocrystals synthesized in the first
stage in a silane plasma are deposited onto a substrate
in the form of a thin layer and undergo nonthermal
plasma treatment in MMS. During this treatment, Si
nanocrystals act as seeds for the growth of highly
spherical SiC nanocrystals.
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Introduction

Non-thermal pulsed plasma activated water:
environmentally friendly way for efficient surface
modification of semiconductor nanoparticlesy

Pavel Galar, © *2 Josef Knun,® Anna Fucikova,© Katefina Dohnalova, (¢
Tomas Popelat, ©? Irena Matulkova, & © Jan Valenta, © € Vladimir Scholtz® and
Katefina Kusova (2

Semiconductor nanoparticles proved to be an important material in the composition of modern techno-
logies. The most important properties which shape these nanoparticles include not only their atomic
composition and size, but also surface chemistry. Here, we present an environmentally friendly method of
their surface modification. The proposed method does not require any possibly toxic chemicals, it relies
solely on the use of water and air and an inexpensive plasma-generating system. Water treated by dis-
charge is known to produce the so-called plasma-activated water, containing a complex mixture of
water- and air-originating reactive species. We show that water treated by transient spark discharge in a
vessel with restricted air flow leads to a novel chemical composition of plasma activated water, beneficial
for the modification of the surface of nanoparticles. After the treatment of silicon nanoparticles with our
plasma activated water, their photoluminescence quantum yield increases several times and their disper-
sibility in water is significantly improved. The modification is stable at laboratory conditions for at least
several weeks and when the liquid is dried out from the sample. We demonstrate that the modification is
caused by surface incorporation of nitrate-water complexes, which subsequently leads to a change of
surface-oxide-related strain affecting the charge carrier radiative rates. The general applicability of the
method is confirmed using commercial MgO and ZnO nanoparticles. Thus, the proposed method
enables chemicals-free surface modification of nanoparticles and opens the door for a wide range of vari-
ations based on different liquids and discharge parameters.

a great extent, influence their reactivity, dispersibility in
various solvents, biocompatibility and biodegradability, optical

Semiconductor nanoparticles are an important class of
materials, whose properties can be tailored for various uses.'™
The modification of the surface of these nanoparticles can, to
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properties, electrical and thermal conductivity, etc.>” This is
why cheap and easy surface modification methods are con-
stantly being sought both by the industry and the research
community.

A class of nanoparticles which are of special interest are
those based on non-toxic, biodegradable and abundant
resources, such as silicon or carbon.®’ In addition to the
above mentioned qualities, silicon is known to emit relatively
efficient photoluminescence in the quantum-confined state,
i.e. in the form of silicon nanocrystals (Si-NCs), which makes
these nanoparticles interesting candidates for lightning or bio-
imaging applications."** "% The exploitation of Si-NCs in
opto-electronics is also enforced by the fact that their lumine-
scence properties can be significantly tailored by the modifi-
cation of their surface chemistry.""'* This effect is a result of
the covalent bonds between the core atoms of a Si-NC, which
implies a higher degree of electron sharing than in the more
traditional nanoparticles with stronger ionic bonds such as

This journal is © The Royal Society of Chemistry 2021
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Cdse."™™ Unfortunately, the surface modifications of these
nanoparticles, be it a classical chemical reaction or a treatment
in plasma, are traditionally carried out under strictly con-
trolled conditions (atmosphere, temperature, necessity of car-
rying gas), which makes such modifications complicated and
expensive to use.>' 14717

Plasma activated water (PAW), sometimes called “dead
water” or plasma treated water, was described as a curious
phenomenon found during the investigation of the microbici-
dal effects of non-thermal plasma, where the persistent micro-
bicidal effect in water after its exposure to plasma was
observed.'®'® During that time, significant effort was aimed at
the elucidation of the chemical and physical properties of PAW
as well as its range of applications.?® In general, as a result of
the high variability of parameters and methods used to gene-
rate the treating plasma, it is impossible to make a definitive
list of the chemical species present in PAW. Usually, the most
important components are nitrate NO3~ and nitrite NO,™ ions,
hydrogen peroxide H,0, and ozone 0;.%° For air atmosphere,
the following reactions are considered the main ones deter-
mining the contents of PAW:

e +0, -0 +0 +e, (1a)
e +N, N +N +e, (1b)
O’ + 0, — O3, (1c)
N+ 0, — NO + O, (1d)
NO + 0, — NO, + O, (1e)
NO, + O3 — NO; + O,. (1f)

However, their specific concentrations strictly depend on
the nature of the used discharge. For example, the formed
NO;~ and NO,™ can dissociate all the present Os, leading to
practically no ozone content. Whereas in a low-energy dis-
charge such as a glow discharge, the energy of electrons is
insufficient for the dissociation of water molecules to hydroxyl
radicals HO', in a higher-energy discharge (during the pulse)
such as spark discharge, this process is possible.” Thus, the
concentration of H,O, in PAW generated using a spark dis-
charge is often very high. However, its content can be again
lowered through an oxidation reaction:*°

2N027 + H202 — 2NO37 + 2H. (2)

Despite being relatively simple and very cheap, the treat-
ment of nanoparticles with PAW is still a not very wide-spread
method.*® One possible reason for the limited use of PAW in
the surface modification of Si-NCs in particular is their poten-
tially destructive interaction with hydrogen peroxide and the
controversial effect of nitrogen-containing species,>® which,
however, might not be as straightforward as previously
thought.>**® Moreover, the complex chemistry of PAW would
most probably prevent the identification of the precise chemi-
cal pathways leading to nanoparticles surface modification.

This journal is © The Royal Society of Chemistry 2021
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In this contribution, we show that a very simple adjustment
of the traditional methods of the preparation of PAW, ie. its
activation in a closed-space container with a limited air flow,
produces PAW with composition favorable for the surface modi-
fication of surface-oxidized Si-NCs. The treatment of Si-NCs in
the closed-space-treated PAW leads to the incorporation of
water-nitrate complexes into the surface of Si-NCs. By effectively
reducing the number of oxygen bridges the incorporation allevi-
ates some of the strain which the original oxide shell exerts on
the Si-NC core and which is known to lead to surface trapping
of excited carriers and limited bandgap tuneability.>® Also,
nitrate complexes significantly improve the dispersibility of Si-
NCs in water, and lead to a significant improvement in photo-
luminescence efficiency and stability. The modification pro-
cedure can be easily generalized also to other types of semi-
conductor nanoparticles as is shown using ZnO and MgO nano-
particles. Even though the treatment of water dispersions of
nanoparticles by non-thermal plasma requires only basic equip-
ment and can be carried out at ambient conditions, the same,
albeit somewhat smaller effect can be achieved even utilizing
only the supplied PAW without any need for a plasma-treatment
setup. Thus, we demonstrate the possibility of surface modifi-
cation of nanoparticles without the need for any chemicals,
with all the reactive species originating solely in air or water.

Results and discussion
Optimal plasma generation system: transient spark discharge

The easiest way to surface-modify a nanostructured sample by
a plasma activated liquid is to use long-term stable activated
water (PAW)?* at ambient conditions and without any need of
a continuous flow of a working gas. Corona discharge is the
simplest and standard technique of non-thermal plasma
liquid modification under these conditions (Fig. Sla and
b+).2° However, the energy of the plasma electrons is low,
which results in a limited spectrum of the generated reactive
species in the air, as demonstrated by the emission spectrum
of the discharge containing only molecular peaks (Fig. 1c).
The weak effect of the corona discharge on water activation
was also verified by the chemical analysis of the resulting PAW
(30 minutes modification treatment, Table 1). Thus, we pro-
posed an alternative apparatus for the generation of PAW, as
shown in Fig. 1a and b. It is composed of a standard high
voltage source and stabilizing ballast impedance that trans-
forms the continuous discharge into a pulse transient spark
discharge (a pulsed version of the corona discharge) of a 50 ns
pulse length and the frequency of 2 kHz with peak pulse
current passing between the electrodes ranging from 5 to 10 A
(for more details see Experimental section). Such high energy
pulses generate in air not only high energy electrons, but also
other charged particles, UV light photons, ozone and a wide
spectrum of oxygen- and nitrogen-related species all directed
against the water level (see the discharge emission spectrum
in Fig. 1c).”° Thus, the resulting PAW then contains: (a) air
related species; (b) the reactive species related to the inter-

Green Chem., 2021, 23, 898-911 | 899
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Fig. 1 (a) Apparatus for the generation of the transient spark discharge and for the activation of water with a representative emission spectrum of
the discharge. (b) Detailed picture of the water activation area by non-thermal plasma. The representative elements related to generation of plasma
in air and in water by the transient spark are presented. (c) Comparison of the emission spectra of the corona discharge (left) and the transient spark
discharge (middle) generated in the standard laboratory beaker (referred as open-space setting). These spectra are compared to the one of transient
spark discharge generated (right) in open tall quartz cuvette (referred as close-space setting). Graphs are supplemented by a schemes of used
modification settings and color bars reflecting the concentration of basic reactive species of generated PAW.

action of high energy electrons and water molecules and (c)
species resulting from the mutual reactions of (a) and (b).>° In
particular, the PAW treated using transient spark in an open
beaker contained zero concentrations of nitrite ions and a very
high concentration of hydrogen peroxide (4 mM) and nitrate
ions (8 mM), see Table 1 and Fig. S2.1 These concentrations
are significantly higher than the ones detected in PAWSs pre-
pared using corona discharge and even a few times higher
than in PAWs activated by a barrier dielectric barrier discharge
and other techniques as published in the literature.>”*® The
lack of nitrite ions is caused by their oxidation through the
reaction with hydrogen peroxide to nitrate ions (eqn (2)).>°

900 | Green Chem., 2021, 23, 898-9T]

Optimization of PAW composition

While the high concentration of nitrate ions can be potentially
beneficial for nanoparticle surface modification, the high con-
centration of hydrogen peroxide can etch and significantly
damage surface of several types on nanoparticles (e.g. silicon)
and limits their surface modification by other species; there-
fore, it is desirable to lower the H,O, concentration. Whereas
changing the discharge properties, the volume of the modified
liquid and the time of the modification did not lead to a
sufficient change in the composition of PAW, surprisingly, we
observed sensitivity of the discharge to the restriction of the

This journal is © The Royal Society of Chemistry 2021
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Table 1 Chemical analysis of PAW prepared by different plasma
settings

PAW property Open-space Open-space Closed-space
Discharge Corona Spark Spark

pH 4 3 1-2

NO,™ (uM) 40 0 1100

NO;™ (uM) 740 8000 80000

H,0, (uM) 240 4000 0

Si PL increase No No Yes

Chemical analysis of the corona and the transient-spark-discharge
plasma activated water using an open- and closed-space setting
(ambient conditions, after 30 minutes of plasma treatment). The pH of
the PAW and concentration of nitrite and nitrate ions and hydrogen
peroxide were monitored. The properties of PAW were analyzed after
reaching a stable state (approximately 5 minutes after the
modification). The effect of the PAW on the PL of dispersed Si-NCs is
also displayed.

surrounding air flow, that is if the PAW generation was realized
in a sealed container (a hermetically sealed cuvette, referred to
as the “sealed setting”) in contrast to the water activation in an
open beaker (referred to as the “open-space setting”, results
presented in the previous text).

To understand these effects, the emission spectra and the
chemical composition of PAW generated under oxygen, nitrogen
and standard air atmosphere in a sealed setting were studied
(Fig. S3 and Table S1t). The emission spectrum of the discharge
in an oxygen atmosphere is, as expected, dominated by the
peaks related to atomic oxygen. The composition of PAW gener-
ated under oxygen atmosphere was comparable to the one
obtained using an open-spaced setting, documenting the
importance of oxygen in the generation of PAW at ambient con-
ditions. Discharge generated under nitrogen atmosphere
showed mainly atomic and molecular emission from nitrogen,
however, the intensity of the molecular part of the spectrum
(the UV region) was significantly lower, implying that the com-
position of form (state) of the nitrogen atoms in the discharge
in the sealed atmosphere is different from the open one
(Fig. Sict and Fig. 1c). This difference was manifested also in
the chemical composition of PAW. In the PAW generated in a
sealed container with nitrogen environment the concentration
of NO;™ increased almost ten times when compared to the
open-space one, hydrogen peroxide decreased more than ten
times and we detected the concentration of NO,~ of 1.1 mM.
The observed concentrations of NO;~ and NO, ™ are significantly
higher than values commonly presented in the literature that,
based on the used technique, range from 0.5 to 6 mM and 0.02
to 0.1 mM, respectively.”® The high concentration of these ions
also decreased the pH of the PAW from 3 to 1-2 (Table S17).
Surprisingly, even a better PAW composition was obtained
using a sealed container with standard air atmosphere: no pres-
ence of hydrogen peroxide, and 1.8 and 85 mM concentration
of NO,™ and NO;™, respectively. Similarly to the previous case,
the intensity of molecular emission of the discharge decreased
fast after turning on of the discharge, changing the sealed air
atmosphere to an atomic one. Thus, the presence of both gases

This journal is © The Royal Society of Chemistry 2021
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(oxygen and nitrogen) in combination with CO, at closed con-
ditions is beneficial for the build-up of a high concentration of
reactive nitrogen species (RNS) at the expense of the reactive
oxygen species (ROS). Moreover, all the discharges generated in
the sealed atmosphere contain an intense peak of H-alpha,
which also proves the atomic character of the plasma atmo-
sphere and effective radicalization of the plasma.

Most interestingly, in order to obtain PAW of these excep-
tional properties, there is no need to have a completely sealed
container, which could complicate the electrode setting and
discharge generation in general. Comparable results can be
achieved using a container which only limits the free air flow
during the plasma activation procedure, such as a tall cuvette
with water level below half of its height (Fig. 1b). A transient
spark discharge generated in this setting (referred to as the
“closed-space setting”) showed an emission spectrum compar-
able to the case of a sealed container with air (Fig. S1df), as
did the chemical composition of the resulting PAW (Fig. S2,f
and Table 1). Using the closed space setting showed a compro-
mise in the efficiency of PAW generation and the complexity of
the used apparatus, thus this experimental setting was
employed in all the following modification procedures.

Modification of Si-NCs by pre-treated PAW

The modification effect of PAW was tested on silicon nanocrys-
tals (Si-NCs). We used ambient-conditions oxidized electroche-
mically etched Si-NCs, before treatment exhibiting moderate
photoluminescence (PL, QY ~ 6%, size ~ 3 nm, for PL and
HRTEM characterization please see Fig. S41),°° whose PL
quickly quenches in water without any additional treatment (as
shown later). These Si-NCs were simply mixed with PAW pre-
viously generated in the closed-space setting (method M1, see
Experimental section) and analyzed using steady-state PL spec-
troscopy afterwards (Fig. 2a). As can be seen, no blue shift of
the PL spectrum or a decrease in its intensity, possibly signaliz-
ing oxidation, was observed. On the contrary, the PL intensity
increased 1.65 times and red-shifted by about 12 nm (~32 meV)
(Fig. 2a). The dynamics of these changes show an exponential
behavior with the time constants of about 6.2 and 14.7 minutes,
respectively (Fig. 2b). Moreover, the dispersibility of the nano-
particles improved significantly, indicating better wettability of
the Si-NCs surface. This PL modification was stable in the range
of weeks (see below). Since the long-living reactive species
persist in PAW even after several weeks,'® this finding implies
that this modification procedure can be applied even using only
PAW pre-treated elsewhere, that is even in laboratories not
equipped with a plasma charge device.

Effect of the direct plasma treatment on Si-NCs surface chemistry

Whereas only the long-lived species are present in the pre-
treated PAW, to study the influence of the short-living reactive
species, the nanoparticles in water need to be treated by the
discharge directly. Thus, we dispersed Si-NCs in water even
before its plasma activation and monitored their photo-
luminescence during the presence of the discharge (method
M2). We used two sets of Si-NCs labelled as A and B (Fig. S47)
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Fig. 2 (a) Temporal evolution of Si-NCs photoluminescence spectra after their dispersion in plasma activated water prepared for 30 minutes at
ambient conditions using a closed-space setting (method M1). (b) Temporal evolution of the photoluminescence maximal intensity and the spectral
position of the PL band maxima. Data are approximated by a single exponential curve. The resulting time constants are displayed. (c)
Photoluminescence spectra of the sample Si-NCs A showing the maximal increase in PL intensity (labelled as the champion sample) before and after
PAW modification (method M2). Photoluminescence was excited at 442 nm by a continuous beam of 2.7 mW. All spectra were corrected for the sen-

sitivity of the whole detection system.

differing by size and thus also the position of their PL spectra.
Moreover, according to the sample preparation procedure (see
Experimental section) it is expected that the sample B is com-
posed of larger nanoparticle agglomerates. The original PL
maxima of sample A and B were located at approximately 670
and 700 nm, respectively. In accordance with the previous
modification, after starting the transient spark discharge, the
PL intensity of both samples started to rise and red shift
(Fig. 2c and Fig. S5a, bt). Also in this case, the red shift fol-
lowed an exponential curve, which approaches almost the
same value for both samples (~700-710 nm) with the time
constant ranging from 4 to 5 min (Fig. S5c¥). In contrast to Si-
NCs modified by pre-treated PAW, the PL intensity of these
samples showed a much steeper rise during the initial modifi-
cation period (a few minutes) (Fig. S5dt). This rise was fol-
lowed by a further gradual increase, which was comparable to
the behavior of the Si-NCs in pre-treated water. Interestingly,
the secondary rise continued also after turning off of the dis-
charge (Fig. S5a and dt). The time intervals necessary to reach
a maximal saturated PL intensity somewhat varied between the
two samples and in the following experiments, ranging from
25 to 60 minutes, and so did the overall PL improvement. The
most common PL increase was 2.5 times, with the best sample
reaching 4.5x of its original PL (Fig. 2c). Thus, the direct
contact of the Si-NCs with the discharge and the short-living
species causes a steep initial PL rise and improves the result-
ing increase of PL intensity, but is not a necessary condition
for the observed effects. The necessity of a high concentration
of RNS and a low concentration of hydrogen peroxide for the
efficient increase of Si-NCs PL was also confirmed by the Si-
NCs modifications by PAW generated under various protective
atmospheres (Fig. S6). Details of these measurements are
described in ESL.{

During our experiments and the optimization process, we
also observed that not all Si-NCs samples are sensitive to the
PAW modification process described above, namely, only a

902 | Green Chem., 2021, 23, 898-911

minor effect of PAW on the PL properties was observed on not
fully oxidized (“fresh”) Si-NCs. This phenomenon can be inter-
preted taking into account the wide range of reactive species in
PAW and the high reactivity of fresh Si-NCs.”**"*> While only
some of the modification pathways can be take place during
the modification of stable, fully oxidized Si-NCs, in the case of
the fresh Si-NCs, more diverse and often mutually competitive
and even detrimental processes can be involved, which results
in only a negligible improvement of the sample passivation
and the associated QY.*" To verify and solve this problem, we
propose a two-step modification process including a pre-treat-
ment of the originally insensitive samples by corona discharge
in air, followed by the standard PAW modification (method
M3). Using this procedure, we were able to increase the PL
intensity of the Si-NCs by more than 6 times, which is almost
twice as much as was observed with the standard fully oxidized
Si-NCs (Fig. S71). Moreover, the PL spectra of the two-step-
modified samples shifted to the same spectral position as the
PL of the samples modified in the standard way, even though
the initial PL maximum of the fresh Si-NCs spectra was located
approximately at 750 nm. Surprisingly, the pre-treatment step
did not improve the PAW modification of the fully oxidized,
surface stable samples (Fig. S7f). For more detail see
Experimental section and ESL.}

For clarity, we compared the intensity and the spectral
change for all 3 described PAW modification procedures (M1-
M3) applied on stable and fresh Si-NCs as was described
above, see Fig. 3. Although we presented three different modi-
fication methods, each with its own application in a different
situation, nanocrystals modified using only the M2 method
were selected for the study of physical, chemical and structural
properties of the treated samples.

Effect of PAW modification on physical properties of Si-NCs

These modifications are much more stable (within weeks)
under standard laboratory conditions (ambient atmosphere) in

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Comparison of Si-NCs (a) PL intensity and (b) position of the spectral maximum before and after the different variations of PAW modification:
(i) M1 (the blue region); (ii) M2 (the red region); (iii) M3 (the green region). The figure presents the modification results of the Si-NCs supernatant and
the sediment labelled as A and B, respectively (for more information see Experimental section). When the modification method does not allow for
the separation of these parts, the samples were labelled as Si-NCs mix. For clarity, we present results of not only the average modification, but also
the best modification attempt labelled as average and champion, respectively. To show the effect of the surface reactivity of Si-NCs on the modifi-
cation process, we present results observed on reactive fresh and surface stabilized (oxidized) Si-NCs labelled as Fresh and Stable, respectively. Only
using the modification procedure M3, we observed a decrease of PL intensity with time after modification. This ageing process is therefore also pre-
sented. Photoluminescence was excited at 442 nm by a continuous beam of 2.7 mW.

contrast to non-treated samples in water. As can be seen from
Fig. 4a, the decrease of PL intensity of all the PAW modified
samples while still in water was not higher than 10% after 2
weeks, in contrast to a 70% decrease of non-modified Si-NCs
in deionized water. Even though the modification is closely
related to the PAW, the samples keep their improved properties
also after drying. Fig. S8bf compares the normalized spectra
of Si-NCs before modification, after modification, after drying
and after 1 more day. It is not easy to compare the absolute PL
intensity of the Si-NCs in a liquid and after drying, but it is
evident that the red spectral shift caused by the PAW modifi-
cation is kept unchanged. Because the PL of Si-NCs can be
affected also solely by pH of the colloidal solution,** which is
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low in our modified sample, we also performed filtration dialy-
sis of the modified sample. After this procedure, the purified
colloid had pH of about 6, while keeping its PL properties
(Fig. S97). The long-term stability of such purified water-dis-
persed Si-NCs is a topic for further research. For more detail,
see ESL.{

To elucidate the physical meaning of the observed PL
changes, we further characterized the photophysical properties
of the Si-NCs A sample before and after the modification
(treated using M2). The external QY of the Si-NCs increased
about 3 times after the modification (from 6.8% to 21.2%)
using the excitation wavelength at 440 nm, proving that the PL
increase is related to the processes of charge carrier recombina-
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(a) Study of long-term stability of the PL intensity of Si-NCs modified by methods M1 and M2 at the band maximum normalized with respect

to the beginning of the experiment. Solid lines are only to guides the eye. (b) Photos of Si-NCs B dispersed in distilled water (labelled as ref) and
PAW-treated (M2 method) ones under standard light (left) and UV illumination (right). The photos are supplemented by 3D picture of the Si-NCs

after drying obtained using atomic force microscopy.
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tion, and not only to the ones changing the amount of the
absorbed excitation or emitted light such as scattering on the
Si-NCs ensembles etc. (Fig. 5a). Interestingly, in contrast to the
non-modified Si-NCs which have an approximately a constant
5-7% QY at the excitation wavelengths between 400 and
500 nm, the QY of the modified Si-NCs decreases with the
increasing excitation wavelength from 28% to 14%. Such behav-
ior is in apparent violation of the Kasha-Vavilov rule, basically
stating that the quantum yield should be excitation-wavelength
independent.>* However, this rule strictly applies only to very
simple systems with uncomplicated carrier relaxation processes
and cannot be generalized to semiconductor nanocrystals,
among other things due to the presence of trap states.>* In our
case, the excitation-wavelength dependent QY change only sig-
nifies that the modification procedure works better for smaller
Si-NCs with the absorption edge shifted to the blue part of the
spectrum, most possibly as a result of a higher surface-to-
volume ratio of smaller Si-NCs and a larger (detrimental) effect
of surface trap states before the modification.

I Non-modified Si-NCs A
I PAW modified

Quantum yield (%)

400 420 440 460 480 500
Excitation wavelength (nm)

View Article Online
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Furthermore, we observed that the PL decays (Fig. S107) of
the modified and the non-modified samples could be with a
good precision approximated by the stretch-exponential curve,
whose PL average time constant z,, increased about 1.3 times
within the whole range of detected wavelengths (Fig. 5b).
While this result proves the positive effect of PAW on the radia-
tive recombination rates of Si-NCs, its value is smaller than the
corresponding increase in the PL intensity and the external
QY. This, together with the wavelength-dependent change in
the external QY, suggests that the modification procedure posi-
tively influences not only the radiative rates, but also other pro-
perties influencing the external QY, e.g. by lowering the
number of non-emissive (“dark”) Si-NCs. Moreover, the insen-
sitivity of the stretch-exponential parameter f to the PAW
modification of the nanocrystal confirms that the surface treat-
ment changes only the surface chemistry of the Si-NCs and
does not influence their size, which is in agreement with AFM
measurements and the absence of hydrogen peroxide in the
PAW (Fig. 4a and Fig. S8b+).
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Fig. 5 (a) Comparison of the photoluminescence quantum yield of Si-NCs A non-modified and PAW modified, measured at several excitation wave-
lengths. (b) Spectral dependence of the fitted average lifetime z,, (displayed in log-lin scale), which was used to describe the photoluminescence
decay of samples Si-NCs A before and after PAW modification. Error bars corresponding to the uncertainty of z,, calculation are displayed. The PL
was excited by the laser pulses at 343 nm. The repetition frequency of the pulses was 1 kHz and the time duration of the pulses was approximately
200 fs. (c) FTIR-ATR measurements of the Si-NCs before and after PAW modification. Positions of the main bands and peaks are displayed and inter-
preted. The NO,~ presence can be also detected as a week band around 1050 cm™. This band would be however hidden under the strong Si—-O-Si
band.*® Samples were modified using method M2.
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Surface chemistry and DFT simulations

The dispersibility of Si-NCs in water was significantly
improved after the surface-modification treatment, which is
obvious by a simple naked-eye observation (Fig. 4b). This
improved dispersibility is corroborated by the AFM-based
structural study of both the non-treated and the treated
sample, which confirmed that the PAW modification lowered
the number of nanocrystal agglomerates (Fig. 4b and
Fig. S8at). Such a marked change in dispersibility clearly
points to a change of the chemical composition of the
surface of the modified Si-NCs.

To elucidate the origin of the observed changes, the Si-NCs
A (treated by M2) were characterized by Fourier transform
infrared spectroscopy before and after the PAW modification
with the direct presence of the discharge (Fig. 5¢). The modifi-
cation procedure causes surface-chemistry changes.
Specifically, the generally less stable O,-Si-H, bonds are
diminished and the characteristic band of the Si-O-Si bonds
(the interval between approximately 1050 and 1200 cm™)

changes.’®*® Moreover, a completely new band appears

View Article Online

Paper
between 1300 and 1500 cm™". Based on its shape and spectral
position, this band can be interpreted as the incorporation of
nitrate-water complexes into the surface layer of the Si-NCs,
possibly via weak bonding interactions.?” Details of the surface
chemistry characterization were published elsewhere.”® The
incorporation of nitrites to the Si-NC shell is also in good
agreement with the chemical composition of the used PAW.

The effects of the surface-bonded nitrate complexes on the
PL of Si-NCs were simulated using DFT calculations, see
Fig. S11} (detailed description is presented in Experimental
section). The non-modified Si-NCs were modelled as a Si-NC
with 100% surface coverage by ~OH species, while the replace-
ment of about 50% of the surface sites with the ~-O-NO, groups
represented the effects of the modification procedure. The com-
puted radiative rates were thermally averaged in order to obtain
a more meaningful comparison with the experiment (carried
out at room temperature, Fig. 6). To visualize which of the Si-NC
states contribute to the light emission, we apply a violin-plot
representation’® to the thermally averaged radiative rates, which
allows us to better understand the PL-related behavior of a NC.
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Fig. 6 (a) Calculated zero-temperature radiative rates corresponding to the first (black) and higher excited states (orange and green) of non-

modified and PAW modified Si-NCs A. (b) Radiative rates from column (a) can be plotted using the violin-plot representation, where color coding
designates the states lying within the corresponding energy intervals in (a) and the shaded areas indicate the number of states reaching a given radia-
tive rate value (an analogy to a histogram). Without considering the effect of temperature (thermal population of higher-lying states), only the ener-
getically lowest transition (the gray one) is possible. (c) The thermal evolution of energetically resolved thermally averaged radiative rates (Raq' )7
from eqn (4) (Experimental section). The solid line connecting the circles presents the total thermally averaged radiative rates (Ryaq)T
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In this representation (see Fig. 6b), the energetic position of the
states is color coded and all the values of the calculated radia-
tive rates are plotted in a single column. After the application of
thermal averaging (eqn (4)), as is shown in Fig. 6c, it becomes
clear that according to the calculations, the light emission of
the non-modified oxidized Si-NCs is dominated by the tran-
sitions from a single level, which has a high degree of spatial
localization on the surface oxide (see Fig. S11t). Such behavior
is typical for oxidized Si-NCs.*® On the other hand, the incorpor-
ation of nitrites to the surface causes more states to participate
in the emission and the corresponding wave function is much
more core-localized (Fig. S117), which indicates a much larger
participation of the Si core in light emission.

When considering strictly only the lowest computed tran-
sition, the radiative rate enhancement is about 2.5x. However,
taking into account also the effect of temperature, the calcu-
lations predict an even higher 5x increase in the total radiative
rates. The corresponding measured changes in the decay life-
time (1.3x) are in good agreement with these numbers, even
though they are slightly smaller. The lower experimentally
observed enhancement is to be expected, since the simplicity of
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our modification procedure clearly prevents a perfect surface
coverage, it only leads to the amelioration of the original state.
The mechanisms through which the radiative rates are
enhanced very probably include also the alleviation of surface-
oxide-related strain. Fig. S1laj plots the distribution of Si-Si
bond lengths in the modified and non-modified Si-NCs. The
much narrower distribution for the nitrate-containing Si-NC
suggests that the presence of the modified surface leads to a
much lower occurrence of highly strained areas in the NC, which
improves the radiative rates. An independent corroboration of
the reduced strain in the NC was also provided by our previous
optical measurements published elsewhere, which showed that
SiOy-related defects are strongly suppressed after the modifi-
cation.>® Moreover, fitting of the Si-O band of the FTIR measure-
ments (Fig. 5c) also yields higher wavenumbers (1052 a
1090 em™" vs. 1042 and 1072 cm™') and larger FWHMs (the
difference is 9 and 6 cm™', respectively) for the modified
sample, suggesting lower interfacial Si/SiO, strain.*® Lower strain
levels lead to less trap states, which might imply a smaller pro-
portion of “dark”, non-emitting Si-NCs, an effect suggested also
experimentally by our optical characterization presented above.
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Fig. 7 (a) Temporal evolution of (a) MgO and (b) ZnO nanoparticles photoluminescence spectra during the first few minutes of PAW modification.
PL spectra of the samples after 1 week in PAW are also displayed. Inset: Evolution of both samples PL at maxima of the spectra during 30 minutes
modification by PAW. Ageing of the PL intensity after 1 week is displayed. Photoluminescence was excited at 325 nm by continuous beam of 3.4 mW.
All spectra are corrected to sensitivity of whole detection system. Elemental analysis of (c) MgO and (d) ZnO using energy — dispersive X-ray spec-

troscopy before and after modification by PAW (method M2).
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Effect of PAW modification of zinc oxide and magnesium
oxide nanoparticles

The general applicability of the described surface modification
method was tested on other semiconductor nanoparticles,
namely using commercial ZnO and MgO nanoparticles. These
nanoparticles were selected for their similar surface chemistry
to Si-NCs (silicon nanocrystals possess an oxide based shell)
and the typical surface related photoluminescence which should
be sensitive to the modification of surface chemistry.**™*>

MgO nanoparticles were dispersed under the same con-
ditions as Si-NCs and modified for 30 minutes in PAW with the
presence of a closed-space transient spark discharge (treatment
method M2). The PL evolution of the suspension is presented
in Fig. 7a. As can be seen, the original-defect related PL at
410 nm (band gap of nano-MgO 5.0-6.2 eV) is quickly
quenched.”® In this case, the PL intensity can also be well-
approximated using an exponential fit (Fig. 7a inset) with the
time constant of 1.5 min. The modification was stable, only a
small re-increase of the intensity of 10% was observed after 1
week in PAW. These results are in good agreement with our pre-
vious observations in Si-NCs: as the blue PL of MgO nano-
particles does not originate from the quantum confinement
effect, but from surface defects, the PAW modification effec-
tively quenched them. The elemental composition of the modi-
fied and pure samples was analyzed using energy — dispersive
X-ray spectroscopy (Fig. 7c and Table S27), confirming the pres-
ence of nitrogen and an increase in oxygen in the modified
MgO samples. The obtained ratio of nitrogen and oxygen (after
subtracting the original value) was (2.02 + 0.08), in good agree-
ment with the surface modification being a result of nitrate-
water complexes.

A similar modification was realized also using ZnO nano-
particles (band gap 3.3 eV).*>*" The PL evolution of the ZnO
nanoparticles in water during the PAW modification is pre-
sented in Fig. 7b (treatment method M2). The initial PL band
located at 650 nm, commonly interpreted as due to oxygen-
related surface defects,*" was again quickly quenched (Fig. 7b
inset). The intensity evolution was approximated by an expo-
nential curve showing time constant of 0.4 min. While the
modification was stable within several days, a new PL band
with the maximum at approximately 420 nm emerged. This
band is related to the over-the-bandgap radiative recombina-
tion, which can be red-shifted in ZnO in nanostructured
samples in water, proving a significant improvement of the
surface passivation of the nanoparticle.*® Also in the case of
ZnO the change of the elementary composition was studied by
EDS showing a significant rise of nitrogen and oxygen atoms
(Fig. 7d). The ratio of nitrogen and oxygen atoms obtained by
the PAW modification was 2.61 + 0.09, proving presence of
mixture of nitrate and nitrite-water complexes.

Conclusions

In conclusion, we show that a very simple alteration of the
typical procedures used to generate plasma activated water,
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namely plasma activation in a closed-space vessel with
restricted air flow, leads to a novel chemical composition of
plasma activated water beneficial for the modification of the
surface of nanoparticles. The modification procedure is
carried out at ambient conditions (no need of controlling the
atmosphere or temperature) and in its simplest form it
involves only the dispersion of nanoparticles in plasma acti-
vated water pre-treated in a closed-space vessel. Using silicon
nanocrystals, the improvement of light emission after this type
of modification was 1.8x. A direct treatment of Si-NCs by the
non-thermal plasma, simply by employing inexpensive and
easy-to-operate equipment for the generation of a transient-
spark or corona discharge, led to a six-fold improvement of the
original PL. The modification is stable at laboratory conditions
in water for at least several weeks and when the liquid is dried
out from the sample. In addition to PL, also the dispersibility
of Si-NCs in water is significantly improved. The modification-
related changes were demonstrated to be due to the incorpor-
ation of nitrate-water complexes to the surface of Si-NCs. Our
DFT calculations and other results indicate that the alleviation
of surface-oxide-related strain could be responsible for the
improvement of PL, which results from both the enhancement
of radiative rates and the brightening of non-emissive Si-NCs.
Even though the modification procedure is demonstrated here
using Si-NCs as the studied nanoparticles, its application can
be easily generalized also to other types of water-tolerating
nanoparticles, which we confirm using commercial MgO and
ZnO nanoparticles. The described procedures prove the feasi-
bility of chemicals-free surface modification of nanoparticles,
opening the door a broad range of surface modification chem-
istries using other environmentally friendly and abundant
liquids.

Experimental
Samples

The Si-NCs were prepared by a standard electro-chemical
etching followed by ambient-conditions oxidation of the
surface.** Briefly, the B-doped wafers of crystalline silicon was
electrochemically etched in a solution of HF/EtOH for 2 hours.
The resulting thin layer was washed with Ethanol and kept in
controlled condition (ambient atmosphere and humidity of
approximately 50%) for a few days. The thin layer of oxidized
Si-NCs was treated by mechanical pulverization yielding a few
mg of freestanding Si-NCs powder afterwards. The commer-
cially available ZnO (average size of 14 nm, specific surface 30
+5m? ¢~" and purity >99%) and MgO (average size of 20 nm,
specific area 50 m> g~' and purity >99%) nanoparticles were
manufactured by PlasmaChem GmbH.

Non-thermal plasma systems

Plasma is generated by two following systems of corona
discharge:

(a) Continuous corona discharge system, previously
described in Scholtz V. et al.,* burned at atmospheric con-
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ditions and consisted of 2 electrodes generating a plasma jet
directed through a scattering grating onto the dry powder
sample using a commercial 5 kV source (Fig. Slat). The
passing current was approximately 0.2 mA. To improve the
effect of the active atmosphere, the system is encapsulated,
limiting the free flow of air.

(b) Pulsed corona discharge system referred as to the transi-
ent spark discharge system consisted of a commercial high
voltage source, oscilloscope, ammeter, a stabilizing ballast
impedance with a parallel connection of a 10 MQ resistor and
a capacitor of 500 pF and two electrodes.>” The electrodes were
nested in a glass beaker or a quartz cuvette with 1 ml of de-
ionized water (optionally with dispersed nanoparticles), when
one electrode is above and the other one under the water level,
so the discharge burned between the upper electrode and the
water level (Fig. 1a and b). The properties of the resulting dis-
charge are: 50 ns pulse length, frequency of 2 kHz and peak
pulse current ranges from 5-10 A depending on the distance
of the first electrode and water level. The pulse duration and
the repetition rate are set to reach the optimal combination of
high impact energy and low heating of the modified system.
The transient spark burned in open air atmosphere or in
closed atmosphere of O, or N,.

Surface modification procedures

In all the procedures detailed below, the volume ratio of the
deionized water to the air in the cuvette was 1:3.5. The
internal size of the cuvette was 1 x 1 x 4.5 cm®. The area of the
water level was 1 cm?. These conditions ensure that stable
atomic plasma is generated above the water level, which is an
essential condition for these modification procedures to
proceed as required.

(a) Modification of the nanoparticles by pre-treated PAW
(labelled in the text as method M1): PAW was prepared by a
direct treatment of 1 ml of deionized water in a quartz cuvette
using transient spark discharge for 30 minutes and kept for
2 h to eliminate the short-living species. Afterwards, 1 mg of
nanocrystals was mixed with 2 ml of the PAW.

(b) Modification of nanoparticles by PAW with the direct pres-
ence of discharge (labelled in the text as method M2): 2 mg of
nanoparticles were suspended in 2 ml of deionized water and
treated in an ultrasonic pulse homogenizer (Bandelin Sonopuls)
for 1 hour (total delivered energy of 60 kJ). The Si-NCs sample
was additionally let to sediment for 1 hour and the supernatant
(sample A) and the sediment (sample B) were used as two
different samples. Both samples were refilled by deionized
water to the volume of 2 ml. A half of each sample was kept as a
reference afterwards. The MgO and ZnO samples were prepared
with the same procedure omitting the separation of the super-
natant and sediment. The samples were then put into a quartz
cuvette and treated by the transient spark discharge for
30 minutes (unless otherwise stated). To ensure the homogen-
eity of the modifications of the samples in PAW, nanoparticles
are magnetically stirred during the plasma treatment.

(¢) Modification of nanoparticles by PAW and discharge with
additional plasma pre-treatment (labelled in the text as method
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M3): this method is an extension to method M2. In contrast to
M2, this procedure is preceded by a pre-treatment of the dry
nanoparticles by continuous corona discharge for 4 hours at
ambient conditions before their mixing with water. To avoid
the degradation of the new surface chemistry of the nano-
particles, this method intentionally omits their ultrasound
treatment before the PAW modification.

Filtration dialysis purification

The sample was purified using dialysis tubing (Sigma-Aldrich,
cellulose tubing, 23 mm, MWCO 12 400). The volume of 0.5 ml
of the modified sample stirred in 100 ml of deionized water
for 2 days, after which the Si-NCs luminescent sample was
transferred from the tubing to a cuvette and characterized.
Neither the tubing nor the deionized water exhibited the
characteristic Si-NC PL after the purification procedure.

Steady-state luminescence and plasma emission
measurements

The emission spectra of discharges and photoluminescence
(PL) spectra of the nanoparticles were obtained using the
imaging spectrograph Shamrock 300i (Andor, Oxford
Instruments) coupled with an EMCCD camera (Newton 971,
Andor, Oxford Instruments). The PL spectra were excited using
a continuous wave (cw) HeCd laser at 442 and 325 nm of inten-
sity ~2.55 mW (decrease by ND filters from original ~17 mW)
and 3.40 mW, respectively.

Time-resolved luminescence measurements

The time-resolved PL measurements were realized using a
system consisting of a pulsed femtosecond laser Pharos SP -
1.5 mJ (pulse width 150 fs), harmonic generator HiRo (both
Light Conversion) and a streak camera (Hamamatsu) coupled
with an imaging spectrometer. The PL signal was excited by
pulses at 343 nm having a 1 kHz repetition rate and intensity
of 65 puJ cm™2, which corresponds to approximately 1.2 x 10**
photons per cm® The angle between the detection and the
excitation paths was 90 degree. To ensure that the sample is
not modified by the pulse energy during the measurements,
the suspensions are magnetically stirred during the measure-
ments and their response before and after the laser exposition
were compared. The temporarily and spectrally resolved PL
data were analyzed using the procedure published by Kasova
and Popelai.’® In brief, PL time-dependence rising edge,
caused by the finite pulse duration, was effectively deconvolved
using a convolution of a best fitting decay function and the
known systems response (laser pulse shape). To improve the
signal-to-noise ratio four spectrally neighboring PL decays
were averaged. Fitting in the temporal domain was performed
through all the averaged PL decays (~130 decays per a single
spectrum). First, to evaluate the signal onset, decay was fitted
using only a single exponential function to describe the PL
decay and onset rise-time was deconvolved. Then, the final
and more precise fit was realized using a stretched-exponential
function I = I, exp[—(¢/z)"f] to describe the PL decay, using a

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0gc02619k

Published on 22 December 2020. Downloaded by Institute of Physics of the Czech Academy of Sciences on 8/18/2023 1:21:34 PM.

Green Chemistry

fixed onset time obtained previously. The final average decay is
obtained using:*’

r(-2

()

ta(2) = LY 1p). (3)
(m)

Quantum yield measurements

Absolute quantum yield (QY) was measured using a home-
built set-up with tunable Laser-Driven Light-Source LDLS
(Energetiq EQ-99) coupled to a 15 cm focal length long mono-
chromator (Acton SP-2150i). The detection part consisted of a
30 cm focal length long imaging spectrograph (Acton SP-2300i)
coupled to a liquid nitrogen (LN) cooled back-illuminated CCD
camera (Spec-10:400B, Princeton Instruments). The sample
(nanoparticles dispersed in PAW inside a quartz cuvette) was
placed in an integrating sphere (Sphere Optics). Both the exci-
tation and the emission signals were coupled and guided
using silica fiber bundles connecting the sphere, excitation
source and detector. Set-up was absolutely calibrated using
calibrated black-body radiation source (45 W tungsten-halogen
lamp, Newport Oriel). For more details, see ref. 48.

Material analysis

The Fourier Transform Infrared (FTIR) absorption analysis was
measured using the attenuated total reflectance (ATR) tech-
nique (on Ge crystal) using Nicolet iN10 FTIR microscope
(Thermo Scientific) with a resolution of 4 cm™ and the
Norton-Beer strong apodization function in the range from
675 to 4000 cm™'. Homogeneity of the sample was verified
through measurements on several spots on each sample.
Energy dispersive X-ray spectroscopy (EDX) measurements
were performed using Bruker Quantax 200 with 6|10 XFlash
detector with acceleration voltage of 15 kV. Transmission elec-
tron microscopy (TEM) images were obtained using Jeol 2200
FS (200 kV). As a support for the nanoparticles, holey carbon
300 mesh copper grids were used for the TEM. Chemical ana-
lysis of the PAW was realized using commercial pH and NO,™~
and NO;~ indication strips (Quantofix).

Simulations

The technique used to calculate the radiative rates of non-
modified and PAW modified Si-NCs was described in detail
elsewher.">?* In brief, for the density functional theory (DFT)
ground state simulations, we used the cp2k code and
Quickstep implementation of the GPW basis set.*® In particu-
lar, the Gaussian basis set was chosen as the short-range
double-zeta polarized basis DVZP-MOLOPT-SR. Plane wave
cutoff was set to 400 Ry. Self-consistency convergence was set
to 107°. Simulations are done using the generalized gradient
approximation (GGA) functional Perdew Burke Ernzerh
(PBE).>®

Si crystalline core of ~2 nm diameter was built in the
Vesta editor by making a cutoff from a bulk crystal along
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the (100), (110) and (111) crystal planes resulting in a
spherical Si-NCs. The surface is composed of facets with
-SiX, and -SiX binding sites (-SiX; species are chemically
unstable and thus were removed prior to simulations). The
resulting Si-NCs were covered 100% by hydrogen and serve
as a starting structure. The final Si core contains 235 Si
atoms with approximately 2 nm in diameter. This size is
ideal, as it is reasonably close to the experimentally studied
material, it is not too large for the simulation and the role
of the surface capping is expected to play a strong role,
because about 50% of atoms are positioned on the NC
surface. A 100%-OH coverage was used to model the oxi-
dized sample (before modification) and an Si-NC containing
mixed passivation with OH group on half of the surface
sites (55 sites) and -O-NO, at the remaining ones models
the ‘modified sample’. First, Si-NC structures are pre-relaxed
with -H capping and then again with the ligands. Molecular
orbitals and energies are then simulated using the fully opti-
mized (relaxed) structures.

Thermally averaged photon-less radiative rate (Ry,q)r were
calculated from the obtained photon-less radiative rates Ruuq 7

using a formula:'**!
. E
Ryag"™ exp< kT )
<Rrad>T = Z <Rrade>T = Z#v (4)
ij Ly
lzj: exp( T )

where E" stands for the energy difference between the partici-
pating energy levels, k is the Boltzmann constant and T is
temperature. Energy-resolved thermally averaged radiative
rates (Ryaq” ) are plotted as violin plots following a procedure
outlined in ref. 13. In brief, radiative rates are grouped into
intervals based on their oscillator strengths and energy differ-
ence and then are plotted as a single-column violin plot using
Matlab 2015. States above a certain energy threshold have basi-
cally zero influence at room temperature, and therefore do not
need to be considered.
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Traditionally, two classes of silicon nanocrystals (SiNCs) are recognized with respect to
their light-emission properties. These are usually referred to as the “red” and the “blue”
emitting SiNCs, based on the spectral region in which the larger part of their
luminescence is concentrated. The origin of the “blue” luminescence is still disputed
and is very probably different in different systems. One of the important contributions
to the discussion about the origin of the “blue” luminescence was the finding that the
exposure of SiINCs to even trace amounts of nitrogen in the presence of oxygen
induces the “blue” emission, even in originally “red”-emitting SiNCs. Here, we obtained
a different result. We show that the treatment of “red” emitting, already oxidized SiNCs
in a water-based environment containing air-related radicals including nitrogen-
containing species as well as oxygen, diminishes, rather than induces the "blue”
luminescence.

1 Introduction

Silicon nanocrystals (SiNCs) are an efficient light-emitting material with
prospective applications ranging from biological imaging through light-emitting
devices to photovoltaics.>” As is expected in a quantum-dot-based system, their
optical properties are tunable with size. However, it is not only the maximum of
the photoluminescence (PL) which changes with size as a result of the bandgap
opening.** Unlike in other quantum-dot-based systems, the decay lifetimes also
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depend on the size of the SINCs''*"” as the efficiency of the emission is tuned by
a changing level of confinement. Naturally, the quantum yield also changes.***®

“Bare” H-terminated SiNCs are strongly prone to oxidation under an ambient
atmosphere,” implying that their surface always needs to be terminated with
a non-silicon-based chemical species. In addition to the size, the type of surface
termination also strongly affects the optical properties.”*>* Probably the most
typical surface chemistries include natural or intentional oxidation®'*** and long-
alkyl-chain attachment via hydrosilylation,>""*** exhibiting emission in the red
and near-infrared spectral region with radiative lifetimes on the order of 10-100
us. However, a wide range of other types of surface terminations are possible.

The optical properties introduced so far apply only to one class of SiNCs. It is
generally recognized that in addition to the “red” emitting SiNCs described
above, a second class of SiNCs exists: the “blue” emitting ones with much faster
emission rates. The blue PL band can either co-exist with the red band,*>® or it
can stand completely on its own."* Since fast emission in the blue spectral
region under UV illumination is quite a common occurrence, there are as many
models explaining the physical origin of the blue band as there are proposed
mechanisms for the switch between the red and the blue types of emission.
Given the prevalence of the blue emission across various materials, it is actually
quite possible that different explanations are valid for different samples and
more than one of the proposed models are necessary to explain the wealth of the
observed types of behavior.

Starting with oxidized SiNCs, the blue band has been proposed to be con-
nected with the crystalline core of the SiNCs,*® possibly with the non-thermalized
direct I';5-I",5 transition® " (see Fig. 1a), whereas other studies see it completely
as a result of oxidation and SiO, defects in the surface oxide.”®** The blue-green
emission of organically capped SiNCs was attributed to the crystalline core,*
but a different study saw its origin in a surface defect or impurity. As for the
switch from the red to the blue PL, a discontinuity in the spectral tunability with
decreasing size starting from the “red” emission is usually observed,"*'*'"*® even
though here an exception to the rule can be found.”

4
3
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>
>
2o
(0]
-2
LATAX
wavevector

Fig. 1 (a) The band structure of bulk silicon with the transitions discussed in the text
highlighted. Number (1) designates the excitation and number (2) the thermalization event.
(b and c) Bright-field TEM images of SiNCs before (b) and after (c) surface modification.
Individual NCs can be easily discerned. The corresponding selected-area electron
diffraction pattern of the surface-modified SiNCs in (c) confirms the presence of randomly
oriented NCs in the investigated spot.
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Apart from the effect of oxidation,*® an induced switch between red and blue
emission has been ascribed to the presence of nitrogen “impurities”." In that
work, SiNCs were prepared by a top-down approach (annealing of an Si-rich
material, HSQ) and using bottom-up syntheses (Na,Si,/NH,Br reaction and
SiCl, reduction). Even though all of the samples had basically the same size and
the same surface termination, the emitted PL was the “red” type and the “blue”
type of emission for the top-down and bottom-up approaches, respectively. The
incorporation of nitrogen and oxygen “impurities” was identified as the process
responsible for this difference; the mixing of the “red-emitting” SiNCs with
nitrogen-containing compounds even induced them to have “blue” PL. As a result
of that work, nitrogen is seen as an undesirable element, which can always induce
“blue” PL in SiNCs.

There is some evidence in the literature, though, showing that this is not
necessarily always true. One body of work constitutes SiNCs prepared via the
reduction of SiCly, surface-terminated using N-linked aromatic compounds (e.g.
diphenylamine, aniline), where high quantum yields were achieved.”® The
maximum PL of the surface-terminated SiNCs could be tuned using different
types of surface termination, with aniline-terminated SiNCs emitting in the
orange spectral region.* Fast PL lifetimes were reported, with no information on
a possible long component. Similarly, the attachment of N-containing porphyrin
molecules active as antennae on “red-emitting” dodecyl-capped SiNCs did not
induce a switch of the red PL to blue PL either.*® Looking at older publications,
films of SiNCs treated in N, plasma, resulting in nitride-terminated SiNCs, were
also investigated. The presence of the nitrogen in the nitride-rich SiNC films, just
at the surface of the SiNCs, did not induce blue PL.*”*® Of particular interest is
the comparison of such nitride-terminated SiNCs with oxidized ones,* which
hints at the co-existence of a blue and a red PL band in the oxidized SiNCs, but
also at its complete absence of the blue PL band in the nitride-terminated SiNCs.
However, the optical experiments performed in that study were a bit
rudimentary.

In this contribution, we study the effect of the treatment of oxidized SiNCs in
a nitrogen-rich environment, focusing on the blue emission. The original,
untreated oxidized SiNCs exhibit a weak blue PL band in addition to the standard
red band. Despite the fact that nitrogen builds into the surface passivation layer
of the SiNCs in the form of nitrites and/or nitrates, it is observed to cause the
disappearance rather than the emergence of the blue band. This finding confirms
that the presence of nitrogen close to SiNCs does not necessarily induce blue PL in
SiNCs.

2 Methods

The studied SiNCs were prepared by a standardized electrochemical etching
treatment followed by oxidation of the surface under ambient-conditions.” In
brief, crystalline silicon wafers were exposed to a solution of HF/EtOH in an
electrochemical cell while current was passed through the etching solution
(please note that HF can cause serious burns to the skin with significant
complications due to fluoride toxicity). After two hours of etching, the resulting
thin layer was washed with ethanol and let to dry in an ambient atmosphere at
slightly elevated humidity (=50%). Mechanical pulverization of the electro-
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etched layer yielded a powder of oxidized SiNCs, which had already been char-
acterized in great detail.”**?**

In order to carry out the surface-modification treatment, SiNC powder was
suspended in deionized water at a concentration of about 1 mg SiNCs/2 ml water
and was treated in an ultrasonic pulse homogenizer for 1 hour. Then, the sample
was placed in a quartz cuvette. The surface-modification treatment was per-
formed in water using non-thermal plasma generated by electrical discharge in
the point-to-plane arrangement and in the regime of transient spark. Transient
spark discharge is described in ref. 41, and specific details will be published
elsewhere. In brief, an electrode was inserted into the cuvette so that a discharge
was generated between the electrode and the water surface under passing current.
Processes induced by non-thermal plasma are related to the presence of high
energy electrons. Their collisions with air molecules surrounding the water level
produce reactive oxygen and nitrogen species, charged molecules and UV and
visible photons under the conditions of the experiment. The radical species are
dissolved in the water and the high energy molecules/atoms cause the radicali-
zation of the surface part of the water. Moreover, the radicals from the air and the
water induce secondary chemical processes in the water medium. This procedure
yields the so-called plasma-activated water (PAW, for the details of PAW prepa-
ration and analysis see our previous studies****), in our case, rich in nitrates NO;
and nitrites NO,. Although in many cases PAW is also rich in peroxide, H,0,,
under the conditions of our experiment, peroxides are not present. The surface of
the SiNCs was modified in PAW under the plasma discharge while the suspension
was magnetically stirred for about 30 min. The resulting suspension of modified
SiNCs was characterized by the methods detailed below. The samples used for
EDS and FTIR measurements were washed additionally with deionized water to
remove the remaining radicals. PAW for the luminescence measurements was
separated from the modified sample using filtration with centrifuge filtration
units. The PAW was checked for the absence of red PL to confirm that no SiNCs
were present.

The microstructure of the samples and the EDS spectra were observed using
a TEM Jeol 2200FS (200 kV) equipped with an Oxford Instruments EDS detector.
As a support for the nanoparticles, holey carbon 300 mesh copper grids were used.

For FTIR measurements, the samples were deposited onto an Al plate and
dried for three and half days in air, which guaranteed that all volatile substances
had already evaporated. The FTIR spectra were recorded using the ATR (Ge
crystal) technique using a ThermoScientific Nicolet iN10 FTIR Microscope with
a resolution of 4 cm™" and the Norton-Beer strong apodization function in the
spectral region of 675-4000 cm ', where the average spot size was 100 x 100 um?>.
Several different spots of each of the evaporated deposits were measured to
confirm the homogeneity of samples.

For temporally resolved PL measurement, an optical setup composed of
a femtosecond pulsed laser, Pharos SP - 1.5 mJ - 200 (150 fs), a harmonics
generator HiRO (Light Conversion) and a streak camera (Hamamatsu) coupled
with an imaging spectrospectrometer was employed. An excitation wavelength of
343 nm and a repetition rate of 1 kHz were used, and the impinging excitation
intensity was 65 pJ cm~2 (1.2 x 10'* photons per cm?). The suspensions of SiNCs
were placed in (luminescence-free) quartz cuvettes and were magnetically stirred
during the measurements, and we verified that the PL properties of both the
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samples were not influenced by the laser beam. The angle between the excitation
beam and the detection path was 90°. The PL of the second, modified sample was
measured just after that of the unmodified one with minimal delay between the
two and under the same excitation/detection conditions. We have also thoroughly
verified that the intensity readings of our apparatus are well-repeatable, which
implies that the PL intensities reported here are fully comparable across the two
samples. The acquired PL maps were analyzed following a dedicated procedure
outlined in ref. 44, ensuring high-quality fits. In brief, both the PL onset edge and
the decay itself were taken into account using a convolution of a decay function
(single-exponential, stretched-exponential) and the (known) shape of the
incoming laser pulse. Four spectrally neighboring PL decays (that is a spectral
region of about 1.5 nm) were averaged to increase the signal-to-noise ratio and the
fitting in the temporal domain was performed for all of these averaged PL decays
(=130 decays per one spectrum). The background level (I, from eqn (1) intro-
duced later) was determined as the mean of the values before the onset of PL and
its homogeneity was checked in order to accurately discriminate possible weak
signals from the background. At first, the data were fitted assuming only a simple
single-exponential decay to find out the position of the onset edge, and in
a second run, a more precise decay function was selected while the onset times
were fixed to the values obtained from the first run. Spectrally uncorrected data
were used for the fitting procedure, and a spectral correction was applied to the
spectral part (decay amplitudes) after the fitting.

The transmittance spectra were collected using a Libra Biochrom S60
spectrophotometer.

For the calculations of the phononless radiative rates, the Si crystalline cores
were built using the Vesta editor by making a cut-off from a bulk crystal along the
(100) (110) and (111) crystal planes. In this way, approximately spherical SiNCs
were obtained. All SiNCs had crystalline cores. The surface of the SiNCs had
different types of facets with -SiX3, -SiX, and -SiX binding sites. The -SiX; species
were not chemically stable and were removed. The (100) facets were recon-
structed. The resulting SiNCs were slightly tetrahedral and were 100% covered by
hydrogen. OH passivation was 100%, and the mixed -OH and -O-NO,-capped
nanoparticle had -O-NO, attached to 49 surface sites and OH to the remaining 55
sites. Calculations were performed using density functional theory (DFT) as
implemented in the CP2K package Quickstep,* with the generalized gradient
approximation functional of Perdew-Burke-Ernzerhof.*® The core was approxi-
mated by the Goedecker-Teter-Hutter pseudopotential potential.*” For the basis
set, we used the short-range Gaussian double-zeta valence polarized basis set
DVZP-MOLOPT.* Plane wave cutoff of the integration grid was set to 400 Ry and
the self-consistency convergence to 10~ °. The bandgap energies appeared to be
shifted by a constant value of 0.5 eV, which is a known issue of ground state DFT.**

3 Results

3.1 Surface modification and changes in chemistry

In our study, we used porous-silicon-based SiNCs oxidized under an ambient
atmosphere at slightly elevated humidity, which had already been studied in great
detail. In brief, the size of the crystalline core of the light-emitting SiNCs was
around 2.5-3 nm,* and the prevailing surface species was oxide.** The PL
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characteristics were dominated by a broad red PL band positioned around 650 nm
with microsecond decay times, even though a fast blue band was also present.'”**
The porous-silicon origin of the SiNCs, on the one hand, causes the presence of
a broad distribution of sizes of NCs and crystallites in the samples, including
crystallites with sizes of =50 nm.*® On the other hand, it ensures that the small
light-emitting SiNCs have crystalline cores, since they originate from a single-
crystalline Si wafer. It might not be so straightforward to achieve such high
concentration of particles with crystalline cores in bottom-up preparation
approaches, such as in various types of chemical syntheses.

The water-based suspension of the oxidized SiNCs underwent surface modi-
fication by the application of non-thermal plasma under ambient conditions
(atmosphere and temperature). The non-thermal plasma discharge ionizes the air
surrounding the SiNC suspension and causes the generation of water-related
reactive species. The air-originating radicals dissolve in the water and might
react with the water-related species. The complex series of chemical reactions
leads to a cocktail of reactive species dissolved in water, resulting in the so-called
plasma-activated water (PAW). The type and the concentration of the reactive
species in the PAW depend on the conditions of the plasma discharge; in our case,
the prevailing species are NO, (=30 mg 1™') and NO;~ (=5 g 17"), but H,0, is
not present. High concentrations of these radicals caused very low pH values (1-2)
in the PAW in our experiment. The details of the modification procedure are
beyond the scope of the current contribution.

As can easily be expected from the absence of peroxides the PAW treatment
does not affect the crystalline cores of the original SiNCs because the treatment
conditions are too mild to possibly destroy a crystalline core. The presence of
small crystalline particles in both the original sample and in the sample after the
surface modification are documented via the TEM measurements in Fig. 1b and c.
The SAED diffraction pattern of the surface-modified sample in the inset of Fig. 1c
shows a clearly defined circle, typical of very small randomly oriented crystalline
nanoparticles.>** However, the already mentioned presence of larger crystallites
originating from the etching preparation procedure causes residual diffraction of
the silicon lattice.
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Fig. 2 (a) Elemental analysis of the unmodified (top row) and surface-modified (bottom
row) SiNCs. The four pairs of images correspond to the electron-microscopy image (left),
and the EDS maps of the Si, O and N content (right). Before the modification, the nitrogen
content in the sample was very low, and after the modification, the N content significantly
rose in the areas containing Si. (b) Examples of two EDS spectra. (c) Elemental composition
averaged over several samples and spots and compensated for the signal of the substrate.
The error bars represent the standard deviations of the average values. Color coding is the
same as in (b).
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The non-thermal plasma treatment of the oxidized SiNCs results in a change in
the surface-passivation layer of the SiNCs. Fig. 2 compares electron micrographs
and the energy dispersive X-ray spectroscopy (EDS) elemental maps of the original
and surface-modified SiNCs, respectively. As expected, the most important
elements present in the sample before the treatment were silicon and oxygen (see
also the EDS spectra in Fig. 2b). When probed, trace amounts of nitrogen could
also be detected. After treatment in the nitrite- and nitrate-rich PAW, silicon and
oxygen still remained the most important elements in the modified sample,
however, the amount of incorporated nitrogen dramatically increased (Fig. 2a).

Since the acquired EDS spectra from Fig. 2a tend to contain “flakes” of
impurity material (such as Cu from the grids, see Fig. S1 in the ESIt), EDS spectra
from two different samples were averaged over several spots and compensated for
the signal of the carbon substrates. The resulting elemental composition is shown
in Fig. 2c. Considering the sizes of the SiINCs under study, a rough estimate of 0.4
surface bonds to be passivated per one silicon atom in the crystalline core can be
made.*® The different observed silicon-to-oxygen ratio in the unmodified sample
was a result of CO, being adsorbed by the sample during the measurement. The
other elements present in trace amounts are residual impurities originating from
the preparation procedure (Al - from the duralumin substrate of the electro-
chemical etching cell, Fe from the stainless steel scalpel used for mechanical
pulverization, and Na from NaOH used for cleaning of the etched wafers). The
concentration of all of these impurities decreased after the modification,
implying that they are clearly washed out during the radical-removal procedure
after the modification treatment and thus not involved in the modifications
presented in this study.

The important changes in the elemental composition of the modified sample
are a small increase in the silicon-to-oxygen content ratio accompanied by a large
increase in nitrogen content, implying that part of the oxidized surface of the
unmodified SiNCs is replaced with a nitrogen-containing compound. The
increase in the nitrogen content is significant, and it rises from (0.2 + 0.2)% to as
much as (5.0 £ 2.5)%. Just to give an idea of what this means, we can imagine
a “model” SINC composed of about 700 Si core atoms (3 nm in diameter), which
has about 250 surface bonds to be passivated.>® Presuming a simple caseofa1: 1
passivation of these surface bonds with bridging oxygen bonds Si-O-Si and with
hydroxyl groups —~OH, the hypothetical NC has 160 surface oxygen atoms. If 5% of
this NC is supposed to be made up of nitrogen, about 40 of these surface oxygen
atoms would have to be replaced with nitrogen atoms.

The chemical nature of the incorporated nitrogen was revealed by FTIR
measurements in ATR mode, as shown in Fig. 3. The oxidized unmodified SiNC
sample has already been studied in detail.*® The prominent surface features are
bridging Si-O-Si bonds at 1000-1250 cm ™' and 798 cm ™! accompanied by silanol
Si-OH (846 and 943 cm ') and back-oxidized hydride O,-SiH, (875 and
2255 cm™ ') groups. The PAW treatment led to the disappearance of the back-
oxidized hydride groups whereas silanol groups were preserved. More impor-
tantly, some changes in the bridging-oxygen region are observed, suggesting
reorganization in the surface oxides. However, the most marked feature of the
SiNCs after the treatment was the emergence of a new FTIR band between 1250
and 1560 cm ™. In accordance with the studies of the interactions of HNO; with
SiO, and an organic self-assembled layer-coated Ge crystal under dry and humid
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Fig. 3 FTIR-ATR measurements of the unmodified and modified samples and the
assignments of the observed FTIR peaks (v stands for stretching, & for deformation, s for
symmetric, and a for antisymmetric) with the corresponding references used for the
assignments noted.

N, flow,* these peaks result from the presence of nitrate/nitrite ions. The shape of
this nitrate peak, which is asymmetric but exhibits minimal levels of splitting,
indicates that the trigonal symmetry of the nitrate anions is almost retained on
the SiNC surface. This fact could be explained by a set of weak bonding interac-
tions ---O-NO, to the SiNC surface (probably also including a weak bidentate
bonding mode of nitrates), which induce only a minimal distortion of symmetry.
Additionally, the splitting of the combination band (v; + v,) of the nitrate anions
into two bands at 1770 and 1754 cm™ " can also confirm the existence of a weak
bonding interaction of NO; ™~ with the surface of the SiNCs. The separation of the
combination band of 24 em™" represents the border of the monodentate and
chelating bidentate interactions of nitrate ions according to the literature.** The
band recorded at 828 cm ™', overlapped by the vibrational motion of silanol, can
be also assigned to the », NO;™ vibration. An alternative explanation of the shape
of the 1250-1560 cm ' FTIR band could be also related to the formation of
nitrate-water complexes (discussed in ref. 55 and references therein) bound to the
SiNC surface. The presence of water molecules is indicated by the H,O bending
mode recorded at 1645 cm™'. Thus, FTIR not only confirms the increase in
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nitrogen content, it also shows that the changes are due to the PAW modification
and the incorporation of nitrate-water complexes into the surface layer of the
SiNCs.

3.2 The blue photoluminescence band

The incorporation of nitrogen-containing complexes into the shells of the
modified SiNCs influences the emitted PL. Even though the “red” PL band is
affected by the treatment to some extent (see Fig. 5a), contrary to the results of
ref. 1, it does not disappear. Thus, it is not of special interest here.

In order to study the “blue” PL band, we carried out time-resolved PL spec-
troscopy of both the unmodified and modified samples. The excitation wave-
length of 343 nm was chosen for a direct comparison of the blue bands of the two
samples, since it lies just outside the absorption range of PAW, see Fig. S2 in the
ESL.f Even a single look at the measured temporally and wavelength-resolved
dependencies of the PL intensity presented in Fig. 4a and d reveals that there is
a marked difference between the blue PL bands of the two samples. Interestingly,
in accordance with the results presented in ref. 38, the band is observed to
diminish rather than increase in intensity following the nitrogen-enriching
treatment, see also Fig. 5d.

More insights into the dynamics of the blue PL bands can be gained using
a proper analysis, which is unavoidable considering that nearly any material has
some blue PL when excited in the UV region. Here, we employ a procedure put
forward in ref. 44, which takes into account the whole PL decay including the
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Fig. 4 Time-resolved PL measurements of the unmodified (top row) and surface-modi-
fied (bottom row) SiNCs (ultrafast pulsed excitation at 343 nm). The left columns show the
measured PL maps (PL as a function of time and wavelength, please note that the PL
intensity scale of the modified sample is logarithmic), the remaining two columns display
examples of data fits: the measured data (black circles) and the corresponding fits (red
curves) are plotted in a shifted logarithmic scale for two selected emission wavelengths.
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Fig. 5 (a) Comparison of normalized PL spectra of the red bands of the unmodified and
modified SINCs using 325 nm CW excitation. (b and c) Results of the fits of the PL of the
unmodified SiNCs using pulsed 315 nm excitation (for the fits, see Fig. S3 in the ESIT). The
curves represent spline-smoothing of the presented data to serve as guides-for-the-eye.
(d) Integrated PL intensities for the second and third component and the corresponding
rough estimates of quantum yields (see text for more details). (e and f) Spectral amplitudes
of the fitted components of the PL of the unmodified and modified samples under pulsed
343 nm excitation, respectively. The corresponding PL maps are shown in Fig. 4.

onset edge. To do so, a convolution (%) of a (known) instrument response func-
tion i;f(t;0) with the PL decay function (a single- or stretched-exponential char-
acterized by lifetime t and stretched parameter @ including a proper
normalization factor norm(z,8)) is used as a fitting function:

imeas(t7 A, 7, T, 107 A(A)7 T(A)> 6(’1))

_ A(4) =W\ .
wmmu»“"{(m) }*lirf“"’”’w 1)

where A(4) is the amplitude of the corresponding decay component, o is the
apparent width of the laser pulse in the chosen temporal window and I, is the
background. The fitting was performed over the individual measured wavelength-
resolved PL decays and the extracted characteristics A(4), t(1) and B(A) were
checked for any underlying spectral dependencies. In contrast to simply focusing
on the PL decay at a single wavelength or on the spectrally unresolved PL, this
approach helps one determine if more than a single dynamic component is
present and the additional information on its spectral dependence is beneficial
for the identification of the underlying physical process.

Starting with the oxidized unmodified SiNCs, three different components were
identified. The clear presence of these three components can be visualized when
the measured PL decays are plotted on the offset logarithmic scale** (so that the
smallest-PL-intensity data points, representing the measured zero, are also
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visible), as seen in the fit-and-data plots in Fig. 4b and c. The first component is
ultrafast and it was fitted assuming a single-exponential decay with a lifetime set
to the temporal difference between two consecutive datapoints (t; = 40 ps in the
chosen temporal window), implying that the corresponding lifetime is <40 ps.
The second component is also single-exponential, and was found to be emission-
wavelength-independent with®” 7, = 1.2 ns. A weaker third component produced
a slower-than-single-exponentially decaying tail and it was approximated with
a stretched-exponential.

In order to suppress the ultrafast PL component, the two samples were also
measured using the excitation wavelength of 315 nm. Examples of data-and-fit
plots are given in Fig. S3 in the ESI} and the deduced amplitudes, lifetimes
and @'s are shown in Fig. 5b and c. This analysis confirms that the slower,
stretched-exponential component is excitation wavelength independent and it
also allows one to better characterize its spectral evolution, which peaks at
~400 nm. Unfortunately, the properties of the intermediate component could
not be accurately analyzed using the shorter excitation wavelength, because the
blue-shift of the excitation wavelength causes a much more efficient excitation of
the solvent, whose PL characteristics are far too similar to those of the SiNCs to
allow for an accurate analysis.

As for the nitrogen-containing modified SiNCs, the PL intensity of their blue PL
band is clearly diminished when compared to the unmodified sample. The
intermediate 7, = 1.2 ns component is completely missing, but a weak stretched-
exponential tail persists, as seen in Fig. 4e and f. Despite what it might seem at
first sight, the red curves in these plots fit the measured data very well. It is
important to realize here that the plot is shown, contrary to standard represen-
tation, in a logarithmic vertical scale shifted by a small value to also include the
zero values.* This representation provides a better visual cue as to how the signal
approaches zero as opposed to a traditional logarithmic plot where the zero (or
negative) values are simply omitted as a result of applying the logarithm. As the
signal yielded by our apparatus is intrinsically digital, a tail of any PL decay, and
that of a slower stretched-exponential one in particular, is made up by increas-
ingly scarce photon-detection events one “level” above the zero. Such photon-
detection events are exactly what can be seen in Fig. 4e and f. For a more in-
depth discussion, readers should refer to ref. 44. As the signal of this third
component is too weak to allow for meaningful fitting by itself, it was assumed to
be characterized by the same lifetimes as those of the unmodified sample (the
spline curve in Fig. 5¢) and only the 8 parameter and the amplitude were fitted.
The deduced spectral amplitudes are plotted in Fig. 5f. The reasonable agreement
between the fitted 8 parameters in the modified (see Fig. S4 in the ESI{) and
unmodified samples, respectively, justifies this approach.”®

In order to get a quantitative comparison of the intensities of the blue bands of
the unmodified and modified samples, integrals of the individual spectral
components were calculated. Only the spectral region between 400 and 500 nm
was considered to avoid the influence of the ultrafast component. Extreme care
was taken to ensure that the samples were measured under the same excitation,
collection and detection conditions, which enables a direct (relative) comparison
of the measured PL intensities. The concentration of the SiNCs in the unmodified
and modified suspensions were also roughly the same, which is evidenced by the
transmittance spectra in Fig. S2 in the ESIL:T the SiNCs cause scattering, resulting
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in the decreased transmittance in the 500-700 nm spectral region, which is the
same in the two samples. Below 340 nm, the absorption of PAW sets in. Thus, the
chosen excitation wavelength of 343 nm seems to ensure optimal conditions for
the comparison of the two samples.

The red spectral component of the unmodified sample was also measured and
spectrally integrated under the same conditions (not shown). The integrated
intensities of the blue components are listed with respect to the integrated
intensity of the red PL, see Fig. 5d. Since the quantum yield of the red component
is known (= 6%), rough estimates of the quantum yields of the blue components
under the excitation conditions of this study can be made. They are on the order
of 0.01% and are listed in Fig. 5d.

3.3 Computational study of the electronic states

In order to theoretically assess the influence of surface-present nitrogen on the
SiNC states, we performed DFT calculations of the electronic states. In partic-
ular, the structure of a reasonably sized nanoparticle (Siy35H, corresponding to
a diameter of about 2.0 nm) was relaxed, including two types of covalently
bonded surfaces: (i) full passivation by -OH groups to simulate surface oxide
and (ii) the replacement of some of the -OH groups with -O-NO, groups
(=50%), emulating the surface-modified SiNCs. Importantly, the structure of
the nanoparticle does not allow for full surface coverage with -O-NO, groups
due to spatial constraints, suggesting that the partial surface chemistry change
is a plausible scenario.

As is evident from the results of these calculations presented in Fig. 6, the
surface-bonded nitrogen in the form of -O-NO, induces some changes in the
density of states in the SiNC. First, low-density-of-states in-gap states close to the
edges of both the valence and conduction bands appear. Secondly, disregarding
these in-gap states, a small redshift in the bandgap energy (from 1.517 eV in the
fully oxidized to 1.493 eV in the partly nitrated SiNC model) occurs. Thirdly, some
degree of real-space localization at surface sites, mostly at O and N atoms, occurs
for the states at the edge of the conduction band of the partly nitrated particle, as
also evidenced by the 3D images in Fig. 6. However, if the radiative rates corre-
sponding to these states are calculated, only an increase of several times is ob-
tained when compared to the fully oxidized SiNC model.

The fact that nitrogen in the shell of the NC does not necessarily lead to an
impurity state causing short PL decay is illustrated also in the calculations of the
density of states of a partly -O-NH,-terminated Si nanoparticle in Fig. S5 in the
ESI,T where conduction-band states are much more influenced by the presence of
nitrogen than the valence-band states.

4 Discussion

Both the results of our theoretical calculations and experiments confirm that, in
the case of the SiNCs studied, the incorporation of non-negligible amounts of
nitrogen in the form of nitrate-water complexes does not induce blue PL in the
sample. The first-excited-state indirect-bandgap I';5—X transition is still observ-
able, it is not dramatically affected and the presence of nitrogen in the shell does
not give rise to localized in-gap “impurity-like” states.
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Fig. 6 Calculated real-space density of states as a function of energy for two Si nano-
particles with the same crystalline core (approx. 2.0 nm in diameter) but different surface
passivations, showing real-space localization on the corresponding atoms. The insets in
the nitrogen-containing Si nanoparticle show 3D real-space localizations of the two
energy states as designated by the grey and light blue dashed lines on the left and right,
respectively. R values are the calculated radiative rates of the first-excited-state transitions,
shown by the grey dashed lines.

Focusing on the blue PL band as observed in the unmodified, oxidized SiNCs,
it was made up by three components, two single-exponentials (exp) and one
stretched-exponential (SE):

Ipp (2,2) = exp(t; = 40 ps) + exp(t, = 1.2 ns) + SE(73(1) = 10 ns). (2)

Clearly, the ultrafast component (7, = 40 ps) can be identified with the Raman
signal of the solvent (water) since its spectrum is mostly situated in one peak (see
Fig. 5b) (although some ultrafast signals can also be found in other parts of the
spectrum). The difference between the excitation and emission wavelengths (343
and 384 nm, respectively) is =3000 cm ™', implying the assignment of this peak to
the typical vibrations of OH groups. Such Raman signal would be expected to shift
under shorter-wavelength excitation of 315 nm to 348 nm, i.e. out of the collection
spectral window, which we verified experimentally, see Fig. S4 in the ESL¥

The origin of the intermediate PL component exp(t, = 1.2 ns), considering the
spectral independence of its lifetime 7,, most likely lies in the defect states of
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SiO,, as was suggested by previous studies.** The third component, then, is
stretched-exponential in nature and despite being weak, its characteristics t3(4)
and f3(A) were observed to depend on the emission wavelength (see Fig. 5c).
Moreover, spectrally speaking, it seems to be a direct continuation of the “red”
(stretched-exponentially decaying) PL band towards the shorter emission wave-
lengths. This trend was also confirmed when using a shorter excitation wave-
length to avoid the influence of the Raman component, see Fig. 5b and c.
Consequently, this third PL component can be assigned to the non-thermalized,
direct I'y5-I",5 transition, as discussed earlier.?

Interestingly, the presence of nitrates in the shells of the SiNCs dramatically
decreases the PL intensity of the blue band in the modified SiNCs. This difference
is quantified in Fig. 5d, where the integrated PL signals emitted between 400 and
500 nm are listed. Obviously, the observed blue PL band is relatively weak in all
cases. The most important change, however, is the complete disappearance of the
SiO,-defect-related intermediate exp(z, = 1.2 ns) peak. The absence of this peak in
the modified sample implies that the PAW treatment radically improves the
quality of the surface oxide shell of the SiNCs.

The stretched-exponential component related to the non-thermalized direct
I'is-I",5 emission also decreases in intensity by about five times. However, it is
important to realize that the decrease in the intensity of this spectral component
as a result of the change in the chemical composition of the surface shell of a NC
does not automatically imply that this band originates in surface-related states,
which might be the first intuitive conclusion. Being connected with non-
thermalized (hot) carriers, this band is governed by both the radiative rates of
the corresponding transition and the thermalization rates, which are generally
very fast. Thus, it is plausible to deduce that the SiO,-related defects enhanced the
intensity of this non-thermalized emission in the unmodified sample by slowing
down the thermalization rates. In the modified sample, the removal of these
states clearly increased the thermalization rates and in turn decreased the
intensity of the corresponding emission.

The most intriguing result here is clearly the completely different response of
SiNCs to the exposure to a nitrogen- and oxygen-rich environment observed in this
study (and previously also by Chen et al.**) and by Dasog et al.* Let us briefly review
the existing evidence. Dasog et al.* prepare their SiNCs by three solution-based
methods (thermally induced disproportionation of HSQ, the Na,Si,/NH,Br reac-
tion and the SiCl, reduction). In all cases, the surface was terminated with dode-
cene groups using thermal hydrosilylation. The Si core sizes were reported to be
(3.5 =+ 0.4), (6 + 2) and (2.7 £ 0.6) nm, respectively, based on TEM analysis.
Whereas the HSQ-based SiNCs exhibited slow red PL, the SiNC prepared by the
other two methods emitted immediately fast blue PL, according to the authors
because of trace amounts of nitrogen being incorporated as optically active
impurities. Moreover, the exposure of the “red” emitting SiNCs (with H-terminated
surfaces) caused a switch to the “blue” PL. Next, in the early work by Chen et al.,*®
the nitride-terminated SiNCs were prepared by plasma enhanced chemical vapor
deposition using SiH, and N, as source gases with TEM-derived mean sized of 4.6
and 3.1 nm, exhibiting size-dependent slow PL (with no fast signal). A reference
oxidized SiNC sample prepared by annealing of an amorphous Si layer in Ar at
1100 °C emitted slow red PL with hints of a fast bluer band. In this study, the
exposure of electrochemically etched SiNCs, with mean core sizes of 2.5-3 nm, to
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nitrogen-rich PAW quenched the SiO,-defect-related blue PL and dramatically
decreased the core-related blue PL while not quenching the red PL.

Thus, it is very difficult, if not impossible, to formulate a hypothesis encom-
passing all of these reported results since they are contradictory. The differences
between the samples seem to be neither the size (samples with comparable sizes
behave differently) nor the surface (H-terminated SiNCs were exposed to nitrogen
yielding both “red”*® and “blue”* PL, even though during the preparation of the
“red” SiNCs there was conceivably no oxygen present). We do not want to form
unsubstantiated hypotheses here, which is why such an all-explaining hypothesis
is beyond the scope of the current work and is a topic for further research.
However, we want to highlight three observations which might help one find the
solution to this problem:

(i) The SiNCs in this study are electrochemically etched and as such they are
embedded in relatively thick layers of SiO,. It is plausible to assume that these
SiO, layers might make it more difficult for the nitrogen to get to the core of the
SiNC and form a defect site inside it. Were this the case, the “red”-emitting SiNCs
yielded by the plasma deposition in the presence of nitrogen*® could be a result of
the absence of oxygen, as suggested by Dasog et al.’

(ii) The “blue” PL as reported by Dasog et al.' is not by any means evocative of
defect PL (it is very broad and excitation-wavelength dependent). Thus, one might
hypothesize that nitrogen only quenches the PL of SiNCs and the source of the
reported “blue” PL is a completely different material. Were this the case, nitrogen
would have to bind differently to SINCs in this study than in the other two dis-
cussed studies. Also, a thorough quantification of quenching of the “red” band
would be helpful along with a more detailed analysis of the blue PL emitted by
those samples.

(iii) There has also been an ongoing discussion about low- and high-
temperature preparation methods yielding the “blue”- and “red”-emitting
SiNCs,” respectively. Interestingly, in this regard, Dasog et al.* actually showed
that “blue” PL was emitted by SiNCs prepared by a high-temperature method after
their exposure to nitrogen, because HSQ disproportionation constitutes a high-
temperature method due to the temperatures involved in the annealing step.

5 Conclusion

The influence of the exposure of oxidized SiNCs to a nitrogen- and oxygen-rich
environment of plasma activated water was studied. The plasma-activated-water
treatment resulted in the incorporation of nitrate/nitrite complexes onto the
surface of the SiNCs and it affected the surface oxide layer, as evidenced by EDS and
FTIR measurements. Primary focus was put on the blue PL emission band, which is
present, but not dominant, in the unmodified oxidized SiNCs. Temporally and
spectrally resolved PL measurements of this blue band analyzed in detail confirm that
the blue PL emission is quenched after the intake of nitrogen into the SiNC. These
results indicate that the exposure to a nitrogen-rich environment does not necessarily
imply a switch to blue PL in all types of SiNCs, as was suggested by previous studies.
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Abstract

Plasma activated water (PAW) is a unique highly reactive medium, traditionally used in medicine and
agriculture because of its decontamination and disinfection abilities. Recently, we have shown that
this medium can also be beneficial for tailoring the surface chemistry of semiconductor
nanostructures if its composition is tuned to contain a high concentration of nitrogen-related species
(HiN:PAW). However, pathways leading to the production of HIN:PAW remained unclear, which we
address in this article. By monitoring the composition of the produced PAW and the concentration of
selected species in the discharge under different activation geometries and discharge conditions, we
identify the activation geometries favourable for the production of HIN:PAW using two phenomen-
ological factors, a barrier parameter Pand a maximum effective radius of the vessel 7,,,,,. A key point is
the presence of a barrier area in the discharge reactor, which forms as a result of the favourable
activation geometry and a discharge with prevailing more reactive atomic species. This areaactsas a
partial barrier between the discharge and the surrounding air atmosphere, limiting, but still allowing a
flow of source N, molecules from the surrounding atmosphere. The minimal and ideal build-up times
of 10 and 30 min, respectively, for the discharge to stabilize are also reported. Using the reported
experimental settings, we were able to produce HiN:PAW containing a mixture of various reactive
species beneficial for the surface modification of nanoparticles, with the NO3 to H,O, ratio of at least
20 x 10°: 1, in contrast to approximately 1:1 under more traditional conditions.

1. Introduction

Non-thermal plasma (NTP) is a cutting-edge technology which has been gaining momentum during the last
decade due to the simple design of the necessary apparatus, its ease of use, cost-effective operation and a general
lack of toxic effects. NTP is generated under specific conditions, when the energy from the plasma source is
transferred mainly to electrons in the discharge [ 1, 2], which then turns electrons into high-energy charge
carriers (several eV, ~10 kK), while the positive ions and neutral molecules making up most of the mass are kept
atalmost ambient temperature. Thus, in contrast to other types of treatment, the interaction with NTP does not
cause thermal damage, even though it still can affect materials through a wide range of reactive species
originating in the atmosphere where the discharge burns. Many different ways to generate NTP by electric
discharges were introduced in the last decades [3], mainly with the aim of treating bio-objects [4-8]. They vary in
the structure of electrodes, the type of power sources, a pulse/continual regime and the composition of the used
atmosphere. Thanks to these techniques, NTP was successfully employed in a wide range of applications,
starting from rendering surfaces hydrophilic [9], their decontamination [10], antifungal and conservation
treatment of food and seeds causing extension of their shelflife [8, 11-13] and green technology [14] for the
effective disinfection of respirators and other medical equipment [15, 16].

© 2023 The Author(s). Published by IOP Publishing Ltd
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An important example of the use of NTP are plasma activated liquids [1, 17]. In plasma activated liquids, the
interaction of reactive species and high-energy electrons in NTP with the liquid results in a specific chemical
composition of the NTP-treated, so-called activated liquid [ 18—20]. Naturally, the most common activated
liquid is water [1, 17, 21]. Plasma activated water (PAW) contains many short-lived and long-lived reactive
species. A few hundreds of possible chemical pathways related to NTP and PAW generation were described
[1, 17, 22]. The typical most abundant short-lived species are ozone Oj, nitric oxide (NO) or peroxynitrous acid
(ONOOH), long-lived species are most commonly represented by hydrogen peroxide (H,O,), followed by
nitrites and nitrates (NO, and NOj3') [23]. However, the real relevance of the reactions depends on many
parameters such as the used NTP system, surrounding conditions, continual /pulsed excitation regime, etc
[20,21,23]. Asaresult of its composition, PAW is an environment very hostile to microorganisms, making it an
ideal material for the above-mentioned decontamination and disinfection applications.

The plasma activation of water is based on the interaction of molecules and other particles from the
surrounding gas and plasma burning in the gas with the liquid phase. Usually, the discharge is located in the gas
phase and at the gas-liquid interface. High-speed electrons from the discharge react with molecules of the gas
causing theirs dissociation, when it burns in air, the discharge creates mainly oxygen (dissociation energy of O, -
5.2 eV molecule ") and nitrogen radicals (N, 9.8 eV molecule ") [23]:

N, +e — 2N - +e~ (1a)

O, + e —20 - +e (1b)
Due to high dissociation energy of the nitrogen molecule, nitrogen radicals can be effectively created also
through the reaction of nitrogen molecule with oxygen radicals [23]:

N, + O —>N-+-NO (Lo

In the discharge area, further reactions leading to radicals and other species are in progress, yielding mostly
H,0,, nitrogen-related species (NO, HNO,, NO,) and ozone [24]:

N-+0-—NO (2a)
0,4+ O - —0; (2b)
NO + O - —NO, (2¢)
H,0+ O - —H,0, (2d)
H+ O; — OH + 0, (2e)

In the liquid phase, the produced H,O, can then be consumed by [24]:
2NO, + H,0, — 2NO;~ + 2H". 3)

More detailed list of chemical reactions related to discharge burning at ambient conditions, at the air/liquid
interface and inside the liquid can be found elsewhere [23-25].

In nanomaterials, surface chemistry plays an important role in their physical and chemical properties, such
as light generation efficiency, surface reactivity, dispersibility, toxicity, etc [26—28]. Countless surface-
modification techniques are currently available [29-31]. Among these techniques, the surface modification in
NTP and by plasma activated liquids is new and attractive due to its simplicity and low cost [18]. In one example,
PAW was successfully applied to a nanostructured conductive polymer causing its homogenous oxidation [32].
The treated polymer then showed good stability and good conductive properties. The role of the surface is even
more profound in semiconductor nanoparticles. The first pioneering works using PAW and plasma-activated
ethanol applied to silicon nanocrystals showed a slight increase of their light generation efficiency and stability
[18]. The limitation for further PAW applications to semiconductor nanocrystals was mainly the presence of
H,0,, which easily degrades them and also neutralizes the prospective air-originating nitrogen reactive species
[23, 33], which can be advantageous surface passivating agents.

In our previous work [34], we introduced a simple technique producing PAW with a high concentration of
NO, (HiN:PAW). This PAW has a novel and unique chemical composition, having only a marginal
concentration of H,0, and, at the same time, extraordinarily high concentrations of nitrites and nitrates (NO53 :
80 000 :M), suitable for the surface passivation of semiconductor nanoparticles. The key for the generation of
HiN:PAW was a combination of a particular NTP generation system (transient spark discharge) and the use of a
closed or semi-closed container. In that work [34], the application of HIN:PAW to several types of
semiconductor nanoparticles resulted in the enrichment of their surface layer with nitrogen-related species.
Especially in the case of Si-NCs, this new termination caused a significant increase in their light generation
efficiency and dispersibility and stability in water. Despite being clearly beneficial as a surface-modification
agent, the detailed mechanisms leading to a PAW composition favourable for the surface modification of
nanoparticles still remains unclear. Therefore, in this contribution, we focus on an in-depth study of the
mechanisms leading to the production of HIN:PAW. We monitor the dynamics of the chemical composition of
NTP and HiN:PAW under specific conditions (discharge properties, enclosure of the surrounding atmosphere

2
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Figure 1. Scheme of experimental setup used for plasma activation of water.

etc). Based on these results and chemical reactions in atmospheric NTP, the NTP /water interface and the HiN:
PAW itself, we propose a reaction model of conditions favourable for the generation of HIN:PAW. We highlight
that the shape of the container, the amount of water, the discharge properties, dissociation of air related
molecules and high humidity all play a significant role in the activation process. These results can be used not
only for the further development of HIN:PAW generation systems, but can also serve as a guide in activation
processes of other prospective liquids, whose application is as of now extremely rare.

2. Experimental

2.1. Transient spark discharge apparatus

The transient spark discharge in point-to-plane geometry is generated by a system consisted of a commercial
high-voltage source (Utes Brno, DC source HT 2103) (max. voltage 10 kV), oscilloscope (Tektronix 2465,

300 MHz Oscilloscope), ammeter (analog, METRA BLANSKO DU 20), a stabilizing ballast impedance and two
electrodes (figure 1). The point electrode is represented by a commercial surgical needle (Medoject,

0.7 x 40 mm) and is connected to the positive pole of the power supply. The planar electrode is represented by
the surface of the treated water which is connected by a platinum wire to the negative pole. The point electrode
was localized 2.5 mm above the water surface. Therefore, the discharge burned between the upper electrode and
the water level. The ballast impedance contains parallel connection of a 10 M2 resistor and capacitor system of
adjustable overall capacity (0.05, 0.1, 0.25, 2.0 and 95.0 nF). The variation of the capacitance affected mainly the
pulse peak current and pulse period, which varied from about 9 to 13 A and 300 to 500 s, respectively. The pulse
duration was determined of approx. 30-50 ns. The discharge burnt in ambient conditions (room temperature,
no humidity or atmosphere control was applied). Approximate average value of the discharge current measured
by analogous ammeter was 500 pA and supply voltage 9 kV. The current and voltage waveforms were published
elsewhere [35]. The electrodes were inserted into various reactors. Three main ones were labelled as Narrow,
Medium and Wide. The Narrow reactor was realized by a quartz cuvette ofa 1 x 1 x 4.3 cm’ (without the airtight
stopper wedge on the top), the Medium reactor by a 5 ml glass beaker of a 2.3 cm diameter and 3 cm tall, and the
Wide reactor by a glass Petri dish of 4.3 cm diameter and 1 cm tall. The reactors were characterized using two
parameters: headspace height /1 that defines the distance between edge of the reactor and the water level and the
circle-equivalent radius r (effective radius) defined as r = (S/ )2, where the Sis area of reactor base (figure 1).
To study the threshold conditions of HIN:PAW generations we also used standard glass vials of radius 0.65, 1.0
and 1.25 cm.

2.2.Plasma activation of water

Sufficient volume (1-3 ml) of deionized water was pipetted into the used reactors, the electrode system was
adjusted and the water surface was exposed to the transient spark discharge for 30 min using ballast impedances
of parameters as described above (figure 1). The properties of the discharge were monitored during the whole
activation process. Even though evaporation was minimal during the activation, the water level was kept at the
same position by adding water to the reactor (~ 0.1 ml during the whole activation process).

3



Phys. Scr. 98 (2023) 045619 F Matéjka et al

/L
7/

O,
I NO, (x0.1)
. I NO, (x10)

=
=

N H.O, Narrow
I NO_ (x0.1) Medium 301
I NO, (x10)

20 -

101

Concentration (mmol/l)
Concentration (mmol/l)

Narrow Medium Wide 1.0 1.5 2.0 3.0

P=0.9 P=0.5 > Finax P=14 P=12 P=09 P=0.3
Reactor type

Water volume (ml)
C) 6

L=

I H_0O, (x10) P=1.2
I NO_ (x0.1)
B NO_ (x10)

30

r too
large

/ Standard

_
-~ Standard PAW 0
P<1.0

Headspace height (cm)
Concentration (mmol/l)

r,

: : : : : /'max
0.6 0.9 1.2 1.5 1 2 3 4 5
the circle-equivalent radius r(cm) Discharge (peak current/pulse period)

Figure 2. Concentration of H,0,, NO; and NO; generated using transient spark discharge of 10.6 A/ 390 us (peak current/pulse
period) in 2 ml of deionized water after 30 min of treatment placed in a quartz cuvette (narrow container). One of the experimental
conditions was varied in each panel, the other parameters are kept the same. The variation of (A) the used reactor, (B) volume of water
in the Narrow reactor - cuvette (headspace height his 3.3, 2.8, 2.3 and 1.3 cm, respectively) and (D) the discharge properties are
presented. Please note that the concentrations are multiplied by a suitable constant for clarity. The error bars are given by combined
standard deviation of concentration measurements. (C) The summary of how the vessel geometry determines if HIN:PAW is
produced using barrier parameters P (equation 4) and r,,,,. The data points and the fit represent the threshold of the minimal 4 and
circle-equivalent radius r of the vessel for HIN:PAW to be produced. In the red P > 1 zone, HiN:PAW is produced, blue and green
zones lead to standard PAW. The mixed coloured zone represents the precision of the linear fit used to calculate P.

2.3. Characterization of PAW concentration and discharge properties

Within the PAW composition, the H,O,, NO; , NOj3 species were monitored. The measurements were realized
5 min after finishing of the activation. The concentration of nitrates and nitrites were obtained using standard
test strips Quantofix Nitrate/Nitrite (ref no. 91313), showing gradation as follows: 0, 10, 25, 50, 100, 250,

500 mg 1" for nitratesand 0, 1, 5, 10, 20, 40, 80 mg1~" for nitrites. To extend the concentration range beyond
these values, PAW was diluted with distilled water from 10 to 1000 times. The concentration of hydrogen
peroxide was characterized by test strips Quantofix Peroxide 25 (ref no. 91319) having gradation as follows: 0,
0.5,2,5,10,25mgl . The concentration error was calculated based on the combined standard deviation
composed of precision of used test strips and statistical error of repeated measurements. Ozone was not
monitored, because its production is not significant while using the transient spark discharge system [36].

The linear fit in figure 2(C) was performed using Matlab 2015 b. Due to the small number of data points, the
robust linear least-squares fitting method using bisquare weights was applied. The presented uncertainty gives
the prediction observational bounds for one observation (non-simultaneous) for the 67% confidence level.

The NO and NO, concentrations in discharge area were measured by Serinus 40H NO, analyser, ACOEM
Ecotech (NO and NO, range up to 1000 ppm, measurement accuracy +1%, gas flow rate 0,16 slm) using
chemiluminescence detection. Gas mixture for analysis was taken by Teflon tube of inner diameter 3 mm
introduced into the cuvette or 5 ml beaker from two different positions. The first position was immediately at the
suspension surface (ca 2 mm above the suspension surface), the second position was upper edge of the vessel (ca
13 mm above the suspension surface).

The emission spectra of the discharges were acquired using the Shamrock 300i spectrograph (Andor, Oxford
Instruments) with an EMCCD camera (Newton 971, Andor, Oxford Instruments). The emission spectra at
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specific times were not measured in the whole spectral range at once, but stepwise. The spectra were combined
afterwards. The spectra were corrected for the sensitivity of the whole spectroscopic system. The discharge
frequency and peak current were obtained from the oscilloscope as described elsewhere [35].

3. Results

In order to understand the mechanism of the generation of HIN:PAW, we first focus on how the experimental
conditions influence the outcome of the activation processes in the liquid phase and then we move on to the gas
phase and the properties of the discharge. The processes taking place above the water level and the chemical
reactions in the water while it is being activated are closely interconnected and specific conditions need to be met
in both these phases for HIN:PAW to be the product of the activation process.

3.1. Influence of activation conditions on the reaction products in the liquid phase

Deionized water was plasma activated using pulsed transient spark discharge, the used apparatus and
experimental conditions are described in detail in Experimental section and in figure 1. In order to understand
the mechanism of the generation of HIN:PAW, the system used in our previous work [34] was employed. In
particular, as a starting setting we used a narrow quartz cuvette containing 2 ml of distilled water, discharge
conditions of 10.6 A /390 ps (peak current/pulse period, R = 10 M2, C= 0.25 nF) and the modification was
realized for 30 min. We varied the reactor shape, the amount of the treated water and the properties of the
discharge. To determine the composition of the produced PAW rather than focusing on the short-lived reactive,
the measurements of H,0,, NO; , NO3 concentrations were made 5 min after finishing the activation.

The geometry of the reactor can have a considerable impact on the local atmosphere around the discharge,
therefore, on the reactants and on the rates in which reactions listed in equations (2a—2¢) proceed. We used three
different types of reactors with a significantly different degree of the separation of the discharge from the non-
ionized surrounding atmosphere: (A) Narrow (quartz cuvette), (B) Medium (glass beaker) and (C) Wide (Petri
dish). The reactors contained the same amount of water, 2.0 ml. The concentrations of the most important
reactants in PAW (H,0,, NO3, NO3') produced in reactors with different geometries are bar-plotted in
figure 2(A). Clearly, only the Narrow reactor produced HiN:PAW because it yields the intended high
concentration of nitrates and nitrites and at the same time a negligible amount of hydrogen when compared to
the more open types of reactors. Thus, the more open space around the discharge clearlyleads to the production
of more H,0, and a decrease in the concentration of nitrogen-related radicals.

Using the reactor yielding the lowest concentration of hydrogen peroxide (the Narrow reactor), the next key
parameter which alters the settings of the system is the volume of water in the reactor. On the one hand, an
increase in the amount of water should decrease the concentration of plasma-generated reactive species after the
30-minute treatment, but, on the other hand, an opposite effect can also be expected. The more air (less water) is
present in the reactor, the weaker the exchange of the reactive species from the discharge with the atmosphere
outside the reactor is, impacting the discharge conditions and thus the generated reactive species in PAW. To
investigate this trade-off, the volume of water in the cuvette was varied in the range between 1 ml (minimal
possible amount) and 3 ml. Under these conditions, the distance of water surface from the cuvette edge (labelled
as headspace height ) varied from 3.3 to 1.3 cm. The composition of the PAW produced under these conditions
was monitored, see figure 2(B). Settings with cuvettes holding a smaller volume of water led to the production of
HiN:PAW, but the volume of 1.5 ml (h = 2.8 cm) was found to be optimal in terms of the produced
composition. When the headspace height decreased to 1.3 cm (3 ml of water) during the plasma activation
process, high concentration of H,O, was produced, yielding PAW of a traditional chemical composition rather
than HIN:PAW.

In order to generalize these findings, we repeated the experiment from figure 2(B) using another set of
reaction vessels with different geometries. We carried out the water activation procedure with the volume of
water in each vessel increased in steps and noted the critical volume above which the produced PAW reverted to
high H,O, content. The results are presented as the dependence of headspace height / on the circle-equivalent
radius of the vessel r, which well follows a linear dependence, see figure 2(C). Linear fit of this dependence allows
us to phenomenologically formulate a dimensionless effective barrier parameter P, which characterizes how
limited the exchange of the reactive species between the atmosphere and the discharge is. The barrier parameter
Preads:

P h (cm) — 0.3823

3.225r (cm) “

where the prediction band for Ahis Ah = 0.5554/0.7354r> — 1.333r + 1.657 . For the experiment geometry to
produce HiN:PAW, it is necessary that P > 1. We also observed that any vessel with the circle-equivalent radius
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Figure 3. (A) Examples of emission spectra of the discharge generated in a Narrow reactor using 1.5 ml of water (P = 1.2) obtained at 1,
12 and 30 min after the start of water activation. (B) Examples of emission spectra of the discharge generated in a Medium reactor
using 2 ml of water (P = 0.5) obtained at 1 and 30 min after the start of water activation. In both cases, r < 1,,,,,. (C) The relative
emission intensity of peaks at 823 nm (N) and 358 (N,) for the Narrow and Medium reactors obtained during water activation,
calculated from a series of emission spectra examples of which are shown in panels (A,B). (D) The normalized emission intensity the
N, (358 nm), H (656 nm), O (747 nm) and N (823 nm) lines during water plasma activation in a Narrow reactor. (E) The temporal
evolution of the monitored species in treated water during the activation process described in (D). For all the activations, optimal
discharge conditions were used. Error of the intensity measurements is estimated to about 5% of measured value.

wider than 1.25 cm (labelled as 7,,,5) did not lead to HIN:PAW no matter what the headspace height was.
Therefore, we separated the area of figure 3(c) to three zones: the red zone passing both necessarily conditions
(P> 1andr < ry,,) for HIN:PAW generation, the blue one violating the first condition (P < 1) and the green one
violating the second condition (and r > ry,,,). The multicolor overlap zones depict the uncertainties of the zone
boarders. The underlying physical mechanism behind these constraints is clearly the need for the discharge to
burn in alimited (the r > r,,,,« condition) and relatively isolated (the condition for / through the P parameter)
volume to be able to produce local conditions favourable for the generation of HIN:PAW and act as an effective
barrier. Thus, the barrier parameters P and r,,,,, characterize the geometry of the experiment favourable for the
production of HIN:PAW, and therefore, its value is included at each experiment in the text of this article (on one
occasion in figure 2(A), PAW lacking hydrogen peroxide, but containing not ideal concentration of nitrides was
detected even for P= 0.9, but this value is close enough to the P = 1 threshold considering the experimental
error). The value of 7., very likely depends on the radius of the discharge (r4). Using broader discharge while
keeping its other properties the same can result in an increase in the r,,,,, value. However, a change of r4 cannot
be, in the case of transient spark, easily realized, therefore such a study is not included. To be complete, we
present the value of a dimensionless parameter 7., /74 which was about 23 in our experimental system, where
the lateral size of the discharge (1.1 mm) was estimated using a long-exposure photograph.

The next relevant parameter is the characteristics of the transient spark itself. The delivery of energy is critical
for the generation of radical species from molecules present in normal atmosphere, which affects the whole
process of water activation. Figure 2(D) presents the concentrations of the species of interest as a function of a
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variety of discharge conditions. In this activation process, the narrow reactor filled with 1.5 ml of water was used
and the capacitance of the stabilizing ballast was possessed values of: 0.05, 0.1, 0.25, 2.0 and 95.0 nF, which
resulted in changes in pulse peak current and period (9.1-12.6 A and 300-500 s, respectively). As shown in
figure 2(D), the prolongation of the period of pulses leads mostly to changes in the concentrations of NO3 in the
produced HiN:PAW. These concentrations first rise, but then start to decline for pulses longer than 390 ps. At
even longer pulse duration of more than 500 ys, the concentration of H,O, starts to rise, marking the end of the
range of conditions suitable for the production of HIN:PAW.

3.2. Influence of activation conditions on the reactive species in the discharge

Following from equations (1a—1¢) and (2a—2c), the composition of the plasma also influences the final product.
Thus, the composition of the plasma discharge was investigated for optimal conditions for the production of
HiN:PAW, as detailed above. To fulfil this task, we selected a combination of emission spectroscopy and a direct
chemical analysis using NO, analyser. The former method allows us in a simple but precise way to compare how
the ratios related to specific molecules/atoms evolve in time in situ when the discharge burns without affecting
the conditions inside the reactor. However, it does not provide any quantification of the gas chemical
composition during the activation, which is where the direct chemical analysis comes in. The disadvantage of the
latter method is the fact that a part of the gas need to be extracted from the reactor area for the analysis, thus
affecting the conditions in the reactor by effectively decreasing the barrier factor P. To compare the discharge
leading to HiN:PAW and that producing the more traditional composition, we analysed the discharge in the
Narrow reactor keeping P > 1 (P = 1.2) and the Medium reactor with P < 1 (P = 0.5) with r < r,,, in both cases.

The emission spectra were acquired at various times during the activation process and, simultaneously, the
composition of the water while it was being activated was characterized, see figure 3. As expected from the
activation process being carried out at ambient atmosphere, the species detected in the discharge under the P > 1
condition include air-originating molecules and atoms N, N, H, O (figure 3(A)). During the first few minutes of
the activation process, the molecular N, signal decreased, which was accompanied by only a weak rise in the
atomic signal (figure 3(D)). However, about 10—12 min after the discharge was switched on, there is clearly a
qualitative instead of a simple quantitative change in the discharge, when it transforms from discharge
containing mainly ionized molecules into the more energetic discharge containing their dissociated parts,
implying more reactive species. Later in the activation process, the atomic peaks further rise and the molecular
peaks are almost vanquished. The discharge stabilizes after about 30 min, which gives the timeframe necessary
for the activation process of HIN:PAW to be completed. When P < 1, we also detected a decrease of the
molecular N, signal with time, but it was accompanied by only a mild rise of the atomic emission signal, which
was insufficient for the discharge to significantly dissociate the air molecules. This difference is evident from
figure 3(C), where we compared the dynamics of the ratio between the emission intensity of the N and N, peaks
for these two sets of experimental conditions.

In addition to the discharge, the composition of the produced PAW was monitored simultaneously with the
emission spectroscopy (P > 1) and the measured dynamics are compared in figures 3(D) and (E). Clearly, after
the discharge was switched on, the gradual decrease in the molecular N, signal in the emission spectrum is
accompanied by an increase in H,0, and low of NO; and NO; content in the activated water, leading to the
traditional high-H,O, content. However, at later stages of the activation process, as the discharge stabilized and
dissociated species (N) prevailed in the emission spectra, the rise of NO3 and NO; in water was accompanied by
adecrease in H,O, and further increase of the atomic N signal in the emission spectrum of the discharge. The
transition between these two modes of operation occurred approximately 10 min after the discharge was
switched on, giving the timeframe necessary for the discharge to stabilize. The dissociation of the air molecules
in the discharge area is thus in correlation with the changes in the concentration of the monitored species in
PAW and the presence of atoms in the discharge is clearly a necessary condition for the production of HIN:PAW.

A further corroboration of the presented findings was supported by direct iz situ analysis of NO and NO,
concentration during plasma activation of water using the same two sets of experimental conditions (figure 4).
As can be seen in figure 4(A) (P = 1.2), the concentration of NO, rose fast within the first approximately 10 min
and, in case of the NO,, then kept slowly increasing for the next 20 min in the discharge area. Qualitatively
comparable results with somewhat lower concentrations and a higher spread between values were obtained at
the edge of the vessel. These dynamics are in correlation with the one observed for the emission intensity of N
using emission spectroscopy (figure 3), only the secondary rise at £ > 10 min is weaker. This difference is easily
understandable, because during the analysis the discharge is disrupted by the gas extraction to the analyser,
which effectively lowers the P parameter and prevents the ideal conditions for the production of HIN:PAW from
stabilizing, effectively lowering the P parameter. Under the P = 0.5 conditions (Medium vessel, figure 4(B)), the
initial rise of the NO, concentration in the discharge area within the first approximately 10 min also occurred.
However, the concentration of both NO and NO, was about 2 times lower and the initial rise is followed by
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Figure 4. In situ measurements of NO and NO, concentration during the first 30 min of plasma activation of water. The
concentrations were measured in the discharge and at the edge of the vessel. The same geometry as in figure 3, namely (A) narrow
vessel P= 1.2 and (B) Medium vessel P = 0.5, was used. Please note that the analysis of the gas during the activation process requires
non-negligible volumes of gas to be extracted from the vessel, thus effectively lowering the P parameter. Presented curves are only to
guide the eye.

secondary decrease instead of a rise. Moreover, the concentration of both NO, waslow and highly unstable at the
edge of the vessel. Thus, it is evident that inside the vessel with P > 1, the generation of NO, is more effective and
the conditions are favourable for a secondary rise of their concentration after the first 10 min during water
activation in contrast to the vessel of P < 1, even though this quantitative method by design prevents the
reaching of ideal conditions for the experiment. It is noteworthy that the P factor and the radius of the vessel did
not affect the time period of initial rise, in both cases the initial rise was realized within about first 10 min.

4. Discussion

The chemical reactions from equations (1)—(3) are in progress in every PAW system and they represent the basic
framework explaining the formation of nitrites/nitrates and hydrogen peroxide in PAW. However, by setting up
certain conditions of the generating system, the rate at which the individual reactions happen will change
significantly [23]. In this way, the final composition of PAW can be altered. As will be discussed in detail below,
we propose that there are two key features of our system which lead to the production of HIN:PAW. These
features are (i) the formation of a gas-discharge transition area, which governs the conditions of the discharge,
and (i) the discharge properties with prevailing atomic species and the existence of a higher-humidity area
possibly with water microdroplets close to the water/discharge interface, which is favorable for the generation of
nitrogen-related species. Both these processes clearly strongly depend on the geometry of the reaction vessel and
the volume of the vessel occupied by water as well as on the discharge itself, as studied in figures 2 and 4.

4.1. High-humidity environment

Despite serving as a general framework, equations (2a)—(2¢) do not provide the mechanism of the high content
of nitrogen-related species in HIN:PAW. Here, the detailed electrospraying experiments of transient spark
discharge by Janda et al [20] have already demonstrated the importance of water humidity and HNO, in the
process of producing PAW with high concentrations of NOy . They show that production of HNO, in the gas
phase:

NO + OH — HNO, (5a)
HNO, + HNO; — NO, + NO + H,0 (5b)

is an important chemical pathway. Henry’s law coefficients ky of HNO,,representing the solubility in water, of
50 mol kg " atm ™" at 300 K is four and five orders of magnitude higher than k}}°? =7 x 10~ mol kg 'atm
and kN° = 1.8 x 10> mol kg 'atm ', respectively. As a result of a much higher solubility of HNO, in water,
HNO, itselfis a significant source of nitrogen in HiN:PAW. Despite its lower concentration in the discharge area
when compared to NO and NO,, HNO; can be quickly transferred into water in the form of NO,, either directly
or by its solvation into potential microdroplets formed round the water /discharge interface [20]. HNO, and
NO, are then the main sources of NO, and NO3 in PAW:

NO + NO, + H,O — NO,” + 2HT (6a)
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Figure 5. Scheme of the main chemical pathways present in our water activation system. In order to produce HiN:PAW, the ‘red’ and
‘green’ pathways need to be boosted by the conditions of the experiment.

NO, + NO, + H,O — NO, + NO3~ + 2HT (617)

Even though the mechanism of how the nitrogen-related species become dissolved in water are the same in our
experiments, we are able to achieve analogical results using a much simpler setup than Janda et al [20]. Moreover,
we reach much higher nitrogen to hydrogen peroxide ratios. Whereas in Janda et al the NO, to H,0O, ratio is
around 40:1 in favour of NO,, we obtained an even higher ratio of 140:1and our HiN:PAW also contains high
concentrations of NO3 , in the ratio of 20 x 10° : 1 when compared to H,O,. Here, we have even improved on
our previous results: [34] using the 1.5 ml volume of water in the Narrow container, the concentration of NO5  in
PAW reached 300 mmol1~", which is more than 3 times higher than we obtained previously [34].

4.2. Discharge conditions

Discharge properties also have a significant impact on the formation of HIN:PAW. The inability of non-pulse
discharge to produce HiN:PAW even under otherwise favorable conditions had already been documented
elsewhere [34]. Here, we showed that the effective dissociation of air molecules in the discharge is crucial. In
particular, high concentrations of nitrogen and oxygen radicals need to be present (equations (2)). Based on our
results (figure 3(D)), there are two opposite influences affecting the concentration of radicals: (i) the generation
of the radicals in the discharge and (ii) their subsequent consumption by chemical reactions (reactions not
leading to the formation of NO or NO,, e.g. equation (24)). While the increase of the peak current increases the
concentration of the radicals, the prolongation of the pulse period gives the radicals more time to produce H,0,.
As the increase of the ballast capacitance affects the two discharge parameters in an opposite way, there is an
optimal combination (10.6 A and 390 ps).

Within the discharge area, we highlight three chemical pathways, as shown in figure 5: (i) the one resulting in
H,0, (the blue path, equations (15) and (24)), (if) NO and NO, without OH (the red path, equations (1a), (24,
2¢)) and (4ii) NO and NO, through OH and HNO, (the green path, equations (20, 2¢) and, (54, 5b)). In standard
PAW generation systems, the red and green pathways are significantly suppressed, resulting in PAW with high
H,0, and alow amount of nitrogen-related radicals. In our system, it is just the opposite. To significantly
increase the efficiency of red and green pathways, there needs to be a high concentration of nitrogen radicals.
The concentration of N, in air is clearly much higher than that of O,, but N, possesses a much higher

9



10P Publishing

Phys. Scr. 98 (2023) 045619 F Matéjka et al

bond-dissociation energy (9.8 eV), in contrast to O, (5.2 V). Therefore, high-energy pulse discharge is necessary
to effectively dissociate nitrogen molecules (optimized transient spark) and they need to be kept in the discharge
region for some time to effectively accumulate - 10 min in our case (figures 3(C), (D) and 4(A)). Under such
conditions, the oxygen radicals are consumed mainly in the red and green pathways, causing a decrease of H,O,
and a high concentration of NO, and NO. This scheme agrees with the observations presented in figure 3(E).

The NO,, NO and HNO, species are afterwards a source of an exceptionally high concentration of NO; and
NOj inthe resulting HIN:PAW, as described in section 4.1. Residual hydrogen peroxide in PAW is neutralized
through equation (3).

4.3. Gas-discharge intermediary phase

The discharge conditions favorable for the production of HIN:PAW are achieved only under certain reaction
vessel geometries and volumes of water in the vessel, as reflected in the P and r,,,,, parameters (figure 2(C)). To
explain these results, we propose a model in which, in addition to the obvious liquid and discharge areas, the gas
phase at the top part of the reactor is divided into two areas. While the upper one can effectively exchange
molecules with the surrounding atmosphere (labelled as the Contact gas area), the lower part the gradient of the
concentration of the relevant species effectively acts as a partial barrier between the surrounding atmosphere and
the discharge area (labelled as the Barrier area). The presence of the barrier area limits the exchange of air
molecules from the surrounding air with the discharge area and thus it allows the discharge to effectively
dissociate the air molecules, especially N,.

The importance of the formation of the gas-discharge intermediary area is illustrated by our experiments
using different geometries in figures 2(A) and (C). Using a wide open vessel larger than the discharge itself r >
T'max the outer atmosphere can to a large extent interfere with the discharge, bringing in more of the initial air-
originating reactants (N, and O,). Thus, the unrestricted air flow leads to the decrease in the concentration of
reactive species above the water-discharge interface (equations (24, 2¢). A higher but still not sufficient level of
nitrogen-related species can be reached using a narrower (r < r,,,,) reactor, see the P= 0.5 conditions for the
Medium vessel in figure 2(A). However, the best conditions were provided when the reaction vessel was ‘tall’,
signifying that the vessel walls are high enough to form a semi-closed space for the plasma discharge, which leads
to amore reactive environment. This situation occurs for higher barrier parameter values P > 1. Importantly,
some air flow delivering the source N, and O, molecules is still necessary for the reactions to take place (see
equations (1)), as we have already pointed out in our previous work [34]. Thus, a trade-off between the flow of
the new source molecules and the formation of a highly reactive environment needs to be reached. Based on the
results presented in figure 2(B), we propose that such a trade-off is reached for geometries close to, but above
P=Tlinfigure 2(C).

Based on the analysis of the discharge presented in figures 3 and 4, the geometry of the activation process
described by the P parameter influences not only the composition of the activated water, but also the
concentration of NO, in the discharge area. These experiments also give the timeframe, about 10 min, after
which the composition of the activated water changes into the low H,0, /high nitrites and nitrates mode, in
correspence to the discharge with a high concentration of O and N atoms instead of the molecular signal. The
same build-up time in the dynamics of the produced reactive species was observed for vessels with two different
geometries, suggesting that in this case it is the geometry of the discharge itself which governs the dynamics of the
activation process.

Our experiments confirm that a wide variety of parameters influence the production of HIN:PAW. Clearly,
PAW is an extremely complex mixture of reactive species and possible reaction pathways, which need to be
determined experimentally rather than predicted by theoretical calculations. Thus, for the time being, we
formulate the conditions favorable for the production of HIN:PAW phenomenologically based on our
experiments, without the quantification of the rates of the corresponding chemical equations, which are beyond
the scope of the current work and topic for further research.

5. Conclusion

Based on the monitoring of the chemical composition of HIN:PAW, the emission spectroscopy of the used
discharge and the chemical composition of discharge zone, we showed that a crucial condition for the
production of HIN:PAW was an increase of air-originating atomic radicals in the discharge area, which was, in
our experimental geometry, obtained after 10 min of the discharge burning. This condition of the discharge was
enabled by the generation of a gradient of the concentration of the relevant species in the reaction vessel above
the discharge, which effectively acts as a partial barrier limiting, but not completely preventing the air flow
between the discharge area and the surrounding atmosphere. The formation of this barrier area and its influence
on the outcome of the activation process can be very simply adjusted by the geometry of the activation process.
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We describe this influence phenomenologically, using a barrier parametr P dependent on headspace height h
and the effective radius of the vessel, while also noting the maximal effective vessel radius r,,,, for the activation
process to lead to HIN:PAW. The high concentration of atomic air radicals in the discharge resulting from an
optimized P parameter subsequently boosted the chemical pathways leading to the increase in the concentration
of nitrogen related species. In addition to NO,, the production of HNO, was an imporant pathway, because it
readily solvates in water. The combination of these factors allowed us to reach PAW with the NO3 to H,O, ratio
atleast 20 x 107 1, in contrast to approximately 1:1 under more traditional conditions. These results thus show a
way to robustly and reliably tune the dominant chemical pathways in a complex system of interconnected
individual pathways taking place in plasma activated liquids by controlling a simple parameter of the overall
geometry of the activation setup.
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ARTICLE INFO ABSTRACT

Keywords: Understanding electron and hole (e,h) transport at semiconductor interfaces is paramount to developing efficient
Perovskite optoelectronic devices. Halide perovskite/semiconductor quantum dots (QDs) have emerged as smart hybrid
Quantum dots systems with a huge potential for light emission and energy conversion. However, the dynamics of generated e-h
]ifg?lsting pairs are not fully understood. Ultrafast UV-VIS transient absorption and THz spectroscopies have enabled us to

unravel the processes of the e-h recombination within a hybrid film of methylammonium lead triiodide (MAPbI3)
interacting with different amount of PbS/CdS core/shell QDs. To accurately analyze the complex behavior, we
applied a new model for e-h events in this hybrid material. The results obtained with sample having a high
concentration of QDs (7.3 mass percentage) indicate: (i) a large population (92%) of the photogenerated charge
carriers are affected by QDs presence. The main part of these carriers (85% of the total) in perovskite domain
diffuse towards QDs, where they transfer to the interface (electrons) and QD’s valence bands (holes) with rate
constants of 1.2 x 10'° s~ and 4.6 x 10'® s~ 1, respectively. 7% of these affected charged entities are excitons
in the perovskite domain in close vicinity of the interface, and show a recombination rate constant of 3.7 x 10°
s~ (ii) The carriers not affected by QDs presence (8%) recombine through known perovskite deactivation
channels. Lowering the QDs mass percentage to 0.24 causes a decrease of electron and hole effective transfer rate
constants, and disappearance of excitons. These results provide clues to improve the performance of perovskite/
QD based devices.

Hybrid nanostructures
Electron and hole dynamics

1. Introduction interesting synergistic interactions that would produce advanced con-

figurations enhancing the performance of related optoelectronic de-

Over the past few years semiconductor colloidal quantum dots
(QDs) and trihalide perovskites have been intensively studied [1-6].
The outstanding properties of semiconductor QDs, such as the tun-
ability of the optical band gap across a wide range of energies and their
high light absorption coefficient, make them attractive for heterojunc-
tion solar cells, light-emitting diodes (LEDs) and lasers [1-3,7,8]. Ha-
lide perovskites solar cells have achieved photoconversion efficiencies
(PCE) higher than 22% [9], and the performance of LEDs, photo-
detectors and lasers based on halide perovskites has improved con-
tinuously over the past few years [4,10-17]. Beyond this scenario, a
combination of materials with different natures could provide

vices. In this sense, the composites of perovskite and semiconductor
QDs have shown strong potential in lighting and photovoltaic conver-
sion [18-27]. QDs solar cells showed a significant but lower efficiency
than that of other photovoltaic devices due to the low charge carrier
mobilities and high surface trap density [28-31]. By combining the
efficient charge generation in QDs and the e-h high mobility in the
perovskite, efficient colloidal QDs solar cells were fabricated [20-22].

The use of perovskite as a passivating agent for QDs surfaces led to
materials that can act as a highly conductive matrix to increase the
power conversion efficiency (PCE) of photovoltaic devices based on
lead trihalides [19,27], as well as the efficiency of IR LEDs [25] and

Abbreviations: THz, terahertz; TRTS, time-resolved terahertz spectroscopy;; TAS, time-resolved transient absorption spectroscopy;; IRF, instrumental response function;; wt%, mass

percentage; ph/cm?, photons per cm?
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photodetectors [26]. Perovskite and small core/shell QDs have been
combined to prepare voltage tunable LEDs that exhibit exciplex emis-
sion, which could be used for developing advanced solar cell config-
urations, such as intermediate band gap ones [23]. In addition to that
PbS QDs have been used as seeds to grow perovskite solar cells with
larger grain sizes, significantly increasing the performance of the solar
cells [19,24]. These results clearly show the enormous potential of
combining perovskite and QD materials to develop highly efficient
advanced optoelectronic devices. However, detailed studies of the
photoinduced processes that occur in these composites are lacking.
Understanding the ultrafast events in perovskite/QDs interfaces, such
as charge carrier transfer and recombination dynamics, is paramount to
improving the overall efficiency of optoelectronic devices based on
these materials. However, the real-time observation of the interfacial
processes remains unexplored.

Herein, we report on photodynamics studies of thin polycrystalline
films of methylammonium lead triiodide (MAPbI3) matrix embedded
with different concentrations of PbS/CdS (core/shell) QDs, using ul-
trafast time-resolved transient visible-NIR absorption and terahertz
(THz) spectroscopies (TAS and TRTS, respectively). By photogenerating
charge carriers over the band gap of MAPbI3 (~1.55eV) in the
MAPbDI3/QDs hybrid material, we observed fast and efficient charge
carrier deactivation due to their transfer to the QDs. The initial
(< 1ps) population and mobility of electrons and holes in the per-
ovskite domain are not affected by the presence of QDs. To accurately
elucidate the complex electrons and hole events within the material, we
propose a new kinetic model. We found that: (i) the majority (~ 90%)
of photoexcited electrons and holes diffuse towards QDs and is after-
wards transferred to the interface and QDs, respectively, (ii) few per-
cent of them fast recombine as excitons in the close vicinity of the in-
terface, and (iii) a small part of the photoexcited charges is not affected
by the presence of QDs, and therefore follows the typical perovskite
deactivation channels. Lowering the QDs concentration increases the
carrier diffusion time, and thus slows down their effective transfer to
the interface and QDs, and decreases the concentration of excitons.
These results show high collection efficiency of electrons and holes by
these QDs in this hybrid material, and the relevance of MAPbI;/QDs
interface states in charge carrier transition/trapping processes. We
propose that further optimization of perovskite/QD system requires a
reduction of the interface traps. Not of less importance, the proposed
kinetic model can be used to characterize the electron-hole events in
other complex hybrid structures.

2. Materials and methods
2.1. synthesis of PbS/CdS core-shell QDs

Core/shell quantum dots (QDs) were synthesized according to a
previously reported procedure [24,32]. Briefly, a mixture of 0.9g
(4 mmol) of PbO, 2.7 g (9.6 mmol) of oleic acid (OA) and 36 ml of 1-
octadecene (ODE) in a three-necked round-bottom flask was heated to
150 °C under N, to form Pb-oleate moieties. The solution was degassed
for 30 min under vacuum, then opened to N, and 3ml (6.7 mmol) of
trioctylphosphine (90%) was injected. A mixture of 0.42 ml (2 mmol) of
hexamethyldisilathiane (HMDS) and 4 ml of ODE was quickly injected
to the flask when the temperature dropped to 110 °C. The solution was
left to cool to room temperature. The reaction product was cleaned
three times with ethanol/acetone (1:1, v/v), centrifuged (3000 rpm for
10 min) and dispersed in toluene (100 mg/ml).

For the growth of the CdS shell, a flask containing 0.34 g (2.6 mmol)
of CdO, 1.85 g (6.5 mmol) of OA and 40 ml of ODE was heated to 220 °C
in air to dissolve CdO, cooled to 150 °C and then degassed for 1 h under
vacuum. After that, the temperature was reduced to 70 °C. 5 ml of the
as-prepared PbS QD suspension (100 mg/ml in toluene) was rapidly
injected to the flask. The reaction was kept at 70°C for 5min then
stopped by adding the non-solvent mixture (ethanol/acetone, 1:1, v/v).
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The product was washed following the same procedure used for PbS
nanocrystals and dispersed in octane for the ligand exchange. We got
PbS/CdS QDs of 3.0 = 0.3nm in size, and which distribution was
characterized by TEM (Fig. S1).

2.2. Ligand exchange and perovskite, perovskite/QDs solution preparation

1.5ml (10 mg/ml) of PbS/CdS core-shell QDs in octane was mixed
with 0.5ml of dimethylformamide (DMF) containing 58.3 mg of Pbl,
and 25 mg of methylammonium iodide (MAI). The as-mixed solution
separated into 2 phases: at the top, QDs in octane (brown) and (PbI,
+ MAI) in DMF at the bottom (yellow). After stirring for 30 min, the
QDs transferred from the top octane phase to the bottom DMF phase,
resulting in a color change: transparent at the top and dark at the
bottom. The octane solution was removed and the QD solution was
washed three more times using the same solution to remove the organic
residue. Subsequently, the QDs were precipitated adding toluene. After
removing all the liquids, the QDs were dried under vacuum and dis-
persed in perovskite solution (0.4 M) to form a MAPbI3/QDs solution.
The amount of Cgps was varied from 2 to 200mg/ml. The 0.4 M
MAPDI; reference solution (without QDs) was prepared by dissolving
0.438 mmol of Pbl, and 0.438 mmol of MAI in a mixture of 1 ml of DMF
and 95yl of dimethyl sulfoxide (DMSO). Further details have been
published elsewhere [24].

2.3. Perovskite and perovskite/QDs film preparation

Glass substrates were cleaned with soap, sonicated in distilled
water, ethanol and isopropanol for 15 min and then treated with an
UV-05 lamp for 15 min. MAPbI; or MAPbI3/QD films were spin coated
at 9000 rpm from 50 pl of MAPbI; or MAPbI3/QD solution, respectively.
Diethyl ether was poured on a film after the spin coater was running for
4 s. The films were annealed for 1 min at 65 °C, then for 2 min at 100 °C.
The deposition was carried out inside a glovebox filled with N,.

2.4. SEM and XRD measurement

The morphology and structural properties of the films were ana-
lyzed using a field emission scanning electron microscope (JSM7001F,
JEOL) and a Bruker AXS D4 X-ray diffractometer using Cu Ka radiation.

2.5. UV-VIS-NIR absorption spectroscopy

The UV-VIS-NIR absorption spectra of the MAPbI;, MAPbI3/QDs
and QDs were measured using a standard spectrophotometer (JASCO V-
670). To eliminate the contribution of the scattered light, we carried
out diffuse reflectance measurements using a 60-mm integration sphere
(ISN-723).

2.6. Femtosecond transient absorption spectroscopy

The used femtosecond (fs) transient UV-VIS-NIR absorption setup
has been described elsewhere [33]. Briefly, it consists of a Ti:sapphire
oscillator (TISSA 50, CDP Systems) pumped by a 5 W diode-laser (Verdi
5, Coherent). The oscillator output pulses (30 fs, 480 mW at 86 MHz)
centered at 800 nm were guided to a regenerative amplifier (Legend-
USP, Coherent) and used as a seeding signal. The amplified funda-
mental beam (50 fs, 1 W at 1 kHz) was then directed through an optical
parametric amplifier (OPA, CDP Systems) for wavelength conversion
and an additional 1-mm BBO crystal for frequency doubling to obtain
400, 600, 700 and 740 nm pulses. The pump intensities ranged from
~ 40-250 uW. The transient absorption measurements were performed
in the spectral ranges of 450-780 nm. All the spectra analyzed in the
visible-NIR region were corrected for the chirp of the white light con-
tinuum. To avoid sample degradation, the samples were moved during
the measurement using the XY translational stage. The instrument
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Fig. 1. (a) Transient absorption spectra of MAPbI; (red-
dashed-dotted line), MAPbI3/QDs (blue-dashed line,
6.3 wt%) and neat QDs (black-solid line) films at 1ps
pump-probe delay time. Two-dimensional pseudo-color
AmOD map of (b) MAPbI; and (c) MAPbI;/QDs films
(6.3 wt%) as a function of both observation wavelengths
and pump-probe delay time. (d) Normalized transient
absorption decays of MAPbI; and MAPbI5;/QDs observed
at 760 nm. Data were obtained upon excitation at 600 nm.
Used fluence of the absorbed photons was 8.2 x 10'2 ph/
cm?. The solid lines in (d) are from the best fits using the
kinetic models described in the text.

700 720 740 760
Wavelenght (nm)

d -

= 0.9

° :

i

& 0.6

£

50.3 MAPbIleDs

&,

(]

S 0.0k . . :
700 720 740 760 0.0 0.4 0.8 1.2

Wavelength (nm) Time (ns)

response function (IRF) of the setup was ~ 70 fs. All the experiments
were performed at 293K [34].

2.7. Sub-picosecond time-resolved terahertz spectroscopy

The terahertz (THz) experiments were done using the same laser
setup described in the previous paragraph (Legend-USP regenerative
amplifier seeded by the Ti:sapphire oscillator). The amplified funda-
mental beam centered at 800 nm (50 fs, 1 W, 1kHz) was divided into
three parts. The first one (~ 700 mW) was directed through an OPA and
additional 1-mm BBO crystal for frequency doubling to obtain 600 nm
pulses. The resulting beam is sent through a long (up to 10ns) delay
line (H2W Technologies) to pump the sample in the time-resolved THz
experiment. The second part of the amplified output beam (~ 200 mW)
generates the THz probe in a ZnTe crystal by optical rectification. The
third part (~ 1 mW) is used for electro-optic detection of the THz signal
in another ZnTe crystal. During the measurements, the setup was con-
tinuously purged with dry nitrogen gas. The experiments are performed
without any additional illumination and at 273 K. The IRF of the setup
is < 1ps [34].

2.8. Flash photolysis spectroscopy

The nanosecond (ns) flash photolysis experimental setup was de-
scribed previously [35]. Briefly, it consists of an LKS.60 laser flash
photolysis spectrometer (Applied Photophysics) and a Vibrant (HE) 355
II laser (Opotek). Pulses from Vibrant are used as an input of light for an
optical parametric oscillator (OPO) pumped by a Q-switched Nd:YAG
laser (Brilliant, Quantel) generating excitation pulses at 460 nm. The
probing light source is a 150 W xenon arc lamp. The light transmitted
through the sample is dispersed by a monochromator and detected by
visible photomultipliers (Applied Photophysics R928) coupled to a di-
gital oscilloscope (Agilent Infiniium DS08064A, 600 MHz, 4 GSa/s).
The measured IRF of the system is ~ 8 ns.

3. Results and discussion
3.1. Morphology, structure and absorption spectra

The morphology and structure of MAPbI; and MAPbI;/QDs (6.3 wt
%, QDs size ~ 3 nm) films were characterized by SEM (Fig. S2, for wt%
calculation, see Eq. S1). Both samples show comparable fine poly-
crystalline structure (grains size ~30-100nm). The thicknesses of
MAPbDI; and MAPbI3/QDs films are 80 = 10 and 120 = 10nm, re-
spectively. Proper perovskite crystalline structure of both samples was
proved also using XRD technique (Fig. S3a). Signal peaks at 14°, 28° and
32° detected on MAPbI3; and MAPbI3/QDs correspond to {110}, {220}
and {310} atomic planes of MAPDI;, respectively [19,27,36]. Steady-
state absorption spectra of MAPbI;, MAPbI3/QDs (6.3 wt%) and QDs
not attached to perovskite matrix are presented in Fig. S3b. The spectra
of MAPbI; and MAPbI;/QD are comparable and very similar to those
already published on this type of perovskite [24,37]. The presence of
QDs is mainly manifested by differences in the absorption of MAPbI3
and MAPbI5/QDs films in the spectral region > 800 nm.

3.2. Femtosecond time-resolved transient abs