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1. Introduction

Depuis plus d'un demi-si€ele, les semi-conducteurs sont au cceur des technologies modernes
pour des applications multiples. A titre d'exemples, I'éergie et I'environnement sont deux
défis majeurs auxquels est confrontéle monde d'aujourd‘hui. Les semi-conducteurs font partis

des maté&iaux clé pour développer des solutions durables.

En fonction de leur composition chimique, les semi-conducteurs peuvent &re divisé en semi-
conducteurs @émentaires, inorganiques et organiques. Dans toute la famille des semi-
conducteurs, les sé@éniures méalliques jouent un rde trés important. lls possédent
géné&alement une largeur de bandgap comprise entre 0,3 eV et 3,0 eV, couvrant un large
domaine spectral de l'ultraviolet jusqu'alinfrarouge. Ils sont intensément &udié pour un
grand nombre d'applications tels que cellules solaires, dispositifs thermo@ectriques, €lairage,

déecteurs infrarouges, lasers, maté&iaux optiques non linéires, maté&iaux photo-catalytiques.

Actuellement, les semi-conducteurs abase de sééiures existent principalement sous trois
formes: massifs, nanomatéiaux et couches minces. Les procé&lé de fabrication sont
géné&alement complexes et les propriéé des mat&iaux obtenus dépendent éroitement des
paraméres tels que la structure cristalline, la taille, la structuration de surface. Les sééniures
massifs sont généalement préparé& un frittage & haute tempéature de poudres. Les
nanomatéiaux sont principalement préaré& en solution. Lorsque la taille de semi-
conducteurs est a l'é&helle du nanomére, de nouvelles propriéé& inté&essantes peuvent
apparaitre pour rendre ces maté&iaux encore plus attractifs. Enfin, les couches minces sont
actuellement au centre de la recherche avec de nombreuses rélisations scientifiques et

technologiques.

Cette these porte sur deux sééniures relativement peu éudiés, le Sbh,Se; et le In,Ses, qui
posseédent cependant d'excellentes propriéés. Le Sh,Se; est un semi-conducteur du groupe V-
VI ayant une structure en feuillet et il possede un bandgap direct d'environ 1,0 ~ 1,2 eV avec
un coefficient d'absorption trés &evé d'environ 10° cm™, dans le domaine visible. Toutes ces
propriéés lui conféent un grand potentiel d'applications notamment pour la conversion
photod&ectrique. Mé&ne si la recherche sur le Sh,Se; a permis d'obtenir des résultats tres
importants, les applications reéelles sont encore limitées, en grande partie dGasa conductivité

dectrique intrinséguement trés faible (10° Q*m™). Par conséjuent, la pré&ente éude vise a
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proposer des solutions pour ré&oudre ce probléne majeur et pour démontrer le potentiel

d'applications.

Le In,Sez est un semi-conducteur important avec aussi d'excellentes propriéé optiques et
éectriques. Actuellement, la synthese de mat&iaux de haute qualitéet cristallographiquement
purs est un probléne majeur. Dans cette &ude, nous allons utiliser la technique d'injection a
chaud pour obtenir des nano-fleures y-In,Se; de grande qualité formées de feuillets adeux
dimensions. Nous allons également, pour la premiee fois, fabriquer une photodiode a

hé&é&ojonction pour dénontrer I'inté&& de ce maté&iau pour la déection optique.

Enfin, nous espé&ons que les pr&&é& de préparation, la mé&hodologie pour le contrde de
propriéé ainsi que les performances démontrées des dispositifs obtenus dans ce travail,
contribueront al'accé@é&ation de recherche et développement de semi-conducteurs abase de

sééaniures.

2. Ama@ioration de la conductivitéet fabrication de photo-déecteurs abase
de Sb2863

Ces derniees annés, de nouvelles mé&hodes de synthése, hydrothermal, solvothermal,
meéthode tensioactif-assisté par exemples, ont &é&développées pour synthéiser des Sb,Se; en
phase liguide. En raison de sa structure cristalline unique, ce matéiau est géné&alement formé
de chaines unidimensionnelles de (Sh4Ses), assembléss le long des directions x et y par la
force Van Der Waals, ce qui donne une grande variéé de nanomaté&iaux de Sh,Se;
unidimensionnels tels que les nano-fils , nano-tiges, nano-rubans, nano-tubes, avec des

propriéés parfois uniques.

Un de problémes associé& aSh,Ses est sa trés faible conductivit&intrinségue (10° Q™*m™), ce
qui constitue un handicap ré&l pour des applications. Bien qu'il existe dgades travaux sur
I'am@ioration de sa conductivité une &ude plus syst@matique est encore né&essaire pour une

meilleure compréhnension et un meilleur contrde de ses propriéés dectriques et ectroniques.

Dans ce travail, deux techniques seront utilisées pour am@iorer la conductivitédes maté&iaux
abase de Sh,Ses. La premi&e consiste apréarer des nano-tiges composites contenant une
structure ahé&é&ojonction Sh,Ses/AgSbSe,, La deuxiene technique est basee sur son dopage
par Sn notamment. L'int&& de ces maté&iaux sera démontré par la fabrication et les

caracté&isations d'un photo-déecteur ahaute performance abase de ces maté&iaux.
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2.1 Synthése et caracté&risation de nano-tiges de Sb,Se;

Les nano-tiges de Sh,Se; ont &épréparées par un proc&échimique collo'dal associéaune
injection achaud. Le proc&léest basésur la technique de Schlenk line sous atmosphere
d'argon. Le présurseur de Se est dabord dissout achaud et refroidi jusqu'ala tempé&ature
ambiante avant d'@re rapidement injectédans la solution de pré&urseur de Sh, chauffée ala
tempéature de réction. Apres 10 minutes de réction, le chauffage est arr&éet la solution est
ensuite refroidie ala tempé&ature ambiante. Le produit obtenu est lavé rincéet s&hépour
obtenir les nano-tiges de Sbh,Ses. Ce proc&léde préaration est schénatiquement illustrésur

la Figure 1.

Oil bubbl ( )
(a’) — Bubbler exhaust to fumehood b

Gas flow A Dual manifold I ‘ 7
— Argo
Pump exhaust

|
8 fc fo\e F
to fumehood
Portex PVC tubing Cold trap

t t flasks etc. to the li ) i Magnetic heated stirrer
© connect Tasks ete. to the fine Thick rubber tubing to connect 2

Magnetic
=)

line to pump

Figure 1. (a) Schematic illustration of the Schlenk line technology and (b) synthesis method

of hot-injection.

La Figure 2 montre les diagrammes XRD des nano-tiges de Sh,Se; synthé&isés adiffé&entes
tempé&atures de ré&ction (160 <C, 200 T, 240 T et 280 <C). Tous les spectres montrent des
pics de diffraction intenses et fins, indiquant que les Sb,Se; obtenus possédent une cristallinité
deveé et une taille de grains relativement importante. Des pics de diffraction attribués aune
trace d'impuretéde Sh,03; sont pré&ents dans le produit obtenu avec une réction al60 <C,
tempé&ature trop basse pour permettre une réction complée. Pour les trois autres produits,
tous les pics de diffraction sont attribuables &Sb,Se; orthorhombique (carte JCPDS n<15-

0861), sans la présence d'une deuxiéme phase, dénontrant la puretédu produit.

La morphologie et la structure des nano-tiges ont &é& éudiés. Figures 2b et 2c sont des
images MEB et MET de nano-tiges de Sbh,Ses, obtenues par réction 240 <C pendant 10 min.
Ces nano-tiges préentent une surface lisse, une distribution de taille uniforme. La Figure 2d
est une micrographie @&ectronique en transmission & haute réolution (HRTEM), un

diagramme de diffraction d'é@ectrons d'une zone séectionné& (SAED) et le transformé de

v
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Fourier d'une seule nano-tige, indiquant clairement sa forte cristallinité Les distances inter-
planaires ont éé&mesurees et sont respectivement de 0,392 nm et 0,526 nm pour les plans
(001) et (120), en accord avec la structure orthorhombique de Sb,Ses;. L'image HRTEM
montre &alement une croissance pré&entielle des nano-tiges le long de la direction [001].

Le spectre EDS présentésur la Figure 2c confirme le rapport steechiométrique Sb/Se=2/3.

TG
&
£ MW
7]
g
E 75,0, 160°C
8§ - Boees. )
s §5 sESCISSS  Sb,Se,(No.1s-0861)
© T[ FWT%’ HM\TMH\ [ muh Lowlh
10 20 30 40 50 60
20 (degree)
(c) 2
3
z
H
E

Snm

Figure 2. (a) XRD patterns of the Sb,Se; nanorods synthesized at different temperatures
(160 <C, 200 <C, 240 T and 280 <C); The 240<C sample is studied in detail : (b) SEM image;
(c) TEM image and corresponding EDS spectrum (inset); (d) HRTEM image, the bottom inset
Is a selected-area FFT.

2.2 Préparation et caracté&isation d'un déecteur optique abase de couches minces de
Sb28e3

Afin d'é@udier les propriéés photoconductrices des nano-tiges de Sbh,Ses, nous avons construit
un photo-déecteur prototype abase de couches minces. La Figure 3 est une vue schématique
du dispositif: les nano-tiges sont dispersés dans du chloroforme al'aide de l'ultrason, puis

dé&osées sur des éectrodes en Au.
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Light

Figure 3. Schematic illustration of the photodetector based on the Sh,Sez nanorod film.

La photoconductivitése rédee au phé&omene de changement de la conductivité &ectrique
d'un maté&iau sous illumination et c'est une propriéé€importante d'un semi-conducteur. La
Figure 4a est une courbe I(courant)-V(voltage) d'un photo-déecteur acouches minces de
Sh,Ses. On peut constater que le courant d'obscuritéest faible, en accord avec la faible
conductivité intrinségue de ce maté&iau. Ce dispositif pré&sente une forte sensibilité ala
lumiee sous diffé&entes intensités lumineuses et l'intensité du photocourant augmente
significativement avec l'augmentation de I'intensit€lumineuse. Afin d'@udier plus en dé&sail
les caractéistiques photodectriques, I'intensitéde la lumiére est fixée 412,05 mW.cm™ et la
réponse temporelle de ce photo-déecteur & couches minces sous diffé&entes tensions de
polarisation a &é& éudiée. Lorsque cette tension de polarisation est de -20 V, le rapport
"On/Off" du dispositif atteint 50, ce qui est comparable aux excellents réultats publi&
pr&élemment. Le temps de réponse et le temps de réeupé&ation sont deux autres paramekres
importants et on peut voir apartir des Figures 4c et 4d que ce temps est respectivement de 0,7
setde 1,1s. Il est &alement constatéque ce dispositif reste trés stable mé&ne pres plusieurs
cycles "ON/OFF".

Vi
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Figure 4. Photoconductive performance of the photodetector based on the Sh,Se; nanorod
film. (a) Dark current and photocurrent at different incident power densities, (b) Time-
resolved photoresponse with an incident light density of 12.05 mW cm™, Demonstration of (c)

the response speed and (d) the recovery speed at a bias of -20 V and an incident light density
of 12.05 mW cm™.

2.3 Préparation et caracté&isation de nano-tiges ahé&é&rojonction Sh,Ses/AgSbSe,

Dans ce travail, deux techniques sont proposées pour amé@iorer la faible conductivité des
nano-tiges de Sh,Ses. La premié&e consiste al'associer aune deuxiéne phase de haute
conductivité Ici, un semi-conducteur ternaire AgShSe, ahaute conductivitéavec un bandgap
éroit, est sdéectionné comme seconde phase, et des nano-tiges d'hé&é&ojonction
Sh,Ses/AgSbSe; sont préparées par injection achaud. Diffé&entes observations et analyses
sous microscopes éectroniques sont résumees sur la Figure 5. On peut constater que certaines
petites nanoparticules sont incorporés dans la tige. Une analyse plus poussé des images
HRTEM de difféentes re&gions sdectionnéss sur les nano-tiges a rev@eque les tiges et les
nanoparticules ont des structures cristallines diffé&entes et que l'interface est claire et nette.
L'image STEM int&ré dans la Figure 5c et la carte de distribution d'é@éments, obtenue par
EDS, indiquent que les nanoparticules de AgShSe; sont développés ala surface des nano-
tiges de Sh,Ses, formant ainsi une structure ahé&&ojonction.

\l
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Figure 5. Structural and morphological characterization of the hybrid nanorods with the
Sh,Ses/AgShSe; heterojunction structure. (a) SEM image, (b) TEM image, (c) TEM image and
HRTEM images from the selected areas 1 and 2 of an individual hybrid nanorod (inset in the
left HRTEM image is a FFT pattern from the red marked area), the inset of (c) shows a STEM

image and the corresponding EDS mapping images of Sb, Se and Ag elements.

2.4 Photo-déecteur en couches minces abase de nano-tiges ahé&éojonction
szSBg/Angsez

La Figure 6 montre les propriéé photo@ectriques d'un photo-déecteur en couche mince a
hé&é&ojonction Sh,Ses/AgSbSe,. Comparéau dispositif identique abase de Sh,Ses, le courant
d'obscuritéde ce dispositif ahé&é&ojonction est augmentéd'environ 20 fois (passant de -2 nA
a-40 nA, aun bias de -20 V) et le photocourant est multipliépar 4,5 environ (passant de -100
nA &-450 nA, avec un bias de -20 V et une intensitéd'illumination de 12,05 mW.cm™). Les
calculs montrent que la sensibilité R.s, de ce photo-déecteur a hé&é&ojonction
Sh,Ses/AgSbhSe;, est 4,2 fois supé&ieure a celle du photo-déecteur & base de Sh,Ses,

VI
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franchissant ainsi une étape importante pour promouvoir I’application de ce matériau. A partir
de la courbe de réponse temporelle, on peut voir que le photo-déecteur ahé&é&ojonction a un
temps de réponse de 0,6 s et un temps de ré&upé&ation de 2,7 s, avec en plus une grande
stabilité Ces réultats dénontrent que des couches minces ahé&eéojonction sont un concept

inté&essant pour construire des photo-déecteurs performants.
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Figure 6. Photoconductive performance of the photodetector based on the Sh,Ses/AgSbSe;
hybrid nanorod film. (a) Dark current and photocurrents at different incident power densities;

(b) Time-resolved photoresponse with an incident light density of 8.29 mW.cm™; (c) Response
speed and (d) the recovery speed.

2.5 Synthése et caractérisation de nono-tiges de (SnySbi.x).Ses

La deuxié@me technique que nous avons utilis€pour augmenter la conductivitédectrique de
Sh,Se; est le dopage. Sn est choisi comme dopant, qui est dans la mé&ne pé&iode que le Sb sur
le tableau pé&iodique, avec un rayon atomique tré proche. L'influence du dopage sur les
propriéés photo@ectriques des nano-tiges de Sh,Se; a @éééudié.

La Figure 7a est un diffractogramme XRD de nano-tiges (SnxSbi«x).Ses (x = 0,00, 0,01, 0,03,
0,05, 0,10) pré&arées par injection achaud. Toutes les nano-tiges montrent des pics de
diffraction intenses, attribuables tous au Sb,Se; orthorhombique, montrant ainsi que la phase
cristalline principale est toujours le Sb,Se; avec une cristallinité @eveés. Lorsque la

concentration de dopage augmente, aucune seconde phase contenant Sn n'appara® et aucun
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autre pic d'impuretén'est déectable. Avec une augmentation de dopage en Sn, les pics de
diffraction associés aux plans (221) et (301) se déolacent progressivement vers de plus grands
angles de diffraction, indiquant que les parametres de maille de (SnySbi.x)>Ses diminuent.
Ceci peut &re expliquépar le fait que les Sb* sont progressivement remplacé par des ions
Sn** plus petits. Des mesures XPS confirment la préence des ions Sn** (Fig. 7c). La Fig. 7d
montre des images SEM représentatives des nano-tiges de (SnxSbix).Ses avec une dimension
uniforme, un diamétre compris entre 100 2200 nm et une longueur de quelques microns. La
surface est entieeement lisse dans la direction de croissance et aucune phase secondaire n'est

observable, confirmant la réussite du dopage.
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Figure 7. () XRD patterns of (Sn,Sb1.4).Ses nanorods. (b) (221) and (301) XRD peaks of the
same nanorods. (c) XPS spectrum of Sn-3d for the (Sn,Sbi.x).Sez nanorods. Representative

SEM images of (Sn.Sb;.x).Ses nanorods: (d) x=0.00, (e) x=0.05, and (f) x=0.10

2.6 Préoaration et caractéisation de photo-déecteurs en couche mince abase de
(Snxsbl_x)zses

Pour é@udier l'effet du dopage de Sn sur la conductivitéde Sh,Ses;, L'effet Hall a &éutilisé
pour mesurer la résistivité la concentration de porteurs de charge, la mobilitéet le type de
conduction de (SnsSh;x).Ses. La Figure 8a montre la relation entre ces propriéés et la
concentration de dopage en Sn. Les nano-tiges de Sh,Se; sans dopage ont une tres faible
conductivit&et concentration de porteurs de charge. Lorsque les ions Sn** ont &é&dopé& dans
le Sh,Ses, la réistivitédu maté&iau chute rapidement, passant de 1,229.10" Q-cm (x = 0,00) a
8,746.10* Q-cm (x = 0,10). A partir de cette Figure 8a, on peut éalement constater que la
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concentration de porteurs de charge augmente aussi trés rapidement avec la concentration de

dopage, expliquant ainsi lI'augmentation de la conductivitédes (SnySbi.x)>Ses.

Pour dénontrer l'int&& de I'am@ioration de la conductivité des photo-déecteurs abase de
couches minces de (SnxSh;.).Se; ont &é&fabriqués et caract&isés. Figure 8b repré&entant le
courant & l'obscurité et le photocourant de ces déecteurs (tension appliquee de 10 V,
illumination 2650 nm) en fonction de la concentration du dopants Sn**. 1l est clair que ces

deux courants augmentent trés rapidement avec la teneur de Sn** dans le Sh,Ses.
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Figure 8. (a) Dependence of resistivity and carrier concentration of the (Sn,Sbhi).Ses
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nanorods on doping concentrations of Sn** ions (x value). (b) Dependence of dark current
and photocurrent (under 650 nm light illumination at a bias voltage of 10 V) of the (SnySb;.

+)2Ses nanorod film photodetectors on doping concentrations of Sn** ions (x value).

Il est important pour un photo-déecteur d'@re sensible sur une large bande spectrale. En lien
avec le fort coefficient d'absorption et un bandgap éroit de (Sn.Sb;).Ses, la réponse
spectrale des déecteurs abase de ces semi-conducteurs a @éémesuree de I'UV jusqu'aNIR. La
Figure 9a montre la réonse, Rges, de deux déecteurs abase respectivement des couches
minces de Sbh,Se; et de (ShosSbogs) en fonction de la longueur d'onde. Ces déecteurs sont
sensibles entre 300 nm et 1100 nm avec la réponse la plus devée &850 nm. Il convient de
noter que cette réonse spectrale large permet d'utiliser ces photo-déecteurs pour la déection
multispectrale. Il est important de noter que le déecteur (Snog5Shp.g5),Ses possede un Rges 3-4
fois supé&ieure acelle de Sh,Se; sur toute la bande spectrale, avec des performances
comparables aux meilleurs résultats publié. Le NEP, Noise Equivalent Power, est un
indicateur de base concernant le bruit d'un dispositif. Figure 9b montre le NEP de ces deux
déecteurs en fonction de la longueurs d'onde et la valeur minimale du NEP est de 3,14.10™*
W/HZzY2 pour le déecteur (SnoosShoss).Ses. Cela signifie que mé@ne une lumiée incidente

trés faible, de I'ordre de pico-watt, peut &re déectée.
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Les Figures 9c et 9d repré&entent le rendement quantique externe, EQE, et la déectivité D*,
de ces deux déecteurs en fonction de la longueur d'onde. Le EQE et la D * peuvent atteindre
respectivement 906% et 5,03.10*" Jones), confirmant l'int&& du composé (Sno.osSbo.ss)Ses

comme excellent candidat pour la déection optique.
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Figure 9. Wavelength-dependent (a) responsivity; (b) noise equivalent power (NEP); (c)
external quantum efficiency (EQE) and (d) detectivity (D*) of the Sb,Se; nanorod film
photodetector and the (SnosSbo.95)2.Ses nanorod film photodetector.

2.7 Conclusions

Des nano-tiges de Sh,Se; de haute qualitéont é&épréparés avec la technique d'injection &
chaud. La tempé&ature et le temps de réction ainsi que l'agent tensioactif influencent
fortement la morphologie et la structure des nano-tiges. La réistivitéintrinséjue de Sbh,Ses
est trés devé, de l'ordre de 10° Q'm, ce qui affecte grandement son application pratique.
Nous avons reissi al'am@iorer considéablement en utilisant deux approches diffé&entes. La
premiére approche consiste aformer un composite en utilisant une seconde phase conductrice,
le AgSbSe, et une structure & hé&éojonction Sbh,Ses/AgShSe, a é&é obtenue avec une
conductivité nettement ame@ioré par rapport & Sh,Se; pur. La deuxi@ne approche est le
dopage avec Sn pour introduire des ions Sn** dans la structure de Sh,Ses, qui a éjalement

permis d'augmenter la conductivité& par plusieurs ordres de grandeur.
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Ces mat&iaux abase de Sh,Se; ont é&é utilisés pour la fabrication de photo-déecteurs
prototypes. Le photo-déecteur en couches minces ahé&é&ojonction Sh,Ses/AgSbhSe, préente
une tres bonne sensibilit€é dans les domaines du visible et du proche-infrarouge, plus de
quatre fois supé&ieure acelle du Sh,Ses pur. Le photo-déecteur abase de Sh,Se; dop&au Sn**
montre &jalement d'excellentes propriéé photodectriques avec un NEP pouvant &re aussi

faible que 3,14.10™ W/Hz*?, un EQE de 906% et une déectivitéde 5,03.10* Jones.
3. Conductivitéet propriéé photodectriques du Sh,Se; dopéSn

Le paragraphe pré&é&lent &ait axésur les nano-tiges de Sbh,Se; avec des résultats intéessants
pour les applications comme photo-déecteurs. Cependant, ces nano-tiges ne peuvent pas &re
utilisés directement pour la préaration de cellules solaires. Dans cette partie du travail, nous
allons nous concentrer sur l'utilisation de la pulvé&isation cathodique pour préoarer des
couches minces de Sh,Ses pour applications en cellules solaires. Par consé&juent, nous avons
de&idéd'éudier, plus en déail, les propriéés physiques et chimiques des maté&iaux abase de
Sh,Se; dopé& aux Sn**, qui ont montrédes propriéé photodectriques trés inté&essantes. Une
s&ie de maté&iaux, (Sn,Shi.) 2Ses (x = 0,00, 0,03, 0,05, 0,07, 0,10), seront systématiquement
éudiés et ils seront synthéisé par la méhode fusion-trempe, technique trés utilisé pour la

préparation de maté&iaux massifs abase de chalcogénures.
3.1 Synthése et caracté&isation de semi-conducteurs polycristallins (SnySb;.).Ses

Les produits de départ de haute puret€& Sn (99,99%), Sb (99,999%) et Se (99,999%), sont
scellé& sous vide dans une ampoule de silice. Le mé&ange fondu et homogén&séest refroidi
rapidement en laissant le tube de silice trempé& al'air ou méne dans l'eau. La sé&ie de
maté&iaux éudiés est (Sn,Sb; «).Ses (x = 0,00, 0,03, 0,05, 0,07, 0,10).

Fig. 10a montre les diffractogrammes de cette s&ie de maté&iaux qui possetent tous des pics
de diffractions intenses et éroits, attribuables au Sbh,Se; orthorhombique et aucune phase
secondaire contenant le Sn ou non n'est déectable. Ceci démontre une pureté
cristallographique et une haute cristallinitéde ces maté&iaux synthéisé. Les ré&ultats XRD
sont semblables avec un disque poli ou avec des poudres obtenues en broyant le disque,
comme indiquésur la Figure 10b, montrant ainsi que la cristallisation est uniforme dans le

mat&iau massif.
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Pour éudier l'effet de dopage Sn sur la structure cristalline de Sh,Ses, les paraméres de
maille a, b, et ¢ ont &écalculé& apartir des diffractogrammes XRD et sont présentés sur la
Figure 10 c. Avec l'augmentation progressive de la concentration de dopage en Sn, une l&gée
augmentation de ces paramétres de maille est observable, en accord avec la |&gee difféence

du rayon ionique de Sb** et de Sn*".

La Figure 10d montre les ré&ultats XPS de Sn-3d. Par rapport au Sb,Ses pur, (Sno.10Sbo.g0)2S€3
pré&ente deux pics supplémentaires a494,7 eV et a486,2 eV, caract&istiques de Sn-3d,

confirmant que le Sn est entrédans le réeau de Sh,Se; sous forme de Sn*".
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Figure 10. (a) XRD patterns of the bulk (SnsSbh;.x)2Ses crystals (x=0.00, 0.03, 0.05, 0.07 and
0.10). (b) XRD patterns of the powdered (Sn,Sb1.x).Sez samples. (c) Lattice constants a, b and
c, derived from powder XRD peaks, plotted as a funtion of Sn doping concentration (x value).
(d) XPS spectrum of Sn-3d for the (Sn,Sb1.4),Se; crystals (x=0.00 and 0.10).

Pour é@udier plus en déail la morphologie et la taille de grain, la surface des éhantillons
(SnxSh1.4).Ses polis a &é attaquee chimiquement avec une solution de NaOH a1l mol/L
pendant 20 minutes. La Figure 11a montre I'&hantillon Sh,Se; aprés I'attaque chimique et les
joints de grains ne sont pas visibles. La Figure 11b est la micromorphologie d'un éhantillon
dopé représentatif, le (SnoosShogs).Ses, apres l'attaque chimique, qui montre clairement la
distribution des grains et la taille moyenne des grains est d'environ 15 pm. La distribution des
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ééments, obtenue par analyse EDS, montre clairement que le Sb et le Se sont uniformément

distribués dans tout I'é&hantillon et que le dopant Sn est enrichi aux joints de grains.

Pour I'&hantillon (Sng10Sbogo).Ses avec une concentration de dopage Sn plus &eve,
I'enrichissement en Sn est encore plus évident aux joints de grains, comme le montre la Figure
11c. Ce phénomeéne peut s’expliquer par une séparation de phases en raison d'une solubilité
limité& de Sn dans le Sb,Ses. L'analyse EDS montre que les zones enrichies en Sn présentent

une composition similaire, proche de la composition steechiométrique de Sn,ShsSes.
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Figure 11. (a-e) SEM images of (a) Sbh,Se; crystal, (b) (SnoosSbo.gs)2Ses crystal and (c)
(Sno.10Sbog0)2Ses  crystal surface with chemical etching by NaOH solution and the
corresponding EDS elemental mappings of Sn, Sb and Se. (d) EDS spectra recorded from two

different positions (Point 1 and Point 2).
3.2 Proprié&é& photodectriques des (SnySb;.x),Ses polycristallins

L'effet Hall est utilisé pour étudier I’influence du dopage de Sn sur les propriétés électriques
de Sh,Se; et les réultats montrent que les maté&iaux dopé& préentent une conductivité
dectrique, ainsi gqu'une densitéde porteurs de charge, plusieurs ordres de grandeur, plus
devées. Par exemple, cette densitéde porteurs passe de 1,44.10'* cm™ pour le Sh,Se; non
dopé a1,94.10™ cm™ lorsque 10% de Sn est substituépar Sn.
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La mé&hode classique de trois @ectrodes a &é utilisé& pour éudier les propriéé photo-
éectro-chimique (PEC) des semiconducteurs polycristallins  (SnxSbix).Ses.  Une
représentation schématique du montage est illustré sur la Figure 12a. La Figure 12b
représente la relation entre la densitéde courant en fonction de la tension appliqués. Il ressort
de cette Figure que la densitédu courant d'obscuritéet la densitéde photocourant de Sh,Ses
non-dopésont trés faibles, en accord avec sa faible concentration de porteurs de charge. Pour
les &hantillons dopés en Sn, la densitéde courant augmente de maniee significative et cette
augmentation est proportionnelle ala concentration de dopage en Sn. On peut éjalement
déluire de cette Figure que tous les &hantillons, dopé& ou non, sont des semi-conducteurs de
type p, car leur densité de photocourant augmente lorsque la tension de polarisation est
negative.

x=0.03
x=0.07

Current density (pA/cm’)

0.6 -04 02 0.0 02 04 0.6
Potential vs Ag/AgCl (volts)

(d)

400 Dark x=0.10 160 —=— x=(0.00
—— 1.86 mW/cm’ 1—e— x=0.03
2009—— 5.35 mW/em® —a— x=0.05

,_.
2
<

{—=— x=0.07
—— x=0.10

—— 12.94 mW/em’
1— 22,51 mW/em’

Current density (pA/cmz)
S

5 10 1520, 25
Irradiance (mW/ecm”)

<

I~
<

0.6 -0.4 -02 0.0 02 04 0.6
Potential vs Ag/AgCl (volts)

Photocurrent density (pA/cm’)
(=]

Figure 12. (a) Schematic illustration of the 3-electrode photo-electro-chemical (PEC)
measurement. (b) Current-voltage characteristics using (SnsSbi4).Ses; crystals as working
electrodes. (c) Dark current density and photocurrent density with different illumination
densities of a representative (Sno.10Sbo.go).Ses sample. (d) Photocurrent density as a function

of incident light density at a bias voltage of —0.7 V.

Nous avons éjalement éudi€ la relation entre la densitéde photocourant et l'intensitéde

I'illumination. Les résultats montrent que cette densité de photocourant augmente trés
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nettement par rapport ala densitéde courant d'obscuritéet elle augmente progressivement

avec l'augmentation de I'intensitéde I'illumination.
3.4 Conclusions

Le procé&léde fusion-trempe a &éutilis€avec succes pour la préaration des semiconducteurs
polycristallins (SnySh;.x)2Ses (x = 0,00, 0,03, 0,05, 0,07, 0,10) avec une haute cristallinité 1l a
éedénontréque lorsque la concentration de Sn dépasse un certain seuil, une séaration de

phases peut se produire avec une phase enrichis en Sn dans les joints de grains.

Lorsque la concentration en dopant Sn augmente, la conductivitédes &hantillons massifs
(SnySh1x).Ses est am@dioré de plusieurs ordres de grandeur. Tous les éhantillons, dopés ou
non, sont des semi-conducteurs de type p. L'é&hantillon (Sng.10Sbo.g0)2Ses présente, par rapport
au Sh,Se; pur, une densitéde courant al'obscurité 10 fois supé&ieure et une densité de

photocourant environ 14 fois sup€&ieur.
4. Couches minces et cellules solaires quasi-homojonction abase de Sb,Se;

Les cellules solaires en couches minces sont activement éudi€es depuis de nombreuses
anné&s en raison de leurs nombreux avantages. Ce type de cellules solaires utilisant des
maté&iaux inorganiques sont principalement &abase de silicium (Si), de tellurure de cadmium
(CdTe) et de Cu-In-Ga-Se(S) avec chacun ses avantages et inconveénients. Les applications

reelles, en dehors du Si amorphe, sont encore limitées.

L'é@ude sur les cellules solaires de Sh,Se; est relativement réente avec des progrés
significatifs et un potentiel d'application inté&essant. Le Sb,Se; est un maté&iau
semiconducteur inorganique avec des propriéé& photodectriques particuliéement
inté&essantes. Son bandgap d'environ 1,0 al1,2 eV, permet d'espé&er, d'apres la théorie de
Shockley-Queisser, une cellule solaire ajonction unique avec un rendement de conversion
pouvant atteindre 30%. En plus, son coefficient d'absorption dans le domaine visible est
sup&ieur &10° cm™, de sorte qu'une couche de 500 nm d'éaisseur est suffisante pour
absorber efficacement le spectre solaire. La constante diéectrique des couches minces de
Sh,Se; est relativement importante (environ 15), ce qui permet de réluire efficacement la
perte par recombinaison provoquee par des défauts. La mobilitéde porteurs de charge est
&alement trés devé dans ce maté&iau et elle peut atteindre les 10 cm?V's™. Il est &alement

inté&essant de souligner que le Sh,Se; est le compos€unique dans ce systame binaire Sh-Se. Il
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est composé d'ééments non toxiques et abondants sur terre. Par consé&juent, ce matériau
posséde donc des propriéés intrinségues inté&essantes pour fabriquer des cellules solaires &

haut rendement.

Dans cette &ude, nous avons utiliséle proc&léde pulvé&isation cathodique pour obtenir des
couches minces abase de Sh,Ses. La composition, la structure cristalline et la morphologie de
ces couches seront éudiées en relations avec leurs propriéé photodectriques. Des cellules

solaires en couches minces abase de ce maté&iau seront éjalement fabriquéss et caract&iseéss.
4.1 Préparation et caracté&isation de cibles abase de Sb,Se;

Les cibles pour dé& de couches par pulvé&isation cathodique ont é&é préarées avec la
technique de fusion-trempe dé&rite pré&e&emment. Quatre compositions, Sb,Ses, Sh,Sess,
(Sno.1Shog)2Ses et Shy(Sepolo.1)s ont &épréarees. La surface des cibles a &&finement polie et

ces cibles ont une épaisseur de 3 &4 mm et un diamétre de 5 cm.
4.2 Préparation et caracté&isation de couches minces abase de Sh,Se;

Le Sh,Se; posséde une faible conductivité dectrique et par conséjuent, la pulvé&isation
cathodique aradio fréguence est utilisée pour le déa de couches minces avec une distance
substrat-cible fixé& a55 mm. L'éuipement de pulvé&isation est éjuipeéd'un dispositif de
contrde optique in-situ et en temps r&l pour contrder I'éaisseur et la morphologie des
couches en cours de dé@.

Le substrat pendant le dé& est ala tempé&ature ambiante et les couches minces obtenues
sont géné&alement amorphes et un recuit post-dé@ est neésessaire pour obtenir une couche

mince cristallisé.

La Figure 13 montre les DRX des couches minces de Sh,Se; (s&ie T1), amorphe ou recuites &
diffé&entes tempé&atures, déposées sur un substrat en verre BK7 et d'une &aisseur de 400 nm.
Tous les pics de diffractions sont attribuables au Sh,Se; orthorhombique. Ces pics fins et
intenses, sans aucun pic parasite, démontrent la bonne cristallinité&et la puretéde ces couches

minces.

XVII



R&umeéDéaillé En Franqis

— \ “ I e o T‘IA-400°C
S Ny
I\
I\

T1-300°C
T1-250°C

Wi, . T1-As deposited

Intensity (a.u.)

ST (110)
- (220)
21

B
=
I

1
20 (degree)

Figure 13. XRD patterns of Sb,Ses thin films annealed at different temperatures.

La Figure 14 montre des images SEM des diffé&entes couches minces apres le traitement
thermique adiffé&entes tempéatures. Pour la couche mince amorphe, la surface est lisse sans
aucun grain cristallin. Aprés un traitement thermique a250 <C, comme indiquésur la Figure
14b, la surface est devenue rugueuse, indiquant que la croissance cristalline est démarrée.
Lorsque la tempéature de traitement thermique est augmenté& a300 <C, les grains cristallins

deviennent plus visibles avec des joints de grains nets.

500 nm

Figure 14. SEM images of the Sh,Ses thin films heat treated at different temperatures: (a) As-
deposited; (b) 250 <C; (¢) 300 T; (d) 350 <T; (e) 400 <T; (f) Cross-sectional SEM image of
the thin film heat treated at 350 <C.

Si la tempé&ature de recuit continue d'augmenter, la morphologie ne sera pas modifiée
significativement. Cependant, si la tempé&ature de recuit est trop édevé, a400 T par
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exemple, comme le montre la Figure 14e, la surface de la couche devient plus rugueuse avec

un dargissement des joints de grains, dGaune éaporation prééentielle aux joints.

La Figure 14f montre la section de la couche recuite &350 <C. L'interface avec le substrat de
verre ne présente pas de défaut et I'éaisseur mesureée de la couche est d'environ 400 nm, en
excellente conformitéavec I'épaisseur mesurée par le systéme de contrde optique en temps

pe

reel.
4.3 Propriéé optiques des couches minces abase de Sh,Se;

La largeur du bandgap est calculé en utilisant les spectres de réflexion et de transmission,
mesuré dans un grand domaine spectral du I'UV jusqu'au proche infrarouge. Les Figures 15a-
¢ montrent les spectres de transmission, les spectres de réflexion (face avant et face arriére)

des couches amorphes et recuites adiffé&entes tempé&atures. Ces spectres sont tres diffé&ents.

La réflexion de la couche mince amorphe est infé&ieure acelle des couches cristallines dans la
region de courtes longueurs d'onde otil'absorption est importante, dGaun indice de réfraction
plus faible d'un réeau déordonné Aprés un traitement thermique, I'ordre de la couche
augmente, entrainant une augmentation de la rélectance. Si la tempé&ature de recuit est trop
deve, la réflectance de la couche va diminuer, en raison d'une augmentation significative de
sa rugosité En ré&sumé& la réflectivité des couches minces de Sh,Se; est principalement
affecté par la cristallinité&et la rugositéde surface.

Le spectre de transmission de la couche mince amorphe montre une coupure de transmission,
dans les courtes longueurs d'onde, vers 665 nm. Cette coupure est repoussée aenviron 890 nm
pour les couches minces cristallisés. Les calculs illustrés sur la Figure 15d indiquent que ce
sont des semi-conducteurs abandgap direct.
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Figure 15. Optical characterization of the Sb,Se; thin films as a function of wavelength and
with different temperatures of heat treatment. (a) Reflection spectra; (b) Back side reflection
spectra, (c) Transmission spectra and (d) Plot of (ahv)? vs. hv, from which direct band gap
was obtained.

4.4 Propriéé photodectriques des couches minces abase de Sh,Se;

Ces propriéé& ont &émesurées avec la méhode de trois dectrodes, déerite pré&e&lemment.
Les réultats sont présentés sur la Figure 16. La couche mince amorphe de Sb,Se; préente un
photocourant significatif avec un bias négatif, indiquant que c'est un semiconducteur du type
p. Avec un recuit a250 <C, la couche cristallisée est toujours du type P. Quand la tempé&ature
de recuit est @evee jusqu'a3s0 T, la densitédu photocourant est nettement augmenté et la
couche mince est devenue un semiconducteur du type n. Ce changement du type de
conduction est probablement dG&une perte de sé&énium lors du recuit ahaute tempé&ature.

La Figure 16-a4 montre la réponse temporelle d'une couche cristalline de Sbh,Ses, recuite a
350 <T. La densitéde courant augmente rapidement, de 28 uA.cm™? &202 uA.cm™ sous une

illumination de 25 mW.cm™. Ce processus est rapide, réversible et stable.
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Figure 16. Current density versus voltage curves obtained by using Sb,Se; thin film as
working electrode, where al-a3 represent respectively amorphous Sh,Ses thin film, Sb,Ses
crystalline thin films with heat treatment at 250 <C and 350 <C. (a4) Time-resolved PEC
photoresponse.

4.5 Cellules solaires quasi-homojonction abase de Sb,Se;

Nous avons essay€de fabriquer une cellule solaire en couche mince avec une structure quasi-
homojonction de Sh,Ses;, qui peut &re entieeement fabriqué sous vide. Cette structure est
illustré sur la Figure 17a. Figure 17b montre une courbe |-V avec une jonction
Sha(Seoglo.1)3/Sh,Ses, our I'épaisseur de la premiée couche est de 70 nm et celle de la
deuxi@me couche est de 400 nm. La tempé&ature du traitement thermique des couches minces
aprés dépd est de 250 <T. Un simulateur solaire AM 1,5G &86 mW/cm? a &éutilis&écomme
source d'élairement. Ce dispositif pré&ente une densitéde courant de court-circuit (Jsc) de
7,62 mA/cm?, une tension en circuit ouvert V (Voc) de 0,28 V et un taux de remplissage (FF)
de 44,06%, conduisant ainsi aun rendement de conversion de 1,09%. En modifiant I'éaisseur
de la couche absorbeur et la tempé&ature du traitement thermique, la Jsc et le Voc du
composant peuvent &re am@ioré. Cependant, en raison de la haute résistivitéde la couche
Sh,Ses, la ré&istance en s&ie du composant lui-méne est encore trop importante, ce qui limite

I'am@ioration du rendement de conversion.
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Une nouvelle structure 1TO/Sh,Ses3/Sh,(Sepglo1)s/Au a &étestée pour atténuer le probléne
lié & la haute réistivité du Sh,Se;. Cette fois-ci, la couche absorbeur est une couche
relativement épaisse de Sbh,(Sepglo.1)3, de type n, avec une bonne conductivité Elle forme une
jonction p-n avec une couche de Sh,Sess. La courbe J-V, montré sur la Figure 17c ne
préente aucune hysté&ésis significative avec le balayage en voltage dans les deux directions.
Ce dispositif donne un Jsc de 17,82 mA/cm?, un Voc de 0,32 V et un FF de 37,88%, ce qui

donne un rendement de 2,65% pour cette cellule solaire photovoltamue.
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Figure 17. (a) Schematic configuration of Sb,Ses thin film solar cell with quasi-homojunction.
(b) J-V curves of the Sby(Seo.glo.1)3/Sh2Ses thin film solar cell and (c) Sh,Ses3/Sba(Seoolo.1)3
thin film solar cell under simulated AM1.5G illumination with intensity calibrated to 86
mW/cm?, (d) EQE spectrum of the Sh,Ses 3/Sby(Seqslo1)s thin film solar cell.

La Figure 17d montre le rendement quantique externe (EQE) de cette cellule solaire. Une
valeur relativement faible de EQE est sans doute liée aux défauts pré&ents al'interface
Sh,Ses3/Shy(Sepglo.1)3, conduisant &des pertes importantes dues aune recombinaison des
porteurs de charge photogenéé. L'am@éioration de la qualité de cette interface et la
passivation des surfaces sont certainement nésessaires pour ameéiorer le rendement de ces

cellules photovoltajues.
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En comparaison avec les cellules solaires abase de Sh,Se; publiés dans la littéature, notre
cellule quasi-homojonction ne contient pas de couche tampon en ZnO ou en CdS et possédle

un EQE nettement plus éeveédans les courtes longueurs d'onde.

En ré&umé C'est une 1%° éude sur les cellules solaires quasi-homojonction abase de Sh,Ses,

Les premiers réultats sont dgatres inté&essants et trés encourageants.
4.6 conclusions

En utilisant la mé&hode de fusion sous vide, des cibles pour la pulvé&isation cathodique de
composition Sh,Ses, Sh,Ses, (Sng1Shog).Ses et Shy(Sepglo1)s ont &eé préarees. Toutes les
couches minces déposees sur des substrats atempéature ambiante sont amorphes et leur
cristallisation peut &re contrdé par un recuit thermique approprié La tempé&ature de recuit
thermique peut changer le type de conduction des couches de Sh,Ses. La couche amorphe ou
les couches minces recuites abasses tempéatures sont de type p et un recuit aplus haut
tempéature donne une couche mince aconduction n en raison de perte partielle de sééium

pendant le recuit.

Le dopage permet d'obtenir des semiconducteurs de type p et n abase de Sh,Ses. Le dopage
par Sn en remplacement de Sb donne un semiconducteur de type p and l'iode substituant le
séénium donne un semiconducteur de type n. Toutes ces couches donnent un photocourant

relativement intense et stable.

Des cellules solaires quasi-homojonction abase de Sh,Se; ont &&congies et fabriquéss. La
structure 1TO/Sb,Ses3/Sha(Sepolo1)s/Au a &é particuligement é&udié. La couche
Shy(Seoslo.1)s a &éutilisée comme couche absorbeur. 1l a &&dénontréque la tempé&ature de
recuit des couches minces a une importance critique sur le rendement de la cellule solaire qui
peut dgaatteindre 2,65%. Le rendement quantique est typiquement entre 40 et 48% avant la
longueur d'onde de 700 nm et il chute rapidement dans les plus grandes longueurs d'onde. Ces

premiers réultats sont trés encourageants.

rqr

5. Préparation et caractérisation de photodiodes a hétérojonction v-
|n2893/8i
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Le sééniure d'indium (In,Se3) est un semi-conducteur important avec une structure en feuillet,
un gap direct inté&essant et un coefficient d'absorption éevédans le domaine du visible. Ces

propriéés en font un excellent candidat pour la conversion photo&ectrique.

Il existe plusieurs composés steechiométriques dans le systéme binaire In-Se avec plusieurs
degrés d'oxydation de Sn. Plusieurs phases et structures peuvent méne coexister. La clépour
développer des applications pour le Sn,Se; est de synthétiser des mat&iaux chimiquement et
cristallographiquement purs. A I'neure actuelle, la synthése est géné&alement ré&lisé en phase

liquide apression atmosphé&ique ou avec les techniques hydrothermales/solvothermales.

La synthése chimique collo'dale est une méhode de préparation plus sCre, plus simple et plus
éolutive en raison de la ré&lisation apression atmosph€&ique et en systéne ouvert. 1l existe
peu de publications sur la synthése collo'dale des nanomaté&iaux de In,Ses. Dans ce travail,
nous avons séectionnéla technique d'injection &chaud pour réliser cette synthése. Nous
avons €également développé et caract&isé des photodiodes abase de y-In,Ses/Si afin de

démontrer I'int&é& de ces mat&iaux.
5.1 Préparation et caracté&isation de nanomaté&iaux abase de y-1n,Se;

Comme pour le Sh,Se; la technique d'injection achaud a éjalement &é utilisé& pour
synthétiser des nanoparticules de y-In,Ses. Leurs structure et morphologie sont ré&umées sur
la Figure 18. La Figure 18a montre le diffractogramme XRD de nanoparticules et tous les pics
sont attribuables au y-In,Se; hexagonal sans aucun pic dimpuret& confirmant la pureté

cristallographique de ce matéiau.

L'image MEB montre un grand nombre de microsphées ressemblant ades boules de fleurs de
I'ordre d'un pm de diamére. Ces microsphéres sont composees des feuillets bidimensionnels

interconnectés d'une éaisseur d'environ 20 nm.

L'image HRTEM montre le ré&eau cristallin avec une distance inter-planaire de 0,354 nm,
attribuable au plan (110) de la phase y-In,Se; (110) en accord avec les résultats DRX. La Fig.
18e montre quelques feuillets avec des ré&eaux de diffraction SAED, confirmant que la phase
cristallisée est le y-In,Se; hexagonal. Enfin, I'analyse quantitative montre que la composition

est proche de la composition steechiométrique de In/Se=2/3.
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Figure 18. Crystalline phase and morphological characterization of the y-1n,Ses nanoflowers:
(@) XRD pattern. (b) SEM image. (c) TEM image, the inset shows the corresponding SAED
pattern. (d) HRTEM image from the pink marked area in (c). (¢) TEM image of separated
nanosheets from the nanoflower, the inset shows the SAED pattern of the right single

nanosheet in (e). (f) EDX spectrum of a single nanoflower.
5.2 Photodiode ahé&é&ojonction y-1n,Ses/Si

Le spectre d'absorption, obtenu en mesurant la réflexion diffuse et illustrésur la Figure 19a,
indiquent un bandgap direct d'environ 1,78 eV. Les mesures XPS montrent que le haut de la

bande de vacance du y-In,Ses est situéaenviron 0,46 eV.
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Afin de démontrer le potentiel d'applications de ce semiconducteur, une photodiode a
hétérojonction y-In,Ses/Si, dont la structure est illustreée sur la Figure 19c, a &éémise au point
et caract&isee. Cette photodiode possede un champs @&ectrique interne cré&e par cette
hé&e&ojonction dont le diagramme d'éergies est schénatisésur la Figure 19d qui illustre

&alement le processus de transfert de charges photogéné&ées.
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Figure 19. (a) Optical absorption spectrum of y-In,Sez nanoflowers. Inset: A plot of
[F(R)hv]? vs. photon energy, used to obtain direct band gap energy. (b) Valence-band XPS
spectrum of y-In,Ses nanoflowers. (c) Schematic diagram of the y-In,Ses/Si heterojunction
photodiode. (d) Energy-band diagram of the heterojunction photodiode showing the

photogenerated carriers transfer process under light illumination.

La Figure 20a-c montre la relation entre le courant (I) et la tension appliquee (V) d'une
photodiode a hé&é&ojonction y-In,Ses/Si dans le noir et sous illumination & diffé&entes
longueurs d'onde et avec diffé&ente intensités. Trois longueurs d'onde, 380 nm, 680 nm et 880
nm, d'une lampe au xéwon ont &é particuliéement éudiées. La courbe |-V dans le noir
montre clairement les caract&istiques de rectification, indiquant I'existence d'une jonction p-n

avec un courant d'obscuritétrés faible de -0,75 nA.

Sous illumination, le courant dans la région de polarisation né&yative augmente de maniée

significative et l'intensitédu photocourant déend directement de l'intensitéd'illumination.
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~

Comme montré& sur la Figure 20d, cette dépendance est quasiment linéire. Les tests a
diffé&entes longueurs d'onde montrent que cette photodiode est sensible de I'UV jusqu'a

proche IR.
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Fig. 20 (a) Photoelectric properties of the y-In,Ses/Si heterojunction photodiode under dark
and illumination with different light intensities at various wavelengths. (a) 380 nm, (b) 680
nm and (c) 880 nm. (d) Relationships between the photocurrent and the light intensity at a
bias of —1 V.

Nous avons €galement &udi€la réponse temporelle de la photodiode ahé&éojonction vy -
In,Ses/Si sous diffé&entes tensions de polarisation. Les résultats montrent que cette
photodiode peut s'autoalimenter et que le rapport <ON/OFF>>atteint 1570, comparable aux
meilleurs ré&ultats publiés. Le temps de réponse et le temps de retour de la photodiode sont
respectivement de 175 us et 226 ps, également comparables aux meilleurs photo-déecteurs

pré&&emment publiés.

Il a @é&alement démontréque cette photodiode a une réonse spectrale trés large, avec une
sensibilitémaximale de 5,67 A/W &820 nm et une déectivit&(D *) de 5,66 x 10 Jones,
confirmant I'excellente performance de cette photodiode ah&é&ojonction.

5.3 Conclusions
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Des nanomatériaux a base de y-In,Se; ont &ésynthé&isés avec la technique d'injection achaud.
Une photodiode, obtenue en déposant une couche de y-In,Se; de type p sur un substrat de Si
de type n, a @é&conqile et ralisee. Cette photodiode peut s‘autoalimenter avec une réonse
rapide et une grande stabilité Elle est sensible dans un large domaine spectral avec la plus
haute sensibilité&atteignant 5,67 A/W vers 820 nm. Les performances de cette photodiode sont
comparables aux meilleurs déecteurs publiés dans la litt&ature, confirmant ainsi le potentiel

d'application de cette photodiode ahé&é&ojonction innovante.
6. Conclusions genérales

Le déeloppement de nouveaux maté&iaux semi-conducteurs est la base du développement de
nombreuses applications. Dans ce travail, nous avons choisi d'é@udier en particulier deux
séeéniures possédants d'excellente propriéé semiconductrices intrinsegues. Ce travail
comprend la synthése et la caract&isation de nanomaté&iaux et des composants
photodectriques utilisant ces maté&iaux.

Une photo-déecteur en couches minces ahé&é&ojonction Sh,Sez/AgShSe, a éépréaree et
caract&isee. Elle pré&ente une trés bonne sensibilité dans les domaines du visible et du
proche-infrarouge, plus de quatre fois supé&ieure acelle du Sh,Se; pur. Le photo-déecteur &
base de Sh,Se; dop&au Sn*" démontre &jalement d'excellentes propriéé photodectriques

avec notamment un NEP pouvant &re aussi faible que 3,14x10™ W/HZz'2.

Le procé&léde fusion-trempe a &éutilis€avec succes pour la préaration des semiconducteurs
polycristallins (SnySh1.4).Ses et une sé&ie de semiconducteurs, de type p, a é&obtenue avec
une conductivitééectrique contrdable.

Le réultat le plus inté&essant de ce travail concerne des cellules solaires photovoltafues
guasi-homojonction & base de Sh,Se; avec en particulier la structure
ITO/Sh,Se;3/Sha(Sepolo1)s/Au. La couche Sby(Sepolo1)s a €€ utilis& comme couche
absorbeur. Il a &é dénontré que la tempé&ature de recuit des couches minces a une
importance critique sur le rendement de la cellule solaire qui peut dgaatteindre 2,65%. Le
rendement quantique est typiquement entre 40% et 48% avant la longueur d'onde de 700 nm
et il chute rapidement dans les plus grandes longueurs d'onde. Ces premiers réultats sont tres

encourageants.
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Une partie de ce travail a &éconsacré al'éude de y-In,Ses. Une photodiode ahé&é&ojonction
v-In,Ses/Si a @€ pré&aree et caract&isee avec d'excellentes propriéés telles que un rapport
<ON/OFF>>pouvant atteindre 1570, une sensibilitémaximale de 5,67 A/W a820 nm et une
déectivit&(D*) de 5,66 x 10* Jones.

Ces premiers travaux ont permis de démontrer le potentiel d'applications de ces deux
semiconducteurs qui sont jusqu'au présent peu éudiés. Nous esp&ons que c'est une nouvelle
éape dans la recherche et le déeloppement de ces maté&iaux pour des applications
notamment photo@&ectriques.
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General Introduction

GENERAL INTRODUCTION

Since nearly half a century, semiconductor technology has made rapid development as the
core of modern high technology. It has set off a new round of revolutionary movement of
information technology, and has promoted the progressive climax of human civilization.
Nowadays, new materials and functional devices based on semiconductor technology are
emerging in an endless stream and play a vital role in all aspects of human life. Energy and
environment are the two major global challenges today and in order to address these two

issues, it is also urgent to develop appropriate semiconductor technology.

Semiconductor is a kind of functional materials with the conductive capacity between the
conductors and the insulators. According to the chemical composition, semiconductors can be
divided into three major categories, namely, elemental semiconductors, inorganic compound
semiconductors and organic compound semiconductors. Among them, metal selenide
semiconductors play a very important role and have drawn tremendous research attention. The
band gap of selenide semiconductors is generally between 0.3 eV and 3 eV, covering a wide
range of wavelengths from infrared to ultraviolet. Due to the excellent electrical and optical
properties, they have been widely used for, such as solar cells, thermoelectric devices, light
emitting and display devices, infrared detectors, lasers, nonlinear optical materials, hydrogen
production via water splitting and photocatalytic waste degradation.

At present, selenide semiconductors mainly exist in three forms: bulk, nanomaterials and thin
film materials in scientific research and practical applications. In general, they have a
complex preparation processes and their excellent properties are mainly determined by the
crystal structure, size, dimensions, surface structure and band structure. For example, bulk
selenide semiconductors are typically prepared by a process combing the preparation of
powdered raw materials and high-temperature sintering. They obey the solid theory, and the
crystal structure determines the energy band structure and defect structure, which
fundamentally affect the physical and chemical properties. When the size of a selenide
semiconductor is reduced to nanometer scale, a series of new properties will appear, which are
neither similar to the macroscopic bulk material nor belong to its single atomic molecule. The
most studied effects include quantum size effect, small size effect, surface effect, macro
quantum tunneling effect and dielectric confinement effect. Moreover, the emergence of these

new properties for the selenide semiconductors will bring new optical, electrical, thermal and
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magnetic properties, and then shows a broader perspective for practical applications. Selenide
semiconductor nanomaterials are mainly synthesized with chemical reactions under specific
conditions. Finally, the thin film form is still the focus of current research and applications for
selenide semiconductors. Remarkable achievements have been achieved in the fields of thin

film preparation process, properties optimization and functional devices applications.

With the continuous progress of our society, the requirements for semiconductor materials are
also increasing, especially for materials used in the fields of home equipment,
telecommunications, industrial production, aerospace and so on. Therefore, it is still of great
significance to speed up the fundamental research and application development of selenide
semiconductor materials. In this dissertation, two different selenide semiconductors (Sh,Se;
and In,Ses) with excellent properties are selected as our research targets, including
controllable preparation of materials and exploration of applications as high performance

photoelectric functional devices.

This thesis is structured into five chapters. In the first chapter, we will give a overview of the
preparation technology for the selenide semiconductor materials, including bulk materials,
nanomaterials and thin film materials. Then combined with our research project, the selenide
semiconductor photodetectors and solar cells will be particularly discussed. In Chapter II,
Sh,Se; nanorods will be synthesized via hot-injection method, and the biggest challenge of
low electrical conductivity of Sh,Se; nanorods will be overcome successfully by forming
heterojunction and/or doping. The high performance prototype photodetectors based on
Sb,Se; nanorods will be constructed and tested. The third Chapter is devoted to the
investigation of the Sh,Se; based bulk materials, prepared by using high-temperature melting
process. In Chapter 1V, the high-temperature melting method will also be used to obtain
Sh,Ses-based targets, which can be further used for the preparation of thin films by Radio
Frequency (RF) magnetron sputtering. The quasi-homojunction Sbh,Ses thin film solar cells
will also be prepared based on those high-quality thin films, which show high application
potential. In the last Chapter, uniform y-In,Se; nanoflowers will be synthesized via the hot-
injection method. In combination with the mature Si-based semiconductor technology, a high

performance y-In,Ses/Si heterojunction photodiode will be fabricated for the first time.
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1.1 Introduction

Since nearly half a century, semiconductor technology has made rapid development as the
core of modern high technology. It has set off a new round of revolutionary movement of
information technology, and has promoted the progressive climax of human civilization.
Nowadays, new materials and functional devices based on semiconductor technology are
emerging in an endless stream and play a vital role in all aspects of human life. A simple
schematic illustration of the semiconductor industry is shown in Fig. 1.1 [1], where the
semiconductor materials and devices are the pillar industry, playing a key role. As we all
know, the basis for the development of semiconductor technology is the development of

semiconductor materials.

Semiconductor _ Semiconductor _ Semiconductor
Pillar Industry 1st Industry 2nd Industry

Semiconductor

Separate

Materials Devices

Semiconductor
Devices

Integrated
Circuit

@D~

Fig. 1.1 A simple schematic illustration of the semiconductor industry

At first, we need to understand some basic knowledge of semiconductor materials.
Semiconductor is a kind of functional materials with the conductive capacity between the
conductors and the insulators. The conduction is mainly realized by electrons in the
conduction band or holes in the valence band. When it is subjected to external light, heat or
doping by trace impurities, its electrical conductivity may change significantly. There are
many kinds of classification of semiconductor materials. According to the chemical
composition, they can be divided into three major categories, namely, elemental
semiconductors, inorganic compound semiconductors and organic compound semiconductors.
Among them, the elemental semiconductors include 11 elements with semiconductor
characteristics. Due to the stability of the element itself and the limitation of the preparation

process, only three elemental semiconductors, Ge, Si and Se show practical application values
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at present. Inorganic compound semiconductors can be further divided into binary systems,
ternary systems, and higher-order systems. Common binary compound semiconductors
including groups of I-VI (eg, Ag.Se, Cu,S, etc.), 1I-VI (eg, CdSe, ZnS etc.), I1I-V (eg, GaAs,
InAs etc.), IV-1V (eg, SiC, GeSi etc.), IV-VI (eg, SnSe, PbS etc.) and V-VI (Sb,Ses, Bi,Ss etc.).
The ternary and higher-order compound semiconductors mainly include groups of I-111-VI
(e.g., CulnSe,, AgInS; etc.), I-1I-IV-VI (e.g., Cu,ZnSnSe,, Cu,CdSnS, etc.) and some solid
solutions (e.g., CdS;xSex, CulnsGa; S, etc.). The organic compound semiconductors are
well-known such as naphthalene, anthracene, polyacrylonitrile, phthalocyanine, and some

aromatic compounds.

As can be seen from the above classification of semiconductor materials, metal selenide
semiconductors play a very important role in the entire semiconductor materials family. The
band gap of selenide semiconductors is generally between 0.3 eV and 3 eV, covering a wide
range of wavelengths from infrared to ultraviolet. They have drawn tremendous research
attention and have been widely used for, such as solar cells, thermoelectric devices, light
emitting and display devices, infrared detectors, lasers, nonlinear optical materials, hydrogen

production via water splitting and photocatalytic waste degradation.

At present, selenide semiconductors mainly exist in three forms: bulk, nanomaterials and thin
film materials in scientific research and practical applications. In general, their excellent
properties are determined by the crystal structure, size, dimensions, surface structure and band
structure. For example, bulk selenide semiconductors obey the solid theory, and the crystal
structure determines the energy band structure and defect structure, which fundamentally
affect the physical and chemical properties. When the size of a selenide semiconductor is
reduced to nanometer scale, a series of new properties will exhibit, which are neither similar
to the macroscopic bulk material nor belong to its single atomic molecule, such as quantum
size effect, small size effect, surface effect, and macro quantum tunneling effect and dielectric
confinement effect. Moreover, the emergence of these new properties for the selenide
semiconductors will bring new optical, electrical, thermal and magnetic properties, and then
shows a broader perspective in practical applications. Finally, the thin film form is still the
focus of current research and applications for selenide semiconductors. Remarkable
achievements have been achieved in the fields of thin film preparation process, properties

optimization and functional devices applications.

With the continuous progress of our society, the requirements for semiconductor materials are
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also increasing, especially for the materials used in the fields of home equipment,
telecommunications, industrial production, aerospace and so on. Therefore, it is of great
significance to speed up the fundamental research and application development of selenide

semiconductor materials.
1.2 Preparation technology of selenide semiconductors

1.2.1 Preparation of bulk selenide semiconductors

Bulk selenide semiconductors refer to solid materials that have a three-dimensional structure
and are relatively large in size. They have the inherent optical and electrical properties with
large-scale, thus show a certain application value in the fields of optoelectronics,
thermoelectrics, and magnetic semiconductors [2-4]. Bulk selenide semiconductors can be
prepared in a variety of ways including Melting, Powder Metallurgy, Hot Pressing Sintering,

Spark Plasma Sintering.

(1) Melting is a traditional production process in which the solid raw materials are melted into
liquids, accompanied by a certain physical and chemical reaction at high temperature, and
finally the desired solid product is obtained after cooling. It needs to go through a liquid-to-
solid phase conversion, and the reaction process can be affected by the melting point,
chemical activity, and saturated vapor pressure. Therefore, for selenide semiconductors,
vacuum melting and zone melting are more widely used in practical applications [5,6]. In
vacuum melting, the raw materials are vacuum-sealed into a quartz tube and put into a
resistance furnace for high-temperature melting. Compared with ordinary melting processes,
the advantages of vacuum melting are as follows: i. Raw materials are isolated from the
external environment during the melting process, which can minimize the presence of
impurities; ii. The evaporation of the components is impossible during vacuum melting
process in closed system, which is very important for Se with high vapor pressure when
melted; iii. The vacuum melting process is simple in operation, short in production cycle, and
has great application value in practical industrial production. Another technique named zone
melting was first presented by Keek and Golay in 1953 [7]. For this method, only a part of the
raw materials is melted at any time during the entire growth process, and the melting zone is
supported by the surface tension. Therefore, it is also called “float-zone method”. The raw
materials are generally sintered rods, and then are fixed with two chucks and placed

horizontally or vertically in the tubular furnace. Using a high-frequency coil or focused
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infrared heating the localized portion of the sintered rod, the melting zone is gradually moved
from one side to the other to complete the crystallization process. The crystals grown by this
method are of high quality and are commonly used for the physical purification of materials
and also for the growth of crystals, especially single crystals. In recent years, with the rising
research attention on selenide optoelectronic and thermoelectric materials, reports on the
preparation of high-quality bulk selenide semiconductors using the above-mentioned melting

techniques are also emerging rapidly [8,9].

(2) Powder metallurgy is a method for preparing metallic materials, semiconductor materials,
composite materials and ceramic materials by using forming and sintering processes. The
general process of powder metallurgy is milling-pressing-sintering-post treatment. In the
preparation of transition metal selenide semiconductors, powder metallurgy is a common and
effective method [10].

(3) Traditional polycrystalline bulk semiconductor materials are mostly formed by cold
pressing coupled with sintering. The obtained samples show low bulk density, making the
mechanical properties difficult to meet the processing requirements. In addition, the higher
internal void ratio significantly reduces carrier mobility, resulting in a lower electrical
conductivity compared to its single crystal. Afterwards, efforts have been put on the
development of new forming and sintering processes [11-16]. At present, great progress has

been made in the hot-press-sintering process.

Hot-press sintering refers to a process for sample preparation by filling the dry powders into a
mold with limited space and then heat it while pressing from a uniaxial or isostatic direction.
Fig. 1.2 shows a typical schematic of vacuum hot-press sintering and the corresponding heat

treatment program [11].
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Fig. 1.2 (a) llustration of the vacuum hot pressing; (b) the typical sintering procedure
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Hot-press sintering has the following advantages: i. During the hot-pressing, because the
powder is in thermoplastic state, the deformation resistance is small, plastic flow and
densification will be easier, leading to a lower forming pressure; ii. Synchronizing the
pressure and the heating is helpful for the contact, diffusion and flow of grains, thus greatly
reducing the sintering temperature and shortening the sintering time, which is also the biggest
feature of hot-press sintering; iii. Hot-press sintering allows obtaining easily sintered samples
close to the theoretical density, with preferred crystal orientation and also with fine grains. In
general, it is easy to obtain a bulk material with excellent mechanical and electrical properties

by hot-press sintering.

Hot-press sintering technique has been widely used in the preparation of bulk selenide
semiconductors [12-14]. Herein, using In,Ses bulk thermoelectric material as an example, it
was prepared using melting-pulverizing process combined with hot-press sintering in the
early stage. Shi et al. firstly melted and crushed the raw material powders, and then sintered
the as-prepared powders to bulk InsSe; at 450 <C. The maximum relative density reached
95.9%, and the sample had a ZT value of 0.6 at 700 K [15]. Then, in order to overcome the
segregation of impurities caused by the melting process, the powder was mechanically alloyed,
and the InsSes bulk thermoelectric material was prepared by hot-press sintering. This sintering
method can effectively prevent the volatilization of In and Se elements in the molten state,
therefore improving also the utilization rate of raw materials. Moreover, the obtained bulk
material had uniform composition and fine grain structure, which can significantly improve
the thermoelectric properties. For example, Yang et al. reported using high-purity In and Se as
raw materials for mechanical alloying for 1 hour, then the powder was hot-press sintered into

bulk InysSez and the maximum ZT value could reach 0.93 [14].

(4) Spark Plasma Sintering (SPS) is a new technology for sintering bulk materials by using
discharge plasma. Compared with the traditional sintering techniques, it has some advantages
such as heating uniformly, heating rapidly, sintering at a lower temperature and shorter
sintering time. It is suitable for obtaining samples with features of fine crystal structure and
high density. Fig. 1.3 is a schematic illustration of a typical SPS instrument, mainly composed
of a pulsed DC generator, a vacuum system, a pressure system, a cooling system, and a

control system.
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Fig. 1.3 Hlustration of Spark Plasma Sintering

In recent years, researches on the preparation of new materials using SPS have mainly
focused on ceramics, metal alloys, intermetallic compounds, composite materials, and other
functional materials [16]. Among them, the most studied are functional materials, including
thermoelectric materials [17], magnetic materials [18], functionally graded materials [19],
composite functional materials [20], and nano-functional materials [21]. The application of
SPS is also more and more widely used for selenide semiconductors [9, 22-25]. In the
preparation of thermoelectric materials, Fu et al. used zone melting in combination with SPS
to prepare SnSe polycrystalline semiconductor thermoelectric materials with a ZT value
higher than 1.0 [9]; Samanta et al. successfully prepared n-type BiSe bulk semiconductors
with low thermal conductivity and high thermoelectric property by using vacuum melting
combined with SPS [22]. Preparation of thermoelectric semiconductors using SPS is not only
superior in thermoelectric performance but also in process advantages, such as direct process
into wafers, eliminating the need of cutting processes, which can effectively save materials
and increase production efficiency. For the preparation of other selenide functional materials,
SPS has gradually played an important role. Wei et al. presented a combined process of ball
milling and SPS to prepare high density ZnSe bulk semiconductor, which provided a
meaningful basis for subsequent optical applications [23]. Tyagi et al. reported the preparation
of Cu,Se photovoltaic materials using SPS [24], Maier et al. reported that a novel quaternary
Ba,FePnSes (Pn=Sb, Bi) phase transition polycrystalline bulk could be prepared by ball
milling combined with SPS process [25].

10
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1.2.2 Preparation of selenide semiconductor nanomaterials

Nanomaterials are defined as materials in which at least one dimension is at nanometer size
(0.1-100 nm) or consist of them as a basic unit. The preparation methods of the selenide
semiconductor nanomaterials mainly include physical methods and chemical methods.
Among them, the former usually involves optical, electrical etching or physical construction
techniques. Such preparation processes are often in harsh conditions and need expensive
equipment. Therefore, it is often not the best choice for preparing nanomaterials. Chemical
methods can be divided into three categories: solid-phase method, liquid-phase method and
gas-phase method. All these three methods are based on the chemical reactions under certain
conditions. The solid-phase method means preparing a nanomaterial by using the
corresponding solid phase reaction directly. This process is simple and scalable. However, this
technique leads generally to low purity materials with difficultly controllable morphology.
Similarly, the gas-phase method uses gaseous reactants to chemically obtain the expected
nanomaterials. Unlike the solid-phase method, the as-prepared nanomaterials in this way
show higher purity and morphology controllability. The most common method belongs to the
gas-phase methods is Chemical Vapor Deposition (CVD), which mainly refers to the
formation of nanomaterials by reacting chemical elements generated by one or more gaseous
elements or compounds on a heated substrate. This process is particularly applicable to the
preparation of layered transition metal selenide semiconductors. For example, Chang et al.
used CVD to prepare monolayer MoSe;, with fast photodetection properties (Fig. 1.4) [26].
Liu et al. used WO3 and Se powders as raw materials, and a single layer of WSe, was
successfully prepared in a CVD reactor [27]. Cho et al. reported a one-step CVD method for
preparing a gas sensor based on the two-dimensional NbSe,/WSe, alloy junction [28]. In
addition, it is worth mentioning that Vapor-Liquid-Solid (VLS) synthesis process has unique
advantages in the preparation of one-dimensional selenide nano-semiconductors, and has been
widely used. Akhtar et al. used a single precursor source combined with VLS process to
control the synthesis of highly crystalline, defect-free and monodisperse one-dimensional
PbSe nanowires with nanowire diameters ranging from 8 to 25 nm and lengths up to
micrometers [29]. Yang et al. used Sb(NMe,); and Et,Se, as raw materials to synthesize

Sh,Ses; nanowire arrays on Si substrates under the assistance of Au catalysts (Fig. 1.5) [30].
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Fig. 1.4 (a) Schematic illustration for the growth of MoSe; layers on sapphire substrates by the
selenization of MoO; powders in a CVD furnace. (b) Optical microscopic (OM) image and (c) AFM
image of the monolayer MoSe; flakes and monolayer film grown at 800 °C. (d) AFM image and (e)

photo of a monolayer MoSe; film grown at 800 °C on a sapphire substrate

Fig. 1.5 Aspects of antimony sulfide and selenide wires. Left, illustration displaying the principle of
the pulsed growth (shown for Sb,Ses): upon exposure to the Sb precursor (blue cloud), the Se present
in the Au catalyst reacts to form Sb,Se; wire grows. Then excess Sb dissolves to saturation; similarly,

subsequent reaction of Sb in Au with the Se precursor (red cloud) grows Sh,Se; further and leaves

Se-saturated Au ready for the next cycle. Center, SEM image of Sb,S;wires. Right, SEM image of

Sh,Se; wires
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Finally, the liquid-phase method is a process for preparing nanomaterials via chemical
reaction in solution. In comparison, the reaction condition is relatively facile, and it is
convenient to control and to adjust the reaction process. For example, the nucleation growth
rate of the nanocrystals can be controlled by changing the reaction temperature, the size of the
nanocrystals can be regulated by changing the concentration of the precursor, and the various
morphologies can be achieved by adding different surfactants. In general, the liquid-phase
method is also the most common method for preparing selenide semiconductor nanomaterials.
The following paragraph will focus on several liquid-phase synthesis processes that are

widely used.
1.2.2.1 Thermal decomposition

The thermal decomposition method refers here to prepare nanomaterials using organometallic
precursors via thermal decomposition reaction at a certain temperature. This method was
originally mainly used for the preparation of II-VI and 1V-VI semiconductor nanocrystals.
Bawendi et al. presented this method for the first time in 1993 to prepare CdSe nanoparticles
[31]. During the process, Cd(CHs), was used as a cadmium source and (SiMes),Se was used
as selenium source, TOP/TOPO (trioctylphosphine/trioctylphosphine oxide) were used as
solvents, the obtained CdSe nanocrystals showed high-quality and are monodispersed.
Tremendous research attention started to focus on the semiconductor nanocrystals since this
report. Moreover, researchers began to explore more green synthetic processes. Firstly,
because the organic metal source Cd(CHj3), is highly toxic and explosive, Peng et al. used the
safe inorganic sources, CdO [32], Cd(AC), [33], and CdCO3 [34] as the substitutes to prepare
high-quality CdSe nanomaterials. Then, in order to eliminate the use of highly polluting
coordinating solvents (TOP/TOPQO), some low toxicity non-coordinating solvents gradually
attracted great attention. In 2005, Boatman et al. used CdO as a cadmium source, octadecene
as solvent and oleic acid as surfactant. CdSe quantum dots (QDs) with different sizes were
successfully synthesized by dissolving Se into a non-coordinating solvent octadecene (ODE).
Under ambient light, the color of colloidal suspensions of CdSe QDs changes from yellow-
green to orange-red as the size increases. It gradually changes from blue to yellow under
ultraviolet light (Fig. 1.6) [35].

13
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Fig. 1.6 Colloidal suspensions of CdSe quantum dots of increasing size from left to right. Bottom:

Samples under ambient light. Top: The same samples under under long-wave ultraviolet illumination

With the thermal decomposition method becoming more and more sophisticated, other
selenide semiconductor nanomaterials can also be prepared. For example, Deng et al. reported
a simple low-cost thermal decomposition process involving hot-injection method to
synthesize Sbh,Ses.xSx (0<x<3) nanotubes. The schematic illustration of the proposed nanotube
formation mechanism is shown in Fig. 1.7 [36]. Castro et al. prepared ternary CulnSe;
nanocrystals by thermal decomposition of (PPh3),Culn(SePh), [37]. Ng et al. synthesized
AglInSe, nanorods with orthorhombic phase structure by thermally decomposing a single

precursor with mixed solvents of oleylamine and dodecanethiol [38].
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Fig. 1.7 (a) Overall Synthetic Scheme of Sb,S;, Sh,Se; Sy (0<x<3), and Sh,Se; Nanotubes; (b)

Schematic Illustration of the Proposed Nanotube Formation Mechanism
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In general, the thermal decomposition method has some unique advantages in the preparation
of selenide semiconductor nanomaterials: i. The reaction occurred in organic solvents can
effectively inhibit the oxidation, which is very important for the synthesis of high-purity
nanomaterials; ii. In organic solvents, the reactivity of the reactants is generally higher.
Therefore, it is easy to achieve soft chemical synthesis, thereby obtaining metastable phases
with special optical, electrical and magnetic properties; iii. Some non-reactive substances can

be decomposed or chemically reacted in a high-temperature organic solvents system.
1.2.2.2 Hydrothermal/Solvothermal Methods

Hydrothermal and Solvothermal refer to the use of aqueous solution, organic solvent, or a
mixture of water and organic solvent as reaction medium in a closed reaction vessel (such as
an autoclave). It is an effective method for materials preparation by heating to a specific
temperature and creating a high-pressure local environment in the reaction system. Among
them, solvothermal method is generally favored for those reactions with insolubles at ambient
pressure or containing water-insensitive constitutes. Compared to other liquid-phase synthesis
processes, the hydrothermal/solvothermal process has several significant advantages. Firstly,
the reaction occurs in a closed vessel, under relatively high pressure conditions, thus the
nanomaterials can be synthesized at a lower temperature. Secondly, the activity of the
reactants are actually changed and improved, therefore, some special compound
nanomaterials can be prepared. Thirdly, it is easy to control the morphology, size and also
surface modification of the products by changing the reaction conditions such as reaction
temperature, time, precursor concentration, solvents and so on. The as-synthesized

nanomaterials usually show high crystallinity, high purity and good dispersibility.

In the preparation of selenide semiconductor nanomaterials, hydrothermal/solvothermal
methods have also been widely used. Ma et al. reported the hydrothermal synthesis of one-
dimensional Sh,Se; nanowires (Fig. 1.8) [39]. The size and morphology of the samples can be
effectively controlled by the concentration of the reactants and the reaction temperature, and
the sample morphology directly influences its electrochemical hydrogen storage capacity. Gu
et al. used CuCl and Se powders as raw materials to prepare hexagonal CuSe nanosheets by
hydrothermal method. Experimental studies showed that the solvent NaOH solution and
surfactant polyvinylpyrrolidone (PVP) play an important role in the formation of the
nanosheets [40]. Yang et al. reported the solvothermal preparation of y-In,Se; nanoflowers,

which were easily synthesized via the reaction of indium chloride and selenium powders with
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the assistance of ascorbic acid at 220 <C for 20 h in an ethanol-solvothermal system [41].
Dong et al. reported a facile solvothermal method for the synthesis of Ag,Se QDs with strong
luminescent properties [42]. The solvothermal method using a mixed organic/water solvents
system is also an effective route. For example, Gao et al. reported that the Fe;Seg nanocrystals
containing two (001) planes and twelve (012) planes can be synthesized in a mixed solvent of
diethylenetriamine and deionized water at 140 <C for 12 h [43].

Fig. 1.8 One-dimensional Sb,Se; nanowires synthesized via hydrothermal method. Left: (a, b) Typical
SEM images of as-prepared nanowires; (c) a part of an individual nanowire; and (d) corresponding
HRTEM image of the individual nanowire. Right: Crystal structure of Sb,Se;

1.2.2.3 Microemulsion method

The microemulsion method refers to two kinds of incompatible solvents forming an emulsion
under the action of surfactant. Nanomaterials will be obtained through nucleation,
agglomeration and heat treatment in microbubbles. It is characterized by monodisperse and
good interfacial properties of the obtained nanoparticles. 11-VI semiconductor nanoparticles
are commonly prepared with this method [44-46]. Microemulsions are thermodynamically
stable, transparent or translucent, dispersed solution systems with a particle size distribution
of 1-100 nm. The commonly used microemulsion systems include oil-in-water (O/W type)
normal micelles and water-in-oil (W/O type) reverse micelle structures (Fig. 1.9) [47]. Among
them, the selenide semiconductor nanomaterials generally adopted the W/O type reversed-
phase micelle systems, and mainly consist of surfactants, cosurfactants, water and organic

solvents.
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Fig. 1.9 Hypothetical phase regions of microemulsion systems

Water-in-oil (W/O) microemulsions are formed by the dispersion of nanometer-sized water
droplets in a continuous oil phase, similar to that in which colloids are dissolved, while
surfactant molecules are located at the water-oil interface to stabilize these water droplets. The
size and morphology of the nanoparticles formed in the microemulsion system are not only
related to the crystal structure, but also controlled by the water/oil ratio and by the content of
the surfactant molecules. The specific working mechanism is to change the strength of the
film at the interface, thereby changing the size, curvature and shape of the formed water
droplets, and ultimately regulate the collision, aggregation and crystallization processes of the
reaction materials. Since the first report on the preparation of CdS nanoparticles by the
microemulsion method in 1984 [48], there have been numerous reports on the preparation of
selenide semiconductor nanomaterials via this method. Xi et al. used hydrated hydrazine and
AOT as surfactants to successfully synthesize CdSe nanorods at 100 <C using a water-in-oil
microemulsion method. Experiments showed that the hydrazine hydrate acted as both a
reducing agent and a templating agent that favors the formation of a rod-like structure [49].
Karanikolos et al. reported the preparation of ZnSe nanoparticles with controllable size and
luminescence properties by microemulsion method [50]. Moreover, it can also be used to
prepare nanocomposites, such as CdS/CdSe, CdSe/ZnS, CdSe/ZnSe. [47].

In addition to the above methods, there are also other important liquid-phase synthesis
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processes in the preparation of selenide semiconductor nanomaterials, such as coprecipitation
[51], sol-gel [52], template [53,54], ultrasonic [55] and microwave-assisted methods [56, 57].
In general, with the continuous development of nanomaterials synthesis methods, it is
possible to obtain the nanomaterials with specific shapes and properties. Current synthetic
technology is still perfectible for developing specific materials according to various
application requirements. The development of a simple, controllable, versatile, and

environmentally friendly method for the synthesis of nanomaterials is still a hot research topic.
1.2.3 Preparation of selenide semiconductor thin films

The preparation of bulk selenide semiconductors and nanomaterials has been summarized
above. However, it is worth noting that most applications of selenide semiconductors are still
in film form. Extensive researchers have been focused on the preparation of selenide
semiconductor thin films. The corresponding preparation methods can be divided into
physical and chemical categories according to the working mechanisms. The former generally
utilizes physical reactions based on high temperature or high energy, and the latter method
realizes film deposition through chemical reactions. According to the film growth
environments, the corresponding preparation methods can be divided into gas-phase methods

and liquid-phase methods, summarized in Table 1.1.

Table 1.1 Typical thin film preparation methods !

Preparation methods Chemical methods Physical methods

Gas-phase methods Low pressure CVD, Spray Vacuum evaporation

pyrolysis, Plasma enhanced deposition, Plasma deposition,

CVD, Metal organic CVD, Sputtering deposition,
Atomic layer deposition Molecular beam epitaxy
Liquid-phase methods Chemical bath deposition, Sol- Liquid-phase epitaxy, LB
gel method, Continuous ion method

layer adsorption,

Electrodeposition

As can be seen from Table 1.1, in the preparation of selenide semiconductor thin films, gas-
phase methods are mostly based on vacuum technology, with relatively high requirements of
equipment. Differently, chemical liquid methods are simple, low-cost, but probably more
difficulty for controlling the film quality. The following paragraph will describe some
common methods in detail, compare their advantages and disadvantages, and provide

18



Chapter I: Selenide Semiconductor Materials for Photoelectric Applications

references for further research.
1.2.3.1 Evaporation deposition

Evaporation deposition refers to the use of resistance heating or electron beam and laser
bombardment to heat the evaporation source materials to a certain temperature under vacuum,
so that the thermal vibration energy of molecules or atoms in the material exceeds the surface
binding energy. A large number of atoms will then evaporate or sublimate, and finally
condensate on the substrate to form thin films. The vaporization process, with or without gas

injection can lead to thin films with different chemical composition.

Evaporation deposition has been widely used in the preparation of selenide semiconductor
thin films. For most binary metal selenides, high-purity selenide powders are generally used
as raw materials to be directly vaporize and to form the corresponding thin films on substrates.
Typical examples are ZnSe [59], CdSe [60], Sh,Se; [61], PbSe [62]. Then for multi-metal
selenide semiconductors, multi-source co-evaporation or multi-step evaporation can be used,
followed by diffusion, reaction, and other processes to form the expected multi-metal selenide
semiconductor thin films. For example, Amara et al. used Cu, In-Ga, and Se as evaporation
sources to obtain polycrystalline Cu(In,Ga)Se, thin film by co-evaporation [63]; Park et al.
reported the sequential thermal evaporation of In,Se; and Cu,Se on glass substrates, and
CulnSe; films were formed by annealing them in a Se atmosphere at 550 <C [64]. Sharma et
al. presented thermally and sequentially evaporated the Cu/In/Se stacked layers on a Mo-
coated glass substrate to prepare CulnSe, thin film (Fig. 1.10) [65]. For another common
multi-selenide semiconductor, Cu,ZnSnSey, the corresponding thin films can also be obtained
by co-evaporation or multi-step evaporation [66,67]. It has also been reported that the reactive
evaporation (such as SnSe [68], Ag.Se [69], etc.) and post selenization are efficient

techniques for thin film deposition of selenide compounds [70].
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Fig. 1.10 Schematic diagram of vacuum thermal evaporation of CulnSe; thin film
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The evaporation method has the advantages of easy operation, high-speed film formation and
high production efficiency. It is one of the most widely used techniques in films preparation.
The main drawback of this technology is the low use rate of raw materials. This can be an

issue especially when precious materials are used.
1.2.3.2 Chemical Vapor Deposition (CVD)

CVD method involving chemical reactions usually occurs in a high temperature space. The
main process consist of supplying gaseous constitutes to the substrate. Then a chemical
reaction (including thermal decomposition, redox, combination reaction etc.) occurs on the
surface of the substrate to form the expected thin films. According to the difference in raw
materials, the CVD methods can be divided into metal organic vapor deposition (MOCVD)

and atomic vapor deposition (ALCVD).

CVD method is also widely used in the preparation of selenide semiconductor thin films,
including binary selenide films such as WSe, [71], Cu,Se [72], SnSe/SnSe; [73], In,Ses [74],
ternary CulnSe, films [75] and quaternary Cu,ZnSnSe, films [76]. The advantages of CVD
method include: i. The film formation speed is fast, generally several micrometers per minute;

ii. The obtained films usually show good adhesion, high-purity and high-crystallinity.
1.2.3.3 Sputtering deposition

In recent years, the sputtering deposition method has been developed rapidly and has a wide
range of applications in many fields such as metallization of thin film semiconductor
materials, coating of architectural glass surfaces, reflective coatings on polymers, wear-
resistant coatings on mechanical surfaces, and even decorative coatings [77]. The basic
principle of sputtering deposition is to bombard the surface of a solid target with high-energy
particles (usually positive ions accelerated by an electric field), so that surface target atoms or
molecules exchange kinetic energy with incident high-energy particles and are then ejected
from the surface and are re-deposited into thin film on the substrate. This technique can
generally give an excellent composition transfer from the target to the thin film. Reactive
sputtering deposition can also be realized with the assistance of reactive gas. Moreover, if a
magnetic field is established on the surface of the cathode target, it is then possible to control
the movements of secondary electrons, which are trapped in the plasma area near the target
surface. The ionization rate of the gas will be greatly increased, leading to significantly higher
deposition rate. This method is called magnetron sputtering.
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Sputtering methods also have specific applications in the preparation of selenide
semiconductor thin films. The common preparation routes include the following three types: i.
Deposited by radio frequency sputtering using the metal selenide as a target, which is widely
reported for the preparation of Cu,—Se [78], In,Sez [79], Sb,Se; [80], Cu(InGa)Se; [81] and
other thin films. ii. Sputtering metal (or alloy) layers, which are then post-selenized. This
process is easily scalable and a typical application is the preparation of Cu(In,Ga)Se, thin
films. For example, Kushiya et al. reported that a Cu-Ga/In alloy was used as raw material to
sputter a prefabricated layer on Mo-coated glass substrate and then selenized to obtain a solar
cell absorber layer with a size of 30 cm>30 cm [82]. iii. Reactive sputtering, this process can
achieve high-quality in-situ deposition of metal selenide semiconductor thin films. However,

it uses the highly toxic reaction gas of H,Se and its practical application is limited [83].
1.2.3.4 Electrochemical Deposition

Electrochemical deposition is a process in which a loop is formed by cathode and anode in a
certain electrolyte solution under the action of electric field, when the oxidation-reduction
reaction occurs, ions in the solution will be deposited on the electrode surface to obtain the
desired thin film. Fig. 1.11 is a schematic diagram of the typical electrochemical deposition
process. An external power supply is used to control the potential or current of the electrode
during operation. Therefore, in terms of control mechanism, the most common methods are
potentiostatic electrodeposition, galvanostatic electrodeposition and pulsed electrodeposition.
Among them, potentiostatic electrodeposition is characterized by the constant deposition
voltage and it is often used for the preparation of uniform alloy or compound films. At present,
most of the metal selenide semiconductor thin films are prepared by potentiostatic
electrodeposition method. For example, group 1B Ag,Se film [84], group 1B ZnSe [85], CdSe
[86] films, group VIB MoSe, [87] film, Group I1IA In,Se; [88] film, group IVA SnSe [89] ,
PbSe [90] films, group VA Bi,Se; [90], Sh,Se; [91] films and so on. Galvanostatic
electrodeposition can be achieved by controlling the intensity of the current flowing through
the electrodes during deposition. It is relatively simple, and has strong applicability to the
electrodeposition of metal materials. Some selenide semiconductor thin films, such as ZnSe
[92], CdSe [92], Bi,Se; [93] and CulnSe; [94] have been prepared through galvanostatic
electrodeposition. The main advantage of the final pulsed electrodeposition is the reduction of
the concentration polarization, which can significantly improve the physical properties of the
deposited films. In the preparation of metal selenide semiconductor films, this technique has
also been widely used for the preparation of ZnSe [95], In,Se; [96], CulnSe, [97], Cu (In,Ga)
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Se; [98], Cu,ZnSnSe, [98] thin films etc.
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Fig. 1.11 General schematic diagram of the electrodeposition process

In summary, electrochemical deposition of selenide semiconductor thin films has some
obvious advantages, like low deposition temperature, low-cost process and easy
controllability of thin films. However, it has also some deficiencies. For example, it is
difficult to electrochemically deposit selenide semiconductor thin films with complex
composition. In addition, the growth of the crystal nucleus on the substrate surface is difficult
to control, thus generally resulting in polycrystalline or amorphous nature of the as-deposited
thin films.

1.3 Introduction of selenide semiconductor photodetectors

This section will focus on the applications of selenide semiconductors in functional devices.
Combined with the research project of this thesis, theirs applications as photodetectors and
thin film solar cells will be particularly discussed. Firstly, a semiconductor photodetector is a
device based on the intrinsic light absorption and the associated effects such as
photoconductivity, photovoltaic effect. Photodetector is an important photon-electron

conversion device.

In recent years, semiconductor photodetectors have played an important role in a wide range
of applications such as visible light detection, industrial automation control, thermal imaging,
infrared remote sensing and missile guidance [99]. In the commercial markets, they can be

applied for circuit isolators, intrusion alarms and fiber optic communications. For efficient
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operation, semiconductor photodetectors must show high sensitivity, high response speed,
relatively low noise and high reliability. Nowadays, a large number of application
requirements and scientific research have promoted the continuous development and

maturation of semiconductor photodetectors technology.
1.3.1 Working mechanism of semiconductor photodetectors
1.3.1.1 Optical absorption of semiconductor materials

The principle of light generated current in a photodetector is based on the photoelectric effect
of the semiconductor materials. Therefore, it is necessary to understand the light absorption of
semiconductor materials, which can be roughly classified into intrinsic absorption, exciton

absorption, impurity absorption, and free carrier absorption.
(1) Intrinsic absorption

In pure semiconductors, free carriers and impurities are generally low in concentration. If
photons with sufficient energy are applied to the semiconductor, the electrons in valence band
may be excited to the conduction band by generating electron-hole pairs. In the frequency
range of intrinsic absorption, the absorption spectrum contains information of the band
structure. Moreover, for direct band gap and indirect band gap semiconductors, the nature of
the absorption transition is different, because in the electronic transition process, energy and
momentum conservation need to be satisfied at the same time. Fig. 1.12 represents the photon
absorption in a direct bandgap semiconductor and an indirect bandgap semiconductor,

respectively [100].

In the transition of photon, the momentum conservation is given by:

hk'-hk=hk; (1.1)
Where k and k' are the wave vectors of the initial and final states of electrons, k; is the wave
vector of photons, and ki=2a/A, but the momentum of the photons involved in the transition is
much smaller than the electron momentum. So it can be approximately described as:

hk'= hk (1.2)
That is, in the transition process, the wave vectors of the electrons remain unchanged. From
the energy band diagram, it is equivalent to the vertical transition of electrons from the
valence band to the conduction band, which is called direct transition. In direct bandgap

semiconductors, electrons transitions generally exist in this form.
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The indirect bandgap semiconductors show the transition of the electrons from the top of the
valence band toward the bottom of the conduction band with different k values, which are
called indirect transitions. Momentum conservation can be described by the following
equation:

hk'-hk=thq (1.3)
Where q is the wave vector of the phonon, “+” and “—” correspond to the process of
absorption and emission, respectively. The corresponding energy conservation can be
expressed as:

Ex-Ex=hw=hw, (1.4)
Where hw and hwg are photon energy and phonon energy, respectively. This indirect transition

involving photons and phonons is generally less probable.
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Fig. 1.12 Illustration of (a) direct transition of electrons in direct bandgap semiconductor and (b)

indirect transition of electrons in indirect bandgap semiconductor
(2) Exciton Absorption

In the band theory of single electron, the Coulomb interaction between a single electron and
hole is not included. This Coulomb interaction can lead to the formation of bound states
between electrons and holes, which are called excitons. In the exciton state, electrons and
holes as a whole can move freely in the crystal. However, this process does not generate
current flow due to its electrically neutral nature as a whole. Photoexcitation can generate
excitons, and the required photon energy to form excitons is lower than that of free electrons
and holes. The absorption spectrum in the vicinity of the intrinsic absorption threshold is
referred to as an absorption edge, and the additional absorption due to the formation of

excitons in the vicinity of the absorption edge is referred to as exciton absorption.
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(3) Impurity absorption

Under the action of photons with appropriate energy, electrons and holes bound by impurity
levels can also induce optical transitions. It mainly includes shallow ionized impurities,
neutral impurities, and electronic transitions between energy bands. The absorption of
transitions between the impurity levels and the adjacent main energy band can be used to form
the photoconductive effect. This principle has been applied in infrared photodetectors.

(4) Free carrier absorption

Free carriers are carriers that can move freely within the band. In the semiconductor, they
refer to the electrons of the conduction band and the holes of the valence band. Even if the
energy of the incident photon is not enough to cause electron transitions or excitons from the
valence band to the conduction band, free carriers can be allowed to have transition between
different energy levels of the conduction band or valence band. The light absorption of free
electrons in the conduction band is caused by the transitions between the conduction states of
the different electronic states of the wave vector k in the energy valley and is an indirect
transition process. The light absorption of the valence band free holes is a direct transition
between the different branches of the valence band, similar to the direct transition absorption
between the valence band and the conduction band. It is worth noting that free carriers
generally induce light absorption in the broad infrared spectral region.

1.3.1.2 Response of semiconductor junctions to light illumination

The interaction of photons with electrons in semiconductor materials is called the
photoelectric effect. According to the location and the nature of the effect, it is usually divided
into external photoelectric effect and internal photoelectric effect. The external photoelectric
effect refers to the photoelectric conversion phenomenon that occurs on the surface of the
material. If the incident photon energy is large enough, it interacts with the electrons in the
material and causes the electrons to escape from the surface, which is also called photo-
emissive effect. The internal photoelectric effect refers to the phenomenon of photoelectric
conversion that occurs within a substance, that is, a phenomenon in which an electron-hole
pair is generated after absorbing a photon and the carrier concentration in the semiconductor
is therefore changed. Semiconductor photodetectors use this internal photoelectric effect to

detect optical signals.
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The detection of optical signals can generally be divided into three steps: i. Light absorption
and electron-hole pairs generation; ii. The transmission of generated electron-hole pairs with

or without gain; iii. Collection and conduction of carriers to external circuit.

Photodetectors mainly use the intrinsic absorption of semiconductor materials. When the
incident photon energy is higher than the band gap energy, the electrons in the valence band
are excited to the conduction band, leaving one hole in the valence band. The induced
electron-hole pairs generate a photocurrent under the effect of an electric field. Therefore, the
detection is closely related to the wavelength of the incident light. The relationship between
the energy and the wavelength of the photon is:

E=hv=hc/A (1.5)
In this equation, h is Planck's constant, ¢ is the speed of light in vacuum and A is the
wavelength of the incident light. Furthermore, the detection cut-off wavelength
corresponding to the intrinsic absorption limit of the semiconductor material can also be
obtained.

If the light with power Pq is incident on the semiconductor material with surface area of A and
surface reflectance of R, then the light intensity P(x) from the light incident surface x can be
expressed as [101]:

P(x)= Po(1-R)exp(—ax) (1.6)
Where o is the absorption coefficient of the semiconductor material. Therefore, the light

generation rate G(x) is defined as:

P(x)-P(x+Ax) _ oP(x)

G (X) - AxAhv Ahv

(1.7)

According to the above analysis, it can be seen that the light generation rate is closely related
to the absorption coefficient of the semiconductor material, and the detection wavelength of
the photodetector is also closely related to the band gap. For selenide semiconductors, the
absorption coefficient is generally large with also narrow band gap. Therefore, they show high

potential for applications as broadband high-performance photodetectors.

Then, the internal photoelectric effects can be divided into photoconductive effect and
photovoltaic effect, in which the former is the change of the conductivity caused by light
illumination. For intrinsic semiconductors, without light illumination, only minority carriers
have transition from the valence band to the conduction band due to thermal excitation. The
corresponding conductivity is generally very low, which is called the dark conductivity. Under

illumination, the incident photons excite electrons from the valence band to the conduction
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band, which increases the number of electrons and holes, causing a significant change in
electrical conductivity. The photodetector based on this effect is generally a photoconductive

type device, such as photo-resistor.

Another effect is called the photovoltaic effect, which usually occurs in non-uniform
semiconductor materials or semiconductor junctions. Due to the presence of the barrier layer,
a potential difference is generated at different locations. A simplest p-n junction is here taken
as an example to introduce its working principle. In Fig. 1.13, a built-in electric field from the

n region to the p region exists in the p-n junction region.
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Fig. 1.13 Schematic diagram of p-n junction photovoltaic effect

When light is irradiated to the p-n junction, the majority carriers in the p region and the n
region are blocked by the barrier and cannot pass through the junction. Only minority carriers
can cause photovoltaic effects: the photo-generated electrons in the p region and the photo-
generated holes in the n region diffuse into the vicinity of the junction electric field, drift
through the junction under the action of the built-in electric field. Then the photo-generated
electron-hole pairs in the depletion region are separated, electrons and holes move to the n
and p regions, respectively, thereby forming charge accumulations on both sides of the barrier
layer, by generating a photo-generated electric field opposite to that of the built-in electric

field, which reduces the built-in electric field barrier. The photo-generated current is in the
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same direction as that of p-n junction. The current is independent of the bias voltage and is
proportional to the intensity of light and the rate of charge generation. The devices with this

effect include photodiodes, phototransistors etc.
1.3.2 Classification of semiconductor photodetectors

According to the working mechanism of semiconductor photodetectors, they are classified
into photoconductive type and photovoltaic type. The photoconductive type includes various
kinds of photoconductive components and photosensitive resistors. Photovoltaic types include
photovoltaic cells, photodiodes, avalanche photodiodes, Schottky barrier photodiodes, and

phototransistors.
1.3.2.1 Photoconductive detectors

The working mechanism of photoconductive photodetectors is mainly based on the intrinsic
or impurity photoconductive effects in semiconductor materials. When the light is irradiated
to the semiconductor materials, the photon energy larger than the band gap will be absorbed,
exciting the electrons from valence band or impurity energy levels to the conduction band and
producing free electron-hole pairs. This will increase the carrier concentration, resulting in an
increase in the conductivity of the semiconductor materials. The semiconductor materials
used generally exhibit homogeneous phase and with no polarity. The change in electrical
conductivity is closely related to the light intensity. Therefore, they are also called light guides

or light-sensitive resistors.

Selenide semiconductors have been widely studied in the application of photoconductive
photodetectors. Herein, we mainly introduce photodetectors based on selenide nanomaterials.
Firstly, for zero-dimensional quantum dots, due to the quantum confinement effect, the energy
band structure can be regulated by the size and shape of the nanoparticles. With high specific
surface area and light absorption efficiency, they can be used for fabricating high performance
photodetectors. Currently, CdSe [102], PbSe [103] etc. have been reported. Secondly, one-
dimensional selenide semiconductor nanomaterials, including nanowires, nanorods,
nanoribbons and nanotubes, have high specific area and Debye length due to the one-
dimensional nanostructures, leading to excellent optical and electrical properties. A variety of
photodetectors based on single one-dimensional nanomaterial or film and array assembled
from many one-dimensional nanomaterials have achieved remarkable results. Examples
include CdSe [104], ZnSe [105], In,Ses [106], InSe [107], Sb,Se; [108, 109] and alloys
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Zno31CdoeeSe [110], Sb-Bi-Se [111]. Fig. 1.14 [108] and Fig. 1.15 [109] represent Sh,Se;
single nanowire photodetector and nanowire film photodetector, respectively.
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Fig. 1.14 Photoconductive properties of Sh,Se; hanowires. (a) Schematic illustration and (b) SEM
image of nanowire device. (c) I-V curves of Sb,Se; single nanowire in the dark condition and under

655 nm light illumination. (d) Time dependent photocurrent response
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Fig. 1.15 (a) Schematic illustration and (b) representative SEM image of the device based on the
Sh,Se; nanowire film. (¢) Time-resolved photoresponse at a bias of 10 V and an incident light density
of 5.5 mW/cm?. (d) Time-resolved photoresponse at a bias of 10 V and an incident light density of 1.8

and 14.4 mW/cm?
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Finally, some photodetectors based on two-dimensional layered selenide semiconductor
nanomaterials also exhibit excellent performance, such as WSe, [112], GaSe [113], InSe [114]
and In,Ses [115].

1.3.2.2 Photovoltaic detectors

Selenide semiconductors can also be used for photovoltaic photodetectors [116-118]. The
working principle is the following: when incident light is irradiated onto a photovoltaic
detector, electron-hole pairs are generated in the depletion region of the semiconductor. These
carriers will drift to their respective electrodes under the effect of the electric field in the
depletion region, then form photocurrent in the external circuit and the detection of the
incident light is then realized. Due to the existence of semiconductor junctions, the dark
current of the photovoltaic photodetectors is small, the signal-to-noise ratio is low and the
response time is also short. According to the difference of forming barrier of the built-in
electric field, the photovoltaic photodetectors can contain p-n junction, p-i-n junction,
Schottky barrier or metal-semiconductor-metal structure.

(1) p-n junction photodetector

For a p-n junction photodetector, when incident light is applied on the junction region, photo-
generated carriers form photocurrent under the action of the built-in electric field. From the
basic theory of p-n junctions, when it is positively biased, the dark current is much higher
than the photocurrent, but when the bias is reversed, the dark current is small, so the detector
usually works in the reverse bias state. In this situation, the photocurrent in the p-n junction is
along the reverse bias direction. And due to the effect of the electric field, the response speed
is generally very fast, which is also referred to as instantaneous photocurrent. Fig. 1.16 is the

schematic diagram of a typical p-n photodiode and its current-voltage (I-V) curve [119].
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(2) p-i-n photodetector

The response speed is an important performance indicator of the photodetector. In order to
achieve faster response, the device structure must be modified. The p-i-n junction is an
effective choice, which is to sandwich a thicker intrinsic semiconductor layer (i layer) inside
the p-n structure. The presence of this layer will enlarge the distance between the junctions,
the width of the depletion layer increases, and the junction capacitance decreases, thus

improving the response speed. Fig. 1.17 is a schematic diagram of the p-i-n photodetector.
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Fig. 1.17 The schematic structure of a typical p-i-n photodetector
(3) Schottky photodetector

Fig. 1.18 represents the schematic diagram of a Schottky photodetector and its working
principle [119]. This device is composed of metal (Au, Pt, Ni, etc.) and semiconductor, and
the Schottky barrier exists at the junction. In order to increase the light absorption of the
semiconductor materials in the device, it is necessary to reduce the absorption and reflection
of light by the metal layer on the surface, which requires the thickness of the metal layer to be
thin. These devices have the advantages of high responsivity, short response time, high barrier

height, and self-powered.
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Fig. 1.18 The schematic structure (a) and operation (b) of the Schottky photodetector

(4) Metal-Semiconductor-Metal (MSM) Photodetectors

The structure of the MSM photodetector is shown in Fig. 1.19 [119]. It is composed of two
back-to-back Schottky diodes by using an interdigitated electrode configuration on top of an
active light collection region. The MSM detector has the advantages of easy preparation,
simple structure, low dark current, small capacitance and fast response. Due to the existence

of symmetric dual Schottky junctions, this device needs to operate with an applied bias.

Interdigitated electrodes

Semiconductor

Fig. 1.19 The schematic structure of the Metal-Semiconductor-Metal (MSM) photodetector
1.3.3 The main performance parameters of the photodetector

The main performance parameters of semiconductor photodetectors include responsivity,

guantum efficiency, response speed, detectivity and noise equivalent power.

(1) Responsivity (Ryes)
The responsivity represents the ability of photodetector to convert incident light into electrical
signal, characterizing the photoelectric conversion efficiency of a photodetector, and can be

calculated using the following equation [115]:
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R Iph  _ liight-Idark (1.8)

res= Ly XA LA
Where Iy is the current after deducting background, ie, the difference between photocurrent
and dark current (lLighe—ldark); lirr is the power density of incident light; A is the effective device
area. It can be seen that the larger Ry value, the higher photoelectric conversion capability,

the better detection performance and the higher sensitivity of a photodetector.

(2) Quantum efficiency (n)

Quantum efficiency refers to the number of electron-hole pairs generated by each incident
photon in the photodetector, which is related to the energy of the incident light, and is defined
as Equation 1.9 [115]:

_ lph/e _ h_V hc

Uhv e Rres: E Rres (19)

Where I/hv is the average number of incident photons per unit time; In/e is the average
number of photoelectrons generated per unit time; A is the wavelength of the incident light; h
is the Planck's constant; ¢ is the speed of light in vacuum. It is noted that the quantum

efficiency and the responsivity are closely related.

(3) Response speed

The response speed including the time required for the current to rise after receiving the
optical signal and the time required for the current to drop after the optical signal is turned off.
Under normal circumstances, when the incident light source suddenly turns on or off, the
photocurrent will not immediately rise to the maximum value or fall to zero, there will be
rising and falling edges before carrier concentration reaches a stable value. The concepts are

called response time and recovery time, respectively.

(4) Noise Equivalent Power (NEP)
The noise equivalent power is mainly used to describe the detector's ability to detect weak
light signals. It is defined as the radiation power incident on the detector when the RMS

voltage of the photodetector's output signal is equal to the noise RMS.

(5) Detectivity (D*)

Detectivity is an important performance corresponds to the limit detection capability of weak
signals. It is of great significance for the application in weak light detection, which can be
described as [117]:

D*=Res/(26J4)"? (1.10)
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Where R IS the responsivity; e is the unit charge; Jq is the dark current density.
1.4 Semiconductor solar cells

Solar cells are another important application of photoelectric functional devices for selenide
semiconductors. Solar cell, also named photovoltaic cell, is a device that converts light energy
directly into electrical energy. The development of photovoltaic cells can be traced back to
170 years ago. The French physicist E. Becquerel first discovered the photovoltaic effect of
liquids and opened the gate for the research and application of solar cells [120]. In the early
stage, solar cells were mainly used in aviation and military fields due to the high cost. With
the deepening of theoretical research on photovoltaic effects and advances in preparation
technology, solar cells have begun to play an important role in the civilian sectors. The “oil
crisis” in the 1970s and the concept of sustainable development in the early 1990s greatly
promoted demands for clean and renewable energy and accelerated the pace of solar cells
research. From the perspective of new ideas, new materials and new technologies, researchers

have pushed the development and application of solar cells to a new climax.
1.4.1 The working principle of semiconductor based solar cells

The basis of the working principle of solar cells is the photovoltaic effect of semiconductor p-
n junctions. The p-n junction is a space charge region formed by an interface between p-type
and n-type semiconductor. When we bring these two semiconductors together, diffusion
occurs on the surface between them. Electrons start to diffuse from n-type to p-type. Similarly,
holes diffuse from p-type region to n-type region. This diffusion creates an electron-hole free
region in a very short distance at the interface region. This thin layer is called space region or
charge depletion region. Then an electric field from the n-side to the p-side of the depletion
region will be created. Since the electrons are negative charges, this electric field applies a
force to electrons entering the depletion region. Any electron generated by sun light in the
vicinity of the depletion region may pass to the n-side of the junction very easily. If an extern
circuit is formed by connecting the ends of n-type and p-type regions, electrons will flow to
the p-type through the external circuit. External energy is needed to create this current by
pushing the electrons in the p-type region to enter the depletion region. Solar radiation is an
excellent energy source to do this job. Fig. 1.20a is a schematic diagram of this working

principle, and Fig. 1.20b represents a typical solar cell structure [121].
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Fig. 1.20 (a) Schematic diagram of the photovoltaic solar cell and (b) Representative device structure
1.4.2 State-of-the-art of solar cells

A wide variety of solar cells have been reported so far, and the National Energy Department's
Renewable Energy Laboratory (NREL) in the USA has presented statistical charts of the latest
conversion efficiencies of different solar cells, as shown in Fig. 1.21. In the whole

development process of solar cells, they can be divided into three generations [122].

(1) The first generation is crystalline silicon-based solar cells that have been industrialized
with large scale, including single crystal and polycrystalline silicon cells with comparable
market share. Single crystal silicon solar cells have the advantages of high efficiency and
good weather resistance. However, they are also accompanied by high production cost.
Polycrystalline silicon solar cells are less efficient with also lower production cost.

(2) The second generation can be considered as thin film solar cells in particular silicon thin
films, copper indium gallium selenide (CIGS), cadmium telluride (CdTe). Silicon thin films
include amorphous silicon and microcrystalline silicon. These thin film solar cells generally
show features of high efficiency and high stability. Copper indium gallium selenide (CIGS) is
developed on the basis of copper indium selenide (CIS). By replacing partially gallium with
indium, the semiconductor band gap is continuously adjustable from 1.02 eV to 1.68 eV, to
better match the solar spectrum in order to improve the conversion efficiency. Up to now, the
highest conversion efficiency of the CIGS single-junction solar cell can reach 22.6% [123].
Although the reported efficiency has steadily increased, the relatively high cost of In, Ga raw
materials and the industrial reproducibility have limited their market shares. CdTe is a binary
p-type semiconductor with electron mobility up to 1100 cm?/V s. The band gap is 1.45 eV and
the absorption coefficient in the visible light region is high, which is very suitable for the
preparation of thin film solar cells. The theoretical photoelectric conversion efficiency can
reach 32%. The efficiency of CdTe solar cells in the early stage ranged from 10% to 16%
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[124]. With the development of back surface copper expansion technology [125] and high-
temperature CdCl, atmosphere treatment, the highest efficiency reported in the laboratory can

reach 22.1% [126], approaching the efficiency of single crystal silicon solar cells.

(3) The third generation refers to new concept solar cells, such as organic-dye-sensitized solar
cells, quantum dot cells, perovskite solar cells and new compound thin film solar cells,
including copper zinc tin sulfide (CZTS), cuprous oxide, stannous sulfide, ferrous sulfide,
antimony sulfide and antimony selenide. Dye-sensitized solar cells are using low-cost
titanium dioxide and photosensitive dyes as the main raw materials, mimicking the principle
of photosynthesis, converting solar energy into electrical energy. The record efficiency of dye-
sensitized solar cells is 11.9% [127]. Dye-sensitized solar cells have the advantages of
abundant raw materials, low-cost, simple fabrication technology and large area production
features. At present, the design and development of low-cost, high-stability sensitizer dyes
with a wider absorption spectrum has become the research focus. Quantum dot solar cells are
using quantum dots to absorb light. Representative quantum dots are PbS [128] and PbSe
[129]. The corresponding solar cells have some unique advantages, such as multiple exciton
effects, quantum confinement effects and simple full solution process. Currently, quantum dot
solar cells have not been commercialized in large areas. How to further improve the
conversion efficiency, device stability and processability is still under critical research.
Perovskite solar cells have drawn tremendous research attention due to its excellent light
absorption and charge transfer efficiency. Since first report by Japan’s Miyasaka et al. in 2009
[130], cell efficiency records have been continuously refreshed during the last 10 years. Now,
the highest reported efficiency is 22.7% [131]. The perovskite solar cells also have some
drawbacks, including containing toxic element Pb in light absorbing layer. The environmental
sensitivity and low thermodynamic stability also hindered their practical applications. Among
the various new compounds thin film solar cells, CZTS-based solar cells are the most studied
and the reported efficiency exceeds 10% [127]. However, the complex elemental composition
induces increasing defects, which restricts the further improvement of the cell efficiency.
Other compounds, such as Cu,O [132], SnS [133] and Sh,Se;s [134], are currently reported to
be inefficient, even they have the advantages of low toxicity, low-cost, earth-abundant. In

recent years, they have received intense attention with some significant progress.

In relation with the objective of this thesis, the state-of-the-art of Sh,Ses thin film solar cells

will be discussed in detail
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Fig. 1.21 Record efficiencies for different types of solar cells in the laboratory
1.4.3 Antimony selenide thin film solar cells
1.4.3.1 Sh,Se; materials and the optoelectronic properties

Sh,Se; is an inorganic compound semiconductor with density of 5.84 g/cm?®, which can exist
naturally in the form of stibnite. Sb,Se; has an orthorhombic crystal structure and a space
group of Pnma 62, with lattice constants a = 11.633 A, b = 11.780 A, ¢ = 3.985 A, and a
primitive cell volume of 0.524 nm®. As a material composed of 1D ribbons, the [SbsSee],
ribbons are accumulated through van der Waals forces along a and b axes, whereas inside the
1D nanoribbon strong covalent bonds exist. The crystal structure of Sh,Se; is shown in Fig.
1.22 [61,135]. It is worth noting that the unique one-dimensional structure of Sb,Se; makes it
different from traditional inorganic solar cell materials, such as Si, GaAs, ZnO, because in the
orthogonal direction, the parallel-stacked ribbons would substantially provide no dangling

bonds even at grain boundaries (GBs), which probably help to minimize recombination losses.
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Fig. 1.22 Crystal structure of Sb,Se;
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As a simple binary compound, Sh,Se; has only an orthorhombic phase at normal temperature
and pressure, thus avoiding the complexity of composition and phase control. The melting
point of Sh,Se; is 885 K, far lower than that of CdTe (1366 K). Reported experimental data
reveal that Sh,Se; crystals can be obtained at micron size when sintered at 300 <C-400 <,
implying the possibility of building flexible solar cells on polyimide (PI) substrate. The raw

material of Sb,Se; is low-toxic, earth-abundant and relatively inexpensive.

Sh,Se; has a series of particularly excellent material properties (as shown in Table 1.2) [135],
making it suitable for fabricating solar cells. In terms of optical properties, Sh,Ses is a narrow
bandgap semiconductor with a band gap of approximately 1.0-1.2 eV. Calculated by the
Shockly—Queisser theory [19], the theoretical solar conversion efficiency of a single-junction
solar cell can reach up to 30%. The absorption coefficient of Sh,Ses is larger than 10° cm™ in
ultraviolet and visible spectrum, allowing sufficient absorption of the solar spectrum within a
500 nm thin film. In terms of electrical properties, Sb,Se; thin film normally exhibits p-type
conductivity. Its electron mobility is determined to be 15 cm?V 's ™, and the hole mobility is
42 ¢cm®V s, comparable with that of CdTe (p=60 cm®V 's'). Moreover, its dielectric
constant is larger than that of CIGS (13.6) and CdTe (7.1) leading to a lower exciton binding
energy that implies easier separation of electrons and holes upon photo-generation. Similarly,
the depth of defects should also be lower as it is inversely proportional to the square of the
relative dielectric constant. Therefore, the recombination loss caused by the defects should

drop considerably, possibly leading to higher power conversion efficiency (PCE).

Table 1.2 Material properties of Sh,Se;

Property Value
Crystal lattice a(A) 11.6330
b(A) 11.7800
c(A) 3.9850
Density(g cm ) 5.84
Space group Pnma 62
Melting point(K) 885
Bandgap(eV) direct 1.17 (300K)
indirect 1.03 (300K)
Absorption coefﬁcient(cmfl) >10°
Relative dielectric constant 15
Mobility te(em’V's™h 15
pp(cleflsfl) 42
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In summary, Sh,Se; has excellent material properties and is particularly suitable for the
application of low-cost, non-toxic, high efficiency thin film solar cells.

1.4.3.2 State-of-the-art of Sb,Se; thin film solar cells

Up to now, the researches of Sh,Ses-based solar cells are focused on two major device
structures: sensitized structure and thin film structure. The former mainly uses Sh,Se; as an
ultra-thin absorbing layer to sensitize micron-thickness mesoporous TiO; to construct a solar
cell. The highest efficiency is 6.6% reported by Choi et al. and the device structure is FTO/bl-
TiOo/mp-TiO,/Sh,(S,Se)s/HTM/HTL/Au [136]. The other structure is thin film solar cell
using Sh,Se; as light absorbing layer to construct planar heterojunction structures. The
research progress of Sh,Se; thin film solar cells will be discussed more in detail here. The
preparation of Sh,Se; thin film solar cells mainly includes chemical methods and physical

methods.
(1) Chemical methods

In 2009, Messina et al. reported on the preparation of Sh,Se;.xSx:Sh,O3absorbing layer using
chemical bath deposition and then TCO/CdS/Sh,Se;3.xSx:Sb,03/PbS thin film solar cell with
device efficiency of 0.66% was fabricated [137]. In 2014, Zhou et al. reported a hydrazine
(N2H4) solution method to deposit Sh,Ses thin film on classical TiO, buffer layer to build a
heterojunction TiO,/Sh,Se; solar cell and the device achieved an efficiency of 2.26% (Vo=
0.52 V, J=10.3 mA/cm?, FF=42.3%) [138]. In 2015, Xia et al. reported the dissolution of
bulk metal chalcogenides of V,VI;(V = Sh, As; VI = S, Se, Te) in (NH,4),S aqueous solution,
followed by spraying pyrolysis the Sby(S;—,Sex)s alloy absorbing layer. The
FTO/TiO2/Sby(So.44,5€056)3/Au planar heterojunction thin film solar cell with conversion
efficiency of 1.43% was obtained (Voc=0.49 V, Js:=6.6 mA/cm?, F =44.2%) [139].

(2) Physical methods

The preparation of Sbh,Se; absorbing films by thermal evaporation is the most common
method for Sh,Se; thin film solar cells. Sb,Se; has a melting point of 885 K and a very high
vapor pressure, making it ideal for thermal evaporation. Prof. Tang’s group from Huazhong
University of Science and Technology in China has done the most in-depth research in this
area. In 2014, Luo et al. firstly built a thermally evaporated Sb,Se; solar cell using CBD-

deposited CdS as n-buffer layer and followed by a superstrate structure of
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FTO/CdS/Sh,Ses/Au with an efficiency of 1.9% [140]. Meanwhile, systematic physic analysis
of the device was performed, revealing that bulk defects and unfavorable band diagram are
the main limiting factors for device performance. In addition to superstrate configuration, Liu
et al. designed a substrate Sh,Se; solar cell analogous to CIGS structure (FTO/Sh,Se3/CdS/i-
ZnO/AZO/Au) and yielded a PCE of 2.1% [141]. Based on the deep analysis of temperature-
dependent vapor pressure of Sh,Ses, Sb and Se, one problem associated with the evaporation
process is that large amount of selenium vacancies (Vs.) are generated due to the higher vapor
pressure of Se, compared to Sh. Selenium vacancies are n-type donors that not only reduce the
effective p-type doping density of Sh,Se; film, but also act as recombination centers trapping
and annihilating photo-generated carriers. To diminish Vge-related recombination loss, Li et al.
reported the co-evaporation of Se and Sh,Se; to prepare a Sh,Ses-based solar cell with an
interesting efficiency of 3.47 % [142]. Leng et al. utilized a post-selenization process after
thermal evaporation. The selenization process provided excess Se to compensate for the Vse
and hence increased the doping density and attenuated the recombination loss. Meanwhile,
selenization also helped in improving CdS/Sbh,Sez heterojunction quality, thus increasing

device Vo and FF. The solar cell performance was enhanced with a PCE of 3.7% [143].

In addition to the traditional thermal evaporation process, Prof. Tang’s group recently
introduced the rapid thermal evaporation (RTE) method to produce high-quality Sb,Ses thin
film using a tube furnace. Sh,Se; powder was directly applied via evaporation under low
vacuum pressure. Once heated up, Sb,Ses; powder evaporated and condensed on the substrate
because of temperature gradient, forming the Sb,Ses thin film. In 2015, Zhou et al. reported
the RTE process to prepare Sb,Se; thin film and based on the structure of
FTO/CdS/Sh,Ses/Au, the device efficiency reached as high as 5.6% [61]. However, it is
known that the strong absorption by the CdS layer in this Sh,Ses; solar cell and the
recombination losses of carriers at the back are likely to contribute to the EQE decline at the
short-wavelength and long-wavelength region. Recently, Wang et al. reported Sh,Se;
photovoltaics by substituting the CdS buffer layer with ZnO and the highest efficiency is close
to 6% [134], as shown in Fig. 1.23 including the structure and the corresponding J-V curves

of this device.
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Fig. 1.23 (a) Schematic of the ZnO/Sh,Se; device architecture. (b) Dark and light current density—
voltage (J-V) curves of the champion device. (c) J-V curves of a representative r-ZnO/Sb,Se; device

under different intensities of simulated AM1.5G illumination

Another physical method for preparing the Sbh,Se; absorbing layer is magnetron sputtering.
Liang et al. reported that the Sb,Ses thin films with different crystallinity and surface
morphology could be obtained by changing the substrate temperature via RF magnetron
sputtering. Then planar junction Mo/Sh,Ses/CdS/ZnO/AZO/Ag thin film solar cell was
constructed and a power conversion efficiency of 3.35% was achieved [80]. At present, there
is only a few reports on magnetron sputtered Sh,Ses thin film solar cells and the conversion
efficiency is lower than that obtained by the thermal evaporation process. The adjustment of
the preparation process, the performance analysis of the films and the optimization of the

device structure still need further research.

In general, Sh,Ses-based thin film solar cells have a viable prospect because of their suitable
band gap, high absorption coefficient, excellent electronic properties, non-toxicity, low-cost,
earth-abundant constituents and intrinsically benign grain boundaries. At present, Sh,Se; thin
film solar cells prepared by chemical and physical methods have been reported, and the
highest power conversion efficiency is 6%. Although the efficiency has been improved
rapidly compared with the initial reported value, it is still far away from the theoretical
efficiency (above 30%). Therefore, a systematic optimization of the film quality, device
structure and interfacial engineering is compulsory to approach higher power conversion

efficiency.
1.5 Summary

During the last half century, semiconductor technology has achieved rapid development as the
core of modern high technology. Various new materials and functional devices based on
semiconductor technology affect all aspects of our life. It is known that the fundamental

research and application of semiconductor materials are the basis for developing
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semiconductor technology, which is also an important source of motivation for numerous

scientific researchers.

In this dissertation, two different selenide semiconductors with excellent properties are
selected as our research targets, including controllable preparation of materials and
exploration of applications as high performance photoelectric functional devices. Firstly,
Sh,Se; nanorods were synthesized via hot-injection method, and the biggest challenge of low
conductivity of Sb,Se; nanorods were overcomed successfully by forming heterojunction
and/or doping. The high performance prototype photodetectors based on Sh,Se; nanorods
were constructed and tested. Then the Sn-doped Sh,Se; crystals with controllable electrical
conductivity and photoconductivity were prepared by high-temperature melting process.
Afterwards, the same technique was used to obtain Sh,Ses-based targets, which can be further
used for the preparation of thin films by Radio Frequency (RF) magnetron sputtering. The
quasi-homojunction Sh,Se; thin film solar cells were also explored based on those high-
quality thin films, which show high application potential. Moreover, the uniform y-In,Ses
nanoflowers were also synthesized via the hot-injection method. In combination with the
mature Si-based semiconductor technology, a high performance vy-In,Ses/Si heterojunction

photodiode was fabricated for the first time.
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2.1 Introduction

Since its birth in 1980s, nanoscience and technology have been developed rapidly, attracting
more and more attention. As the foundation, the preparation and applications of new
nanomaterials have become one of the most important and dynamic branches of
nanotechnology. Among them, semiconductor nanomaterials are one of researching hotspots
due to their unique physical and chemical properties. Moreover, the corresponding functional

devices also play an indispensable role in actual industrial production and social development.

Among various kinds of semiconductor nanomaterials, metal chalcogenide semiconductors
are among the most rapidly developed and promising materials in recent years. Early research
was focused on the IV-VI groups represented by PbS, PbSe and the I1-VI groups by ZnS, CdS.
For the V-VI semiconductors, which are less studied, the main objective is to realize a
controllable preparation of nanomaterials suitable for applications particularly in the fields of
photoelectric and thermoelectric applications. Among these semiconductors, antimony
selenide (Sh,Ses) is an important narrow band gap binary semiconductor, with highly
anisotropic structure crystallizing in layers parallel to the growth direction. Its useful
properties (e.g., photovoltaic, photoconduction, photo-catalysis, Peltier effect) make it
promising candidate for many important applications in diverse areas such as solar energy
conversion, thermoelectric cooling, thermoelectric power generation, photodetection and
opto-electronic devices in the near-infrared region [1-6]. The initial research of Sh,Se; was
mainly focused on the preparation of thin films. Some other mature preparation processes
include spray pyrolysis, solution growth, direct fusion of selenium and antimony,
electrochemical deposition, thermal evaporation etc. [7-13]. During the past decades,
considerable efforts have been devoted to the synthesis of Sh,Se; nanomaterials, such as
hydrothermal or solvothermal routes, surfactant or polymer-assisted hydrothermal technique,
microwave irradiation method and colloidal process [1,6,14-16]. Due to its unique crystal
structure, composed of one-dimensional (1D) covalently linked (SbsSeg), ribbons stacked
together via van der Waals forces, Sb,Se; nanomaterials can be synthesized with 1D
morphology, including nanowires, nanorods, nanoribbons and nanotubes. These novel 1D
semiconductor nanostructures have unique properties that will play an important role for
future applications. Therefore, it is of great significance to carry out research on Sh,Se;

nanomaterials.

Although the current research on Sb,Se; has achieved considerable results, the practical
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application is still limited. One of the main reasons is the intrinsic low electrical conductivity
(10° *m™ in bulk state), resulting in low thermoelectric power factor, low spectral response
and low external quantum efficiency [1]. To overcome this challenge, few works to improve
electrical conductivity of the Sb,Se; nhanomaterials have been reported. For example, Choi et
al. developed Sh,Se; nanowires decorated with Ag,Se nanoparticles, which increased the
electrical conductivity [1]. Zhang et al. explained an interpenetrating iodine-doped-
Sh,Ses/Cu,GeSe; heterojunction network fabricated by controlling the crystallization of a
chalcogenide glass which can improve the photoelectric performance [17]. However, the
synthesis of the Sh,Se; nanomaterials with tunable electrical conductivity has been rarely
reported and still needs further exploration.

In this chapter, we first used the hot-injection method to controllably synthesize Sb,Se;
nanorods. The synthesis process is safe, facile and environmentally friendly. The nucleation
and growth mechanism of Sb,Se; nanorods and the effect of various organic solvents in the
reaction system were studied systematically. Then, we used two effective approaches to
improve the electrical conductivity of Sb,Se; nanorods. One was the formation of composites
with a high conductivity second phase and the hybrid nanorods with Sbh,Ses/AgSbSe;
heterojunction structure were prepared accordingly. Those interconnected heterojunction
structures could significantly improve the electrical conductivity of the Sb,Se; nanorods. The
other approach was doping, which is an efficient approach to tune the electrical and
photoelectrical performances of semiconductors and has been widely adopted throughout the
semiconductor industry. For example, the In-doped Ga,Osz; nanobelt-based photodetector
showed a higher sensitivity, responsivity and quantum efficiency compared with the undoped
Ga,03 nanobelt photodetector [18]. The S-doped In,Ses nanowires presented much higher
conductivity and spectra responsivity to visible light than the undoped In,Se; nanowires [19].
Herein, for the first time, we reported an effective hot-injection method for the synthesis of
the Sn-doped Sh,Ses ((SnxSbix)2.Ses) nanorods. The electrical conductivity of the Sh,Se;
nanorods was significantly increased by incorporating Sn** ions into the Sh,Ses host.

Finally, in order to demonstrate the application potential of the Sb,Se; nanorods, the
performance of undoped Sb,Se; nanorods, hybrid nanorods with the Sh,Ses/AgSbSe,

heterojunction structure and (SnxSh;-x)>Ses nanorods, as photodetectors has been compared.

2.2 Experimental section
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2.2.1 Materials

Antimony acetate (Aladdin, 99.99%), Silver acetate (Aladdin, 99.5%), Tin chloride (Aladdin,
99.99%), Selenium dioxide (Aladdin, 99%), 1-Hexadecylamine (Aladdin, 90%), 1-
Octadecene (Aladdin, 90%) and Oleic acid (Aladdin, AR). Chloroform and Isopropyl alcohol
were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were used for the
synthesis without further purification.

2.2.2 Principle of nanomaterials preparation by hot-injection

The hot-injection method is an efficient new way to prepare nanomaterials. Compared with
other methods, it has many advantages, such as short reaction cycle, low-cost for equipment,
high purity of obtained samples and easy control of the sample morphology. Hot-injection
method refers to the rapid injection of one cold precursor solution into another high-
temperature solvent during the reaction, thereby causing an instantaneous large amount of
nucleation. In this way, the precursor concentration in the reaction system is lowered below
the critical nucleation concentration, and the temperature of the mixture drops. Then the
nucleus grows at a lower temperature to avoid secondary nucleation, thus ensuring a uniform
particle size distribution. Therefore, the most important feature of this preparation process is
to separate the nucleation and growth processes. The time-dependent growth process of
nanomaterials can be described by the LaMer curve, as shown in Fig. 2.1 [20].

| | ]|
A ﬂucleatiov Growth

Monomer conc.

Reaction time

Fig. 2.1 LaMer plot illustrating the separation of nucleation and growth during the synthesis of

monodisperse NPs. S and S, are supersaturation and critical supersaturation, respectively
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Specifically, when the organic-chalcogen precursor is rapidly injected into a high-temperature
and vigorously stirred reaction vessel containing metal precursor and coordinating organic
solvents, the solution concentration exceeds the critical nucleation concentration and
nucleation starts. The rapid nucleation instantaneously causes the monomer concentration in
the solution to rapidly decrease below the supersaturation concentration and the nucleation is
then stopped. As long as the monomer consumption rate of the nanocrystal growth is faster
than the decomposition rate of the precursor, no new crystal nucleus will be generated
because the monomer concentration is lower than the supersaturation concentration. In this
way, each crystal has the same growth process, and the uniformity can be ensured. The growth
rate can be controlled by the diffusion rate and the reaction rate, which can be further
controlled by the precursor concentration, the surfactant concentration, the reaction
temperature, and the ratio of the cation/anion in the solution. Finally, the growth and

dissolution of the nanocrystals can be balanced.

Since many nanomaterials are easily oxidized and the organic solvents used are also
susceptible to explosion due to oxidation at high temperatures, the preparation usually needs
to be carried out under anhydrous and anaerobic conditions. One mature solution is to adopt
the Schlenk line technical route, as shown in Fig. 2.2 for the hot-injection method. The entire
equipment provides heating, stirring and atmosphere protection for the reaction, ensuring the

preparation of high quality semiconductor nanomaterials.
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Fig. 2.2 (a) Schematic diagram of the Schlenk line technology and (b) hot-injection method
2.2.3 Synthesis of Sb,Se; nanorods

A simple colloidal process involving hot-injection was used to synthesize 1D Sbh,Se; nanorods.
At first, 24 mmol selenium dioxide and 30 ml 1-octadecene were added into a 100 mL three-

neck flask and heated to 200 <C for several hours with stirring under argon atmosphere until
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selenium dioxide was completely dissolved, which formed a 0.8 M selenium precursor
solution. To prepare antimony precursor solution, 1 mmol antimony acetate, 8 mmol 1-
hexadecylamine, 15 ml 1-octadecene and 6 ml oleic acid in another flask were degassed at
room temperature and then heated to 220 <C for 1 h, which formed a transparent yellow
solution. Subsequently, 8 ml 0.8 M selenium precursor solution was swiftly injected into the
yellow antimony precursor solution which was heated to 240 <C beforehand. The mixture was
stirred for 10 min and then cooled to room temperature. The obtained solid Sb,Se; nanorods
were collected by centrifugation, washed with chloroform and isopropyl alcohol for several
times, and finally dried at 60 <C under vacuum. In order to study the effects of different
reaction conditions on the synthesis of Sb,Se; nanorods, the reaction temperature, reaction

time and modification of organic solvents were changed accordingly.
2.2.4 Synthesis of hybrid nanorods with Sb,Ses/AgSbSe, heterojunction structure

Herein, a two-step selenization process was used to synthesize hybrid nanorods with
Sh,Ses/AgSbSe; heterojunction structure. 2 ml 0.8 M selenium precursor solution was swiftly
injected into 240 <C antimony precursor solution in the flask. Then 0.2 mmol silver acetate
was added into the flask. After the mixture was stirred for several minutes, another 6 ml 0.8 M
selenium precursor was swiftly injected into the flask. The mixture was stirred for 10 minutes
and then cooled to room temperature. The obtained hybrid nanorods with Sbh,Ses/AgShSe,
heterojunction structure were collected by centrifugation, washed with chloroform and

isopropyl alcohol for several times, and finally dried at 60 <C under vacuum.
2.2.5 Synthesis of AgSbSe, nanoparticles

AgShSe, nanoparticles were also synthesized via hot-injection. The preparation of the 0.8 M
Se-ODE precursor solution was described earlier in 2.2.3. 1 mmol antimony acetate, 1 mmol
silver acetate, 8 mmol 1-hexadecylamine, 20 ml 1-octadecene and 8 ml oleic acid were mixed
at 220 <C for 1 h in another flask, which formed a transparent yellow antimony-silver
precursor solution. The temperature of the antimony-silver precursor solution was heated up
to 240<C, and then 8 ml 0.8 M selenium precursor solution which had been cooled to room
temperature was swiftly injected. The mixture was stirred for 10 min and then cooled to room
temperature. The obtained AgSbSe, nanoparticles were collected by centrifugation, washed
with chloroform and isopropyl alcohol for several times, and finally dried at 60 <C under

vacuum.
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2.2.6 Synthesis of (SnySb;.4),Ses nanorods

Similar to the preparation process of Sh,Se; nanorods, the (SnxSb;.x)>Ses (x=0.00, 0.01, 0.03,
0.05, 0.10) nanorods were also synthesized via hot-injection. The biggest difference was that
the antimony (tin) precursor solution was injected into the selenium precursor solution. The
detailed preparation procedure was as follows: At first, a uniform mixture of (1-x) mmol
antimony acetate and x mmol tin chloride was added into a 25 mL three-neck flask with 8 ml
oleic acid as solvent. The mixture was degassed and then heated to 220 <C for 1 h under argon
atmosphere to form a transparent yellow solution (antimony and tin precursor solution). To
prepare selenium precursor solution, 6 mmol selenium dioxide and 15 ml 1-octadecene in
another flask were heated up to 200 <C for several hours with stirring until the solid was
completely dissolved, forming a 0.4 M selenium precursor solution. Subsequently, the
antimony and tin precursor solution was rapidly injected into the selenium precursor solution
which was heated up to 240 <C beforehand. The mixture was stirred for about 10 min and
then cooled down to room temperature. Finally, the washing, purification and drying steps of

the nanorods were also applied.
2.2.7 Fabrication of the nanorod film photodetector

To explore the photoconductive properties of Sb,Se; nanorods, hybrid nanordos with
Sh,Ses/AgSbSe; heterojunction structure and (SnxSb;.x).Ses (x=0.00, 0.01, 0.03, 0.05, 0.10)
nanorods, a film-based prototype photodetector was constructed. Fig. 2.3 is a schematic
illustration of the photodetector with nanorod film across the interdigital Au electrodes with
fingers (dimensions: width 20 um, length 200 um, interfinger spacing 20 um) fabricated on
SiO,/Si substrates using lithography. It was noted that the interdigital Au electrodes with a
total area of 6 <10 cm?were fully covered by the nanorod film.

Light

Fig. 2.3 Schematic illustration of the photodetector based on the Sh,Se; hanorod film
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To better perform the measurements, the as-prepared nanorods were repeatedly purified by
washing and then ultrasonically dispersed in chloroform, drop-cast on pre-patterned
electrodes, and dried by vacuum-annealing at 40<C for 30 min before the photocurrent

measurements.
2.2.8 Characterization

(i) X-ray diffraction (XRD) analysis. XRD analysis was carried out on PAN alytical B.V.
Empyrean 200895 X-ray diffractometer with Cu Ka radiation (A = 1.54 A), and the scan speed
was 2.00 deg/min.

(if) Scanning electron microscope (SEM) analysis. A Hitachi S-4800 field emission scanning
electron microscope was used to observe the morphologies.

(iii) Transmission electron microscope (TEM) analysis. TEM, HRTEM (High Resolution
TEM), SAED (Selected Area Electron Diffraction), STEM (Scanning TEM) images and the
corresponding EDS (Energy Dispersive Spectrometer) mapping images were obtained from a
FEI Tecnai G2F20 field emission transmission electron microscope operating at an
acceleration voltage of 200 kV. Samples were prepared by placing a drop of a dilute
chloroform dispersion of the nanorods on the surface of a copper grid.

(iv) EDS analysis. EDS analysis has been performed with an EDAX instrument.

(v) X-ray photoelectron spectroscopy (XPS) analysis. The elemental composition and the
valence state were analyzed by XPS with the corresponding equipment of ESCALAB. In
addition, the Sh,Ses/AgSbSe, semiconductor heterojunction type can be further determined
by combining the XPS valence band spectrum.

(vi) Diffuse reflectance spectroscopy analysis. Analysis of optical absorption spectra is one of
the most effective tools for understanding and/or engineering the band structure and energy
gaps of semiconductor materials, and it also provides a theoretical basis for the subsequent
construction of high-performance photoelectric devices. However, due to the scattering of the
solid powder samples, it is not possible to obtain the absorption spectrum directly. Thus, the
diffuse reflection spectrum was measured firstly, and then the corresponding absorption
spectrum can be obtained by using Kubelka-Munk conversion formula:

F(R)= w/A=(1-R)*/(2R) (2.1)
where F(R) is the calculated absorption value, R is the reflectance, o and A are the absorption
coefficient and the scattering coefficient, respectively [21]. Furthermore, the energy band gap
(Eg) of the semiconductor can be calculated by the Tauc formula:

F(R)hv=C(hv-Eg)" (2.2)
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where C is a constant, h is the Planck’s constant, v is the photon frequency, n is an index, and
n = 0.5 when the sample is a direct bandgap semiconductor, n = 2 when the sample is an
indirect bandgap semiconductor. Then Eg can be determined by extrapolating the linear part of
the spectrum to zero. Herein, the diffuse reflectance spectra of the as-synthesized
nanomaterials were taken from a SHIMADZU UV-3150 spectrophotometer.

(vii) Hall-effect measurements. The electric and electronic properties, including resistivity,
carrier concentration, mobility and the conduction type were investigated by Hall-effect
measurements using the Van der Pauw configuration (BID-RAD HL5500PC) at room
temperature.

(viii) The photoconductive performance of the photodetectors were recorded using a Keithley
2450 SCS and SUSS PMB8 probe station in a clean and shielded box. A xenon lamp or laser
with controllable light intensities was used as the light source. Moreover, the xenon lamp
equipped with a monochromator was used to measure the spectral response with a wavelength

interval of 50 nm.
2.3 Results and discussion

2.3.1 Preparation and characterization of Sb,Se; nanorods
1. Effect of reaction temperature on Sh,Se; nanorods

Fig. 2.4 shows the XRD patterns of Sb,Se; nanorods synthesized at different temperatures
(160 T, 200 T, 240 T and 280 <T). All the four spectra show sharp diffraction peaks,
indicating a high crystallinity and large grain size of the as-synthesized Sb,Se; nanorods.
Furthermore, the sample obtained at 160 <C show a trace amount of Sb,O3 impurity. It was
because the reaction temperature was low, the Sb precursor was not completely used for
forming Sbh,Se; nucleus, and the slow growth rate at low temperature also caused an
incomplete reaction within 10 minutes. For the samples obtained from the other three reaction
temperatures, the XRD patterns exhibit prominent peaks in agreement with the JCPDS
standard card (15-0861) of the orthorhombic phase of Sh,Se; without a second phase,
indicating the absence of any detectable impurities such as Se or Sb,0s. In addition, the
calculated unit cell parameters of the samples are consistent with the lattice constants
corresponding to the standard card (a=1.1633 nm, b=1.1780 nm, ¢=0.3985 nm), which further
indicating the high purity and high crystallinity nature.
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Fig. 2.4 XRD patterns of the Sb,Se; nanorods synthesized at different temperatures (160 <C, 200 <C,
240 T and 280 C)

Fig. 2.5a-d are the SEM images of the samples obtained at different reaction temperatures
(160 <C, 200 <C, 240 <T and 280 <C). When the reaction temperature was low (160 <C), some
particles remained on the surface of the nanorod, which was consistent with the presence of
trace impurities in the XRD pattern. When the reaction temperature was raised to 200 <C, the
particles disappear and all the nanorods have smooth surface throughout the entire length with
a diameter of ~ 100-300 nm, and a typical length of several micrometers. When the
temperature is raised to 240 <C, the diameter is mostly around 200 nm and the uniformity is
obviously improved. Finally, at the relatively high reaction temperature of 280 <C, some
nanorods grew too fast, resulting in poor uniformity. Meanwhile, high reaction temperature
creates issues associated with the high pressure of solvents and safety issues. The optimal
reaction temperature for preparing Sh,Se; nanorods via hot-injection method is determined to
be 240 <C.
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Fig. 2.5 SEM images of Sb,Se; nanorods synthesized at different temperatures: (a) 160 <C; (b) 200 <C;
(c) 240 <C; (d) 280

The micro-morphology and structure of the nanorods were further characterized. Fig. 2.6a and
Fig. 2.6b are the SEM image and TEM image of the Sb,Se; nanorods synthesized at 240 <C
for 10 min, respectively. The images reveal the formation of highly uniform Sb,Sez nanorods,
with smooth surfaces throughout the entire length, a diameter of ~ 150-200 nm and a typical
length of several micrometers. HRTEM image and corresponding selected-area Fast Fourier
Transform (FFT) pattern of a randomly selected nanorod (Fig. 2.6¢) confirmed its highly
crystalline nature with orthorhombic phase lattice fringes associated with the (001) planes (d-
spacing of 0.392 nm) along the nanorod, indicating that the nanorod grew along this direction
(c-axis). Moreover, the XRD patterns of the orthorhombic phase Sb,Se; exhibit strong
intensity of those (hk0) peaks, confirming that Sb,Se; are preferentially grown along the (001)
direction. According to the recent theoretical and experimental studies, the preferential growth
is indeed determined intrinsically by the anisotropic Sb-Se atom chain and layer structure of
orthorhombic Sb,Se; [2]. The EDS spectrum (Fig. 2.6d) of an individual nanorod exhibits
strong Sb and Se peaks, and the atomic ratio of Sb and Se corresponds to the 2:3

stoichiometry within the precision of the measurements.
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Fig. 2.6 Morphological and structural characterization of the Sb,Se; nanorods: (a) SEM image; (b)
TEM image; (¢) HRTEM image, the bottom inset is a selected-area FFT pattern; (d) EDS spectrum

2. Effect of reaction time on Sh,Se; nanorods

Fig. 2.7a shows the XRD patterns of the samples obtained by reacting at 240 <C for 10°s, 30 s,
and 60 s, which all exhibit prominent peaks in agreement with the JCPDS standard card of the
orthorhombic phase of Sh,Ses. It is worth noting that the nanorods with a very short reaction
time still have high crystallinity and high purity. Fig. 2.7b-d is the corresponding SEM images.
As the reaction time prolongs, the diameter and the length of the nanorods show small
variation, and the homogeneity is maintained, indicating that the nucleation and growth rate of
the nanorods is very fast. This fact is closely related to the mechanism of the hot-injection
method. Specifically, the cold Se-ODE precursor solution was quickly injected into the Sh
precursor solution at 240 <C. The temperature of the mixture dropped, but was still higher
than the nucleation temperature. Therefore, a large amount of nuclei was generated
instantaneously. The concentration of the precursor in the reaction system was then reduced
below the critical nucleation concentration, and the secondary nucleation could not be

initiated, ensuring the uniformity of the obtained nanorods.

67



Chapter Il: Preparation of Sh,Se; Nanorods for High Performance Photodetectors

~
o
~

Intensity (a.u.)

Fig. 2.7 Synthesis of Sb,Se; nanorods with different reaction time at 240 <C: (a) XRD patterns; (b)-(d)

SEM images of the obtained samples with the reaction time of 10 s, 30 s and 60 s, respectively

In order to further study the kinetic growth process of 1D Sh,Ses; nanorod structure, a lower
reaction temperature (160 <C) was selected to reduce the nucleation and growth rate. An equal
amount of the reaction mixture was taken out from the reaction flask every 30 s, then washed
and purified in a mixed solvent of chloroform and isopropyl alcohol before SEM
characterization. Fig. 2.8a-f are the corresponding SEM images with reaction time of 60 s, 90
s, 120 s, 150 s, 180 s, and 210 s respectively. When the Se-ODE precursor solution was
rapidly injected into the Sb precursor solution at 160 <C, the temperature of the mixture
decreased, and the color of the solution remained transparent yellow within 60 s, indicating
the absence of Sh,Se;. After that, the temperature of the mixture gradually increased and the
color gradually changed from yellow to grayish black, indicating that the target products
began to nucleate and to grow as expected. Fig. 2.8b presents nanospheres with a diameter of
~ 100-200 nm. When the reaction time was extended to 120 s, short nanorods began to appear
on the surface of the nanospheres. By continually extending the reaction time, relatively long
nanorods can be observed and the nanospheres gradually decrease. Up to 210 s of reaction,
sample with uniform nanorods can be obtained (Fig. 2.8f). In summary, unlike the rapid
nucleation and growth process at high temperature, the growth mechanism of Sb,Se; at lower

temperature is gradually changed from nanosphere to 1D nanorod structure.
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Fig. 2.8 SEM images of Sb,Se; nanorods with different reaction time at 160 <TC: (a) 60 s; (b) 90's; (¢)
120's; (d) 150's; () 180 s; (f) 210 s

3. Effect of reaction solvents on Sb,Se; nanorods

In addition to the reaction temperature and reaction time, the reaction solvents also play a
very important role in the synthesis of nanomaterials. The organic solvents used in this
experiment include octadecene (ODE), hexadecylamine (HDA), and oleic acid (OA). Firstly,
ODE is a non-coordinating solvent. According to the literature, the initial successful synthesis
of chalcogenide semiconductor nanocrystals via colloidal chemical processes was carried out
in the organic coordination solvent trioctylphosphine oxide (TOPO) [22]. From 2005, ODE as
a non-coordinating solvent, which is in addition inexpensive and more environmentally
friendly, began to replace TOPO [23]. In this work, SeO, was directly dissolved in ODE,
which can be considered as phosphine-free green preparation process. In the antimony
precursor system, another two surfactants, named HDA and OA, were also added. In order to
study the effects of these two active agents, each of them was separately added, and the other

conditions were kept constant. Fig. 2.9a and 2.9b represent the SEM images of the nanorods
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synthesized at 240 <C for 10 min using respectively HDA and OA as surfactants. Compared
with the HDA/OA dual solvents system (Fig. 2.5c), the size of the nanorods obtained with
HDA was significantly reduced, while it was the opposite for the role of OA. Moreover, it was
found that without adding OA, the antimony precursor solution was a white suspension,
indicating a ligand role of OA, and the coordination of OA and antimony ions greatly
improved the reactivity of the precursor, thus the samples could be obtained in a short time.
However, the excessive concentration of OA inhibited the reactivity, the number of
nanocrystalline cores formed during the nucleation stage was reduced, and the precursors for
the reaction stage were increased, resulting in an increase in the diameter of the nanorods. The
role of HDA was to accelerate the nucleation process and reduce the growth rate, so the size
of the nanorods was smaller. Therefore, when two surfactants were added, the nucleation and
growth of Sbh,Se; could reach a relative balance, and their adsorption on the surface of the
nanorods prevented irreversible agglomeration occur between the nanorods during the growth
process. Finally, the nanorods with excellent dispersion and uniformity have been synthesized.

500 nm
¥

Fig. 2.9 SEM images of Sb,Se; nanorods with different surfactants at 240 <C: (a) HDA as surfactant
and (b) OA as the surfactant

2.3.2 Photoconductive performance of the Sb,Se; nanorod film photodetector

Photoconductivity is a well-known property of semiconductors which describes the electrical
conductivity changes with the incident light. The photoconductive characteristics of the
Sh,Se; nanorods are investigated here by using the Sh,Se; nanorod film-based photodetector.
Fig. 2.10a shows the I-V curves of the Sh,Se; nanorod film photodetector. The electrical
conductivity of the Sh,Se; nanorods in dark condition is very low and similar to the bulk
Sh,Ses (6~10° Q™*m™) [1]. The thin film device shows much higher photosensitivity at
different incident light densities, compared to bulk Sh,Ses. The photocurrent was significantly
increased with increasing light intensity. To further investigate the photoresponse

characteristics, a plot of time-resolved photoresponse at the bias of =10 V, —20 V and —30 V
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(incident light density of 12.05 mWcm™) is shown in Fig. 2.10b. When the applied voltage
was —20 V, with the light irradiation on and off, the current across the nanorod film
dramatically increases from —2 nA (OFF state, dark condition) to —100 nA (ON state, light
illumination). The switching “ON/OFF” ratio is as high as 50, which is comparable to the
very good results previously reported [2,24].
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Fig.2.10 Photoconductive performance of the photodetector based on the Sb,Se; nanorod film. (a)
Dark current and photocurrents at different incident power densities, (b) Time-resolved
photoresponse at the bias of -10 V, -20 V and -30 V with an incident light density of 12.05 mW cm?,
Demonstration of (c) the response speed and (d) the recovery speed at a bias of -20 V and an incident
light density of 12.05 mW cm™

In addition, the response and the recovery times are other important parameters allowing to
evaluate the speed of the ON/OFF switching processes. These two times are respectively
defined as the time necessary for reaching 90% of the AI (Al is the difference between the
maximum current and the minimum current) when the light is on and the time for returning
from the maximum current to 10% of the AL. As shown in Fig. 2.10c and 2.10d, 0.7 s response
time and 1.1 s recovery times can be obtained, and this performance is remained even over 8

cycles, demonstrating the stability of the device.

The Sh,Se; nanorods used in this device were synthesized using a hot-injection method and
were expected to be more resistant to oxidation and contained fewer surface defects. It is

known that with a superior crystal quality, the density of traps induced by defects is

71



Chapter I1: Preparation of Sb,Se; Nanorods for High Performance Photodetectors

dramatically reduced and the photocurrent rapidly reaches a steady state both on rise and
decay stages [25]. It is also noticed that the high photo-detectivity of the nanorods is due to
the high density of the surface sates inducing the depletion space charge layer. In Sh,Se;
nanorods, a depletion space charge layer is formed due to the surface state and Fermi-level
pinning, which allows for physical separation of electrons and holes. It has reported that when
the critical diameter is reached, the depletion layer remains fully depleted and the
recombination barrier increases. The photocurrent may further increase as the nanorods
diameter increases [1]. Therefore, the high photodetectivity of the Sb,Ses nanorods could also

be attributed to the larger diameter of Sb,Se; nanorods (~150-200 nm).

2.3.3 Preparation and characterization of the hybrid nanorods with Sb,Ses/AgSbSe;

heterojunction structure

In the introduction of this chapter, two approaches are proposed to overcome the critical
challenge of low electrical conductivity of Sb,Ses;. One was the formation of composites with
a high conductivity second phase. Herein, the ternary semiconductor AgSbSe, was chosen as
the second phase. It is worth noting that AgSbSe, shows an excellent electrical conductivity
of 154 S.cm™. In addition to this prominent intrinsic property, AgSbSe is a narrow band gap
semiconductor (~1 eV) with valence band structure composed of multiple flat valleys,
favourable for electrical conductivity improvement through doping or by forming functional
junctions [27,28]. Therefore, we have tried to prepare Sb,Ses/AgSbSe, heterojunction
nanorods via hot-injection method.

Fig. 2.11 shows the XRD patterns of the as-synthesized Sh,Se; nanorods, AgSbSe;
nanoparticles and the hybrid nanorods with Sb,Ses/AgSbSe, heterojunction structure. For
pure Sh,Ses, all the diffraction peaks are in agreement with the JCPDS standard card (No. 15-
0861) of the orthorhombic phase of Sh,Se;. The XRD pattern of the AgSbSe, nanoparticles
completely coincides with the cubic crystal phase of AgSbSe, with the JCPDS standard card
(No. 65-6604) and no second phase or other impurities are detected. Finally, the XRD pattern
of the hybrid nanorods with Sbh,Ses/AgSbSe, heterojunction structure shows that all
diffraction peaks can match very well with the standard card of Sh,Se; (JCPDS 15-0861) or
AgShSe, (JCPDS 65-6604) without any visible peak of impurities, indicating the high
crystallinity and high purity of the hybrid nanorods.
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Fig. 2.11 XRD patterns of Sb,Se; nanorods, AgSbSe, nanoparticles and the hybrid nanorods with the
Sh,Ses/AgShbSe, heterojunction structure

Fig. 2.12 shows the SEM, TEM, HRTEM, STEM images and the corresponding EDS
mapping images of the hybrid nanorods. Some small nanoparticles incorporated onto the
nanorods can be observed. The representative HRTEM images obtained from the selected
areas 1 and 2 of Fig. 2.12c show that the nanoparticle and the nanorod have different lattice
structures and a visible interface. The interplanar d-spacing of 0.287 nm correspond to the
(200) plane of AgSbhSe;, the selected-area Fast Fourier Transform (FFT) pattern (inset in the
left HRTEM image) from the red marked area further confirms the presence of AgSbSe,
crystalline phase. The interplanar d-spacings of 0.585 nm and 0.328 nm agree well with the
distance of the (200) and (021) lattice planes of Sb,Ses, respectively.

Finally, the EDS mapping images show that Sb and Se atoms are homogenously distributed in
both the nanorod and the nanoparticles. However, Ag distribution was restricted to the
specific areas corresponding to the position of the nanoparticles and to a small part of the
nanorod near to the nanoparticles, which indicated the formation of AgSbSe;, nanoparticles on
the surface of the Sb,Se; nanorod. It is obvious that the nanoparticles belong to AgShSe,

phase and the nanorods to Sh,Se; phase
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Fig. 2.12 Structural and morphological characterization of the hybrid nanorods with the
Sh,Ses/AgShSe, heterojunction structure. (a) SEM image, (b) TEM image, (c) TEM image and
HRTEM images from the selected areas 1 and 2 of an individual hybrid nanorod (inset in the left
HRTEM image is a FFT pattern from the red marked area), the inset of (c) shows a STEM image
and the EDS mapping images of Sb, Se and Ag elements, respectively

It can be concluded from Fig. 2.11 and Fig. 2.12 that the Sh,Ses;/AgSbSe, heterojunction
nanorods are composed of rod-shaped Sh,Se; and granular AgSbSe,. In order to understand
the formation mechanism of the heterojunction structure. The two phases have been
synthesized separately. The AgSbSe, nanoparticles were synthesized using hot-injection
method. As shown in Fig. 2.13, according to the typical TEM image, the diameter of the
nanoparticles is typically between 10-20 nm, which is not completely monodisperse. The EDS

spectrum (Fig. 2.13b) confirms the presence of only Ag, Sb and Se elements with the atomic
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ratio of Ag : Sb : Se close to the standard stoichiometry of 1:1: 2.
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Fig. 2.13 (a) TEM image of the as-synthesized AgSbSe, nanoparticles; (b) EDS spectrum

Fig. 2.14 illustrates the formation mechanism of Sbh,Se; nanorods and the hybrid nanorods
with Sb,Ses/AgSbSe; heterojunction structure, including the corresponding SEM images. For
the pure Sbh,Ses, an excessive amount of selenium precursor solution was rapidly injected into
the antimony precursor, and the reaction was quickly completed to obtain the uniform Sbh,Ses
nanorods. Then the hybrid nanorods with Sh,Ses/AgSbSe, heterojunction structure were
synthesized by a two-step selenization method. For the first selenization step, uniform Sh,Se;
nanorods were obtained and then silver precursor was added. In this case, some Sh,Se; rods
were covered with nanoparticles or some silver-rich clusters due to the deficiency of selenium
precursor. Then at the second selenization step, Sb,Se; nanorods act as a substrate for
AgSbhSe, nanoparticles growth, leading to the formation of semiconductor heterojunction.
Additionally, some pure Sb,Se; nanorods can be formed with the excessive antimony

precursor in the reaction mixture, as shown in the SEM images.
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Fig. 2.14 Schematic illustration of the formation mechanism and the corresponding SEM images of

the Sh,Se; nanorods and the hybrid nanorods with the Sb,Ses/AgSbSe; heterojunction structure
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In order to further study the element valence state of the samples, XPS analysis was
performed on Sb,Se; nanorods, AgSbSe, nanoparticles and hybrid nanorods with
Sh,Ses/AgSbSe; heterojunction structure. Fig. 2.15 shows the corresponding Sb-3d, Se-3d
and Ag-3d XPS spectra.
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Fig. 2.15 XPS spectra of the Sb,Se; nanorods, AgSbSe, nanoparticles and the hybrid nanorods with
the Sb,Ses/AgSbhSe, heterojunction structure: (a) Sb-3d; (b) Se-3d; (c) Ag-3d

As shown in Fig. 2.15a, the Sb-3d of Sb,Ses splits into two peaks due to spin coupling,
namely 3ds, (529.11 eV) and 3ds, (538.45 eV) with a spacing of 9.34 eV. A similar
phenomenon is also observed for AgShSe;,, and the peak splits into 3ds/, (530.24 eV) and 3ds,
(539.40 eV) peaks with a spacing of 9.16 eV. After analysis, the valence state of Sb can be
defined as Sb®" [29] and the small shift of the Sb-3d peaks between these two semiconductors
is due to the different chemical potential caused by the Sb-bond neighbor atoms. Taking the
Sh,Ses/AgSbSe; hybrid nanorods into consideration, Sb-3d splits into 3ds/,, 3ds, doublet and
each peak of this doublet splits again into another two small peaks. The binding energy and
peaks spacing are consistent with pure Sh,Se; and AgSbhSe,, respectively, which further

demonstrates the heterojunction structure of the hybrid nanorods. Similarly, the element Se in
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the hybrid nanorod exists as Se’” and the XPS spectrum is well matched with Sh,Se; and
AgShSe, (Fig. 2.15b). Finally, no Ag-3d characteristic peaks can be detected in the Sbh,Ses
nanorods. The Ag-3d peak of the Sb,Ses/AgSbSe, hybrid nanorods is completely consistent
with that of the AgSbSe; nanoparticles. Moreover, Ag3ds,, (367.47 eV) and Ag3da, (373.49
eV) are clearly assigned to Ag+.

It is known that a proper band gap of semiconductor is important to fabricate high
performance photodetectors. In this work, optical absorption spectra have been used to
investigate the optical properties of the as-synthesized Sb,Se; nanorods, AgSbhSe;
nanoparticles and the hybrid nanorods with Sh,Ses/AgShSe, heterojunction. Herein, the
absorption data were calculated from diffuse reflectance data using Kubelka—Munk equations:
F(R)ZOL/AZ(I-R)Z/QR), where R is the reflectance, a and A are the absorption and scattering
coefficients, respectively [21]. As shown in Fig. 2.16a, the onset of absorption for Sh,Se;
nanorods starts near 1100 nm. A plot of [F(R)hv]? versus energy (hv) yielded a direct band
gap of 1.19 eV (inset in Fig. 2.16a). Similarly, Fig. 2.16b shows that the onset of absorption
for AgSbSe, nanoparticles starts near 1600 nm and the corresponding direct band gap is 0.83
eV. The absorption spectrum of the hybrid nanorods with Sb,Ses/AgShSe, heterojunction (Fig.
2.16¢) exhibits two optical absorption peaks, and the onsets match very well with AgSbSe,
and Sb,Ses, respectively.

To further investigate the band offset of the Sb,Ses/AgSbSe, heterojunction, XPS valence
band analysis has been extensively employed, which lies on a core-level photoemission-based
method, using a linear extrapolation method to determine the valence band maximum [31].
The valence-band offset (AEy) is obtained by the following expression:

AEv=(Esb-3d-Ev)sbzses~(Esb-3d-Ev) Agsbsea-(Esb-3d-Esb-3d) shsesiagsbsez (2.3)
According to the Sh-3d XPS spectra (Fig. 2.15) and the valence-band edge (VBE) spectra
(Fig. 2.16d), the AEy is calculated to be 0.44 eV, and the conduction-band offset is deduced to
be 0.08 eV. It was found that Sb,Ses/AgShSe, heterojunction has a type-11 band alignment
(inset in Fig. 2.16d). Accordingly, as a direct band gap semiconductor, the experimental band
gaps for the as-synthesized semiconductors are close to the optimum value for photovoltaic
conversion, implying their promising applications in photoelectric devices, including high

performance photodetectors.
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Fig. 2.16 (a) Optical absorption spectra (calculated from diffuse reflectance data) for Sb,Se;
nanorods. Inset: A plot of [F(R)hv]’ vs. energy for the Sh,Se; nanorods, from which direct band gap
energy was obtained; (b) Absorption spectra for AgSbSe, nanoparticles. Inset: A plot of [F(R)hv]? vs.
energy; (c) Absorption spectra for the hybrid nanorods with Sb,Ses/AgSbSe, heterojunction, (d) VBE
spectra for Sb,Se; nanorods and AgSbSe, nanoparticles. Inset: Schematic diagram of type-11 band

alignment of the heterojunction

2.3.4 Photoconductive performance of the Sb,Ses/AgSbSe; hybrid nanorod film
Photodetector

Fig. 2.17 shows the photoconductive performance of the Sb,Ses/AgSbSe; hybrid nanorod film
photodetector. Compared with the photodetector based on the Sb,Se; nanorod film, the
current under dark conditions is increased approximately by 20 times (from -2 nAto -40 nA at
-20 V) and the photocurrent is increased approximately by 4.5 times (from -100 nA to -450
nA at -20 V, 12.05 mWem). A useful figure of merit for the photodetector is the responsivity
(Rres), Which can be calculated from:

Rres = lon/lireA (2.4)
where Iy, is the background substituted photocurrent (linumination-ldark), lirr is the irradiance of
the incident light and A is the effective device area [32]. The Ry of the Sb,Ses/AgSbSe,
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hybrid nanorod film photodetector is about 4.2 times as much as that of the Sh,Se; nanorod
film photodetector. As shown earlier in Fig. 2.12, AgShSe, nanoparticles grow on the surface
of Sh,Se; nanorods, leading to the formation of a Sh,Ses/AgShSe, heterojunction. The
AgShSe, nanoparticles with higher electrical conductivity might connect to each other along
the rod orientation, thereby improving the electrical conductivity of the Sh,Ses;/AgSbSe;

hybrid nanorods and eventually increasing the electrical conductivity under dark.

To further confirm the results, hall-effect measurement was carried out to examine the
electrical properties of the as-synthesized Sb,Se; nanorods, AgShSe, nanoparticles and
Sh,Ses/AgSbSe; hybrid nanorods. The typical values are shown in Table 2.1. It can be seen
that Sbh,Se; exhibits a weak p-type conductivity with the lowest carrier concentration.
Compared with Sh,Se; nanorods, the electrical conductivity for the Sh,Ses/AgSbSe; hybrid
nanorods have a significant improvement with several orders of magnitude. Previous studies
have already revealed that the formation of ZnO/a-Fe,O3; semiconductor nano-
heterostructures significantly enhances the electrical conductivity [33]. In this work, when the
Sh,Ses/AgSbSe; heterojunction was formed, the free electrons from AgSbSe, nanoparticles
can easily migrate to the Sb,Se; nanorods due to the potential difference at the heterojunction
interface. Moreover, the formation of the heterojunction results in more effective interfacial
charge separation and higher carrier concentration, which can significantly enhance the
electrical conductivity of the hybrid nanorods with Sb,Ses/AgSbSe, heterojunction. Thus the
photo-generated carriers can be transported efficiently through the conductive channels in the
nanorod film. In addition, the light absorption efficiency can be increased in the hybrid
nanorods by particle induced light scattering. It is obvious that the improved light absorption
efficiency and the higher electrical conductivity will significantly increase the photocurrent of
the Sh,Ses/AgSbSe, hybrid nanorods.

Fig. 2.17c and 2.17d give the response/recovery times of 0.6/2.7 s for light intensity of 8.29
mW.cm at a bias of -20 V. These performances are stable even after 8 cycles, demonstrating
the excellent photoresponse stability of the Sb,Ses/AgSbSe, hybrid nanorod film
photodetector. It is obvious that this photodetector has appropriately balanced the conductivity
and the photo responsivity. The demonstrated performances make it a promising candidate for

applications as high performance photodetectors.
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Fig. 2.17 Photoconductive performance of the photodetector based on the Sb,Ses/AgSbSe, hybrid
nanorod film. (a) Dark current and photocurrents at different incident power densities; (b) Time-
resolved photoresponse at the bias of -10 V, -20 V and -30 V with an incident light density of 8.29 mW

cm; (c) Response speed and (d) the recovery speed at a bias of -20 V

Table 2.1 Electrical properties of the Sh,Se; nanorods, AgSbSe, nanoparticles and the hybrid

nanorods with the Sh,Sez/AgSbSe, heterojunction structure

o Hall Carrier )
Resistivity . ) Conduction
Sample mobility concentration
(Qcm) sl 4 3 type
(cm“V~s7) (cm™)

Sh,Se; 9.57 x10° 6.89 9.46 x10" p

AgShSe, 17.71 491 7.19 <10 p

Sh,Ses/AgShSe,  1.05 x<10° 4.04 1.47 x<10% p

In order to simultaneously analyze the photoconductive properties of the as-synthesized
AgShSe, nanoparticles, which is the second phase of the heterojunction, the AgShSe;
nanoparticle film photodetector was also fabricated and the device performance was
investigated. The I-V curve is shown in Fig. 2.18. It can be seen that both the dark current and

photocurrent of the device are very large, which is consistent with the high electrical
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conductivity of AgSbSe, nanoparticles, however, the “ON/OFF” ratio is very small (~1.1,

—30 V), which limits its practical application.
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Fig. 2.18 I-V curves of the photodetector based on the AgSbSe, nanoparticle film

To clearly show the selective spectral response of the photodetectors, photodetection at
monochromatic wavelength from UV to IR has been studied. Fig. 2.19a shows the
wavelength-dependent responsivity (Rrs) of the Sb,Se; nanorod film and Sh,Ses/AgShSe;
hybrid nanorod film photodetectors. These two photodetectors show a similar selective
response with a broad spectral response from 450 nm to 950 nm with the highest responsivity
at 850 nm. The Ry Vvalue of the Sh,Ses/AgSbSe; hybrid nanorod film photodetector is about
3-4 times that of the Sb,Se; nanorod film photodetector, and the value is comparable to some
reported inorganic photodetectors [34]. To further characterize the performance of these
photodetectors, it is important to determine the noise characteristics. The noise equivalent
power (NEP), which is the incident power at which the signal is equal to the RMS dark noise
density (S;), measured within a specified bandwidth (commonly 1 Hz), that is, NEP=S|/Ryes
[35]. To obtain S;, a large sequence of current fluctuations (Ineise) Was measured with 0.5 s
integration time (which corresponds to a bandwidth of 1 Hz), while keeping the
photodetectors in darkness. The RMS noise density was then calculated as S=({I*noise)/1
Hz)*2. The obtained NEP across the working spectrum is shown in Fig. 2.19b. It was found
that the NEP can be as low as 4x10™° W/Hz"? for the Sh,Ses nanorod film photodetector and
510" W/HzY? for the Sb,Ses/AgSbSe, hybrid nanorod film photodetector at 850 nm. It is
worthwhile to note that these outstanding NEP values are comparable to that of state-of-the-
art devices [36].
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Fig. 2.19 Wavelength-dependent (a) responsivity and (b) noise equivalent power (NEP) of the
photodetectors at a bias of -20 V

2.3.5 Preparation and characterization of (Sn,Sb;.x)>,Sesz hanorods

In addition to the above-mentioned formation of semiconductor heterojunction to improve the
electrical conductivity of Sh,Se; nanorods, another method of semiconductor doping was also
adopted, where Sn was chosen as the dopant due to its small difference of atomic radius with
Sb. The electrical properties and photoconductive properties of the Sn-doped Sh,Se; nanorods

have been investigated.

Fig. 2.20a shows the XRD patterns of the as-synthesized (SnxSb;.x).Se; (x=0.00, 0.01, 0.03,
0.05 and 0.10) nanorods, which all exhibit prominent peaks in agreement with the JCPDS
standard card (No. 15-0861) of the orthorhombic phase of Sb,Ses;. No diffraction peak
corresponding to the detrimental Se or Sh,O3 can be detected. From Fig. 2.20b it can be found
that the (221) and (301) diffraction peaks shifted gradually toward larger angles with
increasing dopant concentration of Sn**, implying the decreasing lattice constants of the
(Sn,Sb1.,)2Ses nanorods due to gradual substitution of larger Sb® ions by the smaller Sn**
ions in (SnySh;.)2Ses lattice [37]. The experimentally determined lattice parameters a, b and ¢
of the (Sn,Sb.,)2Ses nanorods as a function of dopant concentration of Sn** (x value) further
confirm that the dopant ions (Sn*") are successfully doped into the host lattice (Fig. 2.21).
Successful doping can be attributed to the smaller difference (about 9.2%) in the ion radius
between Sb** (0.076 nm) and Sn** (0.069 nm). This mismatch fulfills the Hume-Rothery

criteria (<15%) for substitution solubility of metals [37].
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Fig. 2.21 Lattice constants a, b and c, derived from XRD diffraction peaks, plotted as a funtion of Sn

doping concentration (x value) for (Sn,Sb;_,),Ses nanorods

Fig. 2.22 shows the XPS spectra of Sn-3d for the (SnySb;.x).Se; nanorods (x=0.00, 0.05 and
0.10). Two observable peaks located at 494.6 and 486.2 eV indicated the existence of only

Sn** (without Sn?*) ions, which was in accordance with the XRD results.
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Fig. 2.22 XPS spectrum of Sn-3d for the (Sn,Sb;.4),Se; hanorods
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The SEM images of the (SnsSb;x).Ses nanorods (Fig. 2.23) reveal the formation of high
quality nanorods with a diameter of ~100-200 nm and a typical length of several micrometers.
By comparing the modification of the nanorods before and after doping, it can be seen that the
diameter of the doped nanorods is slightly smaller, which is caused by the change of the Sb
precursor concentration required for the nucleation of the nanorods after doping. The absence

of a second phase confirms the successful doping.

500nm

520_11_m

Fig. 2.23 SEM images of (Sn,Sb;.4),Se; nanorods: (a) x=0.00; (b) x=0.01; (c) x=0.03; (d) x=0.05 and (e)
x=0.10

Fig. 2.24a presents the TEM, STEM and the corresponding EDS mapping images of an
individual (Sng.0sSho.g5)2Ses nanorod, with well-defined rod geometry and a uniform diameter.
HRTEM image and the corresponding Fast Fourier Transform (FFT) pattern (Fig. 2.24b)
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confirm the high crystalline nature with orthorhombic phase lattice fringes associated with
(001) planes (d-spacing of 0.392 nm) along the nanorod, indicating the preferential growth
direction of the (SngesSbogs).Ses nanorod. The preferential c-axis grow of the Sh,Se; is
determined intrinsically by the anisotropic Sb-Se atom chain and layer structure [2]. It is
obvious that the intrinsic crystal quality of the Sb,Se; nanorods has not been considerably
affected when the Sb*" ions were substituted by the Sn** ions. EDS spectrum (Fig. 2.24c) of
an individual (SngosSho.gs).Ses nanorod exhibits strong Sb and Se peaks with lower X-ray
energy. An observable Sn-Ka peak located at 25.2 eV indicates the successful doping of Sn**
in the nanorod. The EDS mapping results (inset in Fig. 2.24a) showed that all the elements

(Se, Sh, and Sn) have uniform distribution throughout the nanorod.

Intersity (a.u.)

I 2 3 4 5 23 24 25 26 27 28
Energy (KeV)

Fig. 2.24 Structural and morphological characterization of the representative (SnggsSbg gs),Ses
nanorod. (a) TEM image, the inset of (a) shows a STEM image and the corresponding EDS mapping
images of Se, Sb and Sn elements, respectively. (b) HRTEM image and a corresponding selected-area

FFT pattern (inset). (c) EDS spectrum

The optical properties of the as-synthesized (SnxSb;.x).Ses nanorods have been investigated
through analysing the absorption spectra. The absorption data have been calculated from
diffuse reflectance data using the Kubelka-Munk equation described earlier. As shown in Fig.
2.25a, the onset of the absorption of the Sb,Se; nanorods is near 1100 nm, and then shows a
gradual shift toward longer wavelength with increasing dopant concentration of Sn**. Fig.
2.25b shows a plot of [F(R)hv]? versus energy (hv). The direct band gap of the (Sn,Sbi.,)2Ses
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nanorods decreases from 1.24 eV (x=0.00) to 1.20 eV (x=0.10), which can be attributed to the
cooperation of the Burstein-Moss shift and the renormalization effect. This mechanism exists
in narrow band gap semiconductors with specific doping level, an illustration of this
mechanism is shown in Fig. 2.26 [38]. It is worth noting that the tunable band gap of the
(SnxSh1.4)2Se; nanorods overlaps well with the solar spectrum, making them attractive
candidates for efficient photoelectric devices, including high performance broadband

photodetectors.
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Fig. 2.25 (a) Optical absorption spectra (calculated from diffuse reflectance data) of the (SnySb;.).Ses
nanorods. (b) A plot of [F(R)hv]? vs. energy, from which direct band gap was obtained
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Fig. 2.26 Illustrated effect of charge carriers transition from valence to conduction bands of a doped
semiconductor where Agy is the Burstein-Moss shift and Agry represents band gap renormalization.

Note that a positive Agy term refers to a band gap reduction
2.3.6 Photoconductive performance of the (SnySb;.x).Se; nanorod film Photodetector

Due to a small band gap (approximately 1.2 eV) and a high absorption coefficient (~10° cm™),
the Sh,Se; has been used to fabricate visible and near-infrared photodetectors. However, low
spectral response (R;) and low external quantum efficiency (EQE) of the Sh,Ses-based
photodetector limited its application for high-sensitivity photodetection. In this work, the
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photodetection performances of the Sh,Ses-based photodetectors have been significantly
improved by increasing the electrical conductivity of the Sh,Ses nanorod via Sn** doping in

the Sh,Se; nanorod.

To investigate the influence of the Sn** ions on the electrical conductivity of the (SnyShs.
x)25€3 nanorods, a method based on Hall-effect measurements was used. Fig. 2.27a shows the
resistivity and the carrier concentration of the (SnsSh;.x).Ses nanorods as a function of doping
concentrations of the Sn** ions (x value). The Sh,Se; nanorods exhibit a weak conductivity
with a low carrier concentration. When the Sn** ions are introduced into the Sh,Ses nanorods,
a significant decrease of the resistivity can be observed. The resistivity of the (SnySbh;.).Ses
nanorods demonstrates a nearly logarithmic relationship with x value, which rapidly decreases
from 1.229 x 10" Q-cm (x=0.00) to 8.746 x 10* Q-cm (x=0.10). Fig. 27a also shows a
significant increase of the carrier concentration from 7.16x10* ¢cm™ (x=0.00) to 3.40=10"
cm™® (x=0.10). The relationship between the conductivity and the carrier concentration can be
described by the following expression:

o=nep (2.5)
where o is the electrical conductivity, n is the charge carrier concentration, e is the electron
charge and p is the mobility [39]. The measured p values of the (SnySb;.x),Ses nanorods are
0.709 (x=0.00), 0.760 (x=0.01), 0.221 (x=0.03), 0.204 (x=0.05), and 0.210 (x=0.10)
respectively. Considering the p values are at the same order of magnitude for the (SnySb;.
x)25€3 nanorods, the main factor accounting for the improvement of electrical conductivity is
the increase of carrier concentration when the Sn*" ions are introduced into the Sh,Se;
nanorods. A similar mechanism with increasing carrier density has also been described in
thermally evaporated Sb,Se3:Sn amorphous films [40]. In addition, the conductive type of the
as-synthesized (SnyShi.x).Se; nanorods is determined by the Hall-effect measurements, and all
the samples are p-type. According to the previous studies, Sb,Ses show intrinsic p-type
conductivity with major carrier of hole because of its acceptor defect Ses, (antisite, Se
replacing Sb) [41] Herein, it is noted that the valance shell configurations of Sb** and Sn** are
[Kr] 4d'%5s%5p° and [Kr] 4d*°5s%5p°, respectively. Obviously, Sn** ion has two less valance
electrons compared to Sbh** ion. Therefore, Sn** ion acts like a hole donor at the doped site

and thus enhances the electrical conductivity of the initial p-type Sh,Ses system.
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Fig. 2.27 (a) Dependence of resistivity and carrier concentration of the (Sn,Sb;.,),Se; nanorods on
doping concentrations of Sn** ions (x value). (b) Dependence of dark currents and photocurrents
(under 650 nm light illumination at a bias voltage of 10 V) of the (Sn,Sb;.).Se; nanorod film

photodetectors on doping concentrations of Sn** ions (x value)

To demonstrate the potential application of the (SnySbi.x).Ses nanorods with enhanced
electrical conductivity, we also fabricated a typical two-electrode photodetector based on
(SnySby.x)2Se; nanorod film, as shown earlier in Fig. 2.3. Fig. 2.28a-e shows the -V curves of
the (SnxSb;.x)>Ses nanorod film photodetector under dark and illumination at different light
intensities using a 650 nm laser as illumination source. When x=0.00, the dark current is very
low (about —11 nA at —10 V), implying that the electrical conductivity of the Sb,Se; nanorods
in dark condition is very low and similar to the bulk Sh,Se; (6~10°-10% Q™m™). Upon
illumination, the photocurrent is significantly increased with increase of the light intensity.
The doped nanorods show similar results and x=0.05 sample is taken as an example. Fig.
2.28d presents the I-V curves of the (SngosSho.gs).Ses nanorod film photodetector under the
same measuring conditions. Compared with the Sb,Se; nanorod film photodetector, the dark
current is increased approximately by 12.7 times (from —11 nA to —140 nA at —10 V) and the
photocurrent is increased by approximately 4.8 times (from —137 nA to —655 nA at —10 V,
6.35 mW/cm?). The Ryes Of the (Sno.osSbosgs).Ses nanorod film photodetector is calculated to
be about 4.1 times higher than that of the undoped Sb,Se; nanorod. This significant
improvement could be considered as an important step to promote the Sb,Ses-based nanorod
film for application as high performance photodetectors. Fig. 2.28f shows the photocurrent of
the photodetector based on the (SnySbi.«).Ses; (x=0.00, 0.01, 0.03 and 0.05) nanorod film as a
function of light intensity. The photocurrent is nearly linear to the light power density and the
dependence could be described by the power law:

|ph=CP" (2.6)
where lp, represents the photocurrent, P is the power density of the incident light, C is a

88



Chapter I1: Preparation of Sb,Se; Nanorods for High Performance Photodetectors

constant at a specific wavelength, and 6 is an exponent [42]. The fitting curves show that 6
=0.52 (x=0.00), 0.50 (x=0.01), 0.49 (x=0.03), and 0.51 (x=0.05) respectively. All these 0
values are non-unity, indicating that some surface defects and carrier trapping at the localized

states could result in a complex electron-hole non radiative recombination process [2].
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Fig. 2.28 (a-e) Dark currents and photocurrents at different power densities of (Sn,Sb;.,),Se; nanorod
film photodetector: (a) x=0.00; (b) x=0.01; (c) x=0.03; (d) x=0.05 and (e) x=0.10. (f) Photocurrents
measured as a function of incident light density at a bias voltage of 10 V

Fig. 2.27b shows the dark currents and photocurrents (under 650 nm light illumination at a
bias voltage of 10 V) of the (Sn.Sb;.x),Ses nanorod film photodetectors as a function of
doping concentrations of the Sn** ions (x value). Both dark currents and the photocurrents of
the (SnxSbi.x)2Ses nanorod film photodetectors demonstrate a nearly logarithmic relationship
with x value, which implies significant influence of the doped Sn* ions on the electrical

conductivity and photoresponsivity. When the Sn** ions are introduced into Sh,Ses; nanorod,

89



Chapter I1: Preparation of Sb,Se; Nanorods for High Performance Photodetectors

the Sb*® ions were substituted by the Sn** ions, which might result in elevated dark current
and photocurrent due to the lattice intrinsic defects.

The time response is also a key factor for photodetector performance, which demonstrates the
capability of a device to follow a fast-varying optical signal. Fig. 2.29a and 2.29b show the
time-resolved photoresponse of the photodetectors based on the Sb,Ses; nonorod film and the
(Sno.0sSho.gs)2Ses nanorod film, respectively. These two photodetectors are under illumination
of 650 nm laser with controllable incident light density of 0.92, 2.89 and 6.35 mW/cm?. When
the applied voltage is 10 V and the light is turned ON, as shown in Fig. 2.29a, the current of
the Sb,Se; nanorod film photodetector dramatically increases from 10 nA (dark condition) to
136 nA (with 6.35 mW/cm? light illumination), and then sharply is returned to its initial value
as the light is turned OFF. This light response remains the same after multiple cycles,
demonstrating the excellent stability and reproducibility of the photodetector. For the
(Sno.osSho.gs)2Ses nanorod film photodetector, the same phenomena can be observed with a
larger photocurrent (Fig. 2.29b). Fig. 2.29c and 2.29d show the magnified plot of one
response cycle. In the time domain, the response time (trs) and the recovery time (tr) are
described earlier, for the Sh,Se; nonorod film photodetector are 0.34 s and 0.36 s respectively.
For (Sng.osSho.gs)2Ses nanorod film photodetector, the trs decreased to 0.04 s and the Trec
increased to 0.85 s respectively. This could be explained by the doping creating interfacial
states, deep states and dangling bonds in the nanostructures [43]. These states can trap one
particular type of charge carrier and thus decreases the overall electron-hole recombination.
As a result, large photocarrier lifetime and external quantum efficiency (EQE) can be
expected in doped nanostructures. Specifically, the major trapping mechanism for Sb,Se;
nanorods is based on the existence of chemisorbed oxygen molecules. Then for the
(Sno.0sSho.gs)2Ses nanorods, since Sn** exist in the lattice, which might act as additional
trapping sites for the photo-generated electrons through charge transfer reaction Sn** — Sn**
[40], leaving the unpaired holes to increase the conductivity. This could be the reason for the
observed larger photocurrent and lower response time (Tres) IN (SNg.0sSho.95)2Ses in comparison
with Sh,Se;. However, defect sites introduced in the doping process can also increase the
recovery time (Tre) as trapped charge carriers are not immediately available for the
recombination when the light is switched OFF. Such response has been observed previously
in similar systems [44]. Furthermore, it was worth noting that the fast response time obtained

here is comparable to the very good results previously reported [45].
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Fig. 2.29 (a) Time-resolved photoresponse of the Sh,Se; nanorod film photodetector at a bias of 10 V
and an incident light density of 0.92, 2.89 and 6.35 mW/cm?. (b) Time-resolved photoresponse of the
(Sng.05Sby g5).Se3 nanorod film photodetector at a bias of 5V and an incident light density of 0.92, 2.89
and 6.35 mW/cm?. (c) Magnified plot of one response cycle in (a), and (d) one response cycle in (b),

used to obtain the response and the recovery time

Broad spectral detection is beneficial for extending the application of photodetectors.
According to the optical absorption spectra and the band gap of the (SnsSb;.x).Ses nanorods,
the photodetection at monochromatic wavelength crossing over the UV-visible-NIR range has

been studied for the nanorod film photodetector.

Fig. 2.30a shows the wavelength-dependent responsivity (Rres) of the photodetectors based on
the Sb,Se; nanorod film and the (SnosSbo.gs)2.Ses nanorod film. Both two photodetectors
present a similar selective spectral response from 300 nm to 1100 nm with the highest
responsivity at 850 nm. It was worth noting that the broad spectral response made the
photodetectors useful for multispectral applications. More importantly, the Ry of the
(Sno.o5Sho.g5)2Ses nanorod film photodetector can be 3-4 times of the Sbh,Se; nanorod film
photodetector and this detectivity is comparable to some excellent results reported for
inorganic photodetectors [46]. Fig. 2.30b shows the noise equivalent power NEP across the
working spectrum in this study. It was found that the NEP is 4.18x10 W/HZz'? for the
Sh,Se; nanorod film photodetector and 3.14x10™ W/Hz"? for the (Sno.sSbo.es).Ses nanorod
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film photodetector at 850 nm. The low value for (SngsSho.g5).Ses nanorod film indicates that
very weak incidence light (~picowatt ) above the noise level can be detected. These NEP
values are comparable to state-of-the-art devices [47]. Fig. 2.30c and 2.30d present the
external quantum efficiency (EQE) and the spectral detectivity (D*) of the Sh,Se; nanorod
film photodetector and the (SnhosSbogs).Ses nanorod film photodetector, which could be
calculated using equations: EQE=hCR es/e and D*=Res/(2J5)"/%, where h is Planck’s constant,
c is the velocity of light, Ry is the responsivity, e is the electron charge, A is the wavelength,
and Jq is the dark current [32,42]. The corresponding highest values of EQE (906%) and D*
(5.03 = 10™ Jones) confirm the excellent detection performance of the (Sng.osSbosgs).Ses

nanorod film photodetector.
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Fig. 2.30 Wavelength-dependent (a) responsivity; (b) noise equivalent power (NEP); (c) external
quantum efficiency (EQE) and (d) detectivity (D*) of the Sb,Se; nanorod film photodetector and the
(Shg.05Sho.g5).Se; nanorod film photodetector (at a bias of 20 V)

2.4 Conclusions

In this chapter, uniform single-crystalline Sb,Se; nanorods have been successfully synthesized
by a hot-injection method. The reaction temperature, reaction time and the used surfactants

show important impact on the morphology and structure of the nanorods.
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The intrinsic resistivity of Sh,Ses is as high as 10° Q-m, which greatly limits its applications.
To overcome this challenge, two effective approaches have been developed. One is the
formation of composites with a conductive second phase and the hybrid nanorods with
Sh,Ses/AgSbSe, heterojunction structure have been prepared successfully. Those
interconnected heterojunction structures can significantly improve the electrical conductivity
of the Sh,Se3 nanorods. The other approach is doping, where Sn was chosen as a dopant. With
increasing Sn** doping concentration, (Sn,Sb:.,)>Ses nanorods exhibit a great improvement of
electrical conductivity with several orders of magnitude due to a much higher carrier

concentration.

Finally, the as-synthesized Sb,Se; nanorods, hybrid nanorods with the Sb,Ses/AgSbSe;
heterojunction structure and (SnsSb;.x).Ses nanorods have been directly used for fabricating
prototype photodetectors. The results show that the Sh,Ses/AgSbSe, heterojunction nanorod
film photodetector has a remarkable response to visible light, about 4.2 times higher than that
of undoped Sh,Sez nanorod film photodetector. The (SnxSb;.x)2Se; nanorod film photodetector
also exhibits high responsivity and detectivity over a wide spectral range from ultraviolet to
near-infrared. The highest responsivity is 6.21 A/W and the external quantum efficiency can
reach 906% with appropriate Sn doping, which is much higher than that of the undoped
Sb,Se; nonorod film photodetector. In summary, the Sb,Se; based nanorods with enhanced

electrical conductivity show great application potential as highly efficient photodetectors.
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3.1 Introduction

In the previous Chapter Il, it has been demonstrated that Sb,Se; based materials have
excellent photoelectric properties and are among good candidate materials for fabricating
solar cells. Previous research on Sbh,Se; in this thesis was mainly focused on the preparation
of 1D Sh,Se; nanorods by liquid phase method. Heterojunction nanorods and doped nanorods
with enhanced conductivity have been obtained with promising application potential as
photodetectors. However, these 1D nanorods cannot be directly applied to the preparation of
solar cells, where dense thin films are necessary. Therefore, the research on Sb,Se; bulk
crystals is of great significance for understanding the inherent physical and chemical
properties of the bulk materials and also for providing raw materials for photoelectric device

fabrication.

In the last chapter, Sn-doped Sh,Se; nanorods, ie (SnsSbi.x)2Ses; (x=0.00, 0.01, 0.03, 0.05 and
0.10) were synthesized by using hot-injection method. The results showed that Sn doping can
significantly increase the electrical conductivity of Sb,Se; nanorods, and the corresponding
nanorod film photodetector showed higher device performance. Therefore, based on this
concept, in this chapter, we will use a conventional high-temperature melting method to
controllably synthesize high-quality and doped (SnxSh;x).Ses semiconducting crystals with

Sn ratio x ranging from 0.00 to 0.10.
3.2 Experimental section

3.2.1 Synthesis of (Sn,Sb;.4),Ses crystals

A conventional high-temperature melting method using high purity tin (99.99%), antimony
(99.999%) and selenium (99.999%) as raw materials was used to synthesize (SnxSbi.x).Ses
crystals. A schematic illustration of the preparation process is shown in Fig. 3.1. At first, a
mixture of 12 g raw materials according to the chemical composition (SnxSb;.x).Ses (where
x=0.00, 0.03, 0.05, 0.07 and 0.10 respectively) was loaded into a fully cleaned silica tube of 1
cm internal diameter. A vacuum trap that placed in liquid nitrogen was used to condense any
volatile products and also to improve the vacuum. The silica tube was sealed under a typical
vacuum of around 10 mbar and then was put into a rocking furnace. The mixture was heated
to 700 <C at a rate of 1.5 <T/min and held for about 8 hours to ensure complete melting and

homogenization. Then it was cooled down to 650 <T during 2 hours and quenched in water at
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room temperature. Finally, in order to reduce the stress generated from the thermal shock in
the quenching process, the as-synthesized crystals were annealed at 350 <C for 3 hours.

]

Vacuum

—
()
a=1

pump

Trap

Sealing Liquid nitrogen

Dewar Silica tube with

Elements

wirecloth protection

Fig. 3.1 Schematic illustration of the (Sn,Sb,.,),Ses crystals preparation process
3.2.2 Characterization

X-ray diffraction (XRD) analysis was carried out on a PANalytical's X-ray diffractometer
with a step width of 0.02< and a counting duration of 0.13 s/step. Scanning electron
microscope (SEM) images and the corresponding Energy Dispersive Spectrometer (EDS)
elemental mappings were obtained from a JEOL JSM-7100F thermal field emission electron
microscope equipped with an EDAX instrument. TEM, HRTEM and SAED images were
obtained from a JEOL JEM-2100 field emission transmission electron microscope. Bulk
sample was milled and then dissolved in chloroform before being placed on the surface of a
copper grid for further TEM measurement. The quality and composition of the crystals were
also analyzed by x-ray photoelectron spectroscopy (XPS, ESCALAB). Before electrical
conductivity and photoconductivity measurements, the as-synthesized (SnySbi.x).Ses crystals
were sliced into small discs with a thickness of about 2 mm, which were then polished.
Electrical resistivity and bulk carrier density were measured using a van der Pauw Ecopia
HMS-3000 Hall Measurement System (Ecopia Corporation, Anyang, South Korea). The
temperature-dependent resistivity was measured by the conventional four-probe method in the
temperature range of 300-400 K. To characterize the photoelectric performance, the photo-
electro-chemical (PEC) measurement has been carried out by using the classical 3-electrode
method, where Ag/AgCI in saturated KCI was used as the reference electrode, Pt-wire as the
counter electrode and our sample as the working electrode. Additionally, to prepare the
working electrode, the as-synthesized bulk (Sn,Sbi.x).Ses crystals were sliced into small discs
with diameter of 10 mm and thickness of about 2 mm, then the surface was finely polished
and cleaned. After that, silver paint was homogeneously applied on one face of the disc-like

sample, acting as the back contact, which was connected with a copper wire and then covered
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with a layer of epoxy resin to be isolated from the electrolyte during the PEC test. Then these
electrodes were immersed into the electrolyte (0.5 mol/L LiCIO, solution), a white light
tungsten halogen lamp with controllable light intensities was used as light source. A
mechanical chopper was used to obtain the chopped light and an Autolab Metrohm
potentiostat was used to record the current-voltage characteristics. Overall, a schematic
illustration of this PEC measurement is presented in Fig. 3.2a, Fig. 3.2b is a representative

photograph of the working electrode.

(a) (b)

Fig. 3.2 (a) Schematic diagram of the 3-electrode photo-electro-chemical (PEC) measurement; (b)
photograph of the working electrode

3.3 Results and discussion

3.3.1 Characterization of (SnySb;.x),Ses crystals

Fig. 3.3a shows the XRD patterns of the as-synthesized (Sn«Sb;x).Ses polycrystalline
semiconductors (x=0.00, 0.03, 0.05, 0.07 and 0.10) acquired on sliced and polished disc-like
samples, which all exhibit prominent peaks in agreement with the JCPDS standard card (15-
0861) of the orthorhombic phase of Sh,Se; without a second phase, indicating the absence of
any detectable impurity. These results indicate that the (SnySbi.x).Ses crystals do not contain a
second crystalline phase after Sn doping. Then the XRD patterns of the corresponding
powdered samples obtained by grinding the bulk crystals into fine powders can also be
indexed to the same crystalline phase, as shown in Fig. 3.3b, suggesting that the
crystallization process takes place uniformly inside the bulk sample and is not restricted to the
surface. The relative peak intensity is different between the powder and the bulk because the

preferential orientation in the bulk is destroyed during the grinding of the powders.

The lattice parameters: a, b and ¢ were determined by refining the diffraction patterns through
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Rietveld method implemented in the FULLPROF program [1], which show a slight increase
when increasing Sn doping concentration (Fig. 3.3c). This can be attributed to the small
difference of atomic radius between Sb (0.160 nm) and Sn (0.158 nm). And this light
difference satisfies the criterion for substitution solubility proposed by Hume-Rothery who
pointed out that an extensive solid solubility of one metal in another only occurs if the
diameter of the atoms differs by less than 15% [2]. Furthermore, the calculated unit cell
volume of the (Sn.Sby..)2Ses crystals gradually increase from 545.23 A3 (x=0.00) to 546.53
A® (x=0.10). Fig. 3.3d shows the XPS spectrum of Sn-3d, compared to the pure Sh,Ses. Two
obvious peaks located at 494.7 and 486.2 eV from (Sng10Sbo.go0)2Ses crystals indicate the
existence of Sn, further confirming the successful doping.
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Fig. 3.3 (a) XRD patterns of the bulk (Sn,Sb;.x),Se; crystals (x=0.00, 0.03, 0.05, 0.07 and 0.10). (b)
XRD patterns of the powdered (Sn,Sb;.4),Se; samples. (c) Lattice constants a, b and c, derived from
powder XRD peaks, plotted as a funtion of Sn doping concentration (x value). (d) XPS spectrum of

Sn-3d for the (Sn,Sb,.4),Ses crystals (x=0.00 and 0.10)

The analysis of the XRD pattern in Fig. 3.3 shows that there is only one crystal phase, and the
presence of any second phase is not detected even if the Sn doping concentration is increased
to 10% (x = 0.10). It is worth mentioning here that we have also studied the effect of higher

doping concentration. If the Sn doping concentration is further increased (x=0.12, x=0.15),
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the appearance of new diffraction peaks can be observed, as shown in Fig. 3.4. After analysis,
the newly added diffraction peaks are matched well with the JCPDS standard card (36-1206)
of the orthorhombic phase of Sn,Sh,Seg, indicating the exsitence of a second phase. This is

the reason why the maximum doping of Sn is limited to 10% in this work.
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Fig. 3.4 XRD patterns of the powdered (Sn,Sh;.),Se; samples (x=0.12 and 0.15)

The (SnxSbix).Ses crystals’ (x=0.00, 0.03, 0.05, 0.07 and 0.10) morphology of freshly
fractured surface observed by SEM is shown in Fig. 3.5. All the samples are consisted of large
crystals with layered-like structure and clear strips, indicating a preferential orientation.
According to the theoretical and experimental studies, bulk Sb,Se; has an orthorhombic
crystal structure and is composed of 1D ribbon-like (SbsSes), units stacking together via Van
der Waals interactions. Its preferential growth is indeed determined intrinsically by the

anisotropic Sh—Se atom chain or layer structure [3].

7] (Em

Fig. 3.5 (a-e) SEM images of the fractured surface of (Sn,Sb;.x),Se; crystals with Sn concentration x
of 0.00, 0.03, 0.05, 0.07 and 0.10, respectively
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To further investigate the doping nature and also the grain size of the (SnySb;.x).Ses crystals,
finely polished disk-like samples were etched chemically by 1 mol/L NaOH solution for 20
min at the room temperature. The principle of this chemical etching is that the physical and
chemical states of the atoms show big difference between the grain boundary and inside the
grain. For example, the solute atoms and the impurity atoms are easily segregated at the grain
boundary, where new phase is easily formed. Herein, the choice of NaOH solution is based on
the comprehensive consideration of the chemical etching principle and a more sensitive

characteristic for the chalcogenide semiconductors in alkaline solution [4].

Element Sn Sb Se
At% (P1) 14.54 23.74 61.72
15.39 2222 62.39 Point 2

~
Intensity (a.u.) &

Point 1

- ; i
Energy (KeV)

Fig. 3.6 (a-e) SEM images of (a) Sh,Se; crystal, (b) (SngesSbo.gs)2Ses crystal and (¢) (Sng.10Sbg.e0)2S€3
crystal surface after chemical etching by NaOH solution and following the corresponding EDS
elemental mappings of Sn, Sb and Se. (d) EDS spectra recorded from two different positions (Point 1
in Fig. 3.5b and Point 2 in Fig. 3.5¢c)

As shown in Fig. 3.6a, the Sbh,Ses crystal consists of some big micron-sized grains. Fig. 3.6b
shows a representative etched microstructure of the (SngsSbo.gs)2Ses crystal. The grains are
clearly revealed with an average size of approximately 15 um. In addition, compositional
spatial distribution was determined by EDS elemental mappings for Sn, Sb and Se elements,
which reveals a uniform distribution of Sb and Se within the crystal. And a few Sn-rich zones
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between the grain boundaries can also be observed after chemical etching. Then for the
(Sno.10Sho.g0)2Ses crystal with higher Sn doping concentration, more obvious Sn-rich regions
can be observed, as shown in Fig. 3.6¢. This could be explained by phase separation, which is
reasonable to occur, the minor Sn-rich phase solidifies first, and then is pushed to the grain
boundaries upon freezing of the major phase. To further reveal the elemental composition of
these Sn-rich regions, EDS analysis has been performed. Fig. 3.6d shows the EDS spectra
recorded from two different positions (Point 1 in Fig. 3.56 and Point 2 in Fig. 3.6c), the
atomic ratio of Sn : Sb : Se is 14.54 : 23.74 : 61.72 and 15.39 : 22.22 : 62.39 for Point 1 and
Point 2, respectively. It is noted that the composition analysis of these Sn-rich regions
performed on different (SnxSh;.x).Ses crystals show quite similar results, close to the ratio of

2 : 4 : 8 for Sn,ShsSeg, which is also consistent with the XRD results.

10 1/nm

(d)
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Sb

Intensity (Q.u.)

4 5

1 2 3
Energy (KeV)

Fig. 3.7 (a) TEM image of the (Sng 10Sbo.90).Ses crystal. SAED pattern (b) and the corresponding
HRTEM image (c) from the rectangle marked area in (a). (d) EDS spectrum

Fig. 3.7a presents the TEM image of an isolated particle milled from (Sng.10Sbo.g0)2Ses crystal.
The selected area electron diffraction (SAED) pattern (Fig. 3.7b) from the red marked area (in
Fig. 3.7a) is a periodic spot pattern, suggesting its highly crystalline nature. Fig. 3.7¢ shows

the corresponding HRTEM image with obvious lattice fringes associated to the (020) planes
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(d-spacing of 0.591 nm) of the orthorhombic phase Sb,Ses. Then the EDS spectrum (Fig. 3.7d)
exhibits strong Sb and Se peaks as well as an observable Sn peak located at 3.44 eV,

indicating the successful Sn doping in this crystal.
3.3.2 Electrical properties of (SnySb;.).Ses crystals

In this chapter, the Hall-effect measurements were used to study the influence of Sn doping on
the electrical conductivity of Sh,Ses. The samples used for these measurements were finely
polished disk-like samples. Fig. 3.8a shows the electrical resistivity of the as-synthesized
(SnySh1.x)2Ses crystals with different x values. It can be seen that the pure Sh,Ses exhibits an
extremely high resistivity. With Sn doping, a significant decrease of resistivity is observed,
and the decrease is almost exponential with the x value. The temperature dependence of the
electrical conductivity (o) in the temperature (T) range of 300 K-400 K has also been studied.
As shown in Fig. 3.8b, the plots of In ¢ versus 1/T indicate that the electrical conductivity
increases with increasing temperature for all samples, confirming the semiconductor
characteristics of these samples. Moreover, the conductivity exhibits single activation energy
in the temperature range of measurement, according to the Arrhenius equation:

o=0pexp(—AE/KT) (3.1)
where o is the pre-exponential factor, AE is the activation energy and k is the Boltzmann
constant [5]. Thus the thermal activation energy AE can be calculated from the slope, while
the intercept on y-axis gives the oo value. Then the bulk carrier density and the doping type
were determined by Hall measurements. All the electrical parameters of the (SnySh;.x).Ses

crystals are summarized in Table 3.1.
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Fig. 3.8 (a) Electrical resistivity of (Sn,Sb;.4),Se; crystals with different x values. (b) Temperature
dependent electrical conductivity (o) of (Sn,Sb;4),Se; crystals in the temperature (T) range 300 K-
400 K
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Table 3.1 Electrical conductivity (c), bulk carrier density (n), pre-exponential factor (o), activation

energy (AE) and conduction type of (Sn,Sb,.4),Ses crystals

x value o n o AE Conduction
(scm™) (cm™) (scm™) (eV) type
0.00 2.71 <10° 1.44 x10" 1.31 x10° 0.52 n
0.03 1.30 x10° 1.52 <10" 2.65 x<10° 0.38 p
0.05 412 x10° 3.59 <10 9.96 x10° 0.32 p
0.07 9.65 x10° 6.90 <10 1.49 x10° 0.30 p
0.10 7.50 <10% 1.94 <10*  3.48 x<10? 0.22 p

It is obvious that the room temperature electrical conductivity shows an increase with several
orders of magnitude after Sn doping, accompanied by a synchronous increase of the bulk
carrier density, which changes from 1.44 < 10* cm™ (x=0.00) to 1.94 %10 cm™ (x=0.10).
Importantly, such a great improvement is an important step for widening the applications of
Sh,Ses. Since the activation energy varies inversely with the charge carrier density, Sn
incorporation in this system should theoretically lead to a decrease of activation energy, which
is consistent with the calculated AE values. The pre-exponential factor has a close
relationship with the defect or impurities in the crystals, Sn doping into Sh,Se; also creates
compositional and configurational disorder, leading to an increase in the localized state
density, which is an important factor for the change of o, values. Table 3.1 also shows the
conduction type of (SnySbi.x).Ses crystals. Sn incorporation has been found to result in p-type
behavior, suggesting Sn substitution at the Sb site. Sn possesses one fewer valence electron
than Sb, thus replacing Sb with Sn constitutes the hole doping [6].

3.3.3 Photoconductive properties of (SnySb;.x).Ses crystals

Photoconductivity is a well-known property of semiconductors which describes the electrical
conductivity changes with the incident radiation. The photoconductive characteristics of the
semiconducting (SnxSb;.x)2Ses crystals are investigated here by using the classical 3-electrode
photo-electro-chemical (PEC) measurements. It is noted that with this 3-electrode technique
which measures the generated and separated electron-hole pairs on the surface, it can
eliminate the influence of the bulk resistance of the sample, facilitating therefore the

comparison between different samples.
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Fig. 3.9 shows the current density versus voltage under chopped light using (SnySb;x)2Ses
(x=0.00, 0.03, 0.05, 0.07 and 0.10) as working electrode, respectively. It is obvious that both
dark current and photocurrent density of pure Sh,Se; are very weak, which can be explained
by its intrinsic low conductivity and low carrier concentration. For Sn-doped crystals, a
significant increase of current density is observed, and this increase is proportional to the Sn
doping concentration. Up to x=0.10, the dark current density is increased approximately by 10
times (from —16 pA/cm? to —160 pA/cm? at a bias voltage of —0.6 V) and the photocurrent
density is increased approximately by 14 times (from —18 pA/cm?® to —250 pA/cm? at —0.6 V).
This improvement can be considered as an important step to promote Sb,Ses-based
semiconductors for applications in high performance photoelectric devices. It also shows that
the Sn-doped Sh,Se; crystals are identified as p-type semiconductors, due to their
photocurrent density increase with a negative bias [7], which is confirmed by the Hall

measurement results.

x=0.03

W
S
e}

x=0.07

—
(9]
()

)

& b
S W
= S

Current density (pA/cm’)

0.6 -04 -02 0.0 02 04 0.6
Potential vs Ag/AgCl (volts)

Fig. 3.9 Current-voltage characteristics using (Sn,Sb.4),Ses crystals as working electrodes

Then the light intensity dependence of current density is also investigated and the results are
shown in Fig. 3.10. Herein, using (Sno.10Shogo).Ses as an example, as shown in Fig. 3.10e,
upon illumination, the current density is increased gradually with increasing light intensity.
Additionally, current-voltage curves of the (Sn.Sb;«).Ses at other x values (0.00, 0.03, 0.05
and 0.07) show similar phenomena. All the samples show that the photocurrent density
strongly depends on the light intensity, which can be attributed to the change in photo-
generated carriers. The corresponding photocurrent density as a function of light intensity is

shown in Fig. 3.10f, and the dependence can be described by the power law:

Jon =AP’ (3.2)
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where Jph represents the photocurrent density; P is the power density of the incident light; A'is
a constant at a specific wavelength; and 0 is an exponent [8]. The fitting curves showed that 0
=0.27, 0.52, 0.65, 0.60 and 0.54 for x values of 0.00, 0.03, 0.05, 0.07 and 0.10, respectively.
All these 0 values are non-unity, indicating that some surface defects and carrier trapping at
the localized states could result in a complex electron-hole non radiative recombination
process [3].
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Fig. 3.10 (a-e) Dark current density and photocurrent densities at different power densities of the
(Sn,Sbs.4),Se; crystals with Sn concentration x of 0.00, 0.03, 0.05, 0.07 and 0.10, respectively. (f)

Photocurrent densities measured as a function of incident light density at a bias voltage of —0.7 VV

To evaluate the stability and the response speed of the photocurrent, a chronoamperometry

measurement has been performed. Fig. 3.11a and 3.11b show two plots of time-resolved PEC
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response using Sbh,Ses; and (Sno.10Sbo.g0)2Ses as working electrode, respectively. As shown in
Fig. 3.11a, when the light is on, the current density rapidly increases from —10.75 pA/cm?
(dark condition) to —12.25 pA/cm? (with 22.51 mW/cm? light illumination) and then sharply
returns to its initial value as the light is turned off. This light response remains the same after
multiple cycles, indicating the excellent reversibility and stability of this Sh,Se; PEC
electrode. Then a similar photoresponse can be seen for (Sng.10Sho 0)2Ses, except with a larger
photocurrent density in the latter case (Fig. 3.11b). When using (Sno.10Sbo.g0)2Ses crystal as
working electrode, a huge photocurrent density spike, before arriving at the steady value, can

also be observed, which is caused by the recombination with the presence of surface states [9].
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Fig. 3.11 Time-resolved PEC photoresponse by using Sh,Se; (a) and (Sng.10Sbg g0).Ses (b) as working
electrode, respectively. (c) Magnified plot of one response cycle in (a), and (d) one response cycle in

(b), used to obtain the response time and the recovery time

To extract the exact response time, one of the response periods is magnified, as shown in Fig.
3.11c and d respectively. The response time (ton) and the recovery time (tofr) Of the Sh,Ses
working electrode are 0.05 s and 0.07 s respectively. For (Sno.10Sbo.g0)2Ses, both two values
show a decrease to 0.03 s, which can be attributed to the presence of much more surface
dangling bonds. The high crystal quality and the preferential orientation are also important

factors [10,11]. It is worth noting that these short response times are comparable to the very
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good results of some reported high performance photodetectors [12], further conforming the

high potential of Sn-doped Sh,Se; crystals for application as excellent photoelectric devices.

The optical absorption spectrum is one of the most effective tools for understanding and/or
engineering the band structures of semiconductor materials. It is known that a proper band
gap of the semiconductor plays a crucial role in fabricating high performance photoelectric
devices. In this work, optical absorption spectrum has been employed to characterize the as-
synthesized (SnySbi.x).Ses crystals. And the absorption data were calculated from diffuse
reflectance data using Kubelka-Munk equations: F(R)=a/A=(1-R)?/(2R), where R is the
reflectance, a and A are the absorption and scattering coefficients, respectively [13]. As
shown in Fig. 3.12a, the onset of the absorption of Sh,Se; crystals starts near 1200 nm, and a
shift toward longer wavelength is observed after Sn doping. The higher absorption efficiency
for the doped crystals in the NIR range is interesting for broad spectrum application. Fig.
3.12b shows a plot of [F(R)hv]* versus energy (hv). giving a direct band gap of 1.17 eV for
Sh,Se; and close to 1.10 eV for the Sn-doped Sh,Se; crystals. The dwindling band gap of the
doped (SnxSbh;.x).Ses crystals can be explained by the cooperation of the Burstein-Moss shift
and the renormalization effect. This mechanism exists in narrow band gap semiconductors
with specific doping level [14,15]. In fact, the band gap reduction phenomenon and the
corresponding mechanism are consistent with the results and analysis of the Sn-doped Sh,Se;
nanorods, as shown in the last chapter, indicating the same principle for these two dopings.
Finally, it is worth noting that the band gap of the (SnsSh;.x).Ses crystals is close to the best
value for absorbing efficiently the solar spectrum, making them attractive candidates for
photovoltaic application.
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Fig. 3.12 (a) Optical absorption spectra (calculated from diffuse reflectance data) of the (Sn,Sb;.),Se;
crystals (x=0.00, 0.03, 0.05, 0.07 and 0.10) (b) A plot of [F(R)hv]? vs. energy, from which direct band

gap was obtained
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3.4 Conclusions

In this chapter, an effective high-temperature melting method has been used to synthesize
high-quality and variably doped (SnxSbi.x).Ses crystals with dopant Sn ratio x ranging from
0.00 to 0.10. The successful doping is verified by XRD, XPS and EDS results. With
increasing Sn doping concentration, (SnySbi.x).Ses; crystals exhibit an improvement of
electrical conductivity with several orders of magnitude due to the much higher charge carrier
concentration. The temperature dependent electrical conductivity displays a typical
semiconductor characteristic and a decrease of activation energy is also confirmed with Sn
incorporation. Sn-doped Sh,Se; crystals are identified as p-type semiconductors according to
the photoconductive characteristics. Notably, compared to pure Sbh,Ses;, the dark current
density of a representative (Sno.10Sbogo)2Ses is increased approximately by 10 times and the
photocurrent density by approximately 14 times. In addition, this material shows a short
response/recovery time (0.03/0.03 s), reversible and stable photoresponse. Therefore, the Sn-
doped Sh,Ses crystals have optimal band gap (1.10 eV) which overlap well with the solar
spectrum, excellent electrical conductivity and photoconductive properties. The synthesis
technique is relatively simple and compatible with large-scale fabrication. These properties
confirm the high application potential of Sn-doped Sb,Se; as highly efficient photoelectric

devices.
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CHAPTER 1V: SB2SE3-BASED QUASI-
HOMOJUNCTION THIN FILM SOLAR CELLS
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4.1 Introduction

Thin film solar cell is a relatively new concept of photovoltaic devices. They can be prepared
by depositing single-layer, multi-layer photovoltaic thin films on glass, plastic or metal
substrates. In recent years, compound thin film solar cells have become a hot research field in
solar cells due to their advantages of low material consumption, low energy consumption,
high temperature power generation performance and flexibility. Among them and in addition
to silicon thin film solar cells, cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS) solar cells are two of the most representative thin film solar cells [1-3]. CdTe has
excellent optoelectronic properties, the reported power conversion efficiency is more than 22%
[4]. Moreover, the low-cost manufacturing makes it widely commercialized. However, the
highly toxic Cd inhibits its large-scale applications. The highest power conversion efficiency
of CIGS solar cells can reach 22.6% [4], which exceeds the efficiency record (20%) of
polysilicon solar cells. However, the high cost of In and Ga, as well as the necessity of
rigorous phase and composition control, make the fabrication process extremely complicated,
thus obstructing its practical applications. The current research hotspot is the perovskite solar
cells, which continuously refreshes the efficiency record thanks to its excellent optical and
electrical properties. However, the toxicity of Pb and its intrinsic instability are tough issues

that set barriers on its further commercialization.

Compared with the above-mentioned several compound thin film solar cells, the research on
Sh,Se; started late, but in recent years, the solar cell efficiency has steadily increased and still
has a great space for further improvement. Firstly, Sb,Se; is an inorganic compound
semiconductor with orthorhombic crystal structure. It is composed of 1D (SbsSes)n
nanoribbons stacking along a and b axes through van der Waals force. It possesses particularly
excellent photoelectric properties. The band gap of Sb,Ses is about 1.0-1.2 eV and according
to the Shockley-Queisser theory, the theoretical solar conversion efficiency of a single-
junction solar cell can reach up to 30% [5]. The absorption coefficient of bulk Sh,Ses is larger
than 10° cm ™ in ultraviolet and visible spectrum, allowing sufficient absorption of the solar
spectrum within a 500 nm thin film. Secondly, Sh,Ses thin film normally exhibits p-type
conductivity. Its electron mobility is determined to be 15 cm? ¥ ' s * and the hole mobility is
42 cm? V' st Moreover, its dielectric constant is relatively larger (~15), higher than CIGS
(e=13.6) and CdTe (e=7.1), which leads to a lower exciton binding energy that implies an

easier separation of electrons and holes upon photo-generation [5]. These intrinsic physical
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properties ensure that Sh,Se; can be used for fabricating high-efficiency solar cells. Finally,
Sb,Se; is a simple binary semiconductor and is composed of non-toxic and earth-abundant
constituents. These features further strengthen its competitiveness as a new non-toxic

absorber material for high-efficiency, low-cost photovoltaics.

The preparation of Sb,Ses thin films plays a crucial role in the high performance solar cells. In
the Chapter 1 (paragraph 1.4.3.2), a detailed introduction of thin film preparation methods,
including chemical methods and physical methods has been clarified [6-10]. Among these
methods, the widely used ones are liquid-phase preparation and thermal evaporation. For
example, in 2014, Zhou et al. reported a hydrazine (N2H4) solution method to deposit Sh,Ses
thin film on classical TiO, buffer layer to build a heterojunction TiO,/Sbh,Se; solar cell and the
device achieved an efficiency of 2.26% [6]. Sh,Se; has a melting point of 885 K and a very
high vapor pressure, making it ideal for thermal evaporation. In 2015, Zhou et al. reported the
rapid thermal evaporation process to prepare Sb,Se; thin film and based on the structure of
FTO/CdS/Sh,Ses/Au, device efficiency reached as high as 5.6% [11]. However, these two
commonly used methods have their own shortcomings, which might affect the practical
applications. For the former, the used organic solvents are generally toxic and the process is
time-consuming. Moreover, the organic solvents are easy to introduce impurities, which will
affect the purity of the thin films and the quality of the devices. For the latter process, the
uniformity of the films is difficult to control, the stoichiometric ratio of different evaporation

sources is easily deviated and the waste of raw materials is not negligible.

In this work, we firstly prepared uniform amorphous Sb,Ses-based thin films by Radio
Frequency (RF) magnetron sputtering, and then the highly crystalline films were obtained
with additional heat treatment in the same chamber. The whole process is carried out in a
vacuum sputtering chamber, which can effectively avoid impurity contamination, and also
ensure the unchanged chemical composition for the thin films compared to the original target.
In addition, it is worth noting that the targets used for magnetron sputtering have variable
composition, including Sb,Ses, ShySess, (Snp.1Sbog).Ses and Sh, (Seoglo.1)s. Therefore, the
prepared thin films can be considered as Sb,Ses-based thin films with tunable physical and
chemical properties, which provide an important basis for the subsequent research on solar
cells, especially for the construction of p-n junctions. In this chapter, the composition,
structure, microstructure, optical properties and photo-electro-chemical performances of
Sh,Ses-based thin films were investigated systematically. Finally, we successfully explored

the possibility of making quasi-homojunction Sh,Ses thin film solar cells.
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4.2 Experimental section

4.2.1 Principle of magnetron sputtering deposition

In recent years, magnetron sputtering deposition technique has been developed rapidly with
wide range of applications in many fields, such as metallization of semiconductor thin films,
architectural glass surface coatings, reflective coatings on polymers, transparent conductive
materials on glass or flexible substrates, mechanical wear-resistant coatings. With the
increasing demand of high-quality functional films, the magnetron sputtering process is also
constantly being improved. In many cases, it has unique advantages over other physical vapor
deposition (PVD) processes.

Fig. 4.1 is a schematic representation of the magnetron sputtering deposition [12]. During the
sputtering process, electrons collide with argon atoms when move to the substrate under the
action of an electric field, causing the ionization of argon atoms to produce Ar* cations and
new electrons. New electrons move toward the substrate, while Ar* ions are accelerated to fly
to the cathode target under the action of the electric field. It bombards the target surface with
high energy to induce sputtering. Among the sputtered particles, the neutral target atoms or
molecules will be deposited on the substrate to form a thin film. However, the generated
secondary electrons will drift in a specified direction with cycloid motion trajectory. If a
toroidal magnetic field is applied, the electrons will make a circular motion with
approximately cycloidal form on the surface of the target, which has a long motion path and is
bound in the plasma region. This process will ionize a large amount of Ar atoms, which can
bombard the target continually to achieve a high deposition rate. As the collisions increase,
the secondary electrons will progressively lose its energy gradually leave away from the target
surface and finally be directed on the substrate under the action of electric field. For different
materials, magnetron sputtering has both Direct Current (DC) sputtering and Radio Frequency
(RF) sputtering. DC sputtering requires that the target can transfer positive charges from ion
bombardment to the close contacted cathode, thus it can only be used to sputter conductive
materials. For insulating targets or non-metallic targets with poor electrical conductivity, RF
sputtering is applied. In this work, considering the low electrical conductivity of Sh,Se;

semiconductor targets, RF magnetron sputtering was chosen for films deposition.
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Fig. 4.1 Schematic representative of the magnetron sputtering system

4.2.2 Preparation of Sb,Sez-based target

Similar to the preparation process of the Sn-doped Sh,Ses crystal in the last chapter, herein,
high-temperature melting method was used to prepare targets for magnetron sputtering,
including Sb,Ses, Sb,Sess, (Snoi1Sbog).Ses and Shy(Sepglo1)s four targets with different
chemical compositions. The specific preparation process is shown in Fig. 4.2. Firstly, a
mixture of 60 g raw materials for each single target was weighed according to its chemical
composition and then was loaded into a fully cleaned silica tube of 50 mm internal diameter.
A connected vacuum trap that was placed in liquid nitrogen was used to condense any volatile
products and also to improve the vacuum. The silica tube was sealed under a typical vacuum
of around 10~ mbar and then was placed in a rocking furnace. The specific heat treatment
procedure is shown in Fig. 4.2b. Within 10 hours, the mixture was heated from room
temperature to 780 <C, and kept in a rocking state for 10 hours to ensure complete melting
and homogenization. Afterwards, the rocking was stopped and the furnace chamber was
placed vertically to allow a slow cooling and crystallization process of the melt. After cooling
down to room temperature, the bulk product was taken out and the surface was finely polished

to obtain a magnetron sputtering target with a thickness of 3-4 mm and a diameter of 50 mm.
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Fig. 4.2 Preparation process of the Sb,Ses-based targets: (a) Schematic of the evacuation process; (b)

The heat treatment program

4.2.3 Preparation of Sb,Ses-based thin films

In 4.2.1, a detailed introduction of the principle of magnetron sputtering is presented. Among
them, RF sputtering is a technology that uses a positive ion in the radio frequency discharge
plasma to bombard a target and sputter its atoms to deposit on the substrate surface [13]. The
process can generate a self-biasing effect, thereby achieving sputtering of the non-conducting
target, which is suitable for the used Sh,Ses-based targets in this work. The deposition system
is schematically illustrated in Fig. 4.3 [14], the used sputtering equipment is a Plassys
MP600S with the possibility of using three confocal targets of 50 mm in diameter (only two
targets are illustrated for the sake of clarity). The distance between target and substrate is 55
mm. Moreover, an important feature of the sputtering apparatus is that it is equipped with an
optical monitoring system, as shown in Fig. 4.3. It can measure the reflectance of the substrate
C at a certain wavelength in real time and feeds back the optical thickness of the as-deposited
thin films. If the refractive index is known, the actual thickness of the thin film can be
calculated. This method of optically monitoring film thickness has the advantages of real-time,
simple and nondestructive control of the thin film. This optical system can also be used to
observe the crystallization process. Specifically, the CD segment (Fig. 4.3) in the time-
resolved reflectance curve represents the heat treatment process, with thin film changed from

amorphous to crystalline, observable due to the sharp variation in reflectance.

Different from depositing on a high-temperature substrate that reported in the literature [10],
herein, the magnetron sputtering deposition was firstly realized at low temperature (40 <C) for
the deposition of uniform amorphous thin film, and then the highly crystalline thin film was

obtained with heat treatment after deposition. A thermal annealing system was installed to
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heat the backside of the substrates. The deposition chamber is pumped to a residual pressure
of less than 2 x 10" mbar before each deposition. All targets were etched by argon plasma for
about 10 min to eliminate surface contamination. The flux of the Ar gas during sputtering was
controlled at 10 sccm. In addition, according to the Thornton magnetron sputtering regional
structure model [15], a relatively low deposition pressure of 5 <10~ mbar was used to ensure
a high compactness. The RF sputtering power was fixed to 13 W and the obtained DC bias

was typically between 80 and 95 volts. The deposition rate was about 5 nm/min.
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Fig. 4.3 Schematic illustration of the RF magnetron sputtering of Sb,Sez-based thin films, where A

and B are the targets, the set-up is also equipped with an optical monitoring system
4.2.4 Preparation of Sb,Se; quasi-homojunction thin film solar cells

Up to now, Sh,Ses-based thin film solar cells reported in the literature generally use
semiconductors such as CdS [11], ZnO [16], TiO; [6] as buffer layers, and Sb,Se; as p-type
light absorbing layer to construct planar heterojunction thin film solar cells. In this work, for
the first time, a novel quasi-homojunction Sh,Ses thin film solar cell is constructed, based on
the systematic study of Sb,Ses-based thin films, including pure Sb,Ses, non-stoichiometric
Sh,Ses 3, doped (Sngi1Shog).Ses and Shy(Seoglo1)s thin films. The device does not require
liquid-phase deposition of the buffer layer. The entire thin film deposition process can be
completed by full vacuum magnetron sputtering, which not only simplifies the process, but
also effectively avoids the use of toxic organic solvents and the introduction of impurities. Fig.
4.4 is a schematic illustration of the quasi-homojunction Sb,Se; thin film solar cell, namely

Glass/ITO/Sh,(Sepglo.1)3/Sb,Ses/Au. The commercial ITO-coated soda lime glass is selected
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as device substrate, wherein the ITO surface resistivity is 30 Q, the area is 2 <2 cm, and the
glass thickness is 1 mm. Prior to sputtering, the substrate was ultrasonically cleaned in a
detergent, acetone, isopropanol, ethanol solution for 20 min, respectively. After being dried, it
was used for further Sb,Ses-based thin films magnetron sputtering deposition as described in
4.2.3. Finally, two gold contacts (2mm diameter) were deposited through a physical mask
with a LEICA DC Sputtering system, after that, the obtained thin film solar cell was directly

used for device performance measurements.

Fig. 4.4 Schematic configuration of the Sh,Se; quasi-homojunction thin film solar cell
4.2.5 Characterization

(i) X-ray diffraction (XRD) analysis was carried out on a PANalytical's X-ray diffractometer
with a step width of 0.02and a counting duration of 0.13 s/step.

(if) Scanning electron microscope (SEM) images of the Sb,Ses-based thin films and the
corresponding Energy Dispersive Spectrometer (EDS) elemental mappings were obtained
from a JEOL JSM-7100F thermal field emission electron microscope equipped with an
EDAX instrument.

(i) The optical properties of the Sh,Ses-based thin films, including reflectance, transmittance,
and optical band gap, were measured and analyzed using a PerkinElImer LAMBDA 1050
UV/Vis/NIR spectrophotometer with a dual beam, dual monochromator. Then the band gap of
the as-prepared thin films can be calculated by:

_ 1. 1R
o= In(5) (4.1)
ahv=C(hv-Eg)" (4.2)

where o is the absorption coefficient, d is thickness, R and T are the reflectance and

transmittance respectively [17]. The latter is a typical Tauc formula, where C is a constant, h
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is the Planck’s constant, v is the photon frequency, n is an index, and n = 0.5 when the sample
iIs a direct bandgap semiconductor, n = 2 when the sample is an indirect bandgap
semiconductor [18]. Then the band gap E4 can be determined by extrapolating the linear part
of the spectrum to zero.

(iv) Photo-electro-chemical (PEC) measurements. To characterize the photoelectric
performance of the Sh,Ses-based thin films, the PEC measurements have been carried out by
using the classical 3-electrode method, where Ag/AgCI in saturated KCI was used as the
reference electrode, Pt-wire as the counter electrode and our sample as the working electrode.
Additionally, to prepare the thin film working electrode, the 1TO-coated soda lime glass
(surface size 2 <2 cm) was used as the substrate for magnetron sputtering, and a physical
mask with an exposed surface diameter of 1.5 cm was used during the deposition. After that,
silver paint was applied on the ITO surface, which was connected with a copper wire, and
then all the areas were covered with insulating tape to be isolated from the electrolyte during
the PEC test. The specific test procedure was identic with the PEC test performed on Sh,Se;
bulk crystal.

(V) The conductive type measurement. The conductive type of the as-prepared thin films was
measured with a Semilab PN tester PN-100 (Fig. 4.5a). A semiconductor surface covered by a
thin layer oxide is typically in depletion conditions regardless of its type. As a consequence
the polarity of the surface barrier is characteristic of the conductivity type of the sample under
test. Surface barrier polarity can be detected in a non-contact way by measuring the surface
photovoltage. During such measurement, a chopped laser light is applied: by the high
intensity illumination, excess carriers are generated and their presence decreases the surface
barrier, i.e. flat band condition is approached. The barrier change due to the illumination is
capacitively detected by a probe. Conductivity type is determined by the polarity of the
surface barrier change due to illumination. The above working principle is also illustrated in
Fig. 4.5b [18].
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SCR: Space Charge Region

Fig. 4.5 (a) Photograph of the PN tester; (b) Schematic of the working principle

(vi) Thin film solar cells performance measurements. Key performance indicators for solar
cells include short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF),
power conversion efficiency (1) and external quantum efficiency (EQE). The measurements
mainly include current density-voltage (J-V) measurement and wavelength-dependent EQE
measurement. In the J-V measurement, two different light sources were used. One was a
PGSTAT101 (Metrohm AUTOLAB) test system using fiber optic lamp (MI-150 EDMUND),
equipped with a 150 W tungsten halogen lamp with continuously adjustable light intensity,
and the intensity is calibrated with a UNO power meter. Another J-V measurement was
carried out by Professor L. Le Brizoual, under AM 1.5G light illumination from a 3 A solar
simulator with intensity calibrated to 86 mW/cm? by using a Si reference cell, and the data
was recorded using a multimeter (Keithley 2400). The power conversion efficiency () can be

calculated by:

:Pmax — Voc*Jsc*FF (2 5)
Pin Pi '

where P IS the maximum output power and Pj, incident illumination power [19].

Finally, a measurement system built at the University of Nantes, France, was used by
Professor N. Barreau to measure the EQE of the thin film solar cells. The xenon lamp and a
monochromator with dual beam setting were used with a reference cell. The specific test

device is shown in Fig. 4.6.
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Fig. 4.6 Schematic overview of the setup for external quantum efficiency measurement

4.3 Results and discussion

4.3.1 Composition analysis and surface morphology of Sb,Ses-based targets

Fig 4.7 shows the XRD patterns of the as-prepared four targets with different chemical
composition, namely Sb,Ses, Sh,Sess, (Sno1Sbog)2Ses, and Sby(Sepglo1)s and respectively
labeled as T1, T2, T3, and T4. It can be seen that all the diffraction peaks of T1 are matched
well with the orthorhombic phase of Sb,Ses with the JCPDS standard card (No. 15-0861), and
no diffraction peak corresponding to the detrimental second phase can be detected. Compared
with T1, in addition to the diffraction peaks of Sh,Ses, an observable diffraction peak of Se
exists in T2, which corresponds to the excess of Se, consistent with the Se-rich Sh,Se; target.
Excess of Se is for compensating possible Se losses during the thin film deposition and the
post high-temperature heat treatment. T3 and T4 are Sn and | doped Sb,Se; targets
respectively. The objective is mainly to improve the electrical conductivity of Sbh,Se; by
doping. The XRD result of T3 is consistent with that of the Sn-doped Sh,Se; crystals
presented in chapter I11. T4 is a Sb,(Seoolo.1)3 target, the XRD pattern shows a mixed of the
main crystalline phase Sb,Se; and also a second phase ShSel, which is closely related to the
target preparation process. Except for the substitution of Se by I in the Sh,Ses lattice, during
the slow cooling process, some Se still have enough thermodynamic energy to form the
second phase ShSel. Such mechanism has been observed in the previous research on I-doped
glass-ceramic containing Sh,Se; [20].
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Fig. 4.7 XRD patterns of Sb,Se;-based targets

Fig. 4.8 shows the surface morphology of the polished Sbh,Ses-based targets. All the targets
present approximately flat and smooth surface, and the existence of some cracks and holes
could be attributed to the high vapor pressure of the constitutes. However, on the whole, the

as-prepared targets meet the requirements for using in magnetron sputtering deposition.

Fig. 4.8 Surface morphology of Sb,Ses-based targets

4.3.2 Composition analysis and surface morphology of Sb,Ses-based thin films

Fig. 4.9 shows the XRD pattern of the Sb,Sesthin films using T1 as the sputtering target and
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BK7 glass as the substrate. No diffraction peaks correspond to the crystalline phase can be
observed for the as-deposited thin film, and the broad peak (20°to 40 is attributed to the
amorphous Sh,Se; due to the low mobility of Sb and Se atoms during the deposition with the
substrate at 40 <C. After that, the thin film was annealed at four different temperatures of
250 <C, 300 <C, 350 T and 400 <C. As shown in Fig. 4.9, the XRD patterns of these heated
thin films exhibit prominent peaks in agreement with the JCPDS standard card (No. 15-0861)
of the orthorhombic phase of Sb,Ses. No diffraction peak corresponding to the detrimental Se
or Sh,03 can be detected. The sharp diffraction peaks further indicate the high crystalline
nature. The preferential crystallographic orientation is [120] for the crystalline thin films. It is
known that the preferential growth direction of the thin films on the substrate is highly
important to the migration of photo-generated charge carriers in the thin films and to the

recombination loss at the grain boundaries, which will greatly affect the device efficiency [11].
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Fig. 4.9 XRD patterns of Sbh,Se; thin films with different heat treatment temperatures

Fig. 4.10 shows the SEM image of the Sb,Se; thin films after heat treatment at different
temperatures. For the as-deposited amorphous thin film, no obvious crystal grains can be
observed, which is consistent with the XRD results. Various small holes are observable,
resulting in low density of the thin film. After heat treatment at 250 <C, as shown in Fig. 4.10b,
large crystal clusters begin to appear, and the surface of the thin film became rough, indicating
the start of crystal growth, which is also consistent with the XRD results. When the heat
treatment temperature is increased to 300 <C, the crystal grains become more obvious, and the

clear grain boundaries are also observed. And then the temperature is further increased, which
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leads to a more dense crystalline thin film, accompanied by further growth of some grains.
This phenomenon can be explained by the thermally induced coalescence of small grains with
high surface energy, which is advantageous for suppressing or reducing the recombination
loss of photo-generated carriers at the grain boundaries, thereby improving the performance of
the photovoltaic devices. However, if the temperature is too high, as shown in Fig. 4.10e, for
the film heated at 400 <C, the grains become thicker and the surface of the thin film become
rough again. And some grain-melting/sintering regions appear, which can be attributed to a
king of thermal etching at high temperature. These results indicate that the heat treatment
temperature directly affects the microscopic morphology of the thin films. This work provides
important guideline for further controlling the morphology and the performance of the thin
films in solar cells. Finally, Fig. 4.10f is a cross-sectional SEM image of the thin film heated
at 350 <C. The thin film is in close contact with the glass substrate and has a thickness of 400

nm, which is consistent with the thickness controlled by the optical monitoring system.

500 nm

Fig. 4.10 SEM images of Sh,Se; thin films at different heat treatment temperatures: (a) As-deposited;
(b) 250 <C; () 300 <T; (d) 350 T; (e) 400 <TC; (f) Cross-sectional SEM image of the thin film heated
at 350

Fig. 4.11 shows the XRD patterns of the Sb,Sez3 thin films using T2 (Sb,Ses3) as the
sputtering target and BK7 glass as the substrate. Similar to the thin films sputtered by target
T1, the as-deposited thin film is amorphous, after heat treatment above 250 <C, the crystalline
thin films can be obtained, and all diffraction peaks match well with the orthorhombic phase
of Sh,Ses. It is worth noting that, unlike the XRD pattern of the corresponding target, no
diffraction peak corresponding to excess Se is observed in the crystalline thin film (26=29.9°),

indicating the loss of some Se possibly during the deposition and post heat treatment process
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because of its high vapor pressure. The preferential orientation of the Sb,Ses 3 crystalline thin
films is also [120], and as the heat treatment temperature increases, the relative intensity of
the (221) peak gradually increases, indicating that the crystal grains start to grow in the

vertical direction based from the substrate.
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Fig. 4.11 XRD patterns of thin films with Sb,Ses ; as the target and different heat treatment

temperatures

Fig. 4.12 SEM images of Sb,Ses 5 thin films at different heat treatment temperatures: (a) As-deposited;
(b) 250 <C; (c) 300 <C; (d) 350 <TC; (e) 400 T

Similar to the micro-morphology evolution of the Sh,Se; thin films with heat treatment

temperature, Fig. 4.12 shows the Sh,Ses 3 thin films change from amorphous to crystalline
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state, from the amorphous grain clusters with rough surface to the crystalline grains with flat
surface and clear grain boundary. However, a small difference of the changing rate with the
heat treatment temperature can be observed. For example, the morphology of Sb,Ses s thin
film heated at 300 <C is close to that of Sb,Se; thin film heated at 250 <C, further indicating

that the film composition is also a key factor affecting the microstructure of the thin film.

Fig. 4.13 shows XRD pattern of the thin films obtained by using T3 ((Sno1Sboo).Ses) as
sputtering target and with heat treatment at different temperatures. The as-deposited thin film
is also amorphous, and then single-crystalline phase of orthorhombic Sh,Se; thin films could
be obtained by high-temperature heat treatment. Compared with the Sh,Se; crystalline thin
films, the biggest difference is that the (SngiSbgg).Ses thin film heated at 250 <C is
amorphous, indicating that Sn doped into Sh,Ses lattice affects the crystallization activation
energy, thereby increasing the crystallization temperature of the thin film. Similar phenomena
have also been observed in the study of Si-doped Sh,Tes thin films and N-doped Ge,Sh,Tes
thin films [21, 22].
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Fig. 4.13 XRD patterns of (Sng1Shgg),Ses thin films at different heat treatment temperatures

The SEM images reveal the surface morphology of the amorphous thin film and crystalline
thin films of (Sno1Sboo).Ses (Fig. 4.14). Fig. 4.14a and 4.14b show no obvious crystal grains,
indicating the amorphous nature, which is consistent with the XRD results. When the heat
treatment temperature is increased to 300 <C, grain clusters begin to appear on the surface

(Fig. 4.14c). With increased the heat treatment temperature, the grain profile become clearer.
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Compared with the Sbh,Se; crystalline thin film, the grain size is significantly reduced from
about 1 um to about 200 nm. This indicates that the doping atoms of Sn inhibit the growth of
Sh,Se; grains. In fact, as it will be discussed later, the impurity Sn atoms can be segregated at
the grain boundaries, and space charge region will then be established. This will reduce the
mobility of the grain boundaries, therefore slowing down the grow up of the grains. This
phenomenon is ubiquitous in crystal doping and is called "solute resistance to inhibit grain
growth" [23].

Fig. 4.14 SEM images of (Sng1Sbg¢).Ses thin films at different heat treatment temperatures: (a) As-
deposited; (b) 250 <C; (c¢) 300 T; (d) 350 <TC; (e) 400 <

Fig. 4.15 SEM image of (Sng1Sbhgg).Ses thin film post-heated at 350 <C and the corresponding EDS
mapping images of Sn, Sb and Se
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In order to deeply analyze the microstructure of (Sng1Sbog).Ses crystalline thin film, EDS
elemental analysis was performed, Fig. 4.15 shows the EDS mapping images of the thin film
with heat treatment of 350 <C. It can be seen that all the elements are uniformly distributed,

further indicating that Sn is successfully doped into the Sh,Se; crystal.

Fig. 4.16 shows XRD pattern of the thin films obtained by using T4, Sba(Sepglo1)s, as
sputtering target and with heat treatment at different temperatures. The as-deposited thin film
is amorphous, similar to the above results. However, the diffraction peaks intensity of the
crystalline thin films show an obvious difference. Firstly, the diffraction peaks can be indexed
to the orthorhombic phase of Sh,Ses, and unlike its target (T4), no peak corresponding to
SbSel impurity phase can be observed, indicating that the thin films probably contain less
content of | compared to its target. Moreover, | doping can significantly change the
preferential orientation of the thin film, that is, from the original [120] orientation to the [020]
orientation. As the heat treatment temperature is gradually increased, the (020) peak intensity
get stronger accordingly. This can be explained that | doping into the Sb,Se; lattice affects the
surface tension and surface energy of some crystal planes, therefore changing the preferential

growth direction of the crystal [24].
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Fig. 4.16 XRD patterns of Sb,(Seqglo1)s thin films at different heat treatment temperatures

The corresponding SEM images of the Sb,(Segglo.1)3 thin films are shown in Fig. 4.17, where
the amorphous thin film is similar to the above results for other compositions. Then the thin

films with heat treatment at 250 <C and 300 <C consist of dense fine grains, as shown in 4.17b
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and 4.17c. When the heat treatment temperature is increased to 350 <C or 400 <C, on one hand,
the higher temperature facilitates the growth of the grains, on the other hand, it can create
porous thin films with low density, shown in Fig. 4.17d and 4.17e. This is attributed to the
high saturated vapor pressure of I, which might easily escape from the thin films at high

temperatures.

Fig. 4.17 SEM images of Sh,(Segolo.1)3 thin films at different heat treatment temperatures: (a) As-
deposited; (b) 250 <C; (c) 300 <C; (d) 350 T; (e) 400 €

Finally, the crystalline quality and the actual elemental composition obtained from SEM-
coupled EDS of all the Sh,Ses-based thin films are summarized in Table 4.1, where the results

are consistent with the above analysis.

Table 4.1 Summary of crystalline quality and elemental composition of the Sb,Se;-based thin films

Film composition Heat treatment Crystallization EDS at%
Sh,Ses -- Amorphous Sb=34.4 Se=65.6
ShySes; 250 T Crystalline Sbh=36.5 Se=63.5
ShySes; 300 T Crystalline Sbh=36.9 Se=63.1
Sh,Se; 350 € Crystalline Sb=37.7 Se=62.3
Sh,Ses 400 < Crystalline Sh=37.4 Se=61.6
Sh,Ses s -- Amorphous Sb=34.0 Se=66.0
Sh,Ses 3 250 € Crystalline Sb=33.9 Se=66.1
Sh,Ses s 300 € Crystalline Sh=34.4 Se=65.6
Sh,Ses s 350 Crystalline Sh=35.5 Se=64.5
Sh,Ses s 400 T Crystalline Sb=35.2 Se=64.8
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(Sng.1Shgg),Ses -- Amorphous Sn=2.5 Sh=32.6 Se=64.9
(Sng.1Shgg),.Ses 250 € Amorphous Sn=2.0 Sh=33.8 Se=64.2
(Sng.1Shog).Ses 300 € Crystalline Sn=2.4 Sh=33.3 Se=64.3
(Sng.1Shog).Ses 350 € Crystalline Sn=2.3 Sh=33.8 Se=63.9
(Sng.1Shog).Ses 400 € Crystalline Sn=2.5 Sh=34.3 Se=63.2
Shy(Seqglo1)3 -- Amorphous Sb=35.2 Se=61.4 1=3.4
Shy(Segglo1)3 250 € Crystalline Sb=34.5 Se=62.1 1=3.4
Shy(Segglo1)3 300 € Crystalline Sb=35.1 Se=61.9 1=3.0
Shy(Segglo1)3 350 € Crystalline Sb=34.2 Se=64.2 I=1.6
Shy(Segglo1)3 400 T Crystalline Sb=34.7 Se=64.1 1=1.2

4.3.3 Optical properties of the Sb,Ses-based thin films

Reflectance and transmittance are important optical properties of thin films and thin film
devices. Herein, UV/Vis/NIR spectrophotometer was used to obtain the reflection and
transmission spectra of the Sh,Ses-based thin films. Then the optical band gap of these thin
films can be obtained through some calculations, which can provide important guidance for
further understanding and engineering the band structure of the semiconductor materials and

also the photoelectric devices.

Fig. 4.18a-c shows respectively the reflection spectra, back side reflection spectra and
transmission spectra of the Sbh,Se; thin films. The used substrate was BK7 glass. All the three
spectra show a significant difference in reflectance or transmittance between the as-deposited
amorphous thin film and the crystalline thin films with heat treatment at different
temperatures. As shown in Fig. 4.18a, the reflectance of the amorphous thin film is lower than
that of the crystalline thin films in the short wavelength absorption region, which can be
attributed to in the lower refractive index of the amorphous thin film. After heat treatment at
250 <C, the thin film begin to crystallize, and the atomic arrangement changed from disorder
to order. Therefore, the reflectance is significantly improved. With further increased heat
treatment temperature to 300 <C, the thin film crystallizes more thoroughly, thus the
reflectance of thin film is further increased. However, if the heat treatment temperature is
continuously increased, especially when it reaches 400 <C, an obvious decrease of the
reflectance can be observed. The dominant factor in this situation is the roughness of the thin
films, because the high temperature heat treatment increases the roughness of the thin film,
which is proved by the SEM results. Therefore, the factors affecting the reflectance of the

Sh,Se; thin films are mainly the crystallinity and the roughness of the thin films. The back

135



Chapter IV: Sh,Ses-Based Quasi-Homojunction Thin Film Solar Cells

side reflection spectra show a similar trend, implying the homogeneous feature of the Sb,Se;
thin films. The overall lower reflectance value is caused by the BK7 glass substrate.

According to the transmission spectra (Fig. 4.18c), the short wavelength cut-off edge of the
amorphous thin film is 665 nm, and then it shifts to a longer wavelength at about 890 nm for
the crystalline thin films. This is also closely related to the structure and the structural
disorder of the amorphous thin film increases the band gap energy, leading to a blue shift of
the cut-off edge [25]. In order to specifically characterize the band gap of the thin films, the
corresponding calculation has been performed. The results are shown in Fig. 4.18d, and they

are consistent with the above analysis.
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Fig. 4.18 Optical characterization of the Sh,Se; thin films as a function of wavelength and with
different temperature of heat treatment. (a) Reflection spectra; (b) Back side reflection spectra, (¢)

Transmission spectra and (d) Plot of (¢hv)® vs. hv, from which direct band gap is obtained

Fig. 4.19 shows the reflection, transmission spectra and the band gap of the Sh,Sess
amorphous thin film and the corresponding crystalline thin films. Compared with Sb,Ses thin
films, very similar change mechanism in reflection and in transmission spectra can be
observed. Moreover, though they have different nominal chemical composition, the calculated
band gap is very close, implying a small variation in the crystal structure. Furthermore, it is

worth noting that the band gap for the crystalline thin film is about 1.28 eV, which is close to
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the best value for absorbing efficiently the solar spectrum, making them attractive candidates

for photovoltaic application.
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Fig. 4.19 Optical characterization of the Sh,Ses ; thin films as a function of wavelength and with

different temperature of heat treatment. (a) Reflection spectra; (b) Back side reflection spectra; (c)

Transmission spectra and (d) Plot of (ahv)’ vs. hv, from which direct band gap is obtained

Similarly, Fig. 4.20 shows the reflection, transmission spectra and the band gap of the

(Sno.1Shpg)2Se; thin films. Compared with Sh,Ses, the biggest difference is that the

reflectance and transmittance of the (Sng1Sbgg).Ses thin film with heat treatment at 250 <C

show the same parameters of its amorphous thin film, further indicating the amorphous nature.
This result is consistent with the XRD and SEM results. The band gap of the (Sng1Sbog).Ses

crystalline thin film is slightly reduced, compared with the amorphous film. Such phenomena

have been observed and discussed in both Sn-doped Sbh,Se; nanorods and Sn-doped Sh,Se;

bulk crystals. The mechanism can be explained with the cooperation of the Burstein-Moss

shift and the renormalization effect [26].
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Fig. 4.20 Optical characterization of the (Sng1Sbg),Ses thin films as a function of wavelength and
with different temperature of heat treatment. (a) Reflection spectra; (b) Back side reflection spectra;

(¢) Transmission spectra and (d) Plot of (ahv)’ vs. hv, from which direct band gap is obtained

Finally, for the Sh,(Segglo.1)3 thin films, as shown in Fig. 4.21a, the reflectance of the thin film
is also synergistically affected by its order/disorder and roughness. Notably, the thin film with
heat treatment at 400 <T exhibits an abnormal phenomenon, which can be attributed to the
loss of iodine at high temperature. This is consistent with the porous thin film observed by
SEM. The transmission spectra (Fig. 4.21c) show that the short wavelength cut-off edge of the
amorphous thin film is 660 nm, and is close to that of the Sb,Se; amorphous thin film. Then
the short wavelength cut-off edge of the Shy(Segglo.1)s thin film heated at 300 <C is 800 nm,
which shows a significant blue shift compared with the Sh,Ses thin film heated at the same
temperature. The calculated band gap is shown in Fig. 4.21d. Under the crystalline state,
iodine doping will significantly increase the band gap of Sbh,Ses. According to the previous
research on I-doped Sh,Se; semiconductors, the dopant I can replace the lattice position of Se
and play a strong electron donor role [14, 20]. The doped semiconductor is mainly

represented by n-type semiconductor and also with an enlarged band gap width.
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Fig. 4.21 Optical characterization of the (Sng1Sbg),Ses thin films as a function of wavelength and

with different temperature of heat treatment. (a) Reflection spectra; (b) Back side reflection spectra;

(¢) Transmission spectra and (d) Plot of (ahv)’ vs. hv, from which direct band gap is obtained

The conductive type of the as-prepared thin films was measured with a Semilab PN tester PN-

100. Finally, the band gap and the p/n type information (No information represents weak p/n

type) of the thin films are summarized in Table 4.2. It can be seen that for the Sh,Ses and

Sh,Ses 3 thin films, the amorphous state and the low-temperature heat treatment result in p-

type thin films. (Sng1Shog).Ses; is a p-type semiconductor. However, the conductive type

cannot be detected for the thin films with high-temperature heat treatment. This can be

attributed to its high electrical conductivity and the photo-generated carriers under

illumination are small compared to the intrinsic carrier concentration. Therefore, it is difficult

to judge the polarity of the surface photovoltage and also the conductive type. The

Sh,(Segglo.1)s crystalline thin films show n-type behaviors, which is consistent with the above

analysis.
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Table 4.2 A summarize of optical band gap and p/n type of Sb,Sez-based thin films

Film composition Heat treatment Band gap p/n type
() (eV)
Sh,Se; -- 1.64 p
Sh,Se; 250 1.27 p
Sh,Se; 300 1.28 p
Sh,Se; 350 1.28 n
Sh,Se; 400 1.29 n
Sh,Ses 3 -- 1.64 p
Sh,Ses 3 250 1.27 p
Sh,Ses 3 300 1.28 p
Sh,Ses 3 350 1.33 p
Sh,Ses 3 400 1.27 n
(SNno.1Sho.9)2Ses -- 1.61 p
(Sno.1Shg.)-Ses 250 1.62 p
(Sno.1Shg.)-Ses 300 1.27 p
(Sng.1Shog).Ses 350 1.22 No information
(Sng.1Shgg),.Ses 400 1.24 No information
Sh,(Segolo1)3 -- 1.67 No information
Sh,(Seoolo1)s 250 1.43 n
Sh,(Seoolo1)s 300 1.41 n
Sh,(Segolo1)s 350 1.39 n
Sh,(Segolo1)s 400 1.32 n

4.3.4 Photo-electro-chemical performance of the Sb,Ses-based thin films

The photo-electro-chemical (PEC) characterization of the Sh,Ses-based thin films was carried
out by using the classical 3-electrode method. Fig. 4.22 shows the current density versus
voltage under chopped light using Sh,Se; or Sh,Sesz 3 or (Sng.1Shog)2Ses or Shy(Segglo.1)s thin
films as working electrodes, respectively. A white light tungsten halogen lamp with light
intensity of 25 mW/cm? was used as the light source, and the chopped light was obtained
through a mechanical chopper.

As shown in Fig. 4.22al, the Sb,Se; amorphous thin film can produce a photocurrent of 170
nA/cm? at —0.7 V, which is significantly improved compared with the photocurrent generated

by using Sb,Ses; bulk crystal as working electrode (Fig. 3.9, Chapter 6), indicating that the
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thin film working electrode surface is highly reactive. This is closely related to the process of
magnetron sputtering, which can create some slight composition deviation from the
stoichiometry, leading to a significant increase of charge carrier concentration. In addition, it
also shows the current density increases with a negative bias, indicating that the amorphous
thin film exhibits p-type conductivity, which is consistent with the information given by the
PN tester. For the Sb,Se; crystalline thin film, when the heat treatment temperature is 250 <C,
the thin film is still p-type, and the photocurrent does not change significantly. However,
when the heat treatment temperature is increased to 350 <C, the high crystallinity would
probably lead to higher conductivity (higher charge carrier concentration) and the
corresponding photocurrent increase from 170 pA/cm? to 370 pA/em? (+0.7 V). Moreover, it
is worth noting that the thin film changes from p-type to n-type, indicating that the heat
treatment temperature has an important influence on the conductive type. This is closely
related to the loss of Se at high temperature, and similar phenomenon has been previously
reported [10]. It also shows that the p/n type can be adjusted by adjusting the heat treatment
temperature, which is of great significance in the structural design of thin film solar cells. For
the Sb,Ses s thin films, as shown in Fig. 4.22b1-b3, the PEC performance is similar to the
Sh,Ses thin films, in addition to a slight difference in the photocurrent density.

Then for the (Sno1Shoo).Ses thin films (Fig. 4.22c1-c3), both the amorphous and crystalline
thin films show p-type, in consistence with the results of Sn-doped Sh,Se; crystals. However,
unlike the enhanced photoconductivity observed for the doped bulk crystals, no improvement
of photocurrent can be observed for the (Sng1Shog).Ses thin films. This indicates that the
content of Sn in the thin film is different from the doping concentration in bulk crystals,
therefore the required Sn doping level and the corresponding magnetron sputtering process is

still facing challenges and needs further exploration.

Finally, Fig. 4.22d1-d3 shows the current density versus voltage of the Sb,(Sepglo1)s
amorphous and crystalline thin films. All these thin films present n-type characteristics,
indicating that | doping leads to electron conduction. Moreover, the amorphous thin film, the
crystalline thin films with heat treatment at 250 <C and 350 <C produces a photocurrent of
respectively 175 uA/cmz, 265 pA/em? and 770 ;LA/cm2 at 0.7 V. Compared with the Sb,Ses
thin films, the current density has been increased, implying superior photoelectric properties.
Therefore, the Shy(Sepglo1)s crystalline thin film is preferred in the subsequent study of

Sh,Se; quasi-homojunction thin film solar cells.
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Fig. 4.24 Current density versus voltage curves obtained by using as-deposited and post-annealed
Sh,Sez-based thin films as working electrodes: al-a3 for Sb,Se; thin films, b1-b3 for Sb,Se; 3 thin
films; c1-c3 for (Sng 1Sbg).Ses thin films; d1-d3 for Sby(Seqolg.1)s thin films

To evaluate the stability and the response speed of the photocurrent, a chronoamperometry
measurement has been performed. Fig. 4.23a and 4.23b represent the time-resolved PEC
response curves using respectively Sb,Ses crystalline thin film and Sby(Segglo.1)s crystalline
thin film (heated at 350 <C) as working electrode. As shown in Fig. 4.23a, when the light is on,
the current density rapidly increases from 28 pA/cmZ (dark condition) to 202 pA/cmz (under
25 mW/cm? light illumination), and then sharply returns to its initial value as the light is
turned off. This light response remains the same after multiple cycles, indicating the excellent
reversibility and stability of this Sb,Ses thin film PEC electrode. Then a similar photoresponse
can be seen for Sh,(Segglo.1)s thin film, except with a larger photocurrent density in the latter

case (Fig. 4.23b). To extract the exact response time, one of the response periods is magnified,
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as shown respectively in Fig. 4.23c and 4.23d. Under closer examination, the response time
(Ton) and the recovery time (1of) Of these two working electrodes are 0.03 s. It is worth noting
that such a short response time is closely related to the high-quality of the thin film, which is
manifested in terms of phase purity, big grain size and absence of visible defects, which is

also a prerequisite for the high performance thin film solar cells.
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Fig. 4.23 Time-resolved PEC photoresponse by using respectively crystalline Sb,Se; thin film (a) and
crystalline Sby(Seqqlg.1)s thin film (b) as working electrode. (c) Magnified plot of one response cycle in

(a), and (d) one response cycle in (b), used to obtain the response time and the recovery time

4.3.5 Sh,Se; quasi-homojunction thin film solar cells

Based on the systematic study of Sb,Ses-based thin films, we have tried for the first time, to
construct a quasi-homojunction Sh,Se; thin film solar cell. The cell structure does not require
liquid-phase deposition of buffer layers such as CdS and TiO,. The whole deposition process
can be completed through a full vacuum magnetron sputtering. Moreover, the two thin film
layers forming the homojunction have large absorption coefficient, which can effectively

improve the solar energy absorption efficiency.
The first solar cell structure is designed to be ITO/Sby(Segglo.1)3/ShaSes/Au, in which the
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thickness of Shy(Sepqlo.1)s layer is controlled to be 70 nm, and the thickness of Sh,Se; is 400
nm. The thin films were heat treated at 250 <C and the device area (2 mm in diameter) was
defined by the size of the gold electrodes. An AM 1.5G solar simulator with intensity of 86
mW/cm? and a 150 W tungsten halogen lamp with light intensity of 25 mW/cm? were used as
the light source. Fig. 4.24 shows the corresponding current density-voltage (J-V) curves. The
dark current of the device has obvious rectification characteristics, indicating the existence of
p-n junction structure at the interface Sh,(Seoolo.1)3/Sb,Ses. According to the above analysis,
the 1% thin film is n-type and the 2" is p-type. Specifically, under the simulated AM1.5G solar
irradiation, the device shows a short-circuit current density (Jsc) of 7.62 mA/cm?, an open
circuit voltage (Voc) of 0.28 V, and a fill factor (FF) of 44.06%, thus achieving a power
conversion efficiency of 1.09%. As a comparison and also a reference standard for later
testing, the same device was illuminated under a 25 mW/cm? tungsten halogen lamp, a Voc of
0.30 V and Jsc of 15.04 mA/cm? have been obtained. The light from the tungsten lamp was
delivered onto the solar cells through a flexible optical fiber bundle. The specter of these two
light sources is very different. Obviously, the light from the fibred tungsten lamp correspond

much better to the response curve of this solar cell.

10 (a) . 10 (b) ‘
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— Light | Jsc=7.62 mA/em’ — Light | Jsc=15.04 mA/em’
5 | FF=44.06% 1
PCE=1.09%

Current density (mA/cm®)
Current density (mA/cm®)

0.2 0.0 02 04 202 0.0 02 0.4
Voltage (V) Voltage (V)

Fig. 4.24 J-V curves of the Sby(Seqolo.1)3/Sh,Ses thin film solar cell: (a) Under simulated AM1.5G
illumination with intensity calibrated to 86 mW/cm?; (b) Under tungsten halogen lamp illumination
with light intensity of 25 mW/cm?

Next, we have studied the effect of heat treatment temperature on the performance of the
Sh,(Seplo.1)3/Sh,Ses thin film solar cells. Fig. 4.25 shows the J-V curves of the devices
obtained by heat treatment at 235 <C, 250 T and 265 <C, respectively. The used light source
was tungsten halogen lamp (25 mW/cm?). It can be seen that when the temperature is low

(235 C), the Jsc is small due to the poor crystalline quality of the thin films. However, if the
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temperature is too high, the film density can be negatively affected, especially the very thin n-
type layer of Shy(Seoqlo.1)s Will become porous, resulting in the decrease of junction quality,

thereby reducing the Jsc and Voc of the device.
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Fig. 4.25 J-V curves of the Sby(Seqglo.1)3/Sh,Ses thin film solar cells with different heat treatment
temperatures: (a) In the dark; (b) Under tungsten halogen lamp illumination with light intensity of
25 mW/cm?

The thickness of the absorbing layer has an important influence on the efficiency of the solar
cell, because it needs certain thickness to ensure an effective absorption of sunlight. However,
if the film is too thick, the resulting series resistance of the device will be increased, leading to
a decrease in power conversion efficiency [27]. For the Sb,Sez quasi-homojunction thin film
solar cell, due to the intrinsic high resistivity of Sh,Ses, Jsc can be significantly reduced with
a layer. Therefore, the thickness of the Sh,Se; layer was modified and its influence on the
device efficiency was investigated as shown in Fig. 4.26. H is the thickness of the films
determined by the optical monitoring system measuring the reflectance, and is approximately
70 nm in this situation. Under the irradiation of 25 mW/cm? tungsten halogen lamp, when the
thickness of Sh,Ses layer is 3H, 4H and 5H, the obtained Jsc is respectively 12.04 mA/cm?,
21.23 mA/cm? and 21.80 mA/cm?, the Voc is respectively 0.31 V, 0.33 V and 0.28 V.
Therefore, for the Shy(Sepolo.1)s/SboSes thin film solar cells, the optimal thickness is 70
nm/280 nm and the heat treatment temperature is 250 <C. Through the above optimization, the
corresponding power conversion efficiency can be improved to about 1.7%, of course

measured with a normalized solar simulator.
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Fig. 4.26 J-V curves of the Shy(Seqglo.1)3/Sh2Ses thin film solar cells with different film thickness: (a)
In the dark; (b) Under tungsten halogen lamp illumination with light intensity of 25 m\W/cm?
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Fig. 4.27 J-V curves of the Shy(Seqglo.1)s/Sh,Ses 3 thin film solar cells with different heat treatment
temperatures: (a) In the dark; (b) Under tungsten halogen lamp illumination with light intensity of
25 mW/cm?

According to the analysis of the PEC performance of the thin films, the solar cell structure of
ITO/Sh,(Seoglo.1)3/ShoSes s/Au was chosen for further investigation. The thin film thickness
was kept unchanged at 70 nm/280 nm, while studying the effect of heat treatment temperature
on the device performance. Fig. 4.27a demonstrates the existence of p-n junction structure in
the quasi-homojunction Sh,(Segglo.1)s/Sh2Ses s thin film solar cells. Fig. 4.27b shows the J-V
curves under tungsten halogen lamp illumination. When the heat treatment temperature is
increased from 250 <C to 290 <C, the Jsc is gradually increased from 12.51 mA/cm? to 26.94
mA/cm?. The Voc shows no obvious variation and is about 0.30 V. If the heat treatment
temperature is further increased, the device performance will be significantly reduced.
Compared with the Sh,(Segolo.1)3/SboSes thin film solar cells, the biggest advantage of this

device structure is that the Jsc can be improved by increasing the heat treatment temperature,
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and this is consistent with the SEM observation of the thin films, indicating that a dense

Sh,Ses 5 crystalline thin film can be obtained at higher heat treatment temperature.

Although the Jsc of the Sh(Seoglo.1)3/Sb,Ses 3 thin film solar cells has been greatly improved
with the increase of heat treatment temperature, it is still limited by the high resistivity of the
SbySes s thin films. The induced high series resistance will limit further improvement of
conversion efficiency. In this work, a new concept for solving this issue was tested by
constructing the 1TO/Sh,Se;3/Sha(Sepglo1)s/Au solar cell structure. Thus the n-type
Shy(Sepolo1)s thin film with higher electrical conductivity can be used as the thicker
absorption layer. During the sputtering process, the thickness of the Sb,Sess thin film was
maintained at 70 nm (1H), and the thickness of Sb,(Seoolo.1)s was changed while the heat
treatment temperature was kept 290 <C. The J-V curves in the dark indicate the existence of
high-quality p-n junction inside the device structure (Fig. 4.28a) with low dark current density.
Fig. 4.28b is the J-V curves of the devices under the illumination of 25 mW/cm? tungsten
halogen lamp. When the thickness of Sh,(Segglo1)s thin film is 4H, 5H and 6H, the short-
circuit current density Jsc is respectively 39.75 mA/cm?, 47.40 mA/cm? and 37.42 mA/cm?,
the open-circuit voltage Voc is respectively 0.39 V, 0.41 V and 0.36 V. Importantly, the
obtained Jsc is significantly increased, which can be attributed to the higher electrical
conductivity of the light absorbing layer of Sh,(Sepolo.1)s. Specifically, the series resistance is
reduced, the effective collection of photo-generated carriers is increased. The thickness of the
light absorbing layer can also be appropriately increased to enhance the light absorption for
this solar cell structure. Pulished results demonstrated that interfacial recombination is the
main recombination mechanism of Sbh,Ses-based solar cells, herein, the improvement of Voc

may bring a positive effect for the reduction of interface defect density [27,28].
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Fig. 4.28 J-V curves of the Sh,Se; 3/Sb,(Seqslo.1)s thin film solar cells with different film thickness: (a)
In the dark; (b) Under tungsten halogen lamp illumination with light intensity of 25 m\W/cm?
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Finally, the optimal device, namely ITO/Sh,Ses s (1H)/Sby(Sepslo.1)s (5H)/Au thin film solar
cells has been chosen for efficiency measurements, the results are shown in Fig. 4.29. The J-V
curves were obtained under simulated AM 1.5G (86 mW/cm?) solar illumination, no obvious
hysteresis between forward (Jsc to Voc) and reverse (Voc to Jsc) scans was observed in our
device (Fig. 4.29a). This hysteresis-free behavior can be attributed to the high-quality thin
film materials and device structure [9]. The device has a Jsc of 17.82 mA/cm?, Voc of 0.32 V,
and FF of 37.88%, resulting in a power conversion efficiency of 2.65%. According to the
literatures, the highest conversion efficiency of the currently reported Sbh,Se; thin film solar
cell is 6.84% [29], and its device structure is FTO/CdS/Sb,Ses/CZ-TA (hole transport
layer)/Au, the corresponding Jsc of 28.4 mA/cm?, Voc of 0.42 mV and FF of 57.1% were
obtained under AM 1.5G (100 mW/cm?) illumination. Our preliminary results on quasi-
homojunction thin film solar cells are highly encouraging, with the gquasi-homojunction
structure, which certainly need to be optimized. Fig. 4.29b shows the external quantum
efficiency (EQE) curve of the device. The EQE value is lower than 50% over the whole
working spectrum, indicating the existence of abundant interface defects in the
Sh,Ses3/Shy(Sepolo1)s thin films, resulting in severe recombination loss of the photo-
generated carriers. The EQE can also be further improved by surface passivation and the
improvement of the internal junction quality [10,30]. Moreover, compared to the state-of-art
Sh,Se;s thin film solar cells, our quasi-homojunction solar cells have significantly higher EQE
in the short wavelength range due to the absence of parasitic absorption of those buffer layers
[11,16]. In summary, although the research on Sb,Se; quasi-homojunction thin film solar cells

has just been started, it has already an interesting power conversion efficiency.
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Fig. 4.29 Forward and reversed J-V curves of the Sb,Se; 3/Sh,(Seqglo.1)s thin film solar cell
performance in the dark and under 86 mW/cm? simulated AM1.5G solar irradiation; (b) External

quantum efficiency
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4.4 Conclusions

In this chapter, four Sh,Ses-based targets with the chemical composition of Sb,Ses, ShySes s,
(Sno.1Shpg)2Ses and Shy(Segpolo.1)s were successfully prepared by using the high-temperature
melting. Then the corresponding thin films were deposited by using RF magnetron sputtering.
The as-deposited thin film showed amorphous nature and after a heat treatment at a certain
temperature, highly crystallized thin films composed of large crystal grains were obtained.
The optical properties of the thin films were systematically investigated. The crystallinity and
the roughness of the films were the main factors that affecting their quality. The band gap of
the Sh,Se; amorphous thin film was measured to be 1.64 eV, then turned to 1.28 eV for the
crystalline thin film probably due to the loss of Se during the heated treatment. The band gap
can be tuned by modifying the stoichiometry of the film or through doping by Sn for example.
The heat treatment temperature can determine the p/n type of the Sb,Se; and Sbh,Ses3 thin
films with a transformation from p type to n type with increasing temperature. Differently, all
the (Sng.1Shog).Ses thin films were p type and all the Sb,(Segglo.1)s thin films were n type. The
PEC measurements indicated that the Sh,Ses-based thin films showed long-term stability.
Accordingly, a novel quasi-homojunction Sh,Se; based thin film solar cell was firstly
fabricated. The existence of p-n junction inside the device structure has been demonstrated.
The thickness and the heat treatment temperature of the films have a critical influence on the
device performance. Preliminary results show a highly encouraging power conversion

efficiency of 2.65% for our device, demonstrating the great potential these thin film solar cells.
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5.1 Introduction

The 11I-VI binary semiconductors have drawn tremendous research attention in recent years
due to their highly interesting electrical and optical properties as well as their potential
applications in electronic and optoelectronic devices. Various types of high-performance
devices, such as solar cells, photodetectors, and transistors have been reported [1-5]. Among
these semiconductors, indium selenide is an important layered semiconductor with an
optimum direct band gap, efficient visible-light absorption and phase-change memory effect.
These properties make it a promising candidate for various important applications in diverse
areas such as solar energy conversion, thermoelectric power generation, random access

memories, photodetectors and optoelectronics in the visible region [6-10].

Owing to the mismatch of valence electron numbers, indium selenides contain various
complex compounds with different stoichiometric ratios, such as InSe, In;Ses, In3Se4, InsSes
and IngSe; [11]. With the same stoichiometric ratio, different phases and crystal structures
may coexist, such as, a, B, v, k and & phases in the case of In,Se3 [11,12]. In,Ses has emerged
as one of the most promising materials for visible photodetection due to its direct and narrow
band gap, high absorption coefficient in the visible range, and high sensitivity [3,4,6,13].
Despite their huge potential, the difficulties associated to the solution based synthesis of
single phase indium selenide nanomaterials cannot be ignored because various indium
selenides can thermodynamically coexist in the same reaction system [14]. Up to now, several
In,Se; nanostructures with different morphologies have been synthesized using ambient
pressure and also hydrothermal/solvothermal methods. Li et al. presented an ambient pressure
organic solution phase synthesis of amorphous In,Se; nanoparticles, flower-like shaped B-
In,Ses nanocrystals, and two-dimensional B-In,Se; nanosheets [15]. Wei et al. reported the
synthesis of porous y-In,Se;z tetragons with a two-step hydrothermal process [10]. Shi et al.
demonstrated the solvothermal synthesis of a-In,Se; flowerlike nanostructures assembled by
nanosheets in oleic acid [16]. Colloidal synthesis, due to its ambient pressure condition and
open operation system, is a safe, facile and scalable preparation method [17,18]. However, the
synthesis of In,Se; by colloidal routes is rarely reported. In this work, we report an effective
colloidal process involving hot-injection method for the synthesis of high-quality flowerlike

v-In,Ses nanostructures consisted of two-dimensional (2D) nanosheets.

Silicon is a versatility substrate for optoelectronic applications, and combining In,Ses with the

mature Si technology will open up a new and feasible scenario for the development of
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innovative optoelectronic device such as high performance photodetectors. The state-of-the-
art photodetection technology is focused on multispectral (broadband or dual band)
photodetectors for various applications, such as discrimination of objects, imaging under
varying atmospheric conditions, sensing and optical communications [19,20]. However, most
of the high performance broadband photodetectors do not perform zero bias operation, which
therefore makes them mostly uneconomical in the modern day scenario [20,21]. Herein, for
the first time, we present an efficient heterojunction photodiode formed by vy-In,Se;
nanoflower film and Si substrate, which is self-powered and demonstrates a remarkable

responsivity and detectivity in a wide range of wavelengths.
5.2 Experimental section

5.2.1 Raw materials

Indium chloride (Aladdin, 99.9%), Selenium dioxide (Aladdin, 99%), 1-Hexadecylamine
(Aladdin, 90%), 1-Octadecene (Aladdin, 90%) and Oleic acid (Aladdin, AR). Chloroform and

Isopropyl alcohol were used for the synthesis without further purification.
5.2.2 Synthesis of y-1n,Se; nanoflowers

For the synthesis of y-In,Se; nanoflowers, at first, 8 mmol selenium dioxide and 10 ml 1-
octadecene were added into a 25 mL three-neck flask and heated up to 200 <C for several
hours with continous stirring under argon atmosphere until the selenium dioxide was
completely dissolved, forming a 0.8 M selenium precursor solution. To prepare indium
precursor solution, 1 mmol indium chloride, 8 mmol 1-hexadecylamine, 15 ml 1-octadecene,
and 6 ml oleic acid were degassed at room temperature and then heated at 220 <C for 30 min,
forming a transparent yellow solution. Subsequently, 8 ml 0.8 M selenium precursor solution
was rapidly injected into the yellow indium precursor solution which was heated up to 240 <C
beforehand. The mixture was stirred for 10 min and then cooled down to room temperature.
The obtained solid y-In,Se; nanoflowers were collected by centrifugation, washed with

chloroform and isopropyl alcohol for several times, and finally dried at 60 <C under vacuum.
5.2.3 Fabrication of the y-1n,Ses/Si heterojunction photodiode

The as-synthesized y-In,Se; nanoflowers were repeatedly purified by washing and then

ultrasonically dispersed in chloroform. The y-In,Se; film was formed by spin-coating the
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dispersion solution on a pre-cleaned square Si window (500 pm x 500 pm, which was
exposed from SiO,/Si substrate by lithography). To perform the photocurrent measurements,
the y-In,Ses nanoflower film was dried by vacuum-annealing at 40 <C for 30 min and it fully
covered the Si window. The top electrode Cr/Au (5 nm/60 nm) was prepared by lithography
and e-beam evaporation with a lift-off process. In:Ga was pasted on the Si substrate as back
electrode to form Ohmic contact with n-Si.

5.2.4 Characterization

X-ray diffraction (XRD) analysis was carried out on PANalytical B.V. Empyrean 200895 x-
ray diffractometer with Cu Ka radiation (A = 1.54 A) at a scan speed of 2.00 deg/min. A
Hitachi S-4800 field emission scanning electron microscope (SEM) was used to observe the
morphology of the y-In,Se; nanoflowers. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) images were obtained from a FEI Tecnai G2F20
field emission transmission electron microscope operating at an acceleration voltage of 200
kV. Samples were prepared by placing a drop of a dilute chloroform dispersion of the
nanoflowers on the surface of a copper grid. Energy dispersive spectroscopy (EDS) analysis
has been performed with an EDAX instrument. The optical absorption spectra of the y-1n,Se;
nanoflowers were taken from a SHIMADZU UV-3150 spectrophotometer and the valence
band was analyzed by x-ray photoelectron spectroscopy (XPS, ESCALAB). The
photoresponse performance of the y-In,Ses/Si heterojunction photodiode was recorded using a
Keithley 2450 SCS and SUSS PM8 probe station in a clean and shielded box at room
temperature. A xenon lamp equipped with a monochromator was used as the light source for
the photocurrent measurements. To investigate the time-resolved photoresponse

characteristics, a 808 nm laser source with controllable light intensities was used.
5.3 Results and discussion

5.3.1 Preparation and characterization of y-In,Se; nanoflowers

Fig. 5.1a shows the XRD pattern of the as-synthesized y-In,Se; nanoflowers, which exhibits
prominent peaks in agreement with the JCPDS standard card (89-0658) of the hexagonal
structure and vy crystalline phase of In,Se; without any second phase, indicating the absence of
any detectable impurity such as InSe, InsSeq, InsSe; or Se. The SEM image (Fig. 5.1b) shows
the flowerlike microspheres with narrow-distributed diameter in the range of 0.8-1.2 pum.

Those flowerlike microspheres are built of 2D nanosheets (with thickness of about 20 nm)

157



Chapter V: Synthesis of y-In,Se; Nanoflowers for High Performance Photodiode

connected with each other to form the hierarchical 3-dimensional (3D) nanoflowers. Fig. 5.1c
presents the TEM image of an isolated nanoflower with a diameter of 1.2 um. From the
selected area electron diffraction (SAED) pattern (inset in Fig. 5.1c), a microsphere is indexed

as a polycrystalline structure, which can be attributed to the different orientation of the

nanosheets.
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Fig. 5.1 Crystalline phase and morphological characterization of the y-1n,Se; nanoflowers: (a) XRD
pattern. (b) SEM image. (c) TEM image, the inset shows the corresponding SAED pattern. (d)
HRTEM image from the pink marked area in (c). (¢) TEM image of separated nanosheets from the
nanoflower, the inset shows the SAED pattern of the right single nanosheet in (e). (f) EDX spectrum
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The high-resolution TEM (HRTEM) image reveals highly crystalline nature of the nanosheets
associated with the (110) crystalline plane of y-In,Ses (d-spacing of 0.354 nm) (Fig. 5.1d). Fig.
5.1e shows the TEM image of several typical nanosheets separated from the nanoflowers. The
corresponding SAED pattern (inset in Fig. 5.1e) provides additional insight into the structure
of the hexagonal y-In,Ses, which is consistent with the results displayed in the XRD pattern.
EDS (Fig. 5.1f) of a single nanoflower exhibits strong In and Se peaks, where the atomic ratio

of In and Se is close to the 2:3 stoichiometry, as expected.

To reveal the growth process of the flowerlike structure in more detail, time-dependent and
temperature-dependent experiments were performed and the corresponding products were
examined by SEM. In this work, the synthesis involes the injection of selenium precursor into
the indium precursor solution. Immediately after the injection, the color of the mixed solution
turned from yellow to brown, indicating the formation of In,Se; species. Serial aliquots were
taken at 10 s intervals for monitoring the kinetics of nanoflower formation, and the resulting
solid products were purified and observed with SEM, as shown in Fig. 5.2. In the initial stage,
depicted in Fig. 5.2a (1 s), the sample is consisted of many nanosheets with relatively small
size, and the nanosheets are not planar sheets but helicoids. By increasing the reaction time,
the size and thickness of the nanosheets increased simultaneously. At this stage, the
nanosheets are connected with each other to form the hierarchical 3D flowerlike
nanostructures. Finally, homogeneous nanoflowers with diameters of ~600 nm are obtained
after 30 s reaction (Fig. 5.2d). Then compared to other solution phase synthesis of flowerlike
In,Ses nanostructures, the most interesting feature of this method is that the reaction time can
be less than 30 s for obtaining uniform products. This feature has a close relationship with the
nucleation process and the growth kinetics. The detailed working mechanism of the hot-
injection method has been discussed in Chapter II.
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Fig. 5.2 SEM images of they-In,Se; nanoflowers synthesized at 240 <C with different reaction time: (a)
1s;(b)10s; (c) 20sand (d) 30 s

The temperature-dependent studies for the formation of y-In,Ses; nanoflowers were also
carried out by XRD and SEM analysis (Fig. 5.3). Fig. 5.3a is the XRD patterns of the
products collected at the temperature of 180 <C, 210 <C, 270 <T for 10 min respectively. Fig.
5.3b shows the SEM image of the sample synthesized at 180 <C, and many flowerlike
microspheres with thinner nanosheets can be seen. The corresponding XRD pattern with
lower diffraction intensity indicates that the crystallinity is comparatively poor at this
temperature. Then the diffraction peaks intensity of the hexagonal y-In,Se; gets stronger with
increasing temperature, indicating a better crystallinity. At 210 <C, the nucleation and growth
rate were accelerated compared to the synthesis at 180 < and the well-known Ostwald
ripening leads to the appearance of flowerlike products with thicker nanosheets (Fig. 5.3c). It
has been reported that the driving force for the formation of sheet-like shape could be derived
from the inherent crystal structure of In,Ses. And the rate of In,Se; crystal growth along the
top—bottom crystalline plane should be much faster than that along the c-axis [16]. With
temperature rises, solution medium met the thermodynamic and kinetic condition for
preferential 2D growth. Then the flower-like shaped microspheres are formed by aggregating
the 2D nanosheets with different oriented directions. However, with the temperature rises to
270 T, the nucleation occurs too rapidly due to the high temperature, and the precursor
concentration is consumed with then decreased crystal growth rate, which inhibits the

160



Chapter V: Synthesis of y-In,Se; Nanoflowers for High Performance Photodiode

preferential 2D growth, resulting in the formation of ellipsoid-like nanosheets (Fig. 5.3d).
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Fig. 5.3 (a) XRD patterns of the y-In,Se; nanoflowers synthesized for 10 min at different
temperatures. SEM images of the y-In,Se; nanoflowers synthesized for 10 min at (b) 180 <C, (c)
210 <C, and (d) 270

To reveal the growth process of the flowerlike nanostructures more in detail and to further
understand the preferential 2D growth, a series of intermediate products were collected during
the heating-up process after the precursor injection at 180 <C. The SEM images of the
products are shown in Fig. 5.4. Different from the reaction at 240 <C, in the initial stage, no
obvious color change was observed of the mixed solution within 2 min due to the low
temperature after injection. Fig. 5.4a shows that the obtained products are sphere-shaped
particles with an average diameter of about 500 nm after 2 min reaction. Then some irregular
nanosheets appear on the surface of the spheres (Fig. 5.4b). By increasing the reaction time,
the flower-like nanostructure is formed and it coexists with the spheres, showing a favorable
solution condition for preferential 2D growth. Then the continuous growth of y-In,Se; and the
continuous depletion of the spheres as sacrificial template lead finally to the formation of
complete flowerlike y-In,Ses nanostructures. In this stage with higher temperatures, the
thermodynamic and kinetic condition for preferential 2D growth is further enhanced for
extending selective epitaxial growth, leading to increased diameter of the nanoflowers and to
slightly thicker nanosheets. Finally, as shown in Fig. 5.4f, nearly no original sphere can be
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observed, and the as-synthesized flowerlike nanostructures become more uniform in cluster

size with average diameter of 800 nm.

Fig. 5.4 SEM images of the y-1n,Se; crystals synthesized at 180 <C for (a) 2.0 min, (b) 2.5 min, (c) 3.0
min, (d) 3.5 min, (e) 4.0 min, and (f) 4.5 min

5.3.2 Performance of the y-1n,Ses/Si heterojunction photodiode

In this work, optical absorption spectrum has also been employed to investigate the optical
properties of the as-synthesized y-In,Se; nanoflowers. Herein, the absorption (a/A) is
calculated from the reflectance data using Kubelka-Munk equations: F(R)=a/A=(1-R)*/(2R),
where R is the reflectance, a and A are the absorption and scattering coefficients, respectively
[22]. As shown in Fig. 5.5a, the onset of the absorption of y-In,Ses starts from about 900 nm.
A plot of [F(R)hv]? versus energy (hv) yields a direct band gap of 1.78 eV (inset in Fig. 5.5a),
which is very close to the reported value (1.8 eV) of y-In,Se; [23]. The valence band of y-
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In,Se; film was measured by XPS (Fig. 5.5b), using a linear extrapolation method to
determine the valence band maximum, which is about 0.46 eV. Considering the band gap
obtained from the optical absorption spectrum, the vy-In,Se;z film shows p-type

photoconductive characteristics, which is consistent with the previous results [24].
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Fig. 5.5 (a) Optical absorption spectrum of y-1n,Se; nanoflowers. Inset: A plot of [F(R)hv]? vs. photon
energy, used to obtain the direct band gap. (b) VValence-band XPS spectrum of y-1n,Se; nanoflowers.
(¢) Schematic diagram of the y-1n,Se3/Si heterojunction photodiode. (d) Energy-band diagram of the
heterojunction photodiode showing the photogenerated carriers transfer process under light
illumination. E., E; and E, denote the conduction band minimum, fermi energy level and valence
band maximum, respectively. y; and y, are the electron affinity of n-Si and y-1n,Ses, respectively, hv

represents incident light photon energy

Based on the controllable synthesis of y-In,Se; nanoflowers and its excellent photoelectric
properties, we have tried to fabricate y-In,Ses/Si heterojunction photodiode and systematically
studied the device performance. A schematic illustration of this photodiode used for
photoresponse measurements is presented in Fig. 5.5¢. The top view and cross-sectional view
SEM images of the as-fabricated device (Fig. 5.6) clearly show that y-In,Ses nanoflower film

is closely contact with Si substrate, forming a heterojunction with high surface area. The
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energy band diagram of the heterojunction photodiode is shown in Fig. 5.5d. Here, Egs is the
band gap of n-Si (1.12 eV) and Eg; is the band gap of y-In,Se; (1.78 eV). According to the
previous reports, the electron affinity for Si and y-In,Sez is 4.05 eV and 3.60 eV [25,26], thus
producing conduction and valence band offsets of 0.45 eV and 0.21 eV, respectively. For the
heterojunction structure, a depletion region is formed on both Si and y-In,Ses sides by carrier
diffusion, leading to the creation of a built-in electric field at the y-In,Ses/Si interface. When
the incident light is absorbed, holes (h) and electrons (e) are generated and driven toward vy-
In,Se; and n-Si, respectively, by the built-in electric field, generating photocurrent in the

heterojunction photodiode.

Fig. 5.6 (a) Top view and (b) cross-sectional view SEM images of the as-fabricated y-1n,Ses/Si

heterojunction photodiode

Fig. 5.7a-c shows the I-V curves of the y-In,Ses/Si heterojunction device under dark, and
illumination with different light intensities using xenon lamp of 380 nm, 680 nm and 880 nm
as illumination sources. The results clearly exhibit a rectifying characteristic and also
demonstrate that the y-In,Ses/Si heterojunction behaves as a well-defined photodiode. As
shown in the I-V curves, the dark current is low (about —0.75 nA) at reverse bias. Upon the
illumination, a significant increase of current in the reverse bias region is observed. The
photoresponse was tested under various light intensities for all the three light sources. It is
obvious that the photocurrent strongly depends on the light intensity, and increases
significantly with increasing light intensity at reverse bias region. It can be attributed to the
change in photo-generated carriers, revealing the high sensitivity of the device ranging from
UV to NIR light. The corresponding photocurrent as a function of light intensity is shown in
Fig. 5.7d. The photocurrent is nearly linear to the light power densities and the dependence

can be described by the power law:
loh =AP° (5.1)
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where Iy, represents the photocurrent (lijumination-ldark); A IS @ constant at a specific wavelength;
P is the power density of the incident light; and 0 is an exponent [27]. The fitting curves
showed that 6 = 1.08, 0.90, and 0.87 for the wavelengths of 380 nm, 680 nm and 880 nm,
respectively. Note that the factor 0 is close to one, revealing low trap states in the y-In,Ses/Si
heterojunction. Then the recombination rate of photo-generated carriers is proportional to the
excess of charge carriers by the following formula:

dAn/dt=gn-An/t, (5.2)
where g, is the generation rate of charge carriers, An is the concentration of electrons (or holes)
created by photoexcitation, and t, IS the time constant of charge carriers [27]. Assuming g,
and t, are independent of An, then the carrier recombination rate will decrease with increasing

light intensity (increasing carrier concentration).
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Fig. 5.7 (a) Photoelectric properties of the y-1n,Ses/Si heterojunction photodiode under dark and
illumination with different light intensities at various wavelengths. (a) 380 nm, (b) 680 nm and (c) 880

nm. (d) Relationships between the photocurrent and the light intensity at a bias of -1V

Fig. 5.7d also shows that the photocurrent is relatively small and increased more slowly with
the increasing light intensity at the wavelength of 380 nm. In contrast, the photocurrent from

880 nm light illumination increases much more rapidly. This difference can be explained as
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follows: Firstly, at the same optical power density, the number of photons is more than two
times higher at 880 nm than at 380 nm. Secondly, the reflection loss at 380 nm is also much
higher than that at 880 nm due to the difference of refractive index.

A useful figure of merit for the photodiode is the responsivity (Rres), which can be calculated
from:

Rres=lph/lirA (5.3)
where |, is the photocurrent, i is the irradiance of the incident light, and A is the effective
device area (2.5 <10 cm? for this device) [6]. Light intensity-dependent responsivity of the y-
In,Ses/Si heterojunction photodiode (Fig. 5.8) further confirms a higher Ry value under light

illumination of 880 nm.
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Fig. 5.8 Light intensity-dependent responsivity of the y-1n,Ses/Si heterojunction photodiode at
different wavelengths

To further investigate the photoresponse characteristics, a plot of time-resolved photoresponse
under illumination of 808 nm laser source with reverse bias of 0 V and —1 V is shown in Fig.
5.9a. The results show that the heterostructure device can function as a self-driven
photodetector operating at zero bias voltage, thus allowing low on-chip power consumption.
When the applied voltage is —1 V (with an incident light density of 0.05 mW cm?), the
current dramatically increases from —1 nA (OFF state, dark condition) to —1570 nA (ON state,
light illumination). The switching “ON/OFF” ratio is as high as 1570, comparable to the state-
of-the-art results reported previously. The response remains the same after multiple cycles,
demonstrating the excellent stability of the vy-In,Ses/Si heterojunction photodiode.
Furthermore, the response speed of the device was investigated by monitoring the variation of

photocurrent under the modulated incident light (808 nm) using an oscilloscope. The
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modulated light with different frequencies was generated by a mechanical chopper. The
schematic diagram of the measurement is illustrated in Fig. 5.9b. Fig. 5.9c shows the
representative time response characteristics of the heterojunction photodiode at the frequency
of 1 kHz (applied reverse bias of —1 V), implying the potential for high frequency
photodetection. To extract the exact response time, one of the response periods in Fig. 5.9¢ is
magnified, as shown in Fig. 5.9d. In this time domain, the speed of a photodetector is often
characterized by the response time (tres, the time interval for the response to rise from 10% to
90% of its peak value) and the recovery time (Tr, the time interval for the response to decay
from 90% to 10% of its peak value). In our work, a short response time (175 ps) and recovery

time (226 ps) were observed, which are also comparable to the previously reported excellent
results [28].
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Fig. 5.9 Photoresponse of the y-1n,Ses/Si heterojunction photodiode. (a) Time-resolved photoresponse
at the bias voltage of 0 V and —1 V under 808 nm light illumination. (b) Schematic illustration of the
measurement configuration for photoresponse speed measurement. (c) Representative photoresponse
of the heterojunction photodiode under 808 nm light illumination with the modulated chopper
frequency of 1000 Hz. (d) Magnified plot of one response cycle in (c), used to obtain the response time

and the recovery time

To clearly show the selective spectral response of the heterojunction photodiode,
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photodetection at the monochromatic wavelength in range from UV to IR was investigated.
Fig. 5.10a shows the wavelength-dependent responsivity (Rrs) in the wavelength region of
300~1100 nm under a reverse bias of —1 V. The calculated Ry rises from 300 nm to 820 nm,
and reaches the highest value of 5.67 AW at 820 nm. The detectivity decrease after 820 nm
can be attributed to the decreasing absorption of the y-In,Ses. Importantly, the Ry of the y-
In,Ses/Si heterojunction photodiode is much higher than that of the commercial Si-based p-n
or Schottky junction photodetectors, which usually have a smaller peak value of ~0.8 A W
[27,29]. Moreover, it is obvious that the broad spectral response of our heterojunction
photodiode makes it useful for multispectral applications.
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Fig. 5.10 Wavelength-dependence of (a) responsivity, and (b) noise equivalent power (NEP) and
detectivity (D*) of the y-1n,Ses/Si heterojunction photodiode at a reverse bias of =1 V

To further characterize the performance of this heterojunction photodiode, noise equivalent
power (NEP), i.e., NEP=S\/R\s, Where S, is the root mean square (RMS) dark noise density,
was measured within a specified bandwidth (commonly 1 Hz) [30]. To obtain S, a large
sequence of current fluctuations (lnoise) Was measured with 0.5 s integration time
(corresponding to a bandwidth of 1 Hz), while keeping the photodiode in dark. The RMS
noise density was then calculated as Si=({I°noise)/1Hz)"2. Fig. 5.10b shows the NEP across the
working spectrum in this study. It was found that the NEP of our photodiode can reach
1.93x10" W/Hz? at 820 nm, implying that even a very weak incident light can be detected
above the noise level. The spectral detectivity (D*) curve under the bias of —1 V is also
presented in the Fig. 5.10b. The D* is given by the following equation:

D*=Res/(20J4) "2 (5.4)
where Ry is the responsivity of the photodiode, g is the fundamental unit of charge and Jq is
the dark current [27]. The calculated peak D* value is 5.66>10" Jones (Jones = cm Hz'? W)

at 820 nm, which is much higher than that of other Si-based heterojunction photodiodes
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[27,28,31-33], confirming the excellent detection performance of this y-In,Ses/Si
heterojunction photodiode.

Table 5.1 summarizes the key parameters of our y-In,Ses/Si heterojunction photodiode,
compared to various Si-based heterojunction photodiodes reported in the literature. The
performance of our devices is comparable to that of the previously reported state-of-the-art
devices. Such results can be attributed to the following reasons: (i) The direct and narrow
band gap, as well as a high absorption coefficient and high sensitivity make y-In,Se; an
excellent material for photo-detection. (ii) The high crystalline quality of the y-In,Sez film
minimizes the defect density and grain boundary recombination, thus facilitating the carriers
transport in the film. (iiif) The flower-like morphology of y-In,Se; with high surface area
benefits from the built-in electric field near the y-In,Ses/Si interface, leading to enhanced
photoelectrical performance. Other non-Si heterojunction based nano-photodetectors,
consisting of various nanomaterials, have also been reported in the literature [35,36]. Most of
them are resistors and based on the intrinsic photoconductivity of nanomaterials. The device
structure and current-generation mechanism are really different from the p-n heterojunction
photodiode in this work. However, in terms of photodetector performance, such nano-
photodetectors usually show higher responsivity but slower response speed. The issue of
balancing all key parameters seems to be crucial for the future device optimization.

Table 5.1 Comparison of key parameters between this work and various Si-based heterojunction

photodiodes

Wavelength Responsivity Detectivity Tres/ Trec

Photodiodes L Ref.
(nm) (AW (Jones) (us)

y-In,Ses/Si 820/808 5.67 5.66x10" 175/226  This work
ZnO/Si 442 1.02 - 10%- 34
CuO/Si 532 1.05 <10™* 1.00 %10’ 60/80 28
Mo0S,/Si 650 11.90 2.10 10" 31/72 31
Bi,Sey/Si 808 24.28 439 x10"”  25/55 27
Bi, Tes/Si 635 1.00 250 x10"  10°110° 32

graphene/Si 890 0.73 4.08 10" 320/750 29
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5.4 Conclusions

An effective colloidal process involving the hot-injection method has been developed to
synthesize uniform crystalline y-In,Se; nanoflowers, which consist of 20 nm thick two-
dimensional nanosheets. The band gap of the as-synthesized y-In,Se; nanoflowers was
experimentally determined to be 1.78 eV, showing p-type conduction. A heterojunction
photodiode formed by n-Si and y-In,Se; nanoflower film has been fabricated. The p-n
heterojunction photodiodes not only exhibited excellent rectification characteristics in the
dark, but also showed remarkable photoresponse with an “ON/OFF” ratio as high as 1570,
short response/recovery times (175/226 ps) and long-term durability. Under visible and near-
infrared light illumination, the device displayed high responsivity and detectivity, which is
attributed to the high surface area and built-in electric field at the y-In,Ses/Si interface.
Therefore, this broadband photodiode, with its features of easy fabrication and high
performance, has significant application potential in the fields of environmental sensing,

optical switching, and optoelectronic integrated circuits.
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GENERAL CONCLUSIONS

During the last half century, semiconductor technology has achieved rapid development as the
core of modern high technology. Various new materials and functional devices based on
semiconductor technology affect all aspects of our life. It is known that the fundamental
research and application of semiconductor materials are the basis for developing
semiconductor technology, which is also an important source of motivation for numerous
scientific researchers. In this dissertation, two different selenide semiconductors with
excellent properties are selected as our research targets, including controllable preparation of
materials and exploration of applications as high performance photoelectric functional devices.
The most significant results are as follows:

The high-quality Sb,Se; nanorods were successfully synthesized by a hot-injection method.
The reaction temperature, reaction time and the nature of the surfactants show important
impact on the morphology and structure of the nanorods. The intrinsic resistivity of Sh,Se; is
as high as 10° Q-m, which greatly limits its practical applications. To overcome this challenge,
two effective approaches have been developed. One was the formation of composites with a
conductive second phase and the hybrid nanorods with Sh,Ses/AgSbSe, heterojunction
structure have been prepared accordingly. This interconnected heterojunction structure can
significantly improve the electrical conductivity of the Sh,Se; nanorods. The other approach
was doping, where Sn was chosen as a dopant. With increasing Sn** doping concentration, the
obtained (SnyxSbi4).Ses nanorods exhibit an improvement of electrical conductivity with
several orders of magnitude due to the much higher carrier concentration. Finally, the as-
synthesized Sh,Se; nanorods, hybrid nanorods with the Sh,Ses/AgSbSe, heterojunction
structure and (SnySh;.x).Ses hanorods were all used for fabricating prototype photodetectors.
The results show that the Sb,Ses/AgSbSe, heterojunction nanorod film photodetector has a
remarkable response to visible light and the responsivity is about 4.2 times higher than that of
the undoped Sh,Se; nanorod film photodetector. Then the (SnySb;x),Ses nanorod film
photodetector also exhibits remarkable responsivity and detectivity over a wide spectral range
from ultraviolet to near-infrared. Overall, the Sb,Se; nanorods with enhanced electrical

conductivity show great application potential as highly efficient photodetectors.

(SnxSb14)2Ses (x=0.00, 0.03, 0.05, 0.07, 0.10) polycrystalline semiconductors were

successfully prepared by using an effective high-temperature melting process. The (SnySbi.
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x)25€e3 bulk crystal surface with appropriate chemical etching clearly show micron-sized
grains. With increasing Sn doping concentration, (SnxSbi.x),Ses crystals also exhibit a great
improvement of electrical conductivity with several orders of magnitude due to the much
higher charge carrier concentration. The PEC measurements by using (SnxSbi.x)2Ses crystals
as working electrode show clear photoelectric response and the crystals are identified as p-
type semiconductors. Compared to pure Sh,Ses, the dark current density of a representative
(Sno.10Sho.go)2Ses is increased approximately by 10 times and the photocurrent density by
approximately 14 times. In addition, this material shows a short response/recovery time
(0.03/0.03 s), reversible and stable photoresponse. Therefore, the Sn-doped Sh,Se; crystals
can have an optimal band gap (1.10 eV) which overlap well with the solar spectrum with
excellent electrical conductivity and photoconductive properties. The synthesis technique is
relatively simple and compatible with large-scale fabrication. These properties confirm the

high application potential of Sn-doped Sb,Se; for highly efficient photoelectric devices.

Four Sh,Ses-based targets with the chemical composition of Sh,Ses, Sb,Ses 3, (Sno.1Sbo.g).Ses
and Sh(Sepglo.1)s have been successfully prepared by high-temperature melting. Then the thin
films were deposited by using RF magnetron sputtering. The as-deposited thin film showed
amorphous nature and after a heat treatment at an appropriate temperature, a high crystalline
thin film composed of large crystal grains was obtained. The optical properties of the thin
films were investigated systematically. It has been found that the crystallinity and the
roughness were the main factors affecting the reflectance of the thin films. The band gap of
the Sh,Se; amorphous film was 1.64 eV, then turned to 1.28 eV for the crystalline film. The
heat treatment temperature play an important role for determining the p/n type of the Sb,Se;
and Sh,Sez3 thin films with a transformation from p type to n type with increasing
temperature. Differently, all the (Sng1Shgg)2Ses thin films show p-type behavior and all the
Shy(Sepglo.1)s thin films are n-type. The PEC measurements indicate that Sbh,Ses-based thin
films have relatively high photoelectric response, as well as fast response and long-term
stability. Accordingly, a novel quasi-homojunction Sbh,Se; thin film solar cell was fabricated
for the first time. The existence of p-n junction inside the device structure has been
demonstrated. The thickness and the heat treatment temperature have a close relationship with
the device performance. The highest conversion efficiency obtained in our work reaches
already a highly interesting 2.65%.

An effective hot-injection method has also been developed for synthesizing uniform y-In,Se;

nanoflowers with single crystal phase. The systematic studies on the reaction time and
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reaction temperature reveal the growth mechanism of y-In,Se; nanoflowers. Afterwards, an
effective heterojunction photodiode formed by n-Si and y-In,Se; nanoflower film was
fabricated for the first time. It is self-powered, with a very short response/recovery time
(175/226 ps) and long-term durability, and it also displays a high responsivity and detectivity
in a wide range of wavelength. These excellent properties indicate that the y-In,Ses/Si

heterojunction photodiode is very promising to be used as highly efficient photodetector.
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Résumé : Dans cette thése, deux semi-conducteurs
en séléniure ayant d'excellentes propriétés ont été
étudiés afin de développer des matériaux performants
pour des applications photoélectriques.

Tout d'abord, les nanorodes de Sb,Se; ont été
synthétisés en utilisant une méthode d'injection a
chaud, et le plus grand défi associé a la faible
conductivité de Sh,Se; a été relevé en formant des
hétérojonctions et/ou par un dopage. Les nanorodes
de Sb,Se; a conductivité électrigue nettement
améliorée ont été utilisés pour fabriquer des photo-
détecteurs prototypes, qui présentent un grand
potentiel d'application grace a leur grande efficacité.

Le Sb,Se; dopés au Sn a été préparé en utilisant un
procédé de fusion a haute température. Avec
'augmentation de la concentration en Sn, les cristaux
(Sn,Sh,,),Se; présentent également une grande
amélioration de la conductivité et des propriétés
photoconductrices.

Quatre cibles a base de Sb,Se; avec la composition
Chimique de szseg, szseglg, (Sn0,18b0_9)2863 et
Sh,(Seplo1): ont été préparées et les couches
minces ont été déposées en utilisant la pulvérisation
cathodiqgue. Une étude systématique de la
cristallinité, de la morphologie de surface, des
propriétés optiques, du type de conduction (p ou n)
et des performances photo-électro-chimique des
couches minces a été réalisée. Une nouvelle cellule
solaire & couches minces de Sbh,Se; avec une quasi-
homojonction a été fabriquée pour la premiére fois et
le rendement de conversion atteint déja un taux trés
intéressant de 2,65%.

Une méthode efficace d'injection a chaud a
également été développée pour la synthese de
nano-fleurs uniformes de y-In,Ses. Une photodiode a
hétérojonction formée en déposant une couche
mince de nanoflower y-In,Se;, du type p, sur un
substrat en Si de type n, a été fabriquée pour la
premiére fois. Il a été démontré que ce photo-
détecteur peut étre autoalimenté avec d'excellentes
performances, notamment une réponse rapide et
une sensibilité a large bande.
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Abstract : In this dissertation, two different selenide
semiconductors with excellent properties have been
studied in order to develop high performance
materials and devices for photoelectric applications.

Firstly, Sb,Se; nanorods were synthesized via hot-
injection method, and the biggest challenge of low
conductivity of Sh,Se; hanorods has been overcome
successfully by forming heterojunction and/or doping.
The Sb,Se; nanorods with enhanced electrical
conductivity were used for fabricating prototype
photodetectors, which show great application
potential as highly efficient photodetectors.

The Sn-doped Sb,Se; crystals were successfully
prepared by using high-temperature melting process.
With increasing Sn doping concentration, the (Sn,Sh;.
x)25€e;3 crystals also exhibit a great improvement of
conductivity and photoconductive properties.

Four Sb,Ses-based targets with the chemical
composition of Sb,Ses, Sb,Ses 3, (Sng1Shyg).Ses and
Sbhy(Sepglo1)s have been successfully prepared by
using high-temperature melting technique. Then thin
films have been deposited by using RF magnetron-
assisted sputtering. A systematic investigation of the
crystallinity, surface morphology, optical properties,
p/n type and photo-electro-chemical performance of
the thin films has been performed. A novel quasi-
homojunction Sh,Se; thin film solar cells was
fabricated for the first time and the highest
conversion efficiency obtained in our work reaches
already a highly interesting 2.65%.

An effective hot-injection method has also been
developed for synthesizing uniform y-In,Se;
nanoflowers. An efficient heterojunction photodiode
formed by n-type Si substrate and p-type y-In,Se;
nanoflower film was fabricated for the first time. It
has been demonstrated that this photodetector can
be self-powered with excellent performance including
fast response and broadband sensibility.



