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The electronic structures of the potential candidate semiconductor nanoparticles for dye-sensitized solar cell (DSSC), such as
ZnSnO; and Zn,SnO,, have been investigated by employing X-ray photoemission spectroscopy (XPS). The measured X-ray
diffraction patterns show that ZnSnO; and Zn,SnO, samples have the single-phase ilmenite-type structure and the inverse spinel
structure, respectively. The measured Zn 2p and Sn 3d core-level XPS spectra reveal that the valence states of Zn and Sn ions are
divalent (Zn 2+) and tetravalent (Sn 4+), respectively, in both ZnSnO; and Zn,SnO,. On the other hand, the shallow core-level
measurements show that the binding energies of Sn 4d and Zn 3d core levels in ZnSnO; are lower than those in Zn,SnO,. This work
provides the information on the valence states of Zn and Sn ions and their chemical bonding in ZnSnO; and Zn,SnO,.
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Helel= 54191 #7138 a3} (photovoltaic effect) 2F FZ
F A} (photocurrent effect)E ©]-8-3l= tfo| L= H3(diode
junction) TZE Zke WiEA] Axjolnt. 71 de] ARSEE
AP HEFHAE 2 9 F7IER o1 A9 74
(SiYll Q1(P), BIZ(As), SFEJE(Sb) 52 571 YAE H7HA
2 0¥ REEAIGL BA2B), ZFK) T2 F7RIR pP wiE
AE AFAA T pn JY Tl FHE wEozin
olFAl p-n HEPo] o] FAAY E-=Y = Al o3|
g dieAol JE =8 Fx9] HA}(electron) E°] p3F
Az = FAG pd HEEAel] A FF (hole) B2 n
Y dizAE gk pd WEEA|] 2= w(conduction
band) = FAHE 2] AUAE nd REEA] Wo] At o
UAEG =2 WhH, nd HEEA]|e] 71PHAR (valence band)
2 i ] duAle pd REEAS] 4 olyA] Bt
Folo = Qlsle] Ui A9t €t o] w <A o
4 (energy gap)Rth 2 AUA]E Zh= W (photon)o] BN
A YZ Y, B 220 n8 &2 pd) HiEAe] Wo]
FrEEA PR RS AEmE o] FAl7)al wEbA
7RI ele RS @S o] AEOEA FRpFE B
(electron-hole pair)°] BT} o] ZHAFF o] i
2 Z3K(minority carrier)?] % XS HAYAF|AL o] gH
e AES Skl o5 F7)xd=s At

A57HS BfFHA|(dye synthesized solar cell: DSSC)=
7] BRI} FAReE E]E AEEHARE 0¥ viEA] A8t
o 485 S AFES ARSI 3] AEAES 'Y
A8 718 729k AF d2lE Fig 10] 2R8Il Fig.
1|4 Ho F= uie} Zo] duihe BddAY] 7l 7=
= 59 A= 2 oed RiEA AskE e RS
oo g o]Fojx Fr HTA M= (transparent conductive
electrode: TCE), TF&-2 HE=A| 2Hs}E wh9lo] S3kd 98

A

[¢]

o =
H =

=
A=
=

R HENY Y - Y

b

ol

hv Hof Mo

2 ot
/ En!r"i'a d
HLr
1 st L
HOMO
——

Fig. 1. (Color online) The operation principle of dye sensitized solar
cell (DSSC).
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aEA EAF F, RS, 28ja F A5 Aele] o
50~100 pm Y] EXhS AL A= A2 HalE &
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FHER Al d8= WE F5hd d ot gE5ERE
3} o] (metal-to-ligand charge transport)e] Loju HA}=
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=9 A= w2 FAEH4-6]. o] W AT e A=
= WA= JEx 27|12 i wan, =3 A8k dEe
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T2 g =g)7] wiel] iRl FAle wieA] HEn
2 FYEE Ao £rEHoE {Esl FHS 80 &
Al =1, 958 37 A ek AFH o= FHEITHT-
10]. 22} el ofaf AAE HARe] 7 1 AH e E =
AEES AL 7 glom, Jdgs Akl fleixe dRE
Tk ope} St whEojof s, BlFAY] A9k B
7148 a3} (photovoltaic effect)el] 2Jal] WHAJET} o] 3 Y
SR A5S YeERE 523 QIxIQl HMEka 8(conversion
efficiency)2 Bj%ke g HE JAlE= e 2~HEY A7),
AR &% o] s WHETH11-14].
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(inter-disciplinary) 977} &3] 2 Ao Z o=,

B =FoMe BHRRESH (photoemission  spectroscopy:
PES)S ©]&3te] HAEFHS EHlFHAY AR & Qe
ZnSn0;%} Zn,Sn0,8] AA} P25 AGslE e, Znosgt
SN0, 5 FaEd= ARSI B g Al A
AFZE A A7 F Ade g 2 AFE et
[17]. ZnSnOs%} Zn,SnO©l thgH WZE9] PES A=
AR B v JOUH18, 19], ZnSnOs8F Zn,SnOol Thdk
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Ao AFE Holle 9S AA] dal APES S/
T2 33 AFetpon, g FHkgoz AFHAS Fo=
A== Zn0O2}t Zn(OH), 52 AASH] Y3ked 0.1 M HCI
2 53] AR, rIAHe R SR} e o= M
$ 70°CollA SAIRE BE xS & 3|56t

XA FeEE o] &3 B

H(X-ray photoemission
spectroscopy: XPS) A&-2 Thermo VG Scientific ESCALAB
250 E47)E ARRSITE o] EgoelE Meet Alel ESY
B3 SASHE Al Flo] R0 Qe o] =l A
|35 A3 Avle BT wslE Al 39S AREslen, o]
] ¥ o] (photon energy: hv)y= 1486.6 eVoll 3lESHc)
Ago] Ak XA B9 =Z7)E 9F 500 um$ith B

FHARe] dUA]= 180% double focus 78 FA} AU A]
TA71E AMgsITE. Aol A (binding energy: BE)S] 3
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Fig. 2. The measured XRD patterns of ZnSnO; and ZnSn,O,4. The
labels along the peaks correspond to those of the ilmenite (IL)-type
for ZnSnO; and the inverse spinel structure for ZnSn,Oy, respectively.
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Fig. 3. (Color online) The survey XPS spectra of ZnSnOs, ZnSn,Oy,
Sn0,, and ZnO, obtained with hv = 1486.6 eV.
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Fig. 4. (Color online) (a) The Zn 2p core-level XPS spectra of
ZnSnO; and ZnSn,Oy, in comparison to the reference materials of
ZnO, and Zn metal. (b) The O 1s core-level XPS spectra of ZnSnOs,
ZnSny04, SnO,, and ZnO. (c) Similarly for the Sn 3d core-level XPS
spectra of ZnSnO; and ZnSn,O,, in comparison to the reference
materials of SnO, and Sn metal.
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(EA]: Ref[23]) *J»i“é%*% Hwalch 28 S0
ZEE 10212 eV 10442 evell 93 F 71Y] & 93+
2V A A= B2l 28k Zn 2ps.9F Zn 2py, FFO|H,
o] W Zn 2p Wz F99 2AAE ] oAlHA]|(spin-orbit
splittingy= 23.0 eVell 3JE3H}. ZnSnO;9} Zn,SnO Q1A=
FEFHAE Zn02} Zn metalol A= HolA] &= 2F 1056 eV
BE &9 Z4e 9== Sn MNN 24 (Auger) I=o|th
[24]. Zn 2p WZ} =9 XPS T|=9] Awoks} v=9] A=
Bl B, ZnSn059} Zn,SnO= Zn0S}t w9 FALSERRH
Zn metalll= U4 UES & 4 o J8EE o] Hlue
ZnSn052} Zn,SnO 14 Zn O] & 27} (Zn 2+) FEIYS
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=27} #EEEY g2 BESdME HolA] gt} o]
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Fig. 4(b)°lAX<= ZnSnOs;, Zn,SnO,, SnO,, Zn0O2] O Is
Wzt 9 XpS ZHERASS Ho] Foh H714E Zn,SnO,
Tk 530.5eve] @) ¥IE Holes whH UE EFES
530.5 eVe} oF 5326V 3ol A= ©|F I=(double peak)
S Helth guFlog O 1s W2k &9 XPS AFE-Y
A1 eF 530eV BE Ao 9ix|gt @ Agelux] das=
ZF B4 39 0 1s Wz F90ol sligskARE, oF 5326V
BE A0l $1x|3F w2 Aoy da= 39 334 =
AR (OH) 719l 9§k O 1s WZF 9= siAent. 1
B2 o] A AT AlRE FollA Zn,SnOst 7S A
213+ AEYS & 5 ). kA Fig. 4(a)2} 4(cH Zn 2p
9} Sn 3d XPS A~FHEHA B 4= Ql5o] BE EHoA
o2 Uzt F9 XPS ~HERASLS 7i5Rs 9350] HEy
Ao Z Fig. 4b)] Ao 2]3FH ZnSnOs;, Sn0,, ZnO
o] 0 1s Wz} &9 XPS =HERHA o] 3=7} #Ed
olf= AIE Az FANA 3 oF ol W SRt
(OH)” F2=ol| ogt zlo= AJztect. XpS ¥Ho| w9 £
Hol| WIZkeH Fgolehs AMES a1shd, A5 EHd
p;zLE] X]—L]- (OH)y & p‘_x]—‘:'g o] }\]EE,] E/Ho]]‘— =2
FEFe AR &= Aoz AZE.

Fig. 4(c)°IX= ZnSnO;9} Zn,SnO, Al52] Sn 3d Wizt
9 XPS ~HEHES EEHE Sn02F Sn TS (metal)
OEA: Ref[23]) Z~HERHEH vt Ee S04
486.9 eV} 4954 evell T /1Y Ta7} A=), o5
Z¥zy 1A= Eeol] &3t Sn 3dsp2t Sn 3ds, FFoH,
o] W Sn 3d Uz} =919 2HAE £ duA= 85eV
o] 3|3}, ZnSn0s2} Zn,SnOQIAE TE= A Sn0,2}
Sn metalPllAE= Ho|x| &= oF 500eV BE <49 ZHS
J3I= Zn LMM 24 (Auger) 3 =F0|t}H24]. Sn 3d Wz
Z¢] XPS ¥=9] Axoky ¥=9] $X|= v|as] B, Sn
metal> SnO,2t} & Zo] F& 1A, ZnSn0:2} Zn,SnO,
9] Z3} MEYE Sn metal?= TR tEH Sn0.9F mi-$-

SR S @ 4 Sk THER s 3d B E9) XPS
2HEH] HWE ZnSnOs%F Zn,SnOP4 Sn o]0 47}

(Sn 4+) AESS Ho] Zr}

Fig. 59l4< ZnSnO;, Zn,Sn0,, SnO,, ZnO AlEE°l U
Sk Sn 4d(®F 26eV BE *1)°} Zn 3d(&F 10eV BE <A)
7} xS Y 9] XPS 2~HEH (shallow core-level
XPS spectra) = Hu3}HTh Fig. 4914 Sn 4d =29

7P ABREES 7 24 ~HERY] A8 2dsie] H]
WERAET], Sn 4d F=Z9] =790 WISk Zn,Sn0.2] Zn 3d
¥=9] =77} ZnSn059] Zn 3d ¥=e] 7)o H|sle] oF
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Fig. 5. (Color online) (a) The shallow core-level XPS spectra of
ZnSnOj3, ZnSn,Oy4, SnO», and ZnO, which include the Sn 4d and Zn
3d core levels.

2] A= FA F389 AL 7 Sdo] A8l gtA &
ThEo] %1 Zte VERdithaL B Zith o] Blae| ©shH Sn
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< & ¢ ALk 71¥A PES(valence band PES) S7g°]
asht. Uoprh du3s BlHADSSC)e s Al
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Al ArstEe] WA 4bslEe] % HAF d(conduction
band)®] FthZ #A7F v FosEE, A=A o
(conduction band)Z A3 o7 WAt = = IBAR B
ZH (inverse photoemission spectroscopy: IPES)°|U+ O K-
edge FEF EFH(Xray absorption spectroscopy: XAS)
A7h A 2 SO wlg- {8 AR AzpH o]

v. 4 =

£ =olie XA FARREE o83t d84E H
FARY] A=Fe] T B &38k= ZnSnO;2} Zn,Sn0O,2]
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metal 5= FUFAZ ALGSIATE AxE AlES digh
XRD Ao 2HE F A8 BT gdgoz & Az
™ 7ZnSnO; A&+ ilmenite(IlL) T7+F& 7[A3 Ao,
Zn,Sn0, AlE= 923 (inverse spinel) 7525 7FAIL
S-S & & UMY Zn 2p2F Sn 3d WA= Xps =3
Aol o5l ZnSn059} Zn,SnOLA Zn o] 27} (Zn
2+) o™, Sn o] 22 47} (Sn 4+) FEHIYS & T I
o} 3 &2 ZES] =gl 5P Sn 4d9t Zn 3d T
9] &2 W =Y ARlUAZE ZnSnOs0A Zn,SnO,
oA Ho} thh A #FAEC o] ATFEHRE] ZnSnOs9}h
Zn,SnOe1XY] ZF o] 29 AP} Adelet &18HE] Agt el
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