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T B B BB AN T3 S35 05, WEFE T ITO-Si0, (In, Sn)/n-Si 75 45 Y6 R84 4F H 3R i Si0, E
FASHB 4. THES RN B TR (<2 nm) JE8 Si0, )2, £ In, Sn, O, Si PUFh
TCERA HATHOE R, Hot In, Sn JCHRAE SiO, P H P In—O—Si # Sn—O—Si B S AL, TERL T =J6ik
AW, In A1 Sn 1938 4 AMLAE SiO, FIAHFBRH BTN T Ey4+4.60 eV Al By +4.0 eV I TREL, 877 4E T 5
In & FHRMERB I Z ERY (Ev+0.3 V). IR R P HE Si0, IV FES XS, 76 n-Si KRS
S Z MR p-BU TR AR HEE AR, WD TEIR TR S, R T WIS, 5T T R
KT FREEH 2 mE, MR 7 ITO-Si0, (In, Sn)/n-Si JeARE o e A AT #5871 ISR, (23 T IH7E

K7 T (>72%).

X 5218 4Bk SiO, )2, HEEZ R EIE, RA KPR, &7

PACS: 88.40.hj, 88.40.H-, 71.15.Mb, 71.15.Pd

15 =

Xf AL S B A OG AR, e B T AE A
AL E & 2SR EER R —. &
PO @R BT R B AR A A% L b B A
A BT B, T Si0, W AN B AT R AT B BEAL 2K
X B T g e A R D S) )R
Iz ts SR, B, BLTCO-Si0, /n-Si (TCO:
transparent conductive oxides) A% C» 1 i3 77 i1
SEOCAR A DR 5 40 187 5L ME RE AR E AN EE L A e &
HE R & 52 590, IZ A P AL AR AL -BE o A
FH S0, 2 UL WAL SIO, J2 1L T 45, Beitof
il 2% BoA T VR DR B ALRE, X BE AR A4
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TFTCO-Si0, /n-Si 5+ J5i 45 6 AR #4141 LA J BN
Phfe AT S .

Bl 1o A 52 3 = 4l % 19 ITO-SiO, /n-Si (tin
doped indium Oxide, ITO, % & L 8#H) Yok 25
R J-V 2R B (7E AM15G &4 F), N T RHEF
[f] S5 A8, HEAS S 10 R T ] B A e B . A
K 1R BLE W, iz B R i AR B s 1k
FLR AR ILF11.66%.  F 1 X 1 32 5 L1 2 flUBE
(transmission electron microscopy, TEM) 73 #r 44
REW], AEITO 5 n-Si I [AAFE T (< 2 nm)
IE 5 S10,, J2 B, R 10 5718 B A 28 A 25 1R 11
JF % F s RUIRTE [R5 53 9l ik #100.54 VA1 72.77%.
A5 v 1 % FL U (29.68 mA /em?) 3R B Hm AT
A R bE 7l I % 0E ¥ (< 2 nm) 3E 4 SIO, 2.

* EREREIESE S (LS. 61674099, 61274067, 60876045) Fl % BA G AR A1 KL 55 2% 1F R&D Bt & 5036 & 3k 4 (L #E 5. SS-

E0700601) %t Bl if .
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B X 5 26 % B T 1 (X-ray photoelectron spec-
troscopy, XPS) 7341 5t 1 X i 46 27 5 43 v, ad il
R IS UTAR ITO WA e, — 5 8/ In, Sn
JEERBEN AR & S10, B P, X Ui B Si0, St
JZ5e 2 Mon R AH BB E MY BUE G, 3 HARAE
B4, N 7RIS N & BTk
AN &1 ia L, %% 7 % SiO, (In,Sn) JZ 1)
WL F &), (BT ik &2 RN T 2 nm HAZ T
PR, ok SR T R B, Rt FRAT]
TR — MR R B SR T SR 7T SiO, JE L
ghK.

AL 4E4E TTO-Si0, (In, Sn)/n-Si 5 i 4564k
FA P B A R, R 1B 1A R
12 B 12 (density function theory, DFT) KA 5
SiO, 2 IS 5 W T 45, JRE T 45 14 A Sk
FEA TR s RE ) AR B2, e B A b — A0 (a-SiO2) Al i
45 2% In, Sn J5 1, XA L S5 /A AN 2 9 ot
gE A A LA B TR g ThRE I R

0

—— ITO ~70 nm on n-Si

Voo/V 0.54
T
g Jse/mA-cm—2 29.68
3
<E [ | Fill factor/% 72.77
Z
{M —20 | Efficiency/% 11.66
e
.

|
w
=)

HUE/V

1 £ AM1.5G JH % T ITO-Si04 (In, Sn)/n-Si ¥
REAE J-V 2%

Fig. 1. Measured current density-voltage characteris-
tics of ITO-SiO4(In, Sn)/n-Si under a simulated one-
sun AM1.5G illumination.

2 AF df Si0, da MR B fu it B 77 ik

TATTHT R FH 1 foe /DN B v Al oy — AR A R A 2
(a-SiOy), #& i Farnesi %5 O $2 ) Wi 2 fios. %
T St 3E i 8 L 1) 4y T Bl ) R (KO
1.6 x 1012 K/s), B J5 #EAT 45 44 5th BR 3R A5 4 2 1Y
ghf. SRR LS T2 AN R T (244 Si0, FLAL
GERY), B PE2.20 g/cm®. JE I AT E AT AR i A A
RN 10.29 A % 10.29 A x 10.29 A.

Ak A Si0o B2 1) 45 M it 2. e Al T B DL &
ITO/Si 1% B 1) 432 J1 54540, 35 % A ~F i

W U SRR AT DFT 9 VASP (Vi-
enna ab-initio simulation package) # {1 Bl %2
e -SC K bR BOR F ) SRR B2 3 AL (generalized gra-
dient approximation, GGA) ' ] Perdew-Burke-
Ernzerhof (PBE)Z i ) 3 Z XA GGA-PBE {£
b PR T T TR ) S R HRAE I B R T AR
SRy SR R 3 S 08, RV 22 ) B R4 A 1
IH5, GGA ] USRI BT e T #EAT, 45
AR T R B A 10, R R SR AR R 5 2
(] H g A7 ) ST 38 PO AL RE LB A 530 eV, SR
3 x 3 x 3 [ Monkorst-Park F¢ik K fi. &5t igbs
#E: A T2 /N F 0.01 eV/A.

2 (MTIRE) a-SiOo H/NEHINE MR, B bRl
IR Si i, EARRIRE O FHF

Fig. 2. (color online) Supercell of the periodic model
of a-Si02. Si atoms are shown as dark blue balls, and

O atoms are shown as small red balls.

7E DFT #i¢ {1 ITO /n-Si FL 1 43 F 5l 71 24 4
e i K R 20 ps, BT SD K N2 fs, TR
N1000 K. oM, RIS AE R 5 E T A
fo %m,ﬂ - ng (m R R, v AR Tk
&, kNBEIR 28 2 AL, DRI IR 1)~F 3 R AN
AN BT RE 2 3 N 10.0 A1 7.8 oV 12 HUR T
R AT 7.7 x 10* K, T bt i 1A% I 2 2 1Ak,
HeFREBE10°—10* K. ET FRFE X, &
#1000 K 1E 5730 115 R S0 R Si0, |2
RIS I S R A A FR A 8,

ITO/n-Si SR M 2 B 5, FATITEHL
Fi R G M B P P 3RS Tnp O A AR | HL 243 i) 3
5N Ia-3 (NO. 206). Ffij5 H) Sn &1 5 4 i i
() In JR 7R A5G TTO g M As A D41 24587 o S JiR
TR~ 6.25 at%, 5 ITO LA Sn il )7 1t
BIARTE. (111) & H A Si 5 (111) & 1R ITO B
KA AR VLD 90 R 7 — )2 (111)
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ITOZ, K574 In i FM 14 SnJ& 1, F
A = 2 TTO B8, /e IAt 14 6 )2 Si i1 )2
N LR ITO 2, Hdr SiRITO J2EFE 4 5N
10F19 A, %22 M8 T2 BRUZ, I a5
ANITO/Si F i fn S Y, i 3 (a) PTos.

3 WHERGWT®
3.1 DFENFEM

ITO/n-Si F MK 7 T N1, RANT S
2 T 5 D VHE R OB G TEM A XPS 29 #7 45 S A8 te
B Pl B R a-Si0, E P KL FE. B 3 (b)
NITO/n-Si AL 28 35t 43 -7 5 77 ZEAS AL 25 1)
5t T4 DL ) n MO AL, TG E e AR A AT S5 FL AT iR
E. SRR G RAET BRI KEO
Ji& 7 A& In, Sn 7 AITO —ME N Si 1 & %
) BHARIERR T Si—O 8. SR, #54 SiJE T
IRBENTITO W kg . B IEIE R a-Si0, 4410 )2 =2
B In, O, Sn, Si PR C 2 A A HUY .

e W
9. %0,%0.0,"
*rou%u .
o ‘o "o %*o

m0%e| % %o %o

Sn@| | |

Si @ [ X
O o | s

- .. .‘\ ... ]
80 ®
(a)

3 (MFIRA) TTO /n-Si R4 FEI AR (a) &b
AT, (b) ALHLJE; #EE#7 KA R ST A ITO [ (111) I
Si, In, Sn, O 73 BTV B 2L AL R EROR

Fig. 3. (color online) The atomistic interface model
between Si and ITO before (a) and after (b) a dynam-
ics cascade diffusion. The vertical axis corresponds to
the (111) axis of both Si and ITO. The Si, In, Sn, and

O atoms are represented as dark blue, pink, grey, red

balls, respectively.

SiOy 1 Iny O3 Y A1 i H HRE > 70l f& —855 Al
—827 kJ/mol, X it BHTE a-SiO, 4410 JE K I, 17
1E R A IR B 7748 Si, In 5 T A6 T B Si—O
In—O %8, K7 SiO, Ml In,Og P 1 75 A5 7 1
REBUE i, BT LA O 43 )i 5 Si Al In B 1) M 26 42
i, BRI AT BEAEAE O BE 5 In BEEE 15 Si ke, TR

In—O—Si M IE L. 70T 80 15 1 45 5 HIE BY
T In—O—Si B &5 FIAZAE, W 3 (b) A i i
SLFTFE 8 X3, H A7 — S8 S2IG a7 TAF 240 B
1E SiO9 2 HHE N FiAth 76 2 7T DA SR S8 A0 2 1 I
Lee 25 151 R H Si04 15 Tng O $E A4 3t 5 75 12 il £
HOe2E i R 80%, HFHZIE 1.0 x 1072 Q-cm
(1) In—Si—O & W] 5 L AT RL. Park %5 16 5] 1]
T IngOg £ — 52 Si45 A4 LB, Al LI & H a2
BN 3.1 eV [ In—Si—O =Joib &, 45 H AR
SEMI 50, B In, Sn e EBEA Si0, E
25%F Si0,, JZ BV 7 A= 5§

3.2 #%In, Sn#a-SiO, BB FLEHIEE!

N THEF In, Sn 424t SiO, JZ HL 145 ¥ il
RepIsZm, FATHE 745 %% In, Sn ) a-SiO, R
GERY, GERANE 4 B, a-SiOs [ BRLIN 5.85 €V,
K53k (17, 18] THE RIS R A, B 4K In,
Sn 5 A 1E a-SiO2 W B H 5] N T 2 BE % GSII (gap
states induced by indium) 1 GSIS (gap states in-
duced by tin), 73 AT BE a-SiOq 7717 11 4.60 eV
4.0 eV HIRBER A E, X5 SiO, H B, Al, Ga 5§
NIV ETCR BB 42 S LUE R 5l A& E 5%k i
FREG IS RAF 18],

I F Bader Hifif 434 191, W45 HH In #5437 Si LA
J&, In 5548 44 O JR- T8 /2 1 F 72000 oA
0.0le, 7.76 e, 7.74 e, 7.90 e, 7.72 e. XV W5 In B
HEAR I = A O J& 7 M Si fll In %3815 — N HLF, T2
B In—O—Si B 4514 4 7E a-SiOo TR 51N
GSII, 2 SRV O Ji 1 H M Si gk 8 —A s
T, 1E a-SiOq MR 25 M 5l NI =B I Re 2.
FAL, A In B Sn TR M54 K5l N L Re gt
GSII 8 GSIS. # K& In, Snt R A SO, )2, &
LI i In, O, Si, /Sn, O, Si, b2 i+ Bk & 4 i) it
2, SiO, (In, Sn) 7 BRH AN 5] AN — R 51 GSILEL
GSIS F e, XL R AT UES K Re . H
BT, 9236 b O 4% 1 InoSinO7 S A &M =
TeAb &9 291 Dabney 25 PUAIE B Inp, O3 5 SiO, £E
900 °C HIR KIAEE N 7] LA B JE i Ing Sia O7 1 &
Y, BRI E AR AR N 3.0 eV, i
I8 /N T S0, B IR 22l s RATTHE W Si0, 2
FAEIn—O—Sitk &), 7 HIn—O—Sitk &M
7 BN T SiO9 15 IR, 33X B T B K SiO,, (In,
Sn) EHA A2, AT ETHiE.
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—————— =
NS
6=
i N~
s | E,=5.8! e\/\
Z 4 N h Egsn = 4.60 eV
~
m rIn

2+ Shallow adceptor

level: E = (.30 eV

- —
————~= |~ >
" \?%{
= R
5+
' [ Sn Y\Ecsm =4.0 eV

B4 (MTEMR) a-SiOs A4 E () In B4 Si; (b) Sn &7 Si

Fig. 4. (color online) Energy band structures for the Si-substituted by (a) In and (b) Sn.

3.3 S| ARERITE

Z BB ITOM M H 1 Sn J& 7 2 bt 5] A
6.25%, A 7E v 5% B Re A AR fe g i 3R ATT A
8 In B 47 Si SO KRS BN (Ind) iH 5 A R
e bl

Ef(Ind) = AE(Ing) — u(In) + p(S1) + ¢F, (1)
Hrp, In 2BRIET, Si B E#RET.
AE(ID%I) = Etot (Il’lgl) - Etot(SiOQ) - /,L(In)bu]k
+ 1(Si)buik + gEVBM, (2)

(2) R, Eiop(Ind) 2 a-SiOo #8 & M 75 In ¥ 47 Si
JEFLLE R BE R, Eiot(SiO2) £ 28T 1 a-SiOy
A S AR A () bk A7 (ST bk 73 79 52 In Al
Si Ji 5 75 [ A5 I B A6 22 3 p(In) A (Si) 73 5 %
N a-SiOo 8 §h il HF 7T &K In A1 Si AL 23 evpum &
a-SiOo N T IALE . (EASHAE, 2 (1)
F1(2) AR BE R B FIBUEE FITE SiO 47 Ti
B AR Z 18]

SEPR b, ITO TE Si 8% B A K440, x4
JR TR R RE = AR BRI R 76 A S50 =5 S 1 i
Fo i PIELZAE B a-Si0,, 29 1 O J& Tk IE T 1TO
. R, a-Si0, 1 O [k 2 3K 7 52T Si Bk —
] (& Si4&AF) BIEEIL ITO — M (& In 44) 2 1848
fb. TR SR R BERT, ¥ 5 EE SifE In 5
T2kt

1) & Si %M
w(Si) = pu(Si)pulk,
(0) = S{(Si02) — ()b
u(in) = S[u(Is05) ~ 3u(0)). ()
2) & In &1
p(In) = p(In)pulk,
p(0) = 5 [#(1005) ~ 2Ty
©(Si) = [u(SiO2) — 2u(0)]. (4)

p(SiO2) Al 1u(InaO3) 73 7] 24 a-SiOp M Iny O3 73 ¥
Ik 223 1w(O) %R a-Si04 # & i Hh 76 2 O KAk
F FSHAE R 1.

F1 WS REER S HIE

Table 1. Parameters of formation energy calculation.

p(Si)/eV w(O)/eV p(In)/eV
& Si %4t —0.81 —11.34 3.12
& In %A —0.24 —9.14 —5.28

H: p(Si02) = —23.55 eV, u(Ina03) = —27.88 eV.

R FREAIE R T, FRATTAT LIRS
5 In MR E R RES. X B, FARES E N
AR 25 0 B 1 T RS RE AR (] s B 6 2 1) e 2 A B
wARUR:
qay _ q
(/) = [AE(InS;)/ _?E(InSi)]

)
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q g 43N0, —1, %R In &AL Si JE T 5 7T fEAF
TERIPR RIS,

B P 5 R, In B A7 Si T, ok 9% B Bl
SEK), LIRJRTEE Si & AF (B8 Si s — M), &
FRAE5.38 eV) T, I TEE In 25 (FEIL 1TO
], TR RE 4.27 V) R, TR AE#R /N T R % 0k
SRSt R &, RURL T P30 R824 10 eV, 4N
EHTREL) 7.8 eV 1223) [R5 T AH D& B b 25 s
(In—O—Si), 75 FL A 1) S48 Hh BT 2 4L (1 B 20 5%
NRAEE Y, HABREEEITO — M (& In 2 14),
55 Tn SR S5 A4 (A T B BE T /0N, T 2% 5 7 A ).

KI5 45 T In & 47 SiJa AT P A2 15 2 A R
¢, AT a-SiOo M 17 0.30 eV AL B, # EF| 1TO-
SiO, (In)/n-Si K FH HLIB 284 #1 ITO 45 n-Si B D iR
BFEN0.69 eV Pl X In 5 AR RE SO BLE, TE K
FEE ROy, e BT DU I A HE R AE SR I8 D n-Si JE
JEH 2B T () 3G, 755 n-Si 2R KR TH
pMRMEMER, B RMEFRRTEE
B A @ g g ar.

6 T T T T
—&— Si-rich ]
—e— In-rich |

TERRE / eV

B5 (TR a-SiOs H15 In BAL Si ISR
REFEAZRED (0/—1 W)

Fig. 5. (color online) Calculated formation energies as
a function of Fermi level for the Si substituting for In

defects with neutral or —1 charged states.

4 % W

AR FH A — R BN T8 S % T,
W 7t 7 ITO-SiO,(In, Sn)/n-Si 5 i 45 K FH A it
Ha-Si0, A6 J2 1 T Bl F2 Ak 2 20 R HL 7
ghpy. TFEA R R En-SiE R bk TR
ITO [ ik 72 o, £ Bl P A (1 a-Si0, )2 Il T

In—O—Si MM = oAb, @i X45 4% In, Sn
J5 ¥ 1) a-Si0o f ML BEAT BB 47 5 % BCRE TH B, IEBA
In—O—Si 45 F 7£ 52 50 IR 858 K 2 v AR B I A2
FAEM. In—O0—Si/Sn—O0—Si £ AULE a-SiO,
(A B P 5N T GSIT A GSIS, BEAK T 3 74 &%
Pl E, AT B s, o5 e R A B
(29.68 mA /cm?). 1fi H In 54k 5] Nk %2 £ 5 4%
4 B, S a-Si R R B E 1K, 8t
FE A HE R A FH B A n-Si 2RI H 1) 7 B, kb
REBERHERTREE, RSN ERS N
L, AT ECGE AR AR TR FLUE (054 V) A TR
T (72.77%). AL BRI TS5 R T IR B AR
ITO-SiO, (In, Sn)/n-Si ZEHE X 7 5 45 6 (R 28 1
B 1z DL TT R G AR MRES 284 A
A—EME X

TR A S T 3 AR I AORD 5 T 1) 2 1 o e A A
FH 22 8% W R KR B E B A4 BT (Institute of Materials
I0M, Italian National Research Council) Matteo Farnesi
Camellone $2 it a-SiOo 5 70 1) %5 Bl R ) B Ll K22
PEREVHE R BRI TH R BEE.
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Abstract

In this paper, for the ITO-SiO, (In, Sn)/n-Si photovoltaic device, the molecular coacervate of In—O—Si bonding
and two kinds of quantum states for indium-grafted in amorphous silicon oxide a-SiO, (In, Sn) layers are predicted by
molecular dynamics simulation and density function theory calculation, respectively. The results show that the SiO,
layers are the result of the inter-diffusion of the In, Sn, O, Si element. Moreover, In—O—Si and Sn—O—Si bonding
hybird structures existing in the SiO, layers are found. From the result of formation energy calculations, we show
that the formation energies of such an In—O—Si configuration are 5.38 eV for Si-rich condition and 4.27 eV for In-rich
condition respectively, which are both lower than the energy (10 V) provided in our experiment environment. It means
that In—O—Si configuration is energetically favorable. By the energy band calculations, In and Sn doping induced gap
states (Ev+4.60 eV for In, Ey+4.0 €V for Sn) within a-SiO2 band gap are found, which are different from the results
of doping of B, Al, Ga or other group-III and V elements. The most interesting phenomena are that there is either a
transition level at E+0.3 eV for p-type conductive conversion or an extra level at E,+4.60 eV induced by In doping within
the dielectric amorphous oxide (a-SiO;) model. These gap states (GSII and GSIS) could lower the tunneling barrier
height and increase the probability of tunneling, facilitate the transport of photo-generated holes, strengthen the short
circuit current, and/or create negatively charged defects to repel electrons, thereby suppressing carrier recombination at
the p-type inversion layer and promoting the establishment of the effective built-in-potential, increasing the open-circuit
voltage and fill factor. Therefore, the multi-functions such as good passivation, built-in field, inversion layer and carriers
tunneling are integrated into the a-SiO, (In, Sn) materials, which may be a good candidate for the selective contact of
silicon-based high efficient heterojunction solar cells in the future. This work can help us to promote the explanations of
the electronic structure and hole tunneling transport in ITO-SiO,/n-Si photovoltaic device and predict that In—O—Si

compound could be as an excellent passivation tunneling selective material.

Keywords: amorphous SiO, layer, density functional theory, heterojunction solar cells, quantum

tunneling
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