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TTO #2847 et A, T HCE IO M P 25 b R 1 2 0 M0 e 55 245 SR 3 01 (IS Al 080 T /92 1 26 1TO 74
WL T 5 B A, £ %5 TTO S P i O TG 45 A6 In/Sn—O— N B TTO A [l I ) O 762 4 it R
7], {E6 A4 T /M T RS 76 TE R0 1T O ML T A1 45 A 3 T A4 B, DR IR0 7 8 2 Lo 2 M o, SRS
A6 TTO W M Fhy BEL 36 388 1 245 6 4> %0 2. {EL (100) % D5 B TTO 5 B0 < & 1 9 (100) 10, Jik A8 2 th
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SN FL R A DO Sy TR ARG kT R PH R H b
M IRA R PE R IR A, BR T BSR4 22
O IZ A S F ST A, TTO 325 BH H A2 (1 L 2 B
PEAL 4 A

S READLES kT K B B H b A8 F Hh NH, B/
FLAAE 1TO MR Z R P Bt 2, A8 SCR G
i NH, B 1 /5 A 5 400 57 7 950 0 40 45 74 1)
ITO i R m EATAH EAE T, 3@ 52 I RE NH,
BT /R AE BA ANE (100) B H B A2 B0 1TO
MR Y WUE, A AR, THe K RE
NH, & /2 M7 ITO MRy Hud e, K
SZI TTO B H = M R HLEE, FF4E 7R (100) $;
PEEE] ITO # AP HIKRE NH, 25 /5L B0
BUER, Sy i — 25 P TG R A BH B Fi Tt 254 14 Al 15
Fr AR RS e P, AL S50 SERl A AR 5.

segrh ) I JGP-560 BIRGHEIk S 248, LI H
DL IOk G 2 W S Oy e R AR e A 4 AP R
AANA (100) B L 2009 ITO Wi, firfs ITO
WL REHIh (600 + 20) nm. U7 R L, $ 0
B ITO AT 4 ITO Ml 1, M 2 & 4,
ITO ALY (100) B b 5 R B0Z W K. 525
W R R R ek PSR A L 25 B T KGR A
YE, % 10 min, RF4 N, KT, A EEERER &
b PAEAERE K 99.99% A TTO #EAF Ay itk S5, #E A4
RSFR €100 x 3 mm?, ¥EAF % 43 InyO5 AT SnO,
f) o H 4 EE A 90%:10%, Wk B SR A = 4l
Ar(99.99%). hy #10 il W 5 ok i v B0 AL e T AR
I, S 6 W 5 E YRR FH € ) AE /A F] % Pinnacle
Plus 5 kW 4 J 30 ik e S0 A U8, U5 v R A AR T
B, TTO HEE 1—4 iy B ARSI S 50k 1 i
H). ITO MAEIURR B, B JoaMm k. Ry
FEEERRELS ST, ITO Wil 14 %45 )5, a— B
T JGP-560 ME NN REHE B H A6, H
FER &M B 7F 0.6 Pa gli Ar AU T X
ITO ¥ 1—4 #F17IR KA, 1R JGREER 200 C,
RKHFEA 1 h.

F 1 OITO M 14 Ml s34
Table 1. The detailed deposition parameters for

ITO film 1—4.
TS H HfH
Base pressure/Pa 1.0 x 103
Flow rate of Ar/sccm 20
Distance between target and substrate/cm 12
Pulse frequency/kHz 100
Reverse time/ps 1
2 (Film 1)
4 (Film 2)
Sputtering power density /W-cm?
6 (Film 3)
8 (Film 4)
Working pressure/Pa 0.6

SRR ER T K P BE R b 7E AR A% i AR R NH,
B /R PITE ITO wi R T WY HOL 2, 4% 1TO
JHETEAE S DO PR B T E A = N, ITO AR
AR 5 B PR R B [ 2 O 11 em. MEZS R
Has < 10 Pa i, B 20 scem B 46 NH,
(99.99%) KM AL E AE 22 F] ) 38CM Kl %
AR B UR, B AR, S N A R
FETE 0.46 Pa, BT IR BHH H AT BH A% fL 3
43514 350 W, 1.9 KV 1 0.18A. K, B TN
FEAE NH, B /3EH, FEBHICHE R IR S T, 488
TURPREEMEE, U NH, B T3, T TN
W TR 1.9 KV, Ktk NH, B PRSI T 1.9 keV,
RISMARAE NH, 2. kg NH, &5 ITO #
[ 2% 1T AH BLAE L, R8T B TTO Wi mi. 7e4IK
it NH, B 735 TTO 8 i 3 i A0 5.4 A 40 72
o, R R bR E K RU AR st IR . SRR
B, ITO 3L 00 4R 18 8 =S 3 (20 °C), 7EI%
AE NH, & FHRAEM SRS, 1TO I J iR %
eI, (HE R 50 °C. A S8 il i 3
AE A A1 38CM #% R 245 IR A A K
FaaEtE, AR S 85 W22 kg, (B,
TR TFIRAE BAL B TR A 25 57, 1 F:30R
ORS8N [ o7 5 Ah L R () S 50 45 SR T R o B
W22 5. Ml TR B R S B SE 045
Hm2Z, SCE R4y S ITO W 1—4 [ TELH
BHFENE, B —IETIREE NH, 2T HR/ER.

FEXT ITO WARIEA T FRAERT, FIH PANalytical
Empyrean X HATHMY (XRD) Ml ITO LAY
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FARGERS, X HERIE Cu Ky S92k () = 1.54056 A),
HHEEC BRGSK BURTE S 02088
0.02°F1 0.5 s. | F Hall 8800 & /K il iz £ 4t I izt
ITO 8 By H 2 M o, 03K DX R Jsk 0 o B Oy
0.68 T, MR A= . FH Quautum 2000 %Y
X SFEOEH TREREAYL (XPS) X RES HEFT LA 3T,
MR R GANEEZS 2.0 x 107 Pa; X $I405 4 Al
K, $12k (hv = 1486.6 eV); AS A E 45°; H7 il fiE
HoON 29.35 eV, M FEHE A K 0.125 eV. MIAHT,
FIH XPS &% H A 1 Au kS XPS Wik & 48
HEATRIE (Au 4f;j, 84.0 eV); WS, FIH ITO
MRS YA C 1s 1N (284.6 eV), XT XPS
RESRIATROE. B HRENEET, FIH XPS R4 H
W Ar BSFHEXT ITO MRRERI I TGS L, LI
FRFHEAPLITY, Ar B THRINEAIE 2 keV, AST
FARE 45°, MESHER 1—2 nm/min, IEFHHVE 4 min.

3 #XR5itb
3.1 ITO EHREEEHNIR

S TTO R 1) S AR 2548 S BRIl
A ITO W 7E S5KAE NH, B 7 /3L A #-AT M B AR
e, B4 0208 XRD 3k, & 18
ITO Wi AE 5K AE NH, 2 1 /3 A BE 47 M AR
HIAYIH—fk XRD #%. MIE 1 R AT LAE Y, S5hRdE
In, O3 ¥y A XRD 3 ELEE, B ITO AR 57
JrERA FHEEA 12 R, [ 1 ITO #ilE XRD A

J A i ITO film 1

Cubic ferrite In,O,

Intensity /arb. units

(222) |

= PCPDF 00-06-0416
= N = n
™ <t [\
~ <t N=)
. l S
1 1 1 1 1
20 30 40 50 60

20/(%)

Bl 1 JsR ITO MR XRD ji2k
Fig. 1. XRD patterns of original ITO films.

[l R T AT S SRR ASAATR]. 1TO Wil 1 () XRD
Tilk A% AT SR AR X R B 5 R ME R R 1) XRD 15 AH
], FHA ITO AR 1 I ICEL 2 gt Shriek
KA XRD %A He e, TTO ¥ 2—4 19 (400) &
T A7 S W R X i B 2R AT 4 5, T (222) it T PO S5
UAEAFLGT B8R B ST 55, W 1T O Wi 2—4 B e
AN (400) BEALHL A (55 (100) BROLHLRIAHIA]).
W ITO W S5KEE NH, B 1 /3 At A7 40 5AE H
J&i, XRD i IFJoAR Ak, 33 2 P ok 8 7 U BB R
J£4 1.9 kV, B NH, &+ /3ER1198h68/ N 1.9 keV,
RIAICRE NH, 27 /371, BAERBHECA 10 min,
P, (KA NH, 21 /3L F i 57 1 sh g, A2 LA
f# ITO WK A IARZER LI S BRI A & A= AR 1.
SEE T XRD HEEA N 020 FH, 3R
A St Y5k [ FOEAT T 1TO iR im0 Fh . N
FE B FIE ITO WA 1—4 S 47 T 3 5 3% 1 1)
(100) & 1 A9 HL &R 8, XA 1 XRD il £k 19
(222) F1 (400) A7 ifH0ee (AHIR] T (100 A7) THIAR
PEATIHEE, AEERAL ITO WM 1 /) XRD H o A
S (222) AS %, A ITO WK 2—4 AT
HIER MY (100) AT A9 HLEE R A Hovp, 2 U
FRA 1TO W 1 /% (222) 4105 (100) & 1 B b
FAHIE, BIAXSF (222) T, ITO 1 49 (100)
T LB RO 1 BT R R e, it
BITO MK 14 i XRD(222) F1 (100) fi7 5
1A HR, DA TTO MR 1 /) XRD(222)
A1 (100) fissiei AR BEHE, 23l 1TO T 1—4
1) XRD(222) fif G W 1 AR5 1TO i 1 1Y (222)
fir it AU AR, 153 (222), REG 5% 1TO
T 1—4 19 XRD(100) AT AR5 ITO i 1
[ (100) A7 5 0 T R L (B, 4531 (100), 2R 50 Hx
J&, € X ITO M 1—4 (1) (400), RES (222), &
B AR, A ITO M 1—4 /9 (100) Buja) H i &R
B, Bk 2 Frg). MR 2 LB, #1—4 1Y

F2 ITO M 14 /Y (222), 3. (100), REL

0 (100) Hitm He i R 5L
Table 2. The coefficient of (222),, (100),, and
(100) lattice plane proportion of ITO film 1-4.

(222) 2% (100), R %0 (100)HUH b & 5L
ITO film 1 1.00 1.00 1.00
ITO film 2 0.67 2.78 4.15
ITO film 3 0.41 3.12 7.61
ITO film4  0.18 3.08 17.11
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W, TTO HEME Y (100) Bl L B R 50 1.00 2
W Z 17.11, U ITO M 1—4 Z i i THt
P78 R (100) £4K.

3.2 ITO EHREZEMERSH

ITO 8 BEAE J 38 B R 2, H F 2 645
BRT K PHARE HL b #E AR PERE T 5, AR EHE M. A
I Hall 1138 R 4enT LA 2 TTO 15 1 8 0 1k
JE (n). BR TR (u) FHEBLR (p) 580,
wE 2 iR, WE 2 T LA FE5KEE NH, 2
+ /BB EAE T, i ITO B n, u, p 5
FIMRFFTEZY 10 em 3, (28.21 £ 0.93) cm?/(V's),
104 Q-em JWEIN. X FUrA ITO WS, 5
fIiHE NH, &7 /2 BM EAEH G, HAERE A FRAR,

4 (26.96 4+ 0.89) cm?/(V-s). {HiE:, Zeid 5{ikAE NH,

BT FEHAMTEAR G, 1TO MIEE) n F1 p Z4EAR
W E ARk, X+ 1TO Wil 1M, n FAKT 5 4K
I, pHINT 6 NECE. 1TO R 2 F1 3 (1948
fE#aF 5 ITO #RE 1 AR, 5 n Fl p 19725 fb R R
T ITO ¥R 1. X ITO M 4 15, n, p B
B R B AR

2k (a)
10 ] (©) ® ®
g
©  100F
=] b
—~
* 102k
£ @
10-¢
£ (b)
T 1020 (]
g
< 1018
= e
1016
ssb @ hd
\@ 30 _(C) Py
T oosl @ @ @
>
o~ 20
g
< 15y ITO @ ITO
3 +NH,
10 . . . .
1.00 4.15 7.61 17.11
film 1 film 2 film 3 film 4

(100) proportion of ITO film

E 2  5KEE NH, &1 /LW A B ARG ITO MY B
YRR (a) A (b) R TR, (o) 8 TiEBR

Fig. 2. The electronic property of ITO films before and after
low-energy NH, ion/group bombardment: (a) Resistivity;

(b) carrier concentration; (c) carrier mobility.

ZEETE 1 RNE 2 ISR, LT AT UG B
4518 RAE NH, & 7 /HE K] 5 A 6] ITO B S%
HEAERJG, 7R TARFBRCR: 1) X T IEEIr

ITO Wi 11175, fKAE NH, 251 /M 5 H L m A
HAER G, Hob2m iz 8] = E %L 2) BEE
ITO B (100) B m) b o 2R 20 384 i, IKAE NH,
B /R SR A EAE S, LR 2R UL
TR B W 55 5 3) XF T (100) Hen) b &R Flie K
9 ITO WM 4 1, IRAE NH, 2§ 7 /5L il 5 H &
A EAE G, Hoi 2 i LF- AN 25 . AR 4,
HWA A ST E L g 1) 4% AE NH, 51/
FEP 5 ITO 2% fiAH BAE G TTO i  fL 2
PEFUEAL? 2) M4 (100) A HE AE % 30 H %
fit NH, 51 /3L P15 ITO e 24 1 %Ak 2

3.3 XPS &

— MM, TTO 8 5 A H 2 o 32 2257 31 JL
Tb2E 1) | A2 E A R T AN Y R B S R . 7
A, B ITO WEBEAR R = 26 Ar TR AH R
1 ITO AL 251 8, Bk, Frf ITO #Ar 1k
22 R 2R B S AL A R AR R A 194 5F L, AR
B 1 AE 2 mrAEL fERRE NH, & 7 /25 ITO
T R T A AR AT, TR TTO A H 22 1
WAL, B, A SCER ST e INAE NH, 21/
FP 5 ITO ¥R A EAE G, 1TO MR 1k
2T AL A LS R T L

T ]2 SCH R A el x5 KB
NH, &+ /FEAE R TG 09 TTO B3R 1 43 51 i
rE 9 XPS ik, & 3 45 1 1TO i 5% AE
NH, & ¥ /M EAEHTTER O 1s MIN 1s i/
43 PE XPS 3%, I 3(a) ATLAFE H, LLITO #EfE 1
F B, S5ARAE NH, & F /3 B A 5 AE i, 1TO
W 1 RS N TR, ITO Wil 24 iI45 R 5 1TO
W 1 AR (R, 2 fRRE NH, &5+ /5 HEH
J&, ITO I 1—4 195 70 B XPS 157 396.59
F1404.22 eV AMPIEN 1s 3506, 4011 3(b) Fis. it
5 XPS FEXT a0, Wik 396.59 Fl 404.22 eV
) N 1s 3% 0% 43 ) % ¥ In/Sn—O N (Metal —
O—N, M—O—N) #F N—O—N i 1516 3 5f
El 3(a) A1 3(b) B X EL AT 1, IkRE NH, &+ /%
M5 1TO M R m A EAEH G, E49 kA
ITO M. [FEE, DL ITO MM 1 ], S{KAE
NH, & F /5 BIAH AR FHHT, O 1s i 43 HF XPS
7 AAE 530.11 eVAMFAE— I, RFRIAYE In/Sn—
O, WK 3(c) Fim. ITO M 2 4R S
ITO [ 1 AHF. (H2, £k NH, &7 /3 A
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(a) N 1s (c) O 1s

[}
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=
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B d

2| ® — 1o fim1 | @ —ITO film 1
5 —— ITO film 2 —— ITO film 2
= —— ITO film 3 —— ITO film 3
= —— ITO film 4 —— ITO film 4

392 396 400 404 408 412 528 532 536 540 544

Binding energy/eV

&l 3 W4T HEXPS i

(a) TTO WM 1 S5%AE NH, B+ /2L A EAE R N 1s i; (b) TTO MM 1—4 S5{%AE NH, B 1 /5L H H

HAEHJFIN 1s 8 (c) TTO WK 1 5K AE NH, 25 1 /2 WA T A AT O 1s 1% (d) TTO WE 1—4 51K #E NH, 25 7 /2K E

YERJE B O 1s I

Fig. 3. High-resolution XPS spectrum: (a) N 1s for ITO film a before low-energy NH, ion/group bombardment; (b) O 1s for ITO

film a before low-energy NH, ion/group bombardment; (¢) N 1s for ITO films 1 to 4 bombarded by low-energy NH, ion/group;
(d) O 1s for ITO films 1 to 4 bombarded by low-energy NH, ion/group.
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Fig. 4. Gaussian peak fitting procedure applied to O 1s
high-resolution XPS spectrum of ITO film 1 bombarded by
low-energy NH,, ion/group.
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Fig. 5. Atomic percentage of N, as well as percentage of
M—O—N bond from all N bonds and O bonds, respecti-
vely.
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Fig. 6. Schematic illustration of InyO3 unit cell: (a) Primitive unit cell of InyOy; (b) schematic illustration of side view (100) surface;

(c) schematic illustration of side view (110) surface; (d) schematic illustration of side view (111) surface.
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Abstract

In the case of methylammonium lead halide (MAPbH;) perovskite solar cells, the indium tin oxide (ITO)
film has been widely used as the transparent electrode. In the preparation process and service process of
MAPbDLH; perovskite solar cells, the MAPDbH; perovskite layer can decompose into the methyl, amino,
methylammonium, halide ion/group, etc. Thus, the diffusion of ammonia ion/group into ITO film is inevitable,
which can seriously deteriorate the electrical property of ITO transparent electrode. In this study, the ITO films
with and without (100) preferred orientation are bombarded by a low-energy ammonia (NH,) ion beam. After
the bombardment, the electrical properties of ITO film without preferred orientation are deteriorated seriously,
especially for carrier concentration, which is deteriorated down to an extent of about 5—6 orders of magnitude.
The bombardment of low-energy NH,, ion/group has little influence on the electrical properties of ITO film with
(100) preferred orientation. Such phenomena can be explained by the following reasons. Based on XPS
measurement results, the low-energy NH, ion/group diffuses into the ITO film surface after the bombardment.
In the diffusion process, the low-energy NH, ion/group is mainly bonded with O in ITO lattice, which results in
the formation of In/Sn—O—N bond. Based on the crystal structure of ITO, the (100) lattice of ITO consists of
In/Sn, and the calculated value of surface energy ~(ioo}/{o10}/{001y = 1.76 J/m? While the (110) and (111)
lattices of ITO consist of In/Sn/O, in which the O atom percent on (110) and (111) lattices are 56 at.% and
25 at.% respectively. Besides, the calculated values of surface energy Y{110}/{101} /50113 and (1113 are 1.07 and
0.89 J/m?, respectively. Combining the XPS measurement results and crystal structure of ITO, it can be
understood that in the diffusion process of low-energy NH, ion/group into ITO film without preferred
orientation, lots of In/Sn—O—N bonds are formed in the ITO lattices, which are rich in O and have lower
surface energy ~. Then, after the low-energy NH, ion/group bombardment, the electrical properties of ITO film
without preferred orientation are deteriorated seriously. On the contrary, because of the absence of O and the
highest surface energy «, it is hard for the low-energy NH, ion/group to diffuse into ITO (100) lattice. Then,
after the low-energy NH, ion/group bombardment, the electrical properties of ITO film with (100) preferred
orientation have little change. With all results, the ITO film with (100) preferred orientation can be an ideal
candidate for transparent electrode in MAPbH; perovskite solar cells.
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