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Fig. 1. XRD spectra of films with different annealing temperature (a), deposition time (b) and films annealed

at 150 °C for different time (c); (d) Raman spectra of films at different annealing temperature.
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BT &, EETS CufO MR FHE & &
TN, X R A A BT B MR KR E N
200 °CH, Cufl O W ¥ H 70 & B IR, X 7]
AE A2 B A 1R IR B TH i, CugO A) CuO #4732,
I P10 2 TR A AR K L ok RT3 KA. 2 (b)
SR N T i R AR K R XPS 1 H ) Cu 2p A
AR DL B R 2 R DU AT 4 i 425 100 °C
B 150 °C IR K AL B M B Cu 2p 4% 1 JF H 3
i, FU§ Cu 2pg ), MG REHRFE 932.2 eV /A7, X
Z£0.1—0.2 eV, HAE 938948 eV Z [HAFERL 91
TR U, IX s TR T DUIE B CupO A7 TE, {H2
ANEEHE Cu WIA7EAE P27 T 45 200 °CHB Kk Ak

CuO b = A B M 2 8K, H CuO > CuO >
Cu POl DR gk, AT BLE i % 8RR (B 2 () 5 o
WATHE— B . WTRLE R4 100 °C 8150 °C
1B K T () AR R VG 25 5 BB TE 569.9 eV i A, W
N CuyO; 4R 200 °C 3B K Jim V5 AR R g 45 &
REAE 568.6 eV /i £7, Wiy CuO. B4 KUK
RS A L 45 R 2 (d) B, 7T LR
5 568 eV Pt A7 7 — N 55 (1 0, IX 78 /- iE B T
Cu 7 WAL,
F1 AARREEE KR Cu/O B THE 4L

Table 1. Content ratio of Cu/O after annealed at dif-

ferent temperature.

N N L 52 o o o
B[] 1 Cu 2pg o 45 4 AE M 935.5 oV, X 785 AUE 100G 150°C  200%C
v . v Cu/0O 0.60 0.58 0.44 0.51
WEBT T CuO A7 AE P8 ZE MR B, Cu, Cus0,
o |
(a) 2 (b) Cu 2p ()
O

3 3

o o

g g

~ ~

z z

& &

5 5

= =

150 °C
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'
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L IE
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K2 (a) @A FEERKEHEET XPS i; (b) Cu 2p Fi; (c) MEER; (d) AR AIEAR HEiE 56 & 1
Fig. 2. (a) XPS spectra of the films annealed at different temperature; (b) Cu 2p narrow spectrum; (c) Auger

narrow spectrum; (d) fitted diagram of Auger spectral of the untreated film.
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IR Cu A, 38 KIREE 200 °C LA E & HF AR K SR 2438 R 300 °C I
LT KR (3 (Q)), ELUERT R (B3 (o)), MRIAERA K S, WL RMS [
F RMS Bk (B 4 (), Cun0 4k H CuO, Bk 16 (B4 (e)) 2.

F3  AREEEEKEEBE SEM R (a) KA, (b) 100 °C; (c) 150 °C; (d) 200 °C; (e) 300 °C
Fig. 3. SEM images of the films after different temperature annealing: (a) As-deposited; (b) 100 °C;
(c) 150 °C; (d) 200 °C; (e) 300 °C.

0 0.4 0.8 1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0

pm pm
(b) RMS = 2.420 nm (c) RMS =2.444 nm

(d) RMS =5.769 nm (e) RMS = 2.850 nm

B4 AR ERKEHBT AFM A (a) R4, (b) 100 °C; (c) 150 °C; (d) 200 °C; (e) 300 °C
Fig. 4. AFM images of the films after different temperature annealing: (a) As-deposited; (b) 100 °C;
(c) 150 °C; (d) 200 °C; (e) 300 °C.
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100 °C E 150 °C B Kk Ab i Ji5 1) 78 S 20 6448 Dy v o
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2.47 eV, LU WL Cug O L 1 ' 25 B Al K, X
i P S A RGN O R L S AN AN Y A TS S PED/
T2 200 #1300 °C B, HEEA A CuO, H2EH
B 43 1 2h 2.4 F1 2.09 eV, 1X 5 T SCHER [30, 31] 1
SRS

200 °C 300 °C

(ahv)?/cm~2.eV 2

T T T T T 40
g 130 -
G »
5 7
g z
oy 120 &
z S
k7 2
n =
Q =
@ 110 B
=
1 1 1 1 1 0

100 150 200 250 300
Annealing temperature/°C

5 ZAFNRIEIRJEHEBN () SRR, (b) BHE, (c) AT ho-(ahv)? l12, (d) BRTIRIE, (o) B

MBI T IR

Fig. 5. (a) Photos, (b) transmission spectrum, (c) the fitted the hv-(ahr)? curve, (d) carrier concentrations,

(e) carrier resistivities and mobilities of films annealed at different temperature.
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28 AN [R]85 R K S VRS ) R 2 1 R A I
IR RS AT IR, 45 R0l 5 (d) F (e) Bk,
MR 238 100 °C Bk 150 °CIB K JE, 84 N CusO,
Ha, B 2 1 4.87 x 103, 5.02 x 10° Q-cm, # i
TIEB RS 34, 27 cn® Vst B TIRE
FE1013—10M em 3 FYEHI N, X5 CRE R 4R
8 52280 M58 KR FE N 200 °C 5300 °C i,
W R 4> 9 CuO, L FHZRIE N, 1L R LK.
SEA DA G B Cun O BRI T CuO,
EAE N HTMs H TR0 K BH H .

200 °C F1300 °C i JE 1) 5% 5717 B 20+
W, BHR LR IR ERR XER
49200 °C IEALF Cup O i ) CuO AR 1 a2,
1B KR N 200 °C 5300 ©C A b v 45 & 1 i
Z (K1 (a)), MR AR R SE AR Z 50Kk (03 (d) i
(e)), S UKL RS 1S K, B SR TR R /S, i s
FIT 38 B () SR /0N 325 0ok FR e R 1) S 2 i
W/, 2R KR N 300 CC I, R L 5E A AR N
CuO, TR B 386 K, T KUk A R T 3 7L /%
RIFETE, O F TR P B AR, I PR K

FEF I 57 5 45 PSCs Y, 301 HTMs J2 (1)
VR 2R T In) HEAT A% B, S RE 0 LT IR 1 BR A
EZRm B M HTMs 2 by, A2 LLE %
ANITO FTH, i ITO F1 CH3NH3PbI; 8] () B
PeH ful, O T I A9 M HTMs 2 i JE i,
i A HTMs (1) 55 55 F BE R 6 W i 38 58, F v 1)
Ji % IR (Jso) FHE R R 7 (FF) PR, 6 (a) F
2N Cuy O ANH JE 1 PSCs 1 J-V il 2% K %101
SR, BARP bR — X Eh g SR LI 6 (b)—
K6 (e). CugO M JEFE A 40 nm I L i 250K I 5,
IS 9 Cua O 1E N HT M e AR JE . (H 2, Hiith
1M B e Ak B ZK TR PEDOT:PSS v HTMs.
BE— 25 M H R A, 6 CupO R (4 47 1B AT T
UPS M (E 7 (a)), 13 3] Cu0 1 f i 5 4 5 1
HL1E (HOMO) ReR AL E N —5.32 eV. B 7(b) N
CuyO0. PEDOT:PSS A HTMs i} PSCs ) fig 77 B,
A LLE H CupO B 7 585 8K 1 40 5 58 o UG A,
B HRTF 2. XA LU PL R e g 15
FIIGAE, W7 (c) Fias. KA Cu,O N HTMs B,
AR I LA AR PL R OGRR E, UEI E IR
27 GEN T HTMs )2, BAR TR PRI E &
FRJE. HA, CusO B PEDOT:PSS byt #4564k ™
R W AL P i Bk R EE A (BT 7 (). IX bk SR IE B

CuzO t PEDOT:PSS ¥ 4 {F A HTMs 13 /1, Fr
PA Cug O 1 v HT M (1) L it 2850 3R A 1 HE — 7T 6 JiR
e RN I R S A 22 ). BT (e) ()
N IKAE Cup,O FTPEDOT:PSS i i 2 T 4 22 fi £
MR . AT DUE H 7K AE Cug O 2T Y 42 fi £ 18
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Table 2. Parameters of PSCs with different HTMs.

R HTM Voe/V Jse/mA-cm=2 FF/% PCE/%
PEDOT:PSS 0.94 19.7 51 8.25
Cu20 (10 nm) 0.75 13.1 28 274
Cu20 (20 nm) 0.78 13.1 35 3.59
Cu0 (30 nm)  0.81 12 44 419
Cu20 (40 nm) 0.82 16.2 53 6.84
Cuz0 (50 nm)  0.69 5 36 1.19
Cu20/PEDOT:PSS 0.88 12.2 38 4.10
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Fig. 6. (a) J-V curves of PSCs with different HTMs; (b)normalized Voc; (¢)normalized Jsc; (d) normalized

FF; (e)normalized PCE.
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Fig. 7. (a) UPS diagram of the film annealed at 150 °C; (b) band diagram of PSCs; PL (c) and absorption

(d) spectra of CH3NH3PblI3 films deposited on different HTMs; contact angles of water droplets on the

surface of CuzO (e) and PEDOT:PSS (f) films; SEM image of the CH3NH3PbI3 deposited on Cu20 (g) and
PEDOT:PSS (h) films.
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Fig. 8. (a) XRD spectra of the films treated under ultraviolet lamp for different time; (b) SEM images of the
CH3NH3PbI3 deposited on CuzO film treated with ultraviolet lamp; XRD (c) and transmission spectrum (d)

of CugO with and without PEDOT:PSS deposition.
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Abstract

Inorganic—organic metal halide perovskite solar cells (PSCs) have drawn tremendous attention as a promising next-
generation solar-cell technology because of their high efficiencies and low production cost. Since the first report in 2009,
the recorded power conversion efficiency (PCE) of PSCs has rapidly risen to 22.1% by using 2, 2, 7, 7'-tetrakis (N,Ndi-p-
methoxyphenyl-amine) 9,9-spirobifluorene (spiro-MeoTAD) as hole transport material (HTM), with the efforts devoted
to the device architecture optimization, material compositional engineer and interface engineering. Nevertheless, the
synthesis and cost of the organic HTM (OHTM) become a major challenging issue and therefore alternative materials
are required. In the past few years, the applications of inorganic HTMs (IHTMs) in PSCs have shown large improvement
in PCE and stability. For example, PSCs with CuO, as IHTM reached a PCE of 19.0% with better stability. Even more
exciting, the theoretical PCE of PSC based on CusO HTM reaches 24.4%. So, Cuz0 is a promising IHTM for future
optimized PSC and the large area uniform preparation is very important. In this paper, Cu2O films have been successfully
prepared using electron beam evaporation followed by air annealing. The influences of annealing temperature and time
on the composition, structure, and photoelectric characteristics of film are investigated in detail. It is found that the
as-deposited film is a mixture of CusO and Cu. With the increase of annealing temperature, material composition is
transformed from mixture to pure CuzO phase, and then to CuO, due to the oxidation in air. In an annealing temperature
between 100 °C to 150 °C, pure Cu2O film can be obtained with an average transmission rate over 70%, optical band-gap
of ~2.5 eV, HOMO level of —5.32 €V, and a carrier mobility of ~30 cm?V~1.s71. When the film is treated with a UV
lamp, the structure and composition of the film can be changed more easily because of the enhancement of oxidation.
Finally, reverted planar PSCs with the structure of Ag/PCBM/CH3NH3Pbl3/HTMs/ITO are constructed and compared
carefully based on HTMs of Cu2O, with poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)(PEDOT:PSS), and
Cu20/PEDOT:PSS layers, respectively. An optimum thickness of 40 nm of Cu,O HTM is achieved with high carrier
extraction rate. However, the performances of all of the PSCs are inferior to those of PEDOT:PSS-based devices, due
to the formation of pinholesin absorber layer resulting from the strong hydrophobicity of CuO film. However, the
efficiency of PSC based on Cu20/PEDOT:PSS double-HTM is deteriorated because of the chemical interaction between
PEDOT:PSS and Cu20. These findings provide some important guidelines for the design of HTMs.

Keywords: Cuy0O film, electron beam evaporation, perovskite solar cells, hole transporting materials
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