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Abstract

All-inorganic lead-free perovskite photodetectors have attracted considerable attention due to
their excellent physicochemical properties, among which the carrier transport layer plays a de-
cisive role in device performance. In this work, NiO nanofilms with various Cu doping concentra-
tions (0, 3, 4, and 5 at %) were prepared on ITO substrates at room temperature via spin-coating,
and employed as hole transport layers in conjunction with Cs2AgBiBrs light-absorbing layers and
CszAgInCls electron transport layers to construct all-inorganic lead-free perovskite photodetectors.
The modulation effects of Cu doping on the microstructure of NiO and the corresponding device
performance were systematically investigated. The results demonstrate that appropriate Cu doping
facilitates the formation of compact and uniform NiO films. The device based on 4% Cu-doped NiO
film exhibits optimal performance with significantly suppressed dark current. Under weak illumi-
nation (incident optical power density of 2.745 mW/cm?2), the responsivity reaches 149 mA/W and
the specific detectivity is as high as 5.6 x 1011 Jones, representing approximately two order of mag-
nitude improvement compared to the pristine NiO device, indicating superior weak-light detection
capability.
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FIPERE I 25 i BEAO T i 2 2 U 4 2 (HTL) s e S5 FasE

FEARZ HTL ARk, TEHL p 224 SR A LAR(NIO) [9] [101 LA S Ak 2 e v L A TG R 26
R L7 1R ' 27375 BR 1 DA B P ARIR A N AR, o (5 B 45k v 1 G A R . AR (NIO) & — b p B2
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BB, MM RO 5 s

A TAERHTERIELE 1TO #HE Bl & T AR Cu B4R ER NiO 2 7XAE4Hi1)Z, I LA Cs,AgBiBre N
BuEtEE, DL Cs:AgInCle NHLFAEHZ, @G E MRS, KAWL T Cu B0 NiO #Hfi
SRR BEHER KRTHTES RN . 2R EH, EE Cu B4 A R 255k BRI %
e 1 FUONTE R B A FROE « PRBE AT (T 2L AR 2R 4R 418 T B R R A R Wil ST AR SR,
WONHES TCA S AR G T ROR I SE A AR 2908 1 5250 5 B Jk At

2. SLRERSY
2.1. SCERRAF

AT A FR S U KA S 1 A B S 2 i L SR AR 2 R, A
SRR SRS P AT

Table 1. Reagent specifications and manufacturers

1 RFMEREFT R

EWnIEZ i ZANEREaN ks CRIRE
L C2HeO Gt i 2 B A AR R A PR A )
EETK H20 e YRR AR RS A
P C3HO srirat it E 2 FA AR R A R A
LR Ni(CH;COO): 99.99% TR T A FRA R
SR CuCl 99.99% bR T A PR A
4 TR C3Hs02 98% BT TR PR A
ALK CsBr 99.99% VO A% 30 B4 B A PR A ]
RAGEL BiBr3 99.9% BT TR PR A
IRALHR AgBr 99.99% Pk 1 B LA R A )
SRR HBr 48 wt% [ 244 A PR )
BRI Au 99.999% BRBHA B R A
ITO HF% n203/Sn0> 2 cm x 2 cm (100) d S HL TR A A

DOI: 10.12677/ms.2026.164083 169 PR R


https://doi.org/10.12677/ms.2026.164083

JreH &%

2.2. XEERMAFAHIE
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Figure 1. The manufacturing process of ITO/Cux-NiO/Cs2AgBiBrs (CABB)/Cs2AgInCls (CAIC)/Au device
[& 1. ITO/Cux-NiO/Cs2AgBiBrs (CABB)/Cs2AgInCls (CAIC)/Au 284 HI1E LRI

2.3, BIRSHA M RERIE

Table 2. Model and manufacturer of the testing instrument

F2 WAMBRSEET R

X FE 2R RS ERINE 3
X HHERATHU(XRD) D8 Advance T E S
AT WG ETHUV-Vis) UV-3600 H A1
PHHIEAL(PL) Fluo Time 300 & PICOQUANT
Y R S A o BB (FESEM) Sigma 500 J [ R /R 2% ]
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i3k
X S0 T RERE(XPS) AXIS SUPRA+ By
A S ARMRAX Keithley 4200 B
JeThE Sanwa/Lpl HA=H
LED i M505L4 2%[H THORLABS
LED HLif 8% DC2200 2%[H THORLABS

K 2 FhRAETF B T 1 e M 0 A AR RE AT R RAE . F A L AR
(SEM)MEER LS : X FRATHAUXRD) 7T d AR &5 46 5K40 - BT W40 H6 6 vH(UV-Vis)ll5E 46 NiOo 5
Cu #7% NiO #FETE 200~800 nm G A 16 RSCREPE, HFI8IE Tauc 1F BIESE & 2 1AM & 6 51
B SRR/ DO S AP RAE Y BUR R s 2l SR FE i, F YR T S T e A 1R
FOtRE R HIOGIETIZ, FH Keithley 4200 SRS HU BT OGHAT 6 BRI, BRI AR 85 K A=)
FIFEK 2,

3. SEWEERMTIE
3.1. MRERSRAR SO

T R A 1) NIO IR DL A 45 24 1Y NiO ISR A Ja 4k 28 B R ZE M kL 18] 2(a) A e i il
) NiO J Cux-NiO R K FT 5 IR Fr o AR KET 2 AR, 1B K540 NiO HIHE 2 FE A, Cu-
Ni RS, 4] 2(b) N4 NiO &5 Cu-NiO R X LA 3 B . 8 7 e & BRI AR 2514, %
FLdkAT XRD WA, RIS NiO BUARHERIEAT X . Q] 2(b)Fow, e AT g S hniE-RUCRC— 2L
WA FARP 5T AT S I, TER Cu B 28 I B SR FE A IR SRR S5 K o X T2 T 37.34° (1 1 1) AR THIAN
AT 43.37°141(2 0 0) & 1 FIATH WEHEAT JRERIBOR, PTLAE M, BFEBARIGE Cu M2 g, fi7
WP KA BT AT W% . T Cu BN 0.73 A BEKT NiZ B 17242 0.69 A, FAR Ni Aiz)5 5]
L AR RS, T TR RN, A S B0 ) AT S 06 [ v £ B A A

(a) (b)
MEZEAHK: BARINO. Cu,NiO. CurNiO. Cug-NiO | [T ,
Wwﬂw» A CusNiO 220 w’,’ oo
~~ | ‘
S b b A - _—
5: MW'/\ Cu,-NiO o N \‘
E
g |
______ | ) "
E Pk’ Wi\ A\ A NiO LA o /\N
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J | NiO (JCPDS No.44-1159
- S ) | '| | I . A n .
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20 (degree) 20 (degree)

Figure 2. (a) Photos of NiO and Cux-NiO films before and after annealing (b) X-ray diffraction patterns of pure NiO and Cux-
NiO
2. (a) NiO K& Cux-NiO SEIRIRAXBIFHIIBE (b) 4 NiO 5 Cux-NiO SEREY) X G075 E ik

Kl 3 N2 NiO 5 Cuy-NiO IR K 5 YL SEM JES. 4l NiO i 5 AN K BTRLRE 1, T34
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FIRSFZ104 52.5 nm, (HRARARELSE, BISIMEEZE . 2 Cu B8N 3%, P b R SRR 2
7.5nm, S/INE KL 5 7E B R R CEEFLBR G, R PR A G R 2, AR T e Ak e Je AR e MR 4R
The Cu Bx IR 4%0f, MEEIEMEH: SRRSE . oAbt B ECE, BRoc fLKE
BRI A T AR, SRHE T R ARG, RS BB Bk R 5 H R R ) B A
4 Cu BRI DHINE 5%, @RMILFHE KIS, FERAAEERE 72 nm, FEZESER
I E AL, SO TR E Nl 28 ERTIR, 4% Cu B4 rIERIB AR 5 BUR MBI NiO R .
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Figure 3. SEM image and grain size distribution of Cux-NiO: (a) NiO; (b) Cus-NiO; (c) Cus-NiO; (d) Cus-NiO
3. Cux-NiO %% SEM REEZES#E: (a) NiO; (b) Cus-NiO; (c) Cus-NiO; (d) Cus-NIO

[ 4 A Cus-NiO #5702 EDS A3l . Niv O. Cu =M B0 . 4 3 N EEE T
REBDN, JET I Ni:O:Cu A4 24:25:1, VLHAFTHI & NiO #2128k, BECu BTSN
4.9%, ETFIS S WiHE .

Table 3. EDS quantitative elemental analysis of Cus-NiO
# 3. Cus-NiO ##mmH) EDS TREE S

TOE JEFE L 2% (%)
Ni 45.1 0.8
0 50 0.48
Cu 4.9 2

DOI: 10.12677/ms.2026.164083 172 FHELRL


https://doi.org/10.12677/ms.2026.164083

JreH &%

Figure 4. EDS mapping of Cus-NiO
4. Cus-NiO HEREITTER EDS 13 1 [E

5 Jg7R 7 NiO Fll Cug-NiO #ERIY) XPS 1% Je s Jraeily, Fra kB LA C 1s 1§(284.8 eV) Ak E
BEATAT RS IE . A RIS Ni 2p. O 1s Al Cu 2p F#fEVE, TESL T Cu JCRIEMFH IR IIB N, &
5(a). Kl S(0)MIE 5(c) 7 AINBRHTIEH) O 1s msr i, S50 & B3 =AM RHEE, WA 5 HI6 T
529.72 eV. 531.22 eV #1532.76 eV, MKW R 4A(O L) FBAL(O_v) MR 2O _on). Cu
FeJE E AL RN 20%. 1 S(d)RTE] 5(e) N8 211 5 1 Ni 2p i i . Ni 2psp AT LA APIAS
TUg, 2RI T 854.10 eV F 855.8 eV, Xf M NiZ Al Ni**, Horh Nt {MIxS & EAES A5 B n. & 50
N Cu2p Fir . Culpsn W20 932.36 eV 1 934.72 eV I NI, 20 5IVAJE N CutAl Cu®, H. Cu?h
£ FHLAL. 939.58 eV M1 943.14 eV AL PR UEH —PIESE T Cu® HIfEAE. Hhoh, BT Cut AR, 14
FOl [FD Y SR AL NS SRYERF B P, XG0 RE T 45 2% 5 s DR N2 B E I I R o Ni3*
AR RS SRR RE A B, 5 B T35 9 K RE AL B o Nid+ 15 S8 25 T2 BRI BB f ] B o 42 B[R] R4 Ri[ 27«
N N2 B AE AT SR 2 AR s T A 28 LA L7 IR Re R P BIF A ) P it , 38 JL[RIVE R B8
KT 8RR FEAEME.

3.2. AFERIMERMEEED I

6(a) NANF] Cu B4R IR A48 4h - AT ILIE 61, 14 6(b) R Tauc plot ¥5 7 #1592 )64
MWk H4E Kubelka-Munk /572 Equation (1),

(ahv) = 4(hv-E,) (1)

T2 (ahv)? T RER ()R RN I LRMEAME, B MR R =B o, o ABOEREL &
NEATCEEL, v NIGTIER, A NFEH, E, R JeFiE I RNMNAR Y, Bl Cu BIRESIN,
R Ik SRR TR . 21 NiO TR AN BEFIIEIL RN 72%, Cu 542 SEGES S8 R P4, 600~800 nm i1 Bk
TR, XIERTF Cu* ) d-d BT ERIE KB A5 NEFERER (A0 Cu B NP2 A
W AR AN 6(c)FTn. 4 NiO T RZ1N 3.63 eV; [ Cu B2« E1hn, WHIZE AL, Cu-NiO k
i E A BN R(3.33 eV)o UIRIEIE 2 5%, BRI TR 3.58 eV, IXH[RelE Tt & Cu B4 H [ FEAR
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Figure 5. XPS spectra of NiO and Cus-NiO: (a) Full Spectra; (b) O 1s of NiO; (c) O 1s of Cus-NiO; (d) Ni 2p of NiO; (e) Ni
2p of Cus-NiO; (f) Cu 2p of Cus-NiO

5.NiO 1 Cus-NiO EPE XPS EiE: (a) £iEE; (b)NiOO Is; (c) Cus-NiO O 1s; (d)NiONi2p; (e) Cus-NiO Ni 2p;
(f) Cus-NiO Cu 2p

100 ]
(a) 89% (b)s —Nio
~ 80 —— Cug-NiO o
= 44 Cus-NiO B
& = :
g% &)
2 3 )
o 45% >N
2 40 >
£ — 11O S 2
. S
§ 20 NiO
ot 14
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0 — CugNiO
T T T T T 0
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Figure 6. Cu-doped NiO films with different dosages: (a) Light transmission spectrum; (b) Tauc curve; (c) Optical bandgap
value; (d) The light absorption spectrum after CABB evaporation
6. TEITHE CuBZH NiO HR: (a) KIESEL; (b) Tauc Bi%k; (o) XFEHIRME; (d) & CABB BRI
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Figure 7. Photoelectric response of thin films under light at a wavelength of 365 nm: (a) I-V curves of Cus-NiO device at different
light densities ; (b) I-V curves of Cux-NiO at same light intensity; (c) photo current relationship with light intensity at 0 V bias; (d)
Zero-bias transient light response (I-T) curves; (e) The responsivity and (f) detectivity of the Cux-NiO device

7. 38K 365 nm B TEBRAYLENIR: (a) Cw-NiO HREARNIIRZE TR -V iZk; (b) AFE CuiBZREHRAE
0 VIRETHEEMFRBESEL; () Cus-NiO HR7E 0 VIRE THRINREZBE - HERMNEERMLZ; (d) Cus-NiO HRE
TRIYETHEREBRSHMWEI-T)EZ; () TR CuiBZuiRE T3 AN R R (ORI sk

7(a) I EHAF Cua-NiO IR B & 365 nm SRAMEHE T DGR - HEI-V)RE 2k . 1 iR
WREAEAE TSR PR AT, BERYUERMMEIR . -1V 2 1V fREVEE N, 20 NiO 23FiE i
299105 A B G 3% BARFEEER 107° A B4 4%B 0 dhitt— D IERE 107 A B4, MHIRCRRAL;
5%35 2 HE I R RIS A [T, (EARILT4E NiO. W FR B M L2 Cus-NiOYR A RBEAIR 1 A5 1F
WA, SETHEMR S CHIAE S, IMTBCERIA . Bhoh, SRR T4 1 LR e A R
ML, HA Cus-NiO WPt U SR, RIS T R AR RSN PN 25500, AR F w5 Tt
A FIR T A RO, SEBLE IREE RN 7(b)). B 7(c) IR T GG r IR B G Th 3R 5 LA
MR R 2. BEE N OCTIFRE L 2.745 mW/em? 1§ 2 24.73 mW/em?, @62 RSB, K
HBLANIZE G, 2% B B ' 56 9 B P9 LA TR v R D RSO S R B IR D, ATE T
R EEEIR RN 14 7(d) Cua-NiO SRAFAEANF] G 58 T 2 M s B A5G B2 (1-T) Hh £k . 45 /R W], 1E
[Fl—EHEBR L 28 5 KPR, Ot I ORFR R AP AR E I, TESE 1 8 AH I R B AR v 5 TAE AT Stk
PRI 25 B NG A5 5 e il 1 RLAE 5 O RE T DG R (R)RAIE, R RAE AL DR AR ] —
SE WA LT AR R, THE A HO8:

R= [p—[d _ Iph

= 2
PXS Popt ()

L GHIR, LRI, PRICHIFREE, S RGIFIA RO IRIIARTEARSLR Ty 0.001 cm?), Ly
T LI INEL » Pope 7 ORI NSNS VG HIVEEh R o FR A2 F 3 — PRI 31 e ) B B2 54, PRI 80K,
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Figure 8. (a) The process by which the device responds five times in succession under 365 nm ultraviolet laser illumination.
(b) The light current curve and the photo response time at the on and off states
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Table 4. Performance comparison of UV photodetectors using different materials
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