) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 247801

RIFEERH KPHE i P E Fi5 % NiO

AW |

TSR RE A5
$X FSHE

7 K

(HeALH ISR RE IR BE, BRI ) RETE A pi S0, LAt 1022006)

(2024 4F 7 1 13 AE]; 2024 4F 11 H 21 AYEHER)

RS ERH™ K FHEL L (perovskite solar cell, PSC) & i £5 £k 7 B i G138 A9 T s & B 7 1], Hirpr ) NiO 1R
K —FhICHLE AR R RE, B R #RaE v, w2 Tl 4 s s M e 1. R, i T NiO Ay HL
F 23 7T RS AR X B HL5 % R R 108 S 42 foh A 2, LA S B e Pk B S X PSC Ty T A7 AE IRDUE. 2y 5 il
IR R, AT AE R SR R, 8 AE NIO K Al P B AR T (KY) AR TE T NiO A HL S 3%
FUERE AL AL, B A KI5, NiO 5 45 Bk i I 2 (6] 2 A T 4 1) L 1o 32 fik, D' A W £ 1) 40 29 S A )L S 2 51
R, WM KHB AP IR 800 3%, e KB 2R 5 R 15.15% 425 51 16.75%, 3X T 245 47 TR %

U B LTS T R T

KA S ERa R PHAE M, AR, B R 52, e ATIeR

PACS: 78.56.-a, 84.60.Jt, 88.40.H-
CSTR: 32037.14.aps.73.20240974

1 g

ARk, F5 KW K BH HL b (perovskite solar
cell, PSC) FEAE & M e = 45 . T A7 B L 13
(R 28 T A UAS SO ARG AR, A B
S — AT OGAR i (121 33 R B P vl 32 2
W RIS AT 2 | BT MO R G R
F B 2 . ARl LA A i 2 R TR, PSC AT 43
IEAF R A PR EER. B, A PSC &
JERSL R, AR & DR AR (power conver-
sion efficiency, PCE) T 83 26%, g\ &
PR LT 7 B Lt 254 B4,

PSC W HIREE A S I 2 ] %) L TR 4 fih xof
ROREMFRE M 2 O HZEMPEN. RHTCHL NiO
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25 AL R RE, [6,6)-83-C61-T TR H iR ([6,6]-
phenyl-C61-butyric acid methyl ester, PCBM) J
HL AL HAT R ) U5 # PSC HoA A 2 S ke
PEFEERE P, IF H AR RN, LG A
Ar Ak & e iR K Bl SR, BT NiO Ay HL“# R
b2 42 H&A K&ER OH, #1115 NiO/
PEERD B AL TR 2, DTSR 1 L IR 0],
AR NIO H A e R i B, 2 24 dh
RS A s A B, XA NiO AT T p AR
PEI —A NS AL 27 A A NS, B
ZYE T NiO B2, BT, 2035 NiO H2¢
PERERY 7k F A FE A NiO B K B Ak
VR4 @ B T8 2%, W Lil, Cul'l Al Cs &5 5@ 2
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NiO 58580 1] 1) 5 T 42 ik B2 52 ) 28 0
TSRS, AT ) ST B ot TP T H s e
ZOCHEE 2 NiO IR ELAG 40 /5 1Y) 2% T B RN A2 2%
AR PR T, X 2 M B R D 45 i AR K R,
BT BOA e 0O DRk 3 e R R T ek
PEF R P4 NiO R, W5 [ B (4 58) (4- T 2
Z#53) 1% ] (poly-TPD) [0, — Z W% (DEA)M | A4
BEHLZ (SAMs) T 45 AT DUAT A5 b 3 i S 1A 42 fil
PE R IR, b, BRI LA AT AR f- 4t 5
& JEEALYIILAL, B S TP AT (P
PCASE, 7T e S AT R 445 i, 49 i AT % kO
o LT A% 11,

A TAER I CRRFE BRI, X NiO 44K i
AT KB 22 DI oA 2= PERE I T el NiO /454K
W BRI L. 2 KB 2B IR 3 80k 3% B,
WARATF 16.75% MR RCE. S T IR HAE LS,
ATAERH X 4Ot F g (X-ray photoele-
ctron spectroscopy, XPS) 5% T H K5 &M Nid+
5 N2t [ oA A2 Ak S G HL Fe 8 A2 7GR RS R
SER. IEAb, BRI EEES (steady-state photolumin-
escence, SSPL) FHF [A] 73 B HE B & O (time-reso-
lved photoluminescence, TRPL) Y i #ff 58 T K+
B2 NiO 545k S AL 2 iz f g .

2 % I
2.1 LIS

SIZIG R R R FH I (40% 19 BEER W, TCT),
SR (R ECR 57% KK, Aldrich) . 9]
B (FTO) (Pilkington, TEC-8). PU/K 2R
B (Ni(CH;C00),-4H,0, Alfa Aesar, 98+%) . ZF%
}é (MEA=NH,CH,CH,OH, Sigma-Aldrich, 99%).
. (Sigma-Aldrich, 99.5%) . ZEREH (CH;COOK,
Sigma-Aldrich, 99%) %7).

22 FEILBHE

¥ 27.8 mL H k5 30 mL ZBLER 75 vk Hh
7 2 h A= i CHZNH,I (MAT). MAT T 3E 9 43 51
F Tk Uk VR0 B EE 250 4 R, e Ja OB MAT
IFAE 60 °C 1Y B2 HEA T8 24 h. BC Ik B2
1.3 mol/L ) MAPbDL; FRTIRIARIE IR, W51 v-T
PR AN — BN, AR Ay 72307,

FTO i3 0 T WE ) | PR A £ Bl 75

Uk 20 min, FRALINLELLIE 30 min. 7£ FTO JLJE
4% NiO 3, £ 0.1 mol/L 1Y Ni(CH;COO),-
4H,0 1 MEA T 1 mL Z BT, AR w0
Ni2t 5 MEA (BE/REE R 1:1, BhJS 65 °C i3k 2 his,
XFF KB40 NiO, 7ERRATIRIA L 1%—7% 1
AIEIBEJR U CH3COOK. fJi, #5847
WA 3000 r/min B #HAE FTO #HIE Fhghk 30 s,
IFTE 400 °C FiB Kk 1 h, 315 FTO/NiO HLJE.

4 25 pL MAPDI; Fif 3K 4% & L 1000 r/min
5 VR 15 s J5 FF LA 4000 r/min gk 45 s T
NiO #l K241 NiO # i b, b5 7E 100 C 1Y
P IR K 10 min AR 7585 Bk WOL 2 L
PCBM /& K % W (20 mg/mL) 7£ 1000 r/min |
JEWR 30 s, SR 0.5 mg/mL ) BCP /5 4 B
A 5000 r/min FHERR 30 s. | fE BCP 2 Lt
FUEREZ) S 100 nm 1 Ag HIdk, 275 588 it

2.3 RIEFHE

TECHURHERAE DT TH , JCH A - (V)
it 21 Keithley 2400 J8 3 I 4, oK B OGS 0L 45+
(Oriel, 3A 2%) Bl 4% 450 W 4T (Newport 6279NS),
IE AR N 112 mV /s, FLAM] A6
1T (Agilent 8453) F Ak £ 4 7] L3, SSPL i
TRPL H§ Quantaurus-tau (Hamamatsu, C11367)
I, B & 464 nm BOLAT. X LRAT L (X-
ray diffraction, XRD) F1 350 5 A H X 5 £& 117 5
(grazing incidence X-ray diffraction, GIXRD) &
FH Cu Ko 8555 (A = 1.54056 A), fEHH#H RN
4 (°)/min A1 0.3 (°)/min (55 A $ £ K 2°)
FAF R 43 50 6 5 K 0TRT NIO IR AT 2R AE
ik (Rigaku Smart Lab SE, 40 kV /40 mA). 2k H
ESCALAB 250 & 4t (Thermo Fisher Scientific)
R NiO il K524 NiO WS XPS F oMt
F HEIE (ultraviolet photoelectron spectroscopy,
UPS). B0 BR A" v I 114 2R ThT . 35 0 I 373 4 S il
F W4 (filed-emission scanning electron micro-
scopy, FE-SEM) (JEOL JSM-7000F) #Ef7RAE.

3 #XR5it%

T 5ER A NiO Fl K528 19 NiO 1 Ry 28 7%
#iJ2 (hole transport layer, HTL), il & T 4544~
FTO/HTL/MAPbI;/PCBM/BCP/Ag B HLith, JF
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XF KB F vk B AT IR a5 R anE 1R, &
TH2s R KB 20068 o il i Y AR 5 1 52 e 4
WIIE, JoH I A B HL i %5 )& (short-circuit current
density, Jyo) FIEFEH F (fill factor, FF). 2§ K*
BAREE IR 4B 1% B, B AT Jge M 19.47
mA /em? 3 & 20.15 mA/cm?, -3 FF M 0.73 34
2 0.77. BBAREEIRTECN 3% B, ¥ Jgo 1 FF
YR B KAE, 4394 20.39 mA /em? A1 0.79. 24
B8 BE IR AT B AR SE RGN, F A8 Jgo M FE 3
A RFE, 5% 435108 19.73 mA /em? F1 0.76, 7%
43504 19.13 mA /em? A1 0.72. {15 — 4 1 &,
SEEIT H HLE (open-circuit voltage, Vi) B K+
WAL K, 29 1.0 V. 25 |, K542 NiO
HIRAAB AREE SR BN 3%, 8445 Bt 14 PCE
H 14.30% A= 16.10%.

FIRE K324 NiO $2 7} H it 550% 19 /R I #L
i, X R A A SRR LA TS, Al 2
fron. Bl 2(a) S5 H s 2 R i E 2(b)
Sk R INE B FEL T RE G, L, NIO RS EK BT 19 fig
G UPS MK RS . KB 4% NiO il
I KIE (valence band maximum, VBM) 547 i
/IME (conduction band minimum, CBM) 435l &
~5.12 eV fil-1.43 eV, i 3% K*4824% NiO i J6 1)
VBM H1 CBM 433 5-5.2 eV #1-1.52 eV. 5K
Z411 NiO ML, 3% K+B441 NiO /) VBM WA [
%, X AT g H T KR T Ni2t, 7 NiO [ VBM
TR B A S AR ER 1020, Z0d KB d4a, 2%
MF 2R HTL /8540 I EE22 N 0.28 eV fF 2
0.2 eV, XA AT A2 7ONBERT 1A F] NiO H.
KR A K824 NiO # 6l £ () PSCs 19

e J-V I AnE 2(c) Fian, ARG EEES S
W 1. MHEETF Voo, B Joo 32 KHB 2R EE
Y SENE SR . B IR A1 ECh 3% I, AR
PR N 16.75%, Hi, Jge = 20.78 mA /em?,
Voc = 1.02 V, FF = 0.80. & 2(d) A3t A9 1E 2
H J-V LR, LT NiO Al K:NiO 25 /&4 )2 1 i
MR T 22 AT & 2(e) oA H LAY A AL
# (external quantum efficiency, EQE) flj £k, %
F EQE i MBUY Jge 55 Joo HA B —
k. RAH K845 B 7E 350—750 nm K
70l N A B = 1 EQE, KRB 3% KHB 2R
NiO BEA FI T LA sl A EE. LAk, X 3% K+&
=1 PSC #F47 e R AGA ER, 451 anl& 2(f) fr
71N, FELH A L R I ORI, R R RATAY
TR EE.

& 3(a) AT /R A NiO 1 3% KB 2% NiO i
MR, 5 REW], BARTE 600 nm DL B K+
B2 NiO R 135 R0 A S 7, EAXT T34
NiO R 93756 R R AR AR /N, BB LY Jge
Z NiO WA tERe g A5 . FIH GIXRD X} K+
BTG NiO 8 5 7 b AR 285 R4 R 1 10 47 3R AR,
g AP 3(b) ffzn, NiO A9 F5AF 16 3= 22 H B 78
20 {H°M 36.98°, 43° 1 62.80° AL E, Zr5IXR NiO
1 (111), (200) A1 (220) . 5% 8n K] 4
(111) WA A4, ST RZ R NiO &b 4 1 45 i B
[FF, 5 NiO #EEAL b, KB 2% NiO #5017 55
WA 5 E 95557, AR LS BE A, X2 B TR AR
TREEA SRR R FE NiO Ay 4h i
K JEF AT REAE B H O NiO A4 i i i A
A EEAE A, SE LS IR UL ) AR K 22,

C‘T 21.0 }(a) El (b) 1.1
§ Efj &= Al
jé, 19.5 F @ E =2 @ $ E;] 110 3
: 18.0 109
() (d)
0.8} @ 116
N
2 $ ¥ T om g
@ {14 ©
0.7}
o 1 3 5 1 o 1 3 5 7 °?
K+/%
K1 ARREHE KH526 NiO IR S HS TR (a) Jso; (B) Vocs (¢) FF; (d) PCE

Fig. 1. Statistical photovoltaic parameters of PSCs with different concentrations of K* ions doping into NiO: (a) Jyc; (b) Voc;

(c) FF; (d) PCE.
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£ 10} c //’ ~ < 3
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2 KHEZRHTE d i 45 BOLRAFEEAEML  (a) R PSC 45 MR B (b) BEZIAL; () AR BE KB 4% NiO iy i it i J-V
M4k (d) 2F NiO #1 3% K524 NiO (K:NiO) Ay s i IF e 5 J- VIl ZE; (e) Ht i 4ME F20R (EQE) #h£k; (f) 3 F K:NiO 255K
i 2 1 P Y e K ) 2 3 B i R

Fig. 2. Changes in device structure and photovoltaic characteristics before and after K* doping: (a) Schematic device structure of
inverted PSC; (b) energy level diagram of inverted PSC; (c) J-V curves of PSCs using NiO before and after K* doping with differ-
ent molar ratios; (d) J-V curves of PSCs using NiO and 3% K*-doped NiO (K:NiO) scanned at forward and reverse scan; (e) ex-
ternal quantum efficiency (EQE) spectra along with the integrated photocurrent density for PSCs; (f) maximum power point track-

ing of PSC based on K:NiO HTL.

F 1 ORFEREE K872 NiO i H b e e IR 4
S
Table 1.
forming PSCs using NiO before and after K* ions

Photovoltaic parameters of the best-per-

doping with different molar ratios.

K+/%  Jsc/(mA-cm ?) Voc/V FF PCE/%
0 19.62 1.00 0.77 15.15
1 20.61 0.99 0.78 15.98
3 20.78 1.01 0.79 16.75
5 19.81 1.00 0.78 15.47
7 19.87 1.02 0.75 15.25

T KHB 42X NiO 94K Ak 2% i 43 1)
SR, XHBZRHIR B NiO #4717 XPS AT, il
WIHOLT, NiO gh{R b — A2 AR A~ Nit+
B, I EA S 23 gesh, R —M K+
HUAC N2t A B Nid+ g8 -, 1 i 498 5 HL e 2
PERE. B 4 Bos T KHB2%01 5 NiO ML K 2p,
Ni 2p F1 O 1s XPS i &, 7EARBZ41 NiO ik
MR K 2p W (& 4(a)), M 3% KHBZ4H) NiO
T (B 4(b)) Hha] LLTE M b U 82 3] 292.4 eV il
295.12 eV ALY K 2ps, Al K 2p, 5 W5, F W] K JT
EIAEAE. I 4(c), (d) TRLAEH, Ni 2p A9 34

TSI T 853.4, 855.2, 860.5 eV Ab, KR Nizt,
Ni*+H1 NiO 25 )R i i 1. &l 4(e), () Fias iy
O 1s iEE PN IEZE L, DL 529.03 eV HLEYEE
7R NiO FhART Y Ni—O #H4R30, L 531.05 eV
St IR IR NiO R NipOy B 18, Ak,
MBI KA, LL531.8 eV ALY NiO(OH) 15
K P T NiO(OH) HA iR A, XA FlF
FBER A 23 o] NiO HEA 24, SHRSE K
B EEXS NiO o N+ 552, AR Kk
FEAIF Y K 2p AT Ni 2p SR T 174087, Qi 4(g),
(h) I, IE 4(g) ATLAE ), B KB4k i
K, K 2p WERZ s . @i %} & 4(h) s e
INIY Ni 2p AT 434, A% Nitt/Ni2* LU (E BE vk
FE R AR AL 4R 1R, I 4() R . R IB AR NiO
H N /N2 FUAE R 2.7, 24 KB 2 BE IR Bl
3% B, ZIWEIE B &K, H 3.39, BIRE NIttt
Hfm. SRMAREE R KHR B, XL TR, EB
NiO (7%) # Ni**/Ni+ Z AR R 2.46. Z5 |, % NiO
AT KHB4%, A AT N A, #Fmi4e - Nio
PR, ORI oo Y R
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100
@) (b) —_NiO
(111) — K:NiO
. 3
5 |
£ 4 (200)
= < (220)
= ey
12} - L
g g
& g
=
— NiO w
— K:NiO A
0 1 1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 30 40 50 60 70
Wavelength /nm 20/(°)

Bl 3 KHBAHTIG NiO #e R A 25k A8 1k, RIS L NiO Al 3% K482% NiO Wil Ay (a) & 51 %A1 (b) GIXRD & 3%
Fig. 3. Changes in optical and crystal structure of NiO films before and after K* doping: (a) Transmittance and (b) GIXRD of NiO
and 3% K*-doped NiO films deposited on glass.
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v
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Binding energy/eV Binding energy/eV Binding energy/eV
(i) 4.0
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—
0
~

Intensity/arb. units
Intensity/arb. units =

a2
T

7% K
5% K 3.5¢
3% K

1% K

Nid+/Ni2* ratio
[\v]
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\
(]

\_/’\\Nig_

1 1 1 1 1 1 1 2.0
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Binding energy/eV Binding energy/eV K+/%

B 4 NiO 3% K524 NiO i XPS #% &, Hf (a), (b) K 2p, (c), (d) Ni 2p # (e), (f) O 1s; AR IE K541 NiO XPS %,
H (g) K 2p Al (h) Ni 2p; (1) AIREEE K5 7% NiO 19 Nid+/Ni®* b {E A5 1k il 28

Fig. 4. XPS spectra of (a), (b) K 2p, (c), (d) Ni 2p, (e), (f) O 1s for NiO and 3% K*-doped NiO; XPS of (g) K 2p and (h) Ni 2p of
K doped NiO with various molar ratio; (i) ratio of Ni**/Ni?** of NiO or K doped NiO with various molar ratio.

T NiO @R b Nid+/Nizt He ] i A8 1k 25 B current, SCLC) Jy ik it — P W58 KT 4015
Fesg ) Ho 2= e, PR S L -F R (1-V) NiO HL2=PEREINAE{E. K] 5(a) S NiO Y g 2
W38 1 2 ] H, ey R il FL 9 (space charge limited FVilhge. WTLUE t, MU Sihn i e gtk X &,
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REPRRR A, AR S R B AR H-RER R, F
BH/IN. 3% K524 NiO HARB 241 NiO &%
FR, BWREFEBI KA FH NIO HBHFE, B
S PEREE. SCLC R Zh R an &l 5(b) Fiw, 7E
REX, J5 VAEUE; MifEmEX, J5 V2 EGE
e, IR M Mott-Gurney & £ 27, 5 i #81F SCLC
M2, Al 3815 K48 2% NiO Hil KH#54% NiO (1237

TEBESHIH 1.69x103, 6.02x10° cm?/(V-s). 5
ERW, B2 KOaTA R T NiO 1L S35 F145 T
IERER, R Jgo M PCE MY F 2.
NiO F 2 I 5 2% 1 4652 Wi B B A 8 4 it ik
LA K ZIEH, X R SEM SRIFSE KHE 22
AR ek SR 1L, TniEl 6(a), (b) Fizs. & 6(c)
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Abstract

Perovskite solar cells (PSCs) with inverted structures have received significant attention in the field of
photovoltaics. NiO is one of the commonly explored hole transport materials (HTMs) because of its excellent
chemical stability in comparison with organic materials. Pure NiO is an insulator, but the presence of nickel
vacancies can lead to the formation of Ni** ions, resulting in p-type semiconductor properties. However, the low
conductivity and poor interfacial contact between NiO and perovskite thin films still pose challenges in
achieving high-performance inverted PSCs. To solve these problems, potassium acetate is used as a potassium
source for a nickel precursor, and therefore potassium ions (K*) are doped into NiO nanocrystals. The
introduction of K* into NiO leads to the formation of Ni3* ions, thereby increasing the conductivity and hole
mobility of NiO. Furthermore, K*-doped NiO exhibits better interface contact with the perovskite film,
facilitating the efficient separation of photo-generated charges and showing a strong photoluminescence
quenching effect. Experimental results demonstrate that the optimal concentration of K+ doping is 3%, and the
PSCs prepared with K*-doped NiO exhibit a significant increase in efficiency, from 15.15% to 16.75%, which is
attributed primarily to the improvements in the short-circuit current density and fill factor. These
improvements highlight the importance of enhanced conductivity and better interfacial contact achieved

through K* doping for charge carrier collection, effectively addressing the limitations of NiO in inverted PSCs.
Keywords: inverted perovskite solar cell, nickel oxide, K* doping, charger carrier collection
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