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Figure 1 KPFM characterization of planar devices!. (a) Potential

distribution of devices under different bias voltages. (b) Differences in

device potential under different bias voltages. (c¢) Variation of device
electric field under different bias voltages
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2. ZrUERZ T84, AT DA R gL, DT SE
PN I RN .
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55 & PbL(nFIB %) B IR AR 1AV i) 45 18 A F LAY AT T
RIPSCsif AT T KPFMIIE. 255301, X F LAY HL b,
TEPIFMBZIENLT, B8k A4 B RIEB 4R 3 X PN &Y
7 B IFER ] DL ZME AT, T A B, &S MAL
(A AT IR A AE TiO, /A5 R A 1T 1 B T 8 38 ) F 35 T I,
& S POLINE I AEHTM/ Ak S A 2 i L AR
1k, Ui IH AT PSCs H T IR A A8 A2 il 43 2 B 23 5 i)
PNZEAY L B0 FIL . MRIE AR R E N, &
MATF)Z3 AT 6 H Bk T — S A R RS Ak A Vo A 1)
POKREH =S, & POL W JT % F R e FHTMA
FEERH AR SRR 22 5, UPHAE I AL g 2F rhox)
FEERH BAN R T LS T8 2% ] DLJE 8 PNZS N e R 370
IAADY TS

LiZs NP7V 30 45 10 1 78 45 R 1 R T HLAS SR
CsPO X, i & He ], & PRASERH AY M7 B KB (valence
band maximum, VBM)BETR ALY A9 3G i 2 e,
SEREEERESR], WNE2(a) s, SEEXT T JToHLES R
YK S REAT S B IE ST, il T —FIMAPDI;-
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2 NCYBESE T 2 I RER R T Z 4B 4 CsPbBrClL T 44
X} ke sEMAPDL; PSCsE PR RIZ N, it 5] A4Fh
Lo’ (Yb’'. Ce’". Eu’'. Sm’")#Z1CsPbBrCl 7 ¥
A, BRI AR S T 45, AT LUBIR L
Pb- I8 B3 (1 L8, 675 ) pR KR, Mo P9 el L B,
IRALREA R 5. S0 R B, Sm® BhEk i ¥ 5 LA e E
PERE, HASEKO (IRER LS E2(b) IR, BAE#
B FF I L 1,13 VR EI1.20 V, JEEFELSR N
18.54% 4 25 5122.52%. Cheni AP R4 T —Fpil it 15
e HAT R AR AL 2 00 A ALk A R SR Al — 9 £ 45 (dab-
coHReO,, PVDF:DH)¥4 EFA ,MA osPbLEEELH 4
AH AR, PVDF:DHH AL SR — AN Ak
(B 3796 LK A3 5 PSCs N L L 3 — S0 5 T8, Y
A EEL 37 1 B AT LB 7R MR S B 1 1 0 B L
o1 A FRE B2 HL R AR RCR IR B T 24.35% GAE
A3 H23.45%). TERRHIIEPSCsH, ZouZs A" i p
HIFHLNGTF2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquni-
nodimethane(F4-TCNQ)B /L E5 40, (A4 12k
Ty BN, MR (AT b 2 3R
Tt

TEBIEPSCsH, X H: P S o 45 174 L 37 8 4 [T
HA TS Ligs AR —FioE o e Ak
R A R A E U PSCs T 1. WFgT 6, 1045
R R TR Pb—SHESR TPb—T4d, X1 & S PbAYESERE" K
T PEATRAL, AT HE ke A A A PR AELR, Wi
2(c)i7m, F T BRI AL AN T 7, AniEI2(d)
Fin. I R4 HE9¢ GiE (time-resolved  fluores-
cence spectrum, TRPL)YFEAL, & BZaid i AL AL BRAY P54k
WA ERK A6, RIIPb-SHEAITE BUE > T
— SRR R A, BN T AR e R ). s
- H R AT, A Ak AL B S AY MR B PSCs A 4t
HL300 R 1.21 VORHERZ11.07 V), F ik T 5 L R
1.19 VO RRZH1.09 V), JGHFARRCER24.3%, MHILT
XTRAZ21.8% AR KR4 T, 5 Pb—SHE AT LATR e 54k
WS B I A B pg iy, BRI TR
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B 2 (MR O)E5E T R B A R4 B2 . (2) MAPDL-CsPoX, 156 B 57 I 45 B 5 14). Reprinted with permission from Ref. [37], Copyright ©
2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) FRFERSFEFIHEZLSm™ #4141 E S 254, Reprinted with permission from Ref. [38],
Copyright © 2022 Wiley-VCH GmbH. (c) BifbAL R A5 5k B REL A HE. DN FSERET AU SRRABLL. (d) F5EkA 3R IA AT AL AL, th T 3K AELAY
25, FHRMESSRYT FmARE, SEGEW S AT EIZAE L. Reprinted with permission from Ref. [41], Copyright © 2022 the American
Association for the Advancement of Science

Figure 2 (Color online) The effect of doping perovskites on devices. (a) Band structure of MAPbI;-CsPbX; gradient heterojunctions. Reprinted with
permission from Ref. [37], Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Energy level structures of the control device
and the Sm”—doped device. Reprinted with permission from Ref. [38], Copyright © 2022 Wiley-VCH GmbH. (c) Energy level structure of perovskites
after sulfide treatment. @ is the Fermi level of perovskites. (d) The formation of the back surface field on the surface of perovskites. Due to the
difference in the Fermi level, positive charges accumulate on the surface of perovskites, resulting in the formation of band bending and back electric

field. Reprinted with permission from Ref. [41], Copyright © 2022 the American Association for the Advancement of Science
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HnlBAe, BEIGH FERIZ D REL, (HOKRES I
%, I SEEE OZ e B iR R N g, AT
1o B L.
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b o 4 B T IR S H R TURND, (X i 552
SnO, #7188, IR T a8 N 1. T Akas
SN 5 NG U, FEER TR . Wi s
Y H, FHEJiE (ultraviolet photo-electron spectroscopy,
UPS)M A, i3 (a)ffizs, FlENbB K-
i, SnO,MTI KA/, TOKREGZ W I #4IT R
i, BARZIFHISnO Ml I, WEB3b)FIR, Az
] B {54 2 R s de b 4 &2, il SR ik 2 1 1y
BA. BHEHENE, 8495 1Sn0, M T3 Tk
FIRWE N, nfl>p SRR R R R, S8 5
RUELERA RS2 CsPOBrs I AL 1 301 S JBi 2, PR s B
TR AR AR, A B TR R4 .
LB )E, SRR N3.73% E R T
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FAMPes HHTMAIFSERT R HBEHLI. (d) MPesHYZEFFI 5N A HE
¥7714]. Reprinted with permission from Ref. [48], Copyright © 2021

Wiley-VCH GmbH

Figure 3 The effect of doping the charge transport layer on the device.
(a) UPS curve of Nb-doped SnO,. (b) VBM edges of Nb-doped SnO,
films deposited with different Nb contents. Reprinted with permission
from Ref. [44], Copyright © 2021 Zhengzhou University. (c) Scheme
illustration of PSCs with MPcs as HTMs. (d) Structures of MPcs and
direction of the intramolecular electric filed. Reprinted with permission
from Ref. [48], Copyright © 2021 Wiley-VCH GmbH
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23 AL E X PSCs[RIMEA & ZCHEEMIEN, i@
i B AR RE T AR T e g i, MO SE BT PSCs iy
AR,

TEIEE BFP, Seo Nl 1 Zn-TFSL 1 Jypl
BAHER TSI LI-TESTER N3] 23 /AL i /2 spiro-
OMeTADH, SZHL T # Gk M BE RS e Pk Y A e i
PTt. BIARJE HTMAN THREE S KRB A I S
F%, BAFHZn-TFSLA & ip B K. 18l 5gs- 1
PR N Y, 45, Zn-TFSLBZYG B4
NEHL I L Li-TESIET 80 mV. HI T 45 PSCsHA
PR BRI T B RVE e, IR N 19.48%
LTFHEI21.52%, FFEHEH1.10 VEFARIT1.15 V. Liu
4 \ O 23 S UL FEPEDOT: PSS T8 2 p I HL/N4Y
FF4-TCNQIE MASERH A PHARE ALt A9 25 /&5 2, Al
X FRBANZS AL )2, 2t UPSTIR, WA &
BN5.08 eVIEINFS.18 eV, flizs L4 2 1) 2K e
TR, P RTIKEERDH, HFCRFEIERCE N

44

13.2%$2715117.2%.

JiangZ: N I7EPS s 23 UL i 2 spiro-OMe TAD
I T —4E(two-dimensional, 2D)id V¥ 4 JE LI 4E
ARIIMOS, A A, B2 X HTM A AL A 5038
WHRE ST, AT LEMHILT FEHTM AP RS, BHRHTMIR
fit. UPSINAZRH, 55 4R ¥ spiro-OMeTADA tL, £t
MoS, 215, HA oK RES m) T #5), I HAN B4 T
CH,;NH,PbL 1 5 i o 95 431118 (highest occupied mo-
lecular orbital, HOMO), X & & & MoS, 1 5] A5 T 4%
PR Y. RS RCE N17.79% |
F+5120.18%, JFHEHEEMN1.05 V ETHEI10 V. YudE
NS 3o B A 42 I 43 ) (metal - phthalocyanines,
MPes){F A PSCsizs 7 ULk J=, A3 ()R, 1E41H
AFEPPITE MRV ERBKE (NI phthalocyanine, NiPc)HiE
BT BRI NAEIC T, WEBd) s, EEGE 2
TIIE R N LY, RIRERT T2 UL )2
B TR RERCR. R TIZEGE SRS PE R A X
LR PSCs IR E] TINIERY21.03%. Lin%: A"l
T X2 AL )2 spiro-OMe TA DS Il A (G ik 3k ) Y e
WV (potassium  bis(fluorosulfonyl)imide, K-FSI)fifispiro
FYHOMOREZ W] W AR, HTM 555K 24 H4FrYAE
PUCTL, PHIFSEEE T 21.02% 0 Y HLE AL RCR.

TEEIE A, [FREA] L B 400 25 7 g i 2
B D PR ECHE T YT, MR B 4 38 3 F4-TCN QXY
PTAA#A T2, SCHLARERER) BT, FETohlas
FALERRNT, 20154, Chens A3 G AL GE T LA
MgiBZ, TE4RTHHZ S GER R R RN, HEegd 555
BR T INDCEL, JF LA TS B R s 1R
T FAPSCs.

2.2 R = GBS R R as R PSCsit
SfEEER

X F HEEEERT MR, Goldsmith 257 F-xt Hor
AHLIHE TR G Tebs, —4E )L E5 s A8k
R 4 A KSR A AL B Tk s s,
TR T4, KEFIFTERME, — il 48
BRAA RHE R T AR E MR D T A BRI 1,
S EA B TE B ey B AR F s ff (A8 5, LA
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Table 1 Summary of performance parameters of different types of 2D/3D perovskite solar cells

EEERE MR Erdae i) Voo V) JomAcm?) FF  PCE(%) 3Ciik
(BA),Pbl,-(FAPbI;) 4s(MAPbBI;3), o5 FTO/SnO,/PVK/spiro-OMeTAD/Au 1.19 2470 0.84 2459  [61]
(PNA)ZFA"*1?ﬁ{}jﬁgggﬂhMFAPM”J’ FTO/Sn0,/PVK/spiro-OMeTAD/Au 1.16 23.82 0.82 22.62 [62]
IA,PbL,Br,-FA, 4Cs,,,Pbl; FTO/SnO,/PVK/spiro-OMeTAD/Au 1.17 24.57 0.81 2325  [63]
(DA,PbI,), 0s-MAPbI, ITO/PEDOT:PSS/PVK/PCy BM/LiF/Ag 1.05 22.95 0.79 19.09  [64]

Guay ([Cso 1(FA¢ssMAg 17)0sPb(Ip53Bro17);]  ITO/SnO,/PVK/spiro-OMeTAD/MoO,/Ag 1.19 23.66 0.75 2121 [65]
(MAg44FAq 56)Pb(Iy67Clo 33);-(ThMA),PbI,  ITO/SnO,/PVK/spiro-OMeTAD/MoO5y/Ag 1.16 2236 0.81 2149  [66]
EDBEPbI,-MAPbI, FTO/Sn0,/PVK/spiro-OMeTAD/Au 1.13 23.53 079  21.06  [67]

FA)75MAq, 14Cs0.0sPbL sBry s-(PA),Pbl,  FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au  1.06 21.90 0.74 1723 [68]
PEA,MA, Pb,L,,., FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Ag ~ 1.08 2191 0.83 19.10  [69]
BAq09(FAq53CS0 17)0.91Pb(I6.6Bro.4)s FTO/SnO,/PCyBM/PVK/spiro-OMeTAD/Au ~ 1.18 19.80 0.73 1720 [70]

MA ;Bi,I,-MAPbI, FTO/c-TiO,/PVK/spiro-OMeTAD/Au 1.09 23.03 0.76 1897  [71]
(CEA,PbX)g 005-[(Cs.1FA(0)Pb(Iy 9B 1)3]090s FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au ~ 1.10 2277 079 2008  [72]
PEA,PbI,-Cs os(FA) 5sMAg 17)00sPb(Io53Bro.17);  FTO/c-TiO,/PVK/spiro-OMeTAD/Au 1.11 22.89 0.73 1851  [73]
IBA,FAPb,I,-FAPbL, FTO/c-TiOy/m-TiO,/(3D/2D) PVK/ 111 25.40 081 2270  [74]

SBLC based-MAPbI;

(AVA),PbI,-MAPbI,

spiro-OMeTAD/Au
ITO/TAA/PVK/PCBM/BCP/Ag 1.19 22.36 0.76 20.14 [75]

FTO/c-TiO,/m-TiO,/(3D/2D) PVK/
spiro-OMeTAD/Au

1.06 22.30 0.76 18.00 [76]
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Figure 5 (Color online) Principles and effects of electric dipoles. (a) The principle of electric dipoles affecting the work function of electrodes. The
interface dipole induces vacuum energy level (E,,.) to downshift A. @'=®-A is the apparent work function. Reprinted with permission from Ref. [77].
Copyright © 2020 American Chemical Society. (b) The effect of positive and negative electric dipoles on the work function of perovskites[m. (c)
Energy-level diagrams of the device about the dipole effect of organic HTM™, V,, and Ey: Built-in potential and electric field; ¥y and E,: Improved
built-in potential and electric field by the dipole effect of HTM. (d) Schematic diagram of the energy level structure of the device after treatment with
electric dipole molecules PTFCN and CF;BACI[M]. Ay, is the work function difference between the cathode and the anode, and Ay, is the work function
difference between the upper and lower surfaces of the perovskite. Reprinted with permission from Ref. [84]. Copyright © 2020 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim
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Progress on strategies to control the built-in electric field of
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Perovskite solar cells (PSCs) are high-efficiency and low-cost photovoltaic devices that have been extensively studied by
researchers around the world. The carrier separation and transport inside the solar cell is the key process of the device
operation, which is directly related to the photoelectric conversion efficiency (PCE) of the device. The built-in electric field
formed by the heterojunction dominates the behavior of carriers, and its strength determines the separation efficiency of
electrons and holes in the device. Therefore, regulating and optimizing the built-in electric field can fundamentally improve
the performance of the solar cells. Much work is focusing on the built-in electric field for the fabrication of high-efficiency
devices. According to previous results, this paper firstly introduces some fundamental experiments on the heterojunctions
and the mechanism of carrier separation and transport of PSCs. Secondly, the regulation strategies of the built-in electric
field commonly used in perovskite solar cells and their effects on device performance are summarized. The following are
the most common built-in electric field control strategies: (1) Tuning the built-in electric field of perovskite solar cells by
doping. The method of doping to control the built-in electric field is to add appropriate impurities according to different
conductive properties of the materials. According to the structure of planar perovskite solar cells, doping the electron
transport layer, hole transport layer, and perovskite layer of PSCs with different doping materials can change the position of
the Fermi level and further enlarge the splitting of the Fermi level which can assist in the separation and transport of
carriers. (2) Tuning the built-in electric field of perovskite cells by constructing 3D/2D perovskite heterojunctions.
Fabrication of 3D/2D heterojunctions can not only improve the PCE of perovskite solar cells, but also improve its stability,
so this method is more popular among researchers. The construction of 3D/2D perovskite heterojunctions can expand the
splitting of the Fermi level to form a more powerful built-in electric field. This method can increase the separation and
transport efficiency of carriers, and improve the PCE and open the circuit voltage of the device. (3) Tuning the built-in
electric field of perovskite cells by constructing a dipole layer. Electric dipoles have the property of changing the work
function of materials. Using them can effectively adjust the energy level structure of perovskite solar cells, expand the work
function difference, and increase the built-in electric field strength to achieve the effect of enhancing carrier separation and
transport efficiency. The above three methods are relatively popular control strategies for the built-in electric field of
perovskite solar cells and this paper systematically analyzes and summarizes them. In the end, we evaluate the built-in
electric field regulation technologies of perovskite solar cells, and look forward to the future development of this field.
Enhancing the built-in electric field of perovskite solar cells is the key to improving the PCE of the device. In the future,
more research should be devoted to the study of the built-in electric field of perovskite solar cells.

perovskite solar cells, built-in electric field, doping, 3D/2D, dipole layer

doi: 10.1360/TB-2022-0647

52


https://doi.org/10.1360/TB-2022-0647

	钙钛矿太阳能电池的内建电场调控策略研究进展
	1�� PSCs的载流子分离机制
	1.1�� PSCs异质结内建电场的形成
	1.2�� PSCs异质结内建电势的测试方法
	1.2.1�� Mott-Schottky方法
	1.2.2�� 电吸收光谱法
	1.2.3�� 开尔文探针显微镜测试法


	2�� PSCs的内建电场调控策略
	2.1�� 通过掺杂调控PSCs的内建电场
	2.1.1�� 钙钛矿吸收层掺杂
	2.1.2�� 电子传输层掺杂
	2.1.3�� 空穴传输层掺杂

	2.2�� 通过构建三维/二维钙钛矿异质结调控PSCs的内建电场
	2.3�� 通过构建偶极层调控PSCs的内建电场

	3�� 总结与展望


