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Fig. 1. Equivalent circuit model of perovskite solar cells.
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Fig. 2. The J-V curves of perovskite solar cells with different non-radiative recombination types and different transport layers: (a)

Only bulk recombination is considered; (b) surface recombination is the dominant non-radiative recombination mechanism; (c)

without non-radiative recombination and the mobility of transport layers is changed. The red-dot lines represent J-V curves that

are simulated by drift-diffusion model, and the curves fitted by equivalent circuit model are shown in the dark solid lines.
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Table 1. Parameters retrieved from the J-V curves of different cases.
Cases Youlk /st Your/s 1 R./(Q-cm?) Ry /(@ -em?) Jso/(mA-cm™2) Voo /V  FF/% PCE/[%
Bulk 2.07 x 109 3.48 x 10° 3.34 x 1073 1.46 x 106 24.28 1.13 82.33 22.58
Surface 1.30 x 107 1.95 x 109 3.84 x 1071 9.24 x 106 24.30 0.96 84.32 19.74
CTL 8.75 x 10* 0.86 7.03 x 10~1 7.00 x 102 24.32 1.28 73.15 22.85

TEL: BulkfUR(UCE B IZ 5, Surfacef CRAUE IERMZ A, CTLAFAZ IS4G R G HBUEEM)Z TR RAFI. ypux RAE
FREG your (RERME G RZEG ROVPIAM,; Ry WK Joo, Voo, FFHI PCE S5l RRETTHFAR B AR LU T

JE L HFEE T ARG R AR .
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Table 2.  Nonradiative recombination parameters retrieved from different cases by equivalent circuit model and drift-diffu-

sion model.

Cases Thulk/$ Touk /5" Youle /s Tourf/$ Tout /57 Yourt/s
Bulk 1.00 x 1077 1.00 x 107 2.07 x 108 Inf Inf small 3.48 x 10°

Surface Inf Inf small 1.30 x 107 1.00 x 10~9 1.00 x 10° 1.95 x 10°
CTL Inf Inf small 8.75 x 10* Inf Inf small 0.86
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Fig. 3. Decompositions of the total current density of perovskite solar cells according to Eq. (1): (a), (d) Only bulk recombination is
considered; (b), (e) only surface recombination is considered; (c), (f) without non-radiative recombination and with different trans-

port layers. J represents the total current, .J,; represents the bulk recombination current and J,, represents the surface recombin-

ation current. Jg, represents the resistance current.
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Fig. 4. Efficiency loss of perovskite solar cells in different

cases.

4 LR

5 F R BE— P B UEAS SCHR H A4 A5 R0 AR T
XS BREG BRAT A FHHL ML AR ZE R R AR RE 1, DA
HAIR PRI R LR A 2. 25T 3CHik [27],
X e A [ i S Ak BT B BRA™ R FH R vt Y 00K

098801-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 098801

B AT o0 . AR SR BR AR A LA AR Y
FRIESEan e 3 g, Hip Control AR AT AR
5 0 v 5 R B AiE 1A B MAPDI, 45 8k 5 K BH HL it
DTS ft# 51 A DTS () MAPbI; #54k 8 A FH HL
th, 1 DR3T W45 AZEF BDT () DR3TBDTT
(i % DR3T)2 iy MAPbI; 554k 5™ A PH HL . i
BEBENE, RSB R T 5, T4
BRI BH H It Y Lsuee A1 pR AN, 2 3 51 A Usurr =
Lsurtysurt/ P LA IR R 18T 5255 % A BH B b P 52 1
WRyEFR 3T LLEM, 51 A DTS Z )5, ML
Control, FHELH A BH LIt AR A R B0 S R#AIK,

TFB% e R K, 2 DTS BAA R A7) MAPDI 33
PEZ S ARV E T, AT LA R s 5k A o Ha il
1) TAEMERE. [RIRE, 51 A DR3T J&, &4 R B0
—ICRRAIC, R R RIS R, W] DR3T 1Y A alifk
YEFET DTS; {H i TR A 3, 2%
FEFHASHA 5.

Bl 5 AN]SR AR BB LT, S8R K PH it
PR B SR R AR AL A 25 5 T 6 A Xtz
PR R R B b E 5(a) AR T A E
TR P 5 K K o L 9t A5 2 P S UL il R N4
FE A P10 T 288, P 3 - PR 1) L0 Y RN S 6 iy

£ 3 AFMEOFESERT KB J- V IZRT R 1 REIE Sk
Table 3. Parameters retrieved from the J-V curves of different cases.
Cases /s~ Uggr/(im-em®-s71) R /(Q-em?) Ry /(Q-em?)  Jo/(mA-em™2) Voe/V FF/% PCE /%
Control 7.43 x 108 9.65 x 10~7 2.10 1.73 x 103 21.29 1.06 76.03 17.24
DTS 1.89 x 106 8.61 x 10~7 3.71 1.83 x 103 22.50 1.11  77.16  19.34
DR3T 7.17 x 10° 1.96 x 106 4.20 1.63 x 103 22.95 1.12  77.05  19.77
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Fig. 5. Decompositions of the total current density of perovskite solar cells according to Eq. (1): (a) Devices based on the control
MAPbDI 3 films; (b) devices based on the DTS passivated MAPbI 3 films; (c) devices based on the DR3T passivated MAPbI 3 films.

J; ical T€Presents the total theoretical current, J, . represents the bulk recombination current, J,,; represents the surface recom-
theoretical P » “bulk P s Jsurf

bination current and Joyperimental T€Presents the experimental current. The insets show the bias voltage dependence of Jg, .
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Fig. 6. Efficiency loss of perovskite solar cells with diffe-

rent grain boundaries.

HRYEE 5 FE 6, RIEAT i FHAE MR I ESERT K
FHE I, (R A B ARG & A HUH], 8 T
83.3% HIBCRMIE. 5IA DTS J&, RE A4/
N 48.06%, M i & AR KN 14.40% (5
FIWTAS RV O T E5ER AT K BH L it A R R 5 52 5 E
PR, BRI E & RBIN K/ NEARERT, 7
BLIATRCR BRI, MAES|I A DR3T J5, £
Ak — Rl 38.03%, (R A HE— /NN
19.65%, 2 15 G PRt B 285 B0 K BH Fe, b )
T FARGEE E A HLH. 454 Sk [27]) H B9 T
M1, DTS 5% DR3T 7+ 54580 Z 6] i A BAFE H
JE T RS AL | AR R T AE A ARG ) R
A, NI TEES R 251 A DTS fil DR3T fe4 %
WM R ZE IR G . B, BT DTS Xt
MAPDIs 3 KBy REk 2, # DTS % — & B I
SPHAR R A5, B3 R ER IR BEA . 3 a1,
51 DR3T & {HE5Ek 0 )2 o B S AR 1 ik, 78
AT RS SIS A TR, B B AR R
(R TINE SRS 25 T i AR 25 5550 HeL AR AR ) 48
BEER S ORI AT A — 2 I, ARSCRR I Y
S50 H S AR TT DL A ) DB S R A5 K AT K FH R Y
) = SRR R AL, I Ha S H R kT
U RNRCR B BT AR, T DA oy b PR At rL Tt ) T4
HLEE, S AT LTt O A SR W 11 ST FH 12

5 & %

ARSCEE T — A AR B EK A K PH R AR e R
P 1 A S RN L AR i BB IR T TR A
FaLahii | AE R B R I AE S MR EE A .
DR HR I I H BELB AR, S — 3 A T W) 0 LSS A,
Hisd a8 60 E S MEmE & AXNES-T-
OB  BAR B J-V ihZk | DAL fh A4tk
AP B SEER J-V HIZR, BE T i R H B AR R
IRESER K H Lt PR e R PR R MER PR, LA G518 25
TE 2% VAN, BT IR R0h Bgsial, sl o 5 J-v
Mgk, AT LASEBOGE FR A S IR & R AL ik
PN A B AR T 5 G R A AR BRI AE 1) ER I
RELFN 106 H BHL, BT E2Ab 52 il F b 380R B BFE IR 22
BRULZ AL, BTl SR 2Lk RiE S IR%E
M2 BHAR 2t 2, A9 R 4 A rh 2 P
PR A2, A BT W ot N 1 = S ok
MU FNFEIE TAEDLER, DAMERRE ARSI 5.

N T i1 Shockley-Queisser Big Al FR, i 1o
S HEERE AR J- VL. EFrRES ESH
J-V M DL RASZE R R 5 52 A B 2 A5 5 )2 1
J-V R 05 BN Hr, &I FH 63 0 28 1 BE
P42 0T LUA 500/ )N B G FL BELAB R, 0 200 ARG LR
KRR Z WA W, Pufbeesieit, #2&
T BRI )2 1 o i Bl AT R, TT AR
I INIE S S 52 A PR NI L B RE, FRA5 B 1Y
He B RCR FA S 7 B tedh, AR
SR — 1 R Mg, T R A
ARG T IR L 4. JF A AR %
RS E5ER AR H R Y S R R T IR, PRl ek
FE R 5 T AN R B A% sloxt J-V s B,
[ R R EEAERR B TAE 3.

fif sk A

EHK SRHE AR En~p, n>nflp>pEHHT

HT R ok B2
np — "12 n

PR EE T R
Hrn PR, p HESORIE, ni MEERT G E AR
B TWRE, p HBABEZS 7GR, noFEBFE TIHRE, =l
HFERE & Ffr, = e IR E & .

e TR A

Ryui = (A1)

b
Tn+ Tp

098801-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 9 (2021)

098801

Ern — B
np~n? =n?exp (%) , (A2)

o, Epy AT RIESORAED, Bry 237 XHIMESOKAESL.
WER B T IR K, (B — Erp)/q FASERT R P 5
TSN A LS Vap .

DA 5 HLRL I

qVa
Jhulk = qRouk L = qLYouik7i €Xp ( 5 kl:;) ; (A3)

E*qﬂﬂ%Z’SEﬁﬁ, Lﬂﬂ%@ﬁ(ﬁ%g&#, Youlk jilﬁyﬁﬁ%%(,
ke NIIR 25 S HHL, T NRIE.

XS AL R /SR R R, CAIERE SRE 2 &
FfEp™ > nT, nT > ncMlpT > pdFI T AL

ntp —n? nt

i

Tourtn (P~ + P) + Tty (F +10)  Tourtn

et Shy TR ALk T A k0 (5 Sl P 2 o VR,

p~ g P ST AL 2 B A 2 28 7R B, o

T IR AT, map 2SR S
WARBURE S5, DT nt Ry

Vi 2 Va
nt = nfexp (L ap) = e (q ap): (A5)
kT pg kT

Rgyep =

s (A4

Forbonly Bl ph Ry 2s AL 2 SRR R AL | SR AT
Py ST A /> Fl, Y B T 22 4 o O BE . T B2 25 91
L0 J2 38 24 vl B R HIE R E i i S Za i, B
] ph .

I HE, 76 H A 502 Ak P b, 52 A4k Y
BT Fas R B Ry

_ . qVip\ _ n? qVa

P _poexp(k3;> - ;%exp(kfs;) ’ (A6)

Hidhng Flp¢ M FAEHZ Sk 2 A AL | ST SR
A P~V 22— R R S RN Pl DA R

W AR 2 A5k S T AL ) 2 T & A HL U RT LT
1G4 2 Bk S AL 2 2 A LR A0

+ n qVap
Jsurth = qLsurmVsurta? T = quurfh'Vsurfn*]1 exp ) (A7)
I kgT

Jsurfe = qLsurfeY = qLgurfe"Y e e (q ap) (A8)
_ _ X ,
surfe = qLssurfe YsurfpP q Lsurfe Ysurfp ng p kT

Ho Louem A28 AL )2 /B ER0T 2 B SN2 R, Lowte N
LT )2 /AR R Y R 2 R

R AL i 2% SR )2 S A BTN Dot 5 Yourtn &
%urfp&ng ~ P]E) s %z

n? Q‘/ap
J. f:quf’er*'eXp( . (A9
sur’ sul sul p]g) kBT )

ik B

BE T HAR Rk 0 S AR R S R A AL, O T R
Ho 20 LB B9 20, Tvingstedt F1 Deibel ™Y 3% F T 4% H &

Voo VE ORI BRE, LAE A HER oK i BRAR R . [WIAE, 2%
JE B LE T % H i, SEBRATS KR IR B HRL 1t P 31 T H U 1 17
O, TR SRR R AR S A | ARAR SR A A L FRIcr BE
FIHEK L BT 8 DR R/ INBISE A, 5532 s Ak 1 AR )
G, B UHTR M —H BT RS BIAT ARG DR
A A5, Al AT DO R 2R X ™ O BH R b R 2805
Wik

IS 4 S0 g5 R A i DR3T 150 A ). CA%
AR BRI S A5 B R RE LR R Ve = 1.12 V. B4
AR yuk = 0571, R G RZE your = 0571, BRI
FHRs =09 - cm?, FEEHLFH Ry, = Inf Q - em? | {EH J-V {1k
mE Blrp R A2 . IR R Y Vv = 112 VIR, X8
BRI B R 3 X B ) BEAR T R Py = 18.18 mW/em?. &
T B ouk = 717 x 105 5T, Yur = 057!, Ry =0Q - em?,
Ry =Inf Q-cem? | 1E J-V iR AN B1 PLr @ik s, I
TR V =112 VI, 32085 BRI BH H 04 X Ry 2y 2
Poue = 12.36 mW/cm?. S=2, 2 ypuic = 051, Ugyer = 1.96 x
1078 nm-cm3-s71, Ry=0Q-cm2, Rgq=IhfQ-cm?, #f
J-V g sl Bl g i 2R, IR vV = 112V
A, AR K BH H (4 % B D) 6K Poyer = 6.93 mW /em?.
DU, 2 Youk =057 L, Ugyr=0nm-cm?-s~! Ry =4.20
Q-em2, Ry =InfQ-cm?, fE J-V ik an&l B1 dofs 2k
PR, B E V =112V B B K FH it A4 5 Ly
)R A Prs = 6.42 mW /em?2. B, 2 Youk =051, Usur = 0
mm-cm3-s7!, Ry=0Q-ecm?®, Ry =1.63x103Q-cm?, fE
J-V iZanE B1 A IMANTR, IRV = 112 VAT,
RS ERET IR BH L X R D3 P = 17.41 mW /fem? . JHIf
AR DL E 2 DR 5B PRI R, 7l ik & R4
RIS A AL FRIEHLRH LA B 10 H B340 % il s

25

20

15

10 f —— Ideal

—=— Bulk rec.

—e— Surf rec.

5F |
Ry

—o— Ry,

Current density/(mA-cm~2)

00 O.Il 0?2 0:3 O.I4 0?5 016 Oj7 OTS 019 1?0 111
Voltage/V
BB AR BB L 28R A R B0 5 R B

Fig. B1. The method of quantifying efficiency loss of per-

ovskite solar cells.
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Abstract

Perovskite solar cells have been attracting more and more attentions due to their extraordinary
performances in the photovoltaic field. In view of the highest certified power conversion efficiency of 25.5% that
is much lower than the corresponding Shockley-Queisser limit, understanding and quantifying the main loss
factors affecting the power conversion efficiency of perovskite solar cells are urgently needed. At present, the
three loss mechanisms generally recognized are optical loss, ohmic loss, and non-radiative recombination loss.
Including the trap-assisted bulk recombination and surface recombination, the non-radiative recombination is
proved to be the dominant recombination mechanism prohibiting the increase of efficiency. In this work, based
on semiconductor physics, the expressions of bulk and surface recombination currents are analytically derived.
Then taking the optical loss, series and shunt resistance losses, and bulk and surface recombination losses into
considerations, an equivalent circuit model is proposed to describe the current density-voltage characteristics of
practical perovskite solar cells. Furthermore, by comparing to the drift-diffusion model, the pre-defined physical
parameters of the drift-diffusion model well agree with the fitting parameters retrieved by the equivalent circuit
model, which verifies the reliability of the proposed model. For example, the carrier lifetimes in the drift-
diffusion model are consistent with the recombination factors in the equivalent circuit model. Moreover, when
the circuit model is applied to analyze experimental results, the fitting outcomes show favorable consistency to
the physical investigations offered by the experiments. And the relative fitting errors of the above cases are all
less than 2%. Through employing the model, the dominant recombination type is clearly identified and split
current density-voltage curves characterizing different loss mechanisms are offered, which intuitively reveals the
physical principles of efficiency loss. Additionally, through calculating the efficiency loss ratios under the open-
circuit voltage condition, quantifying the above-mentioned loss mechanisms becomes simple and compelling.
The prediction capability of the model is expected to be enhanced if a series of light intensity dependent current
density-voltage curves are fitted simultaneously. Consequently, this model offers a guideline to approach the
efficiency limit from a circuit-level perspective. And the model is a comprehensive simulation and analysis tool

for understanding the device physics of perovskite solar cells.
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