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Abstract

Under the action of incident light, local surface plasmon resonance (LSPR) would appear around
the surface of Ag Nano particles (NPs), and LSPR has the effect of near-field enhancement. In addi-
tion, Ag NPs possess the forward scattering effect to the incident light, which can also improve the
performance of CsPbIBr;-based PSCs to some extent. Considering that these effects are expected to
improve the performance of CsPbIBr; photovoltaic devices, Ag NPs are designed and prepared for
LSP-enhanced CsPbIBr; photovoltaic devices. The specific design of this paper is to use Ag NPs
for enhancing the performance of CsPbIBr, photovoltaic devices with the basic structure of
FTO/Zn0/CsPbIBr;/Carbon. And then, the finite difference time domain (FDTD) method is em-
ployed to simulate the structure of the designed solar cell devices. The device models with differ-
ent Ag NPs surface coverage ratio (SC) are obtained by controlling the interval size of Ag NPs on
the FTO substrate surface. The simulated absorptivity and also the simulated electric field distri-
bution of each cross section are obtained. By analyzing the simulation results, the feasibility of the
design in this paper is verified theoretically, which also provides guidance for the subsequent ex-
periments of CsPbIBr; perovskite solar cell.
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1. 518

BHERA K BH 8 FEIt (PSCs)FE Sy — Fl i 284 TS K BH R FE & R IRVIEE, 52 BT 12 6. A 2009 45
RIBZES, HOGHEHS R (PCE)C AR ZE 25.5%, H\ It i B R B 1134 B Sl sl Ak i K B R
Hijth 2 —[1] [2] [3] [4] [5]. TEARZMESERE F4 k4, CsPbIBr, MR H iz, pivH TR
SEMEEE B A TEHL PSCs. {H/2 H AT CsPbIBr, 4 JEHL PSCs IR Ak, HIFH i A it —
PR R ZEE[6] [7] [8] [9] [10]. AHHGRIM e Fuxt Yo R 284 r v Re A 5 EE R, #omi al AR &
A NS G (IR AT () £ B2 5 CsPoIBrr, 34 To ML PSCs P BEHEAT 203 o I Al 2 T 25 B oo AE O i 1
X BH B G AR A A S5 A0 B A B [11] [12] ) FH 28 1T 56 B9 SO SR 38 s A5 ™ K BH B L it o NS el iy 7
i, BARNL IR (AL AHOCHIF 78 T AR E A A3 i R B AR KR /7. Chen [13]F0 Park [14]34%
AR T R KRR (Au NPs)#B N PSCs 2 /RS2 I — 28 T4, ARS8 R B, Au NPs B
S B WOTRAME RES AR KRR R 1 2 R it YR IS RE 0 RN FL IR %5 - Wang [15]1 Snaith [16]13#12H UK Au
NPs # X\ PSCs /4L =44k 885 M, 25 5L R B 2 1T 45 B9 on vl LAY s r it 6 e e e

AL T HE T RGN (Ag NPs) ) Ja 4% T 55 25 ioa 1 55 28 CsPbIBr, 8540 SR A 4F, FIA Ag
NPs 3 FTO/ZnO/CsPbIBr,/Carbon Z5 4G ARESAFIIPERE o IL AN, ASCILIE I Rty EAEE RS = T 1%
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SR R . I A PR ZE 73V (FDTD)R T et g A G5 A HEAT AR AR, 1531 7 IReR 4L
a2k, It 7 AR 2 LK) Ag NPs (1970 A x50 (KGR RE T IRIF2 o [RIN BRAU A5 21 (R & 1F
5 x-y Al x-z “Fifi BRI A0, FE0HT T Ag NPs AR 8440 1O A 83 40 A (K 520 . AR%E FDTD 77
PAEIAF B HARSE R, 30T Ag NPs [RIIAST PSCs Fiith 28 PRI P RE BT B 10 i/, B3 3 1 45
XS T e i 2 CsPoIBry Je R S F IS BAT — € 4R S 4E

2. KRB G SERE

HZ SRAUKIHI(AUAG, Al %5, Ag PRBRIR AR VLT BT FEH IR, & o R nT itk s s
FIZ A7) [18]. EABTTTH, AT Ag PKRBURICE T #1FH) FTO A1 ZnO JZ St ik, &
1iR. Big b, HASDCISHRGRRBURINS 24 REER I A5 2 WOt IR (LSPRYRN . H SR G i
FIFAY e SEOCIERIIEAN[19] [20],  MITHESRES L HRDERSUZS NSOGB iR FH RE LIt
TCHEHACRIN A . 18 1 BoR 7 ASOIT BT, DAURESPFIERER SR IR EE . W] LU BIFE NS
ST, HRYPRIRL) LSPR UT373 i N E L ZnO 2R BIESERI e ISUZ, ASHBTERF a2
RGO ) B RN T B o TIAL T R BT, B R AN KR HU E 1E S 7 7] — RO X R R [21] 48
JBGKIRLLE NI IO T, T 2 — 58 B R 2= A RTINS B WOCIR[22] [23] [24]. X FHR
SR < R AR T R T 45 B BT S it — R i, SR LGS R 7 9 O K AN GEss, TG
FESRAON . ARG R E A 2 CsPbIBr, A58k M EDERIZ, TR 10 R i 1 F5ER0 4+
BHRBORAS L, G R T 72 7O I AR . B ) 7rOA AR R A, TS ERke AR
LRI, AR S RN AR A6 T BE oA H 20O, A AR SR mie A B 1 (2 R 2y B RE 7T o
HRAEZ BTIIWETL, R4 BT ] LUE RIS K5O EHRE[25] [26], FEESERDeiRastErh, e RN
SRS TTEE R SR IEAR S, WO, KR SF BT TN CsPhIBr, #5ER G IR, T S5t de T k.

I= CsPblBr:

/n0O

Glass

Figure 1. Schematic of the LSPR near field enhancement and
forward scattering effect of Ag nanoparticles in all-inorganic
CsPblBr; perovskite solar cells

B 1. &F AgNPs SR EFEHTiERE CsPbiBr, &
PSCs IR EE

2 A FTO/(Ag NPs)/ZnO/CsPbIBr,/Carbon HLith 54 I RET 78 5 Kl . CsPIBry B5 8K H W K Z IR IR
FHOGAZ B, P2 A S 0 o FL 48 B AR50 2 (ZnO)IE N B FTO (BHHR), 25 7 UE N 215k i b (BA )
R A ST T e IR 2R 5 A FE B E ERBETATIN .

T IRANIRTE Ag NPs FE NG 1) LSPR I 373 aiir P LLRR NS (1 51 ) U5 X PSCs P RER 5%
Wi, ASCHIFH FDTD J7vErid A8 a7, SHasfh iotis . et Bk S E . A i
Jo % WA B, Wil 3 Frow, oz J e s A VT RC I S kA, xly 5 Tl R B A A
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Figure 2. Energy band diagram of the perovskite solar cells based on
FTO/Ag-NPs/ZnO/CsPhIBr,/Carbon structure
& 2. £F FTO/Ag-NPs/ZnO/CsPbIBr,/Carbon 45k gt ILEE R &= &

WRAB VLT BSR4 H, MIEE T 458 N3 FE/FTO (380 nm)/(Ag NPs) ZnO (200 nm)/CsPbIBr, (300 nm)/Carbon
(20 pm) (PR RL,  BAANERIZAR G K BRI\ 2] FTO/ZNnO Ftifi4k, 1 FTO/ZnO FiH# % E N 2 =0 () x-y
P HAEERBIKRERS R, E@EERECT @R, FEARIAIILE R, A58
= SEBR A H B AKIORL,  RSTASRFE E K, HIERIOE TR EOR . ST SEi =m0, 1 RK/NEChE
H (B 150 nm e A7 ) (AR AR BIORE I ROSH TS0 . AEA0L 285 SR Ay — 20 ol 4% R B oR kL 51 N B A
PAF LI FEATIE S o KRG TR Y ELAR B N 150 nm, S8 I AR AN RL T 22 18] 1) BE T LIRS AN [F]
MR 35 H(SC). N T ARG 5 YC IR IE B HeHefh,  FRATTUITE AR 4 K B0k 5 6 W2 Hh )
I —JZ 50 nm [¥] ZnO i, Hmi2Emk 7 A 200 nm f#) Ag/iZnO E & 458, 350~700 nm JE [ 4 1°F
TP B ROGIE, TR B 0E b B RIS T (B8 7)) A S R A28 R OeUR_E ) Tid
SR A O B S AR AT, I FLSE SOGMRIRT A = 1-T-R. HL37 W W% e 57 B B8 AR 0 K FORE AN ] B 5 0 o7 B
T dsk i oA, BB 605 nm.

Figure 3. Simulation model diagram and monitoring positions of
Ag-NPS enhanced CsPblIBr, perovskite photovoltaic device
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Figure 4. Simulated electric field distribution in x-z plane (y = 0). The simulated electric field distribution of the whole de-
vice (a) SC = 0%, (b) SC = 5%, (c) SC = 10%, (d) SC = 15%. /1 = 605 nm

4.y = 0B, SFHFELK x-z FEAMRIUEIFH 3 (a) SC = 0%, (b) SC = 5%, (c) SC = 10%, (d) SC = 15%. HH 1 =605
nm

Bl 4aBxRTy=00, #FNEEx-z FHEES 4804 -, Hd N8 K A 605 nm, A7
BHNE 3 H(1)4k, B A =605nm & H T CsPbIBr, #1 8RR FEIAL o ] 4(a)~(d) 73 )2 ER 4K
R T 78 7% L SC = 0%. SC =5%. SC =10%. SC = 15%[{115 0. MMk, B4 %KLLk
Har N =AXIk: 1)0nm<z<380nm, FTO JZ; 2)-200nm<z<0nm, ZnO JZ; 3)-500 <z <—-200
nm, CsPbIBr, Z. Wil 4(b)~(d)Frs, JEANSFI, HRGNKRORL A B 1) H g ] B3 as, 230t 8 2o
B X, R ARG K ORL ) LSPR 1T 37 38 siRe 1% s 1T ER 4 K URL P9 35 9 0 (o X 8, ph T IR 2
R, g BRI T AR T o Bl A R N K RO R 10 7 o B )38, AR 4 KL ] ] 1) PR 37 e KBt B
I, X AT RE A BT RGN K UREL PR MG N B 2 (N SR GAE SR AN K URL 2 TR R AT U, AT S BUR
YK IR ) LSPR 7 3 R PESE IR 2% . 7F 0 nm <z <380 nm X35, T AN GF6AE B8 5 B4R 49 K
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WL TH B R AR U, 02 ARG K ORI 3 3 S A8, 845 FL A 15 B0 I 5 il T ARG K BURL A A
AE—200 nm <z < 0 nm X4k, SFEILZF] LSPR ITI7 350 52 & 2, XA DX I i) FiL 37y th 75 380 1 2 3
5 {E-500 nm < z <200 nm X3, ARG KBURLE 1 537 5835 6 KT SC = 0% 1150, Ui B4R gk
FIURE (9 51 NS850 15BN 2 MO, 32 AR A K BORL R NS5 6 (R T ] BSOS S8 R2 512 1, RIS LSPR
1Y 37 144 5 80N T B8 1ok 78 5 R AN OK BURL KT ZnO JE X} CsPbIBr, Z 7242 T 54 o £ ] 4(b)~(d)+ AT LAE
SRR BURL AL B[R] F ] DL A TR TR 7 X3, S 30 9 00320 5 1 v 3 1) i R B s T e
LBk 5w B B 1 8 20 A (angular distribution), 3% A& BT ) R ROR B— ANERIE . % EC ] 4(b)~(d),
RIS B R B B IR 1 X 4, SC = 100 ¥ FL 37 3 % i i, SC = 15% ) ML 5 B e /)y, 3 1 B 4R 44
KEURLHFH R A R Z 8. 25 BRTIR, o] DU TR 90 K J0RE 1) 51 N AT DA 5 2% 2R X\ 5 6 1 i
W, 3 o 38 et E R 0 KRR 1) 20 37 8 i 25 S AT HT 1) O R R, L SC = 10%0 1 5 25 S 1T
REHLUT

K 5(a)~(g) N z = —205 nm i x-y “Ffii Bl CsPbIBr, /2 ) 10 S B AL L% 20 A1 » 1€ 5(b), 1] 5(h)
N z =350 nm I} x-y P AR R IZ 0 A . 2 = —205 nm IR x-y V-1 A AT B R ] 3 i R(3), z =
—350 nm B x-y V- [ B e A B0 B ] 3 H ) (4), NS Y 605 nm. o E] 5(a), [ 5(b) SC = 0%
5oL, B 5(c), P 5(d)N SC = 5%[HE 0L, [ 5(e), 1K 5(f) SC = 10%[H5 4, & 5(g), Kl 5(h)A SC=
15%[H1E L. Wil 5(a), Kl 5(b)Frw, WA RIPKERIRS, x-y P Er g s], b E )
T, W K. RHAMTRALEE 5 ER], G NRGOKFRL S 0 AH BT T I T A 1)
BHIEAH B B DGBE, IR iZo2 LARISEOE I 8 Z00IR, TR S G R B 5(c) BT s s
ABAFAIEE), LRI €8 X 311 FeL 37 7 Pt ke B vy T 1] 5(a) R AR I X3, T P T e DA RSP T JE
(1) 75 CE AN 2 X 3311 P37 56 P52 U B ARG T 1] 5(a) o B X3, AHRERY, 1) 5(d)H P T FE3% 2 AR A A T
Kl 5(b) 2 I H AR &1 5(c), 1 5(d)H x-y T P €A PR DX 38R AL T P 5(b) B (R AR 4R K
N7, R TR BURGER, AR NSO E RS R, SO A T x-y P RHE X
LI R AR, 18] 5(e)~(h) H B A7 AR IX R 5 o (EL 2 i €005 L0 i 37 i P 5 L e X sl bl 20 B 6 P 9
TXARRARFE b F T HR G RO NS 56 PR AT 17 505 3 )

W 5e) s, z=—205 nm [ B 3758 FE AR T 1] 5(a) 4 56 1) X 35k i AR T 1 5(c) R FE 5(g), 454k
W H AR SOZ AL B A RIS, [ 5(F)H HIA5RE (z = 350 nm)AHE T ] 5(b) 1 5 1 [X 38 i AR
T 5(d)FIE 5(h), XL SC = 10%K}, F5ERHT 2 AHXT B 2 1 X3 N S ' e B R R i bl 3 o . <
5(g) B BV 181 4 FL 37 95 B2 1) dee K AL v T 131 5(a)~(e)» {ELS2 FEL A7 5 BE AR AL T 1] 5(a) 189 56 (14 DX il B/ T
el 5(c) M 5(e)o hAh, [ 5(g) F 1 A R 37 8 BE $ T A B S5 1) €8 X SOAH 95 6] 5(c), ] 5(e) TR K
FAh, BEETIAER T, K 5 e R E & i /MER & T Bl (e), EPIRIIE 5(h) 3758 1) 5
KAE K e/ MEY = T E(g) . X2 BT RGBS, A6 2 B R 9K BORL T 70 30, 80 1 %
HHENHCHEATGETE 2 = —350 nm B (1) x-y “Fiii FAHE T, S T7XMME. Sell)Z mR ks
WS 2 NS, PR REBR . 451K 5(d)~(h), BREE R KBURL AL T 1 R X
o, B DT TR 2R AR 2 R I B N, @ & ZnO/CsPbIBr, S, Rl — x-y “F1i A LI 58
JEEHR T B S A X e B P o, IE RN B 5(b)~(d)H R EE AT A B AR, Bk BRI R K
F o> A, K RV UE T 4RGN K BIURL AT N S5 6 (1 11 1] F5CSRF 280 T 2 A  BR 2 ( oe WR i i g 1)
Kz, MWIE S il BLER], SINRYPCKERE, HNT7 x-y PR ES A IFA RSN, Ui 7
I 1 14 5 A e F67 PR U BR] T B G oK UKL R T 1) S 2508, 5 LSPR B3 s N A 6. 4E& 1 4 FE
5 SR, A B b AR A 8 I B 40 K FURL PR 3T 37 1 5 R R ) SR T DA S S A I, AT o S A
I RE .
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Figure 5. Simulated electric field distribution (2 = 605 nm) in x-y plane below the CsPblBr, layer: (a) (c) (e) (g) z = —205
nm; (b) (d) (f) (h) z=-350 nm. (a) (b) SC = 0%; (c) (d) SC =5%; (e) (f) SC = 10%; (g) (h) SC = 15%. A =605 nm

5. x-y FEAEIBEIA S (@) (c) (€) (g) z=—-205nm; (b) (d) (f) (h) z=—350 nm. EHeh(a) (b)Jg SC = 0%EIE R,
(c) (d)4 SC =5%HI1EMR, () () SC = 10%AY1ESR, (9) (h)F3 SC = 15%AY1EMR, HF 2=605nm
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Figure 6. Simulated absorptivity curves simulated by FDTD method
[ 6. FIF FDTD F A tRINS B A28 - IR Ut 3 thk

K 6 Eon 7 BB AN RARGN K IORL 22 1 78 75 EL I CsPbIBr, 44K A BH AE FEL I RIS R o MR Se R e e A
P IS 2R S 28 A o RO R IR IAL S B /e FTO JZ 1 1 x-y ~Fi, BRI 3 Hr(2)kb. &t
R MR AT B M FE R SRS R 2 1 x-y ~FTHT, R 3 Hr(6) k. AIE] 6 MRS RIS el v mT LA 281 W i e
AL E Z97E 575 nm Abo HRAKIIRL I 373G SRe 1 LB NS GIRTAT A, A7 38 R A i R S e b
RGN 707 75 LL RIS IN#CA AN EIFREE AR T, o SC = 10% 1B LS 3 i SC = 15%FFIM i3
fI&T- SC = 10%ITEIL, 6 BH AT NSRS B AT DA ARG RIS 58, (2 8 58U R S B oK kL
(R THI 7 75 LU AN P S ARG, B M BRI S 17 22 (A5 284 06 NS R SO XS5 . 534k
CsPbIBr, FERH M EHIIZE TS 5L L0 2.05 eV, B8 EANGEAEI I 605 nm LA P (1A BH Y o 1 B AT LR,
BT 605 nm Xk, A IR, TR R IR R4 I NS B RGO R SO AFE AR WS
S5RGBT A5 L SC = 1002 IR sy, TR aRBOR T,  HEBOE & i & RA T

4, Z5ig

AL T I AR Y SR SRR 1 45 1 Boc K 9 Y. CsPbIBr, #15BKH™ K BH fE At e i
A7 BRZZ 73 T5EX B et IR 2 P S M AT AR L (R BB AL, 8 B CR B i 28, JF 0¥ 1A R 3R i 7
EE (SRR 2% B E IR RE 7T 520 o [RIIASEAEL 1 e IR 8 AF AT -y A -z P 1T ) 37 23 A ot
1RGN RIURE RN 4 A K P38 HL 37 0 A B RO o BREAULAE SRR T, ARGKIORE 1 I A T 5 v
CsPblBr, % PSCs a3 /FHOEI UL RE ST, JFilId #1438, CsPblIBry 3k PSCs YW E 77 AU 5, 2 HIER AN
KRURLIK) LSPR 33738 5 AT [7] HICH R0 512 (1 MARAUSE FORTE, A IRGNOK ORI AR 1T 7 i L 10068
i) 2 (K e R 24 P RE T ERCAT -

E&InE
FETH HERF R H (2017KJ097);  [E R B 48R 5 45 51 H (No. 21802092) .
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