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Regulation of optical physical properties of semitransparent perovskite solar cells

LIU Mengyao' , CHEN Weiwei' , ZHOU Pengfei' , WU Hangjuan®, MA Junjie™
(1. Henan Institute of Advanced Technology, Zhengzhou University, Zhengzhou 450052, China;
2. School of Chemistry, Xi'an Jiaotong University, Xi'an 710072, China)

Abstract: Band-gap semitransparent perovskite solar cells have excellent photoelectric performance and optical
transmittance, which makes them have unique application advantages in photovoltaic building integration, lami-
nated devices, wearable electronic devices and other fields. However, due to the band gap absorption loss of the
photosensitive layer, the interface reflection of the functional layer, and the mismatch of the electrode refractive
index, the absorption and conversion of photons in the device are limited, resulting in optical energy loss and re-
duced light utilization. In order to improve the performance of semitransparent perovskite solar cells, it is neces-
sary to deeply study the photophysical characteristics and photon transmission path to improve the photoelectric
conversion efficiency. In this paper, the relevant mechanisms and regulatory strategies of photophysical properties
of semitransparent perovskite solar cells are systematically summarized. Firstly, the propagation path of photon is
analyzed theoretically. Then, the light management strategy around reducing optical loss is discussed. Finally, the
current application challenges and future research directions of translucent perovskite solar cells are prospected.

Keywords: semitransparent perovskite solar cells; photophysical properties; photon transmission management;

optical loss; photoelectric conversion efficiency
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Fig.1 Reflection transmission diagram
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TCO—Transparent conductive oxide; ETL—Electronic transmission
layer; HTL—Hole transport layer; TE—Transparent electrode

&2 B WIESERT KK PHARHL L (ST-PSCs) iy EfEi s A2 n A

Fig.2 Schematic diagram of light transmission path on semitransparent

perovskite solar cells (ST-PSCs)
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Z Phen TTA Eu't
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Wavelength/nm
MASnI;
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[

MA—Methylammonium; Spiro-OMeTAD—2,2',7,7'-tetrakis(N,N-bis(4-
methoxyphenyl)amino)-9,9'-spirobifluore

3 Sn HEEGERDT L AL S5 1Y

Fig.3 Basic structure of Sn-based perovskite solar cells
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Je A AT B R R A D KO, DC AREAT LA
W 85 R 1Y O 5 e N Y 96 9 2 48 AR IX . Rai
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2% 9 — W W53 H I — 60PN I - 3E 27 Wk (TTA-Phen) i
EWE R DC AL, AnE 4 iR, X Fl DC B4R AT
DLW W 250~410 nm HYOE, I H UK G AE 610 nm
b I B o RO T ISR MR AR T AR
P S IR ST AS L 7 R 1) S 40 FE T I8 3 1 i O B H g
1, RIS T EIMA B L),
[ F42h 21 cm® Y ST-PSCs AJ R L i1 9.5% 1) PCE Fil
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WA UC A1 DC [RIB i n, 7T DLk 3 2140 F 58
SRR BRI A, i —2 LI R Kk . Kim
P IE T — B B UK 6K BHRE 64 (LSC)
WG AR &8 R 45 0, i 45 F9 LL UC #F kL Fi R O

PL.,,—Photoluminescence emission; PL.,.—Photoluminescence
excitation; TTA—Riplet-triplet annihilation; S, S;, S,—Singlet ground
state, first singlet excited state, second singlet excited state; T,—Triplet
state; 'F, 'Fg— Ground and excited state of europium ion; 'Dy, 'D,, 'D,,

'D;—The 0th, 1st, 2nd, and 3rd energy level of the excited
states of the europium ion

K4 EuBEYROEECOET CEREME T NG, 7R8I N
g, RN TR FARIREE . 2P i)™
Fig.4 Photoluminescence excitation and emission of Eu complex
(White in room light and red-emitting under UV, background shows the

normalized solar irradiance. Reproduced with permission)ml

(Downshift, DS) A8} A B A R, 3R HA 561
Wi )7 Y ST-PSCs. 1k DC #Li =2 — i DS A L
W RO F IR A BT, Bl 5(a). [l 5(b)
4 DS, UC T. 2 W Re it & o 3 i o8 2¢ 0% 4L kL 41
TR ARAE T HI & T & DS FUC AR K
. ni&l 6(a). ¥l 6(b) Fran, DS Heffe#s i i 25 b
Mt (375~450 nm) Jf 3@ &+ F 2l 5t 5 4 5 W56 (450~
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180 | 150 IR0 N \
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Abs—Absorption; Em—Emission; TTET—Triplet-triplet energy transfer;
TTA—Triplet-triplet annihilation; ISC—Intersystem crossing;
PATPBP—Palladium(II) tetraphenylporphyrin; 'S’, 'S’, *S’—Inglet ground
state, singlet excited state, triplet excited state; 'E’, 'E’, °E'—Singlet
ground state, singlet excited state, triplet excited state

5 (a) BEA (DS) T.ZiREHIE; (b) L&k (UC) T2 AR (ZVFrIEEE0)™
Fig.5 (a)Energy diagrams of downshift (DS); (b) Energy diagrams of

upconversion (UC) process (Reproduced with permissio)®!
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Downshift
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Solar light

Upconversion

s PL,

DS/UC

Normalised PL intensity

Normalised absorbance
/ f

350 400 450 500 550 600 650
Wavelength/nm

El6 (a) SLfiH AR FHREEROLES (LSC)- LR AL (PV) MR A
(b) DS. UC FIF DS/UC ARHIMEEEFI PL K IGHE (L1 ] )
Fig. 6 (a) Schematic diagram for the operation of a dual-panel
luminescent solar concentrator (LSC)-based photovoltaic systems (PVs);
(b) Absorbance and PL emission spectra of the DS, UC, and dual DS/UC

panels, respectively (Reproduced with permission)?"
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butyric acid methyl ester

7 ((a), (b)) R FHIMGRIER; () illid FDTD JrikitH M5+
TR RORE ) (FF PCBM-B 3 AL AL ) A 401
(REEHIRIER B4, CC-BY ¥ 4R i)

Fig.7 ((a), (b)) Schematic diagram of surface plasmon phenomenon;
(c) Lateral (at the PCBM-glass interface) and vertical distributions of the
plasmonic electric field calculated by the FDTD method (Reproduced

under the terms of a creative commons attribution CC-BY license)”!
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Fig.8 (a) Cross-sectional SEM image of the ST-PSCs with 2D/3D
perovskite hetero structure (Light enters from the top); (b) External
quantum efficiency (EQE) and transmittance of non-transparent-PSC
with 2D/3D heterostructure and engineered bandgap (1.65 eV < E, <
1.85 eV); Statistics of the photovoltaic parameters for ST-PSCs with
2D/3D heterostructure under 1 sun AM 1.5G illumination power
conversion efficiency (PCE) in the reverse scan direction as a function of
the perovskite bandgap (c) and the current-voltage (J-V) curves (d)

(Reproduced with permission)®!
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Fig.9 (a) Device architecture of the cells with conducting polymer
poly(3,4-ethyldithiophene):poly(styrene sulfonate) (PEDOT:PSS) as the
top electrod; (b) Photographic image of a colored schematic "H"
assembled by colorful perovskite solar cells
Each pixel substrate is with the size of about 5 mmx5 mm

(Reproduced with permission)®®
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Fig. 10 (a) Optical transmission model of a single-layer planar anti-
reflection coating; (b) Schematic diagram of refractive index n change;

(c) Multilayer planar anti-reflection coating
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h—Deposition height; n—Refractive index; PIT—Polyimide-titania hybrid thin films (FDA-6FpDA-4ABA/TiO,, 4,4'-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), 4,4'-(hexafluoroisopropylidene) dianiline (6FpDA), and 4-aminobenzoic acid (4ABA))

K11 (a) PIT(0-100) ZR5Z= AL AT 55 AL R EBER K AL (LR TS5 — B S BEAE ) s = JRIBUBRAY SL AR R B IS AR 1k -
AP ERERRERREL (FEA) 3485 (b) MR TIEPIIRRIT R (PMMA) 4K (c). I =2 BB S5 (L7 al 3

Fig. 11 (a) Variation of the refractive index and extinction coefficient of the PIT(0-100) series hybrid films with wavelength (The inset figure shows the

variation of refractive index with titania content); Variation on the reflectance of the three-layer coating with wavelength: Fluoride-enhanced

aluminosilicate (FEA) glass (b) and polymethyl methacrylate (PMMA) substrate (c) (The inset figures are the structure of the three layer

anti-reflective coatings) (Reproduced with permission)®”)

Fig. 12 Motheye anti-reflective structure: (a) Physical diagram;

(b) Test drawings; (c) Refractive index change diagram
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Fig. 13 (a) Cross-sectional scan image of a translucent perovskite solar
cell with 10:H as the top electrode; (b) The transmission (T), absorption
(A) and reflection (R) spectra of the translucent perovskite solar cell

(The external photos of the device are shown in the illustrations)

(Reproduced with permissio)*’!

ORI T 4w A AL B ORHE £ TCO 3% B HL A
Je HAE ST-PSCs 77 Ifif 19 i FH E 22 U AS T 5147 Ak
M FE R, (AXT T8 2 3% WY F L 7 D2 R vk
FROEME . BT S5 TH S A A7 AE K 25 [ .
OB S K K ST-PSCs 1Y 5B 5% 5 1] o
412 EJRAPKL

R 44Kk (Silver nanowire, AgNWs) B & &
R BB (B BEAR T 15 Q/sq, B FRIAF]
90%). ZWEME mTH, E2—FfMIRAE 0
HL B B R 14(a) /2 DA AgNWs A Tl HL, #% 1) ST-
PSCs (1 45 ¥4 7~ 75 € . Fang 28 "2 3% F bl sk 42 1) #f
A2 200 T RS B D) B AR 9ok 2, Il i e
B30 1 Z0 0l R AR AL O SR R o B L Y R
AgNWs JZ2 7E ST-PSCs |- 1 o 10 &8 H Al B, &% 14

IS

E 60 H

g 40 |

g

2 20

£

S0 ®
300 400 500 600 700 800

Wavelength/nm

PDMS—Polydimethylsiloxane
E 14 (a) URAIKE (AgNWs) Jy TH AL Y8 WIS EAH™ K T RE AL 1 Y
SRR (b) B WS EA KB AR F IR Y iE i SO
(A7 P Py SRy e B 2 PO S LR ) (/T )

Fig. 14 (a) Schematic diagram of the structure of a translucent
perovskite solar cell with silver nanowires (AgNWSs) as the top electrode;
(b) Transmittance spectrum of the translucent perovskite solar cell
(The appearance photo of the corresponding device is shown in the inset)

(Reproduced with permission)*?
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Fig. 15 Characterization of PSCs with CH3NH;3PblI; films of different
thicknesses: (a) J-V curves of PSCs under 1 sun illumination; (b) Tran-
smittance spectra of complete PSCs with different CH;NH;PbI; film

thicknesses (Reproduced with permission)*!
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Fig. 16 (a) Perovskite crystal structure; Transmittance spectra (b) and SEM images (c) of MAPbCl; and MAPDBT; film, respectively

(Reproduced with permission)* !
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Fig. 17 Improved light use efficiency (LUE), environmental friendliness, and prospects for commercial applications of translucent perovskite solar cells
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