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Fig. 1. Sketch (a), cross-section SEM image (b) and photograph (c) of PSCs sample.

# 1 HTRTRBEEAELE PSCs B PV 281

Table 1. PV parameters of as-prepared PSCs sample used for proton irradiation experiments.
FTRER /MeV Voo/V Jso/(mA-cm 2) FF PCE/%
0.1 1.02 + 0.04 18.40 £ 0.72 0.68 4+ 0.03 12.75 £ 0.63
2.0 1.04 4 0.04 18.88 + 0.58 0.71 + 0.03 14.08 £+ 1.18
10.0 1.08 4 0.02 18.10 £ 0.41 0.75 + 0.02 14.66 + 0.82
20.0 1.08 £ 0.02 18.37 £ 0.39 0.74 £ 0.02 14.58 £ 0.68
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Table 2. Flux and fluence for proton irradiations
with different proton energies.
BiFhReE HER b s ool
/MeV /(10% p-em 2s!) /(p-cm?)
0.1 5000 1x102—1x10"
2.0 10? 1x1012—2.2x10%
10.0 1 20.0 1 3x10°—1x10%
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Fig. 2. SRIM-predicted depth profiles of implanted H atomic
concentrations (a) and atomic displacement damage and
electronic energy deposition (b) in PSCs irradiated with
0.1 MeV protons to 1x10* p/cm? (black and red solid line)
and 2 MeV protons to 2.2x10% p/cm? (black and red dot-
ted line).

B 3JE/RT 0.1 F12MeV i 1451 PSCs £
) PV SHBE R e s AR b O R B AR SR IR
FUT 45 18 PSCs 19 PV 28050 AH % R ] 4 H 3t
IS BUEM T VA — AR, Bl iR 22 M
)45 B 4 R TR 4 PSCs REAh (3—6 He) IS 1R
W Zs. R4 T —RIBSCR S (3—7 d), KiR
I8 PSCs ) PV ZHUHH LL NI 25 HL b ) I & 2R

138802-3



#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 13 (2023)

138802

Ak, IR RS L B A AN 2 i B
PERER LT 51 AY. H A 3(a) T UL, XFF 0.1 MeV
FiFHE IR, 2MiE R < 1x10% p/cm? i, PSCs fPE
REFE AP AN S e A LAY 58 B 25, iRl
GaAs FEAKBHAEHL I PR AR C 28 B 3 iR Ak 2122 53X
W PSCs HARRMBURIRAE ). 24 0.1 MeV Jit
FHIH RN 1x 10" p/cm? B}, HIBAY Jgo AT FF
(HAR#E T 50%, PCE {HARK T 85%, 1Mii Vo A
IR T 29 10%. A Vo 585800 15 152 /Y
SR PERE R VMO, BN Voo BRI T 854k
W APRMIL S B HURR R AE ) AN R A A S A 22 25, Aif
H EE S MAPDI; 78 o1 158 B 7 rb e R e 1Y)
BRI A ), B Jyo YRR AT AE £ 22 2k
T T2 i R GRS R . A s e B 3]
N 1x10" p/em? B9 150 keV 51 ¥ 55 8 23
IR spiro-OMeTAD HTL ) fk - 254, i s HTL
23 AR RE T RIREAR, AT S B Jgo, FF DL

(a) 1.0 T = B
0.5F
Voc
0 . . . .
" 1.0 e —
S 05F \
‘E‘ v/s(,‘
za:o 0 i i
= .
‘5 1.0 i —
£ o5l \_
ot FF
0 L L L
1.0 % ¥ ¥
05F \
. PCE .

0 1.0x10'2 1.0x10' 1.0x10"

Proton fluence/(p-cm=2)

B 3 B4 I8 PSCs i PV S50 i 71 = i 8 1k

PCE TRk, XFF 2 MeV JlE T4 I8, MiEE N 1x
10" p/cm? B FE I PEREATISR PRFEAAE, 321 2 MeV
J T AE L P B AR L 0.1 MeV T Z /0 RE
X7 1B O R TR AR Y
L - RE 101 5 A% e 40 Bl 5 5 A8 f A9 3 i i A1
WK 3(b) iR, 24 2 MeV i FHIEERINE 2.2x
10 p/cm? i}, HLHLAY Jso Al PCE FEIEHN 0, Ve
0 AR 9 SR B 50%. Voo B 5 25 FRAR 5 55 4k
JERIRPRL AT G, TR BRI,

Kl 4 NHEKAE SnO,/FTO /LR i) MA-
PbI, W IEAE 0.1 A1 2 MeV i ¥ 48 I H f5 19 XRD
. FERAERY) XRD 3, (7T 14.2901 28.5°1)
FORATETIES 5 34 MAPDI; /Y (110) Al (220)
. TR T ASERE T A G, XRD jEHA I EL T SnO,
o JES W ANV T 12.7°4b 5055 1Y P, . PbI, U5
HILE T MAPDL; BYRTIRE s ImA T 5% i
1) Pbl, DAL ISR 23 XFF 0.1 MeV T

(b) 1.0 — e

0.5

Voc
0 1

1.0 —

T
—
\

1.0
0.5
0

Remaining factor
-

FF

L

1.0 i
0.5
0

0 1.0x10' 1.0x10™ 2.2x10%

Proton fluence/(p-cm~2)

(a) 0.1 MeV; (b) 2 MeV

Fig. 3. PV parameters versus proton fluence for PSCs irradiated with protons: (a) 0.1 MeV; (b) 2 MeV.
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Fig. 4. XRD patterns of perovskite thin films before and after proton irradiations: (a) 0.1 MeV; (b) 2 MeV.
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Fig. 5. SEM images of perovskite thin films before (a) and after (b) 2 MeV proton irradiation (Proton fluence is 2.2 x 10' p/cm?).
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Fig. 6. SEM images of the Au electrode surface of PSCs before and after proton irradiations: (a) Before irradiations; (b) after irradi-
ations with 0.1 MeV proton; (c), (d) after irradiations with 2 MeV proton. (e) Transmittance spectra of SnO,/FTO/glass sub-

strates.
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Fig. 7. SRIM-predicted depth profiles of electronic energy
deposition in the glass substrates of PSCs irradiated with 2,
10 and 20 MeV protons (10 and 20 MeV proton fluences are
1x10'2 p/cm?, and 2 MeV proton fluence is 2.2x10" p/cm?).
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Fig. 8. PV parameters versus proton fluence for PSCs irradiated with protons: (a) 10 MeV; (b) 20 MeV.
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Abstract

Perovskite solar cells (PSCs) have a great potential for space applications due to their high specific power,
low cost and high defect tolerance. PSCs used in space will be subjected to high-energy particle irradiation,
especially proton irradiation, resulting in the decline of photovoltaic (PV) performance. However, the research
on proton irradiation effects in PSCs is still in its infancy stage. In this work, the CH;NH;Pbl; (MAPbDI;) thin
films and their PSCs are irradiated by protons with energy of 0.1, 2, 10, 20 MeV, etc. Irradiation-induced
changes in PV parameters of the PSCs are studied as a function of proton fluence. The structural and surface
morphological changes of the irradiated MAPbDI; films and Au electrode layers of PSCs are characterized by X-
ray diffraction and scanning electron microscopy. In addition, UV spectrophotometer is also employed to
analyze the transmission loss in glass substrate induced by proton irradiation. It is found that PSCs exhibit
superior resistance against proton irradiation. The PV properties of the PSCs don’t degrade after 0.1 MeV
(2 MeV) proton irradiation up to a fluence of 1x1013 p/cm? (1x10" p/cm?). The irradiation-induced damage in
the charge transport layers may be the main cause for the performance degradation of PSCs. The gaseous
products (NH3; and CH,I) of perovskite decomposition eventually lead to exfoliation of the top Au electrode
from the PSCs. Regarding 10 and 20 MeV proton irradiation with larger projected ion ranges, the irradiations
create color center defects in glass substrate of PSCs, which results in a decrease in light transmission of visible
spectrum. However, the color center defects, specifically non-bridging oxygen hole centers, will be partly
annealed at room temperature or 100 °C, reducing the transmission loss in glass. The reported results may help

predict the performance degradation of PSCs in space irradiation environment.
Keywords: perovskite solar cells, proton irradiation, irradiation effects
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