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Effect of Hole Transport Materials and Their Dopants on the
Stability and Recoverability of Perovskite Solar Cells on Very
Thin Substrates after 7 MeV Proton Irradiation
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Jianghui Zheng, Md Arafat Mahmud, Guoliang Wang,

Edward Dominic Townsend-Medlock, Gregory J. Wilson, Girish Lakhwani, Ceri Brenner,
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The drastic reduction in launch and manufacturing costs of space hardware has
facilitated the emergence of "commercial" space. Radiation-hard organometal
halide perovskite solar cells (PSCs) with low-cost and high-efficiency potentials
are promising for space applications.High-efficiency PSCs are tested with
different hole transport materials (HTMs) and dopants on 175um sapphire
substrates under 7MeV-proton-irradiation-tests at accumulated fluences of
10", 10'%, and 103 protons cm~2. While all cells retain >90% of their initial
power conversion efficiencies (PCEs) after 10" protons cm~2 irradiation,
PSCs that have tris(pentafluorophenyl)borane (TPFB) as the HTM dopant

and poly[bis(4-phenyl)(2,5,6-trimethylphenyl) amine (PTAA) or PTAA:C8BTBT
(C8BTBT = 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene) as

the HTM are more tolerant to higher-fluence radiation than their counterparts
with the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) dopant and

the 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) HTM. Radiation induces fluorine diffusion from the LiTFSI
dopant toward the perovskite absorber (confirmed by depth-resolved X-ray
photoelectron spectroscopy) introducing defects. Radiation-induced defects
in cells with the TPFB dopant instead are different and can be “annealed

out” by thermal vacuum resulting in PCE recovery. This is the first report
using thermal admittance spectroscopy and deep-level transient spectroscopy
for defect analyses on proton-irradiated and thermal-vacuum-recovered

PSCs. The insights generated are expected to contribute

to efforts in developing low-cost light-weight solar cells for space applications.

1. Introduction

Solar cells have been powering satellites
within the Solar System since the begin-
ning of space exploration.['! There has
been an increase in private investments
in space exploration activities fueled by
a reduction in launch cost and manu-
facturing cost of space hardware.[>3] The
high costs of the incumbent space so-
lar cells based on group III-V materials
have now become cost drivers for many
space hardware. Organometal halide per-
ovskite solar cells (PSCs) are becom-
ing promising for space applications.[*]
Compared to solar cells based on group
I1I-V materials for space applications,
perovskite have a lower manufacturing
cost’1% and comparablel''*] or even
better!?526] radiation tolerance. In addi-
tion, bandgaps of perovskites are tunable
making them suitable for multijunction
tandems with high power conversion ef-
ficiencies (PCEs). The highest efficien-
cies for single-junction perovskite and
double junction perovskite-perovskite so-
lar cells are now 25.7% (certified)?’]
and 26.4% (certified),”®?] respectively
indicating ample room for improvement
given the efficiency limits for double
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and triple junction tandems are 45% and 53%, respectively.>"’
Global internet constellations on low earth orbits and in the
vicinity3132] are the fastest growing market segment for space
photovoltaics in the coming decade approaching gigawatt (GW)
installations.[3*] However, space hardware will be exposed to pro-
ton radiation on these orbits. Therefore, it is of great interest to
evaluate radiation stability for PSCs.

Previous proton radiation stability studies for PSCs reported
to date (Table S1, Supporting Information) can be divided into
two groups. The first group involved direct irradiation of PSCs
through their rear (first half of Table S1 in the Supporting Infor-
mation) with 50 keV to 10 MeV protons!!1131418.1921-23] demon-
strating excellent radiation hardness with minimum loss of PCEs
under accumulated fluences of 1012 photons cm= (Table S1, Sup-
porting Information). Recently, it has been shown that PSC with
carbon rear electrode can withstand 150 keV proton irradiation
with accumulated fluence of 10" photons cm™? with minimum
(<0.07%) PCE loss.[**l This is outstanding as the proton irradia-
tion fluence is equivalent to 21000 years of irradiation on the low
earth orbits (LEOs).

The second group of proton radiation studies conducted by ir-
radiating the front of PSCs are through quartz or glass super-
strate (second half of Table S1 in the Supporting Information)
with higher energy (20 and 68 MeV) protons.['215-1720] This sim-
ulates the condition under which cells would operate in space—
irradiation through a front cover.

In all of proton radiation studies reported for PSCs, >1 mm
superstrates were used. To fully take advantage of high power
to weight ratios, thin superstrates that are radiation tolerant
should be considered. Polymer substrates deteriorate under
radiations and atomic oxygen on LEOs.3*35] Therefore, thin
(175 um/0.175 mm) sapphire substrates which have excellent op-
tical transmittance and radiation tolerancel*®) are chosen for this
work. For the radiation stability studies, 7 MeV protons under
accumulated fluences of 10%, 10'2, and 103 protons cm~2 were
chosen to mimic proton radiation experienced for 1, 10, and 100
years on LEOs.[3738]

It should also be noted that comparison of hole transport
materials (HTMs) in terms of radiation hardness has not been
conducted (Table S1, Supporting Information). Therefore, in
this work, we compare three types of HTMs with two types
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of dopants that can easily be implemented in the commonly
known n—-i-p structure based on indium tin oxide (ITO)/tin
oxide (Sn0,)/Cs,;sFA)gsPbl; HTM/Au as shown in Figure
la. The three HTMs chosen were i) Poly[bis(4-phenyl) (2,5,6-
trimethylphenyl) amine (PTAA);P%49 ii) a mixture of PTAA
with 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene (Spiro-OMeTAD)*-#3]  coined “PTAA:Spiro”
here after; and iii) a mixture of PTAA with 2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophenel*~¢  (C8BTBT)
mixture coined “PTAA:C8BTBT” hereafter. PTAA:Spiro was
considered instead of Spiro-OMeTAD alone due to the better
thermal stability of PTAA compared to Spiro-OMeTAD.*!
C8BTBT was chosen to be mixed with PTAA because of its
high hole mobility,[***] better energy level matching between
the HTM and the perovskite absorber, and Dbetter solubil-
ity in chlorobenzene.[*] The two HTM dopants***] being
compared were i) tris(pentafluorophenyl)borane (TPFB) due
to its high solubility in organic solvents,!*] strong doping
capability and excellent thermal stability™*®! and ii) lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)“**] which has
been used in the state of the art n—i—p perovskite cells. We found
that Spiro-OMeTAD as an HTM and LiTFSI as a HTM dopant
were less radiation resistant than PTAA or PTAA:C8BTBT as
an HTM and TPFB as a dopant. In particular, F in the LiTFSI
was more susceptible to radiation-induced diffusion to the
perovskite surface introducing defects. This does not happen
in cells that used TPFB as a dopant, and postradiation defects
in these cells were of different kind as they could be “annealed
out” by thermal vacuum (TV). Recovery of PCEs up to 100%
was possible. This is convenient as TV will be experienced by
the cells on LEO during Sun exposure. It is hoped that this first
report of thermal admittance spectroscopy(TAS) and deep-level
transient spectroscopy (DLTS) on proton-irradiated perovskite
cells on ultra-thin sapphires comparing different types of HTM
will provide insights into the future development of low-cost
light-weight PSCs for space application.

2. Result and Discussion

Figure 1la shows the schematic of the n—i-p PSC for proton
irradiation on (nominal) 175 pm (Figure S1, Supporting In-
formation) sapphire superstrate while cross-sectional scanning
electron microscopy (SEM) image of a typical PSC fabricated
in this work is shown in Figure S2 (Supporting Information).
Methyl-ammonium-free Cs-incorporated formamidinium based
Cs, 15 FA gsPbl, is the perovskite material of choice due to better
stability.394]

For the fabrication of indium tin oxide (ITO) on sapphire, a
buffer layer of Al,O, is required to release mechanical stress!>"!
between the ITO layer and the sapphire substrate. Increasing
the Al,O, thickness improves the crystallinity of the ITO with
the (400) peak (Figure S3q, Supporting Information) becom-
ing dominant which is preferred for high transmittance and
conductivity.®!] However, the optimal Al,O, thickness is 40 nm.
Above or below this value results in pinhole formation or film
nonuniformity (Figure S3, Supporting Information) and slightly
higher sheet resistance (Table S2, Supporting Information) in the
overlaying ITO. Thicker Al,O; (60 nm) also results in rougher
ITO (Table S2, Supporting Information). In terms average
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Figure 1. 7 MeV proton irradiations of PSCs. a) Schematic of cell structure and direction of proton irradiation. b) SRIM simulation of atomic dis-
placement of the PSC with PTAA under three different proton fluences. c) J-V characteristics of i) PTAA(TPFB):Spiro(LiTFSI); ii) PTAA(TPFB); and
iii) PTAA(TPFB):C8BTBT(TPFB) PSCs with three types of HTM before (Ref) and after irradiation with 7 MeV protons to 10'!, 10'2, or 10" photons cm~2.

transmittance, varying thickness of the Al,O; has negligible
effect (Figure S3r and Table S2, Supporting Information).

It was found that PTAA(TPFB):Spiro(LiTFSI), PTAA(TPFB)
and PTAA(TPFB):C8BTBT(TPFB) based cells produced relatively
higher performances. Their typical average efficiencies range
from 14.9% to 17.9% resulting in very high power to weight ratios
(hundreds rather than tens of mW g~') in this work compared to
PSCs used in previous proton radiation studies (Table S1, Sup-
porting Information). PTAA(TPFB):Spiro(TPFB), PTAA(LiTFSI),
and PTAA(LIiTFSI):C8BTBT(LiTFSI)) based cells on the other
hand produced relatively lower performances (cf. Figures S6a and
S7a, Supporting Information) predominantly due to lower fill fac-
tors (FFs) (cf. Figures S6e and S7e, Supporting Information) and
lower output voltages (cf. Figures Sé6c and S7c, Supporting In-
formation). Results suggest that the dopant TPFB is more com-
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patible with the HTM PTAA than the dopant LiTFSI while the
LiTFSI is more compatible with Spiro-OMeTAD than TPFB for
high performance cells.

To determine minimum proton energy that will penetrate
through the 175 um sapphire superstrate, stopping and range
of ions in matter (SRIM)P*>*3! simulation was used first. Result
(Figure S4, Supporting Information) shows that a proton with
the threshold energy of 6.35 MeV is required. As 7 MeV pro-
tons lose their energy through the superstrate, protons with the
energy of 697.39 keV were used for simulating atomic displace-
ments through each layer in PSCs beyond the superstrate. Pa-
rameters for the simulation can be found in Table S3 (Support-
ing Information). Results (Figure 1b) show similar displacement
trends for fluences at 10!, 10'2, and 10*® protons cm~? with dis-
placement density increasing with the depth in each layer. The
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boundaries conditions setup in the SRIM model assumes bound-
aries between layers at depth of approximately 200, 250, and
840 nm are noninteractive. Hence, displacement cascade pro-
duced in the previous layer does not propagate into the next layer.
Once the hydrogen ion penetrates the new layer, the displace-
ment cascade starts a new causing the displacement to increase
with depth in the new layer. The difference in displacement be-
tween layers is also exacerbated by the inherent differences in dis-
placement energy between atomic species of different layers.>*]
Figure 1c—e shows the current density (J)—voltage (V) charac-
teristics of the better performing PTAA(TPFB):Spiro(LiTFSI),
PTAA(TPFB) and PTAA(TPFB):C8BTBT(TPFB) based PSCs be-
fore and after 7 MeV irradiation at three fluence levels, respec-
tively. Details of cell packaging and proton radiation performed
can be found in the Experimental Section, in Figure S5 and
Table S4 (Supporting Information). Distribution of other cell pa-
rameters for the higher performing PTAA(TPFB):Spiro(LiTFSI),
PTAA(TPFB) and PTAA(TPFB):C8BTBT(ITPFB) based PSCs be-
fore and after radiation can be found in Figure S6a,c.e,gik
(Supporting Information). For the purpose of comparison, dis-
tribution for the lower performing PTAA(TPFB):Spiro(TFPB),
PTAA(LITFSI) and PTAA(LiTFSI):C8BTBT(LiTFSI) PSCs can be
found in Figure S7 (Supporting Information) although the major-
ity of the initial discussion on results and analyses in the main
text will focus on the higher performing cells.

While all of the PSCs retained 90% of their initial PCEs after
the fluence of 10! protons cm~2 (Figure S8, Supporting Infor-
mation), cells with C8BTBT in their HTMs are more stable than
the ones without C8BTBT after the fluence of 10" photons cm=2
and after 10'® photons cm™2 irradiation retaining around 60%
of initial PCEs for the cells with C8BTBT. The biggest contribu-
tor to performance drop is the decline in FFs (Figures S6e and
S7e, Supporting Information). Spiro-OMeTAD containing cells
had the largest open-circuit voltage (V) drop after 1012 photons
cm~? while cells without Spiro-OMeTAD experienced dramatic
Voc drop only until after 10'3 photons cm~ (Figures S6c and
S7¢, Supporting Information). This is not surprising as radiation-
induced degradation in spiro-OMeTAD and therefore in associ-
ated solar cells has recently been previously reported.l'!! Regard-
ing short-circuit current (Jyc) drop (Figure S6g, Supporting In-
formation), PTAA-only (whether LiTFSI or TPFB doped) cells
suffered the most after 10! photons cm~2 radiation while other
cells experienced smaller deterioration in output currents postra-
diation. To ascertain whether changes in the optical properties of
the sapphire superstrates occurred postirradiation, transmittance
measurements were conducted before and after 10" photons
cm~? irradiation. No changes could be observed (Figure S9, Sup-
porting Information) suggesting Js. drop if observed were due
to radiation-induced-damage in cells alone. In terms of FF drop,
major deterioration in the parasitic resistances (Figures S6i,k
and S7ik, Supporting Information) is the main contributor for
the 10'* photons cm™ irradiated cells. This can be seen in the
PTAA(TPFB):Spiro(LiTFSI) cells where the initial low series re-
sistance (Rg) and therefore high initial FF (and high initial PCE)
advantages were lost after 10! photons cm=2 irradiation. For cells
after lower fluences of irradiation (10! to 10'2 photons cm™2),
contributor to FF drop was a combination of a mild deteriora-
tion in the parasitic resistances and an increase in defect density
leading to increased carrier recombination.
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Therefore, defect analyses wusing TAS and DITS
were carried out. Results for the higher perform-
ing  PTAA(TPFB):Spiro(LiTFSI), ~ PTAA(TPFB)  and
PTAA(TPFB):C8BTBT(TPFB) based PSCs are shown in Figure 2
and summarized in Table S5 (Supporting Information). Cell
parameters are shown in Table S6 (Supporting Information).

From the TAS (Figure 2a—c) results, three main defect energy
levels E,, E,, and E,; near 0.301, 0.310, and 0.321 eV from the
valence band can be identified. PTAA(TPFB):Spiro(LiTFSI) cells
also have an order of magnitude higher density of defect states
compared to the PTAA(TPFB) and PTAA(TPFB):C8BTBT(TPFB)
PSCs according to TAS. E,, remained dominant before and
after proton-irradiation in PTAA(TPFB):Spiro(LiTFSI) PSCs,
while Et, and Et; became dominant after prolonged 10" pho-
tons cm~2 irradiation in PTAA(TPFB) PSCs. Et, (deeper) de-
fects became most dominant in PTAA(TPFB):C8BTBT(TPFB)
PSCs after prolonged 10'* photons cm™ irradiation. In terms
of the least number of defects and radiation hardness,
PTAA(TPFB):C8BTBT(TPFB) PSCs are the best followed by
PTAA(TPFB) PSCs and then PTAA(TPFB):Spiro(LiTFSI) cells.

Similar trend can be observed in DITS (Figure 2d—f) results,
PTAA(TPFB):C8BTBT(TPFB) PSCs had the lowest defect den-
sities (at E,+0.43 eV (Table S6, Supporting Information)) be-
fore and after irradiation. In PTAA(TPFB) cells, E,+0.43 eV and
Ey+0.31 eV defects can be measured even before irradiation
but only E,+0.43 eV density of states increased with irradiation
(Table S5, Supporting Information). Similar trends can be ob-
served in PTAA(TPFB):Spiro(LiTFSI) cells which had the highest
density of defects and in addition, E,+0.68 eV defects started to
emerge after prolonged irradiation (103 photons cm™2).

We then conducted temperature-dependent V. measure-
ments on these cells to identify the dominant recombina-
tion mechanism. Results are shown in Figure S10 (Support-
ing Information) which also show the extrapolated activation-
energies (E,’s) of recombination currents. The E, trends for
the higher performing cells are plotted in Figure 2g—i. E, of
the PTAA(TPFB):Spiro(LiTFSI) cell was the lowest to start with
and dropped with irradiation to values well below the cell’s
bandgap (Figure S11, Supporting Information). This indicates
that surface recombination dominates in these cells and is ac-
celerated by irradiation. On the other hand, PTAA(TPFB) and
PTAA(TPFB):C8BTBT(TPFB) PSCs had higher E,’s initially sug-
gesting that bulk recombination dominated in preirradiated cells
and even after mild levels of irradiation (10'! photons cm™2).
At higher levels of irradiation, surface recombination became
more prominent as E,’s dropped with irradiation in these
cells. Similar to trends observed on cell performance and de-
fects, PTAA(TPFB):Spiro(LiTFSI) cells were the worst while
PTAA(TPFB):C8BTBT(TPFB) were the best in terms of high val-
ues of E,.

To understand the effect of proton irradiation on the HTM
and HTM/perovskite interface, depth-resolved X-ray photoelec-
tron spectroscopy (XPS)P*%8] was conducted on the cells with
the Au electrode removed. Figure 3a—c shows the atomic ratios
of fluorine to iodine as a function of depth toward the perovskite
absorber in cells with PTAA(TPFB):Spiro(LiTFSI), PTAA(TPFB)
and PTAA(TPFB):C8BTBT(TPFB), respectively. The plots were
calibrated using the perovskite bulk (on the right) as reference
point (characterized by Pb XPS signal at steady state (not shown)).
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Figure 2. Defect analyses for PSCs with different hole transport materials by a—c) thermal admittance, d,f) deep level transient spectro-
scopies, and g-i) activation-energies (E,) of recombination currents for cells with a,d,g) PTAA(TPFB):Spiro(LiTFSI); b,e,h) PTAA(TPFB), and
c,fi) PTAA(TPFB):C8BTBT(TPFB) before and after irradiation with 7 MeV protons to 10'", 102, or 10'* photons cm™2 .

Therefore, 0 nm indicates region near the HTM/perovskite in-
terface. For PTAA(TPFB):Spiro(LiTFSI) cells, we can already ob-
serve a wider distribution of higher fluorine to iodine ratio near
the HTM/perovskite interface even before proton irradiation. The
ratio peak shifts toward the perovskite bulk could be observed
after 10'2 and 10" photons cm~2 irradiation. To ascertain the
major cause for such observation, we calculated the rate of the
change of the fluorine and iodine XPS signals before and after ir-
radiation. Results in Figure S12a (Supporting Information) show
greater rate of changel>?! of fluorine compared to iodine suggest-
ing fluorine diffusion into the perovskite bulk being the main
culprit. PTAA(TPFB) and PTAA(TPFB):C8BTBT(IPFB) cells on
the other hand had narrower distributions of fluorine to iodine
ratios closer to the surface with PTAA(TPFB):C8BTBT(TPFB)
cells having the narrowest distribution. Together with results
from Figure S12b,c (Supporting Information), we can conclude
that there is a smaller extent of fluorine (or iodine if any) in-
terdiffusion between the HTM and the perovskite bulk postir-
radiation in these two types of cells. The phenomena observed
helped explain the surface recombination trends observed: worst
in PTAA(TPFB):Spiro(LiTFSI) cells (to begin with and postradi-
ation which worsened with the level of radiation) and least af-
fected in PTAA(TPFB):C8BTBT(TPFB) postirradiation compared
to PTAA(TPFB) cells.

Adv. Energy Mater. 2023, 13, 2300506 2300506 (5 of 9)

Proton induced radiation damage has been reported to be re-
versible for I1I-V space cells!®! and PSCs.!**] We therefore car-
ried out TV treatment (a condition that can be experienced by
cells in the LEOs) on proton-irradiated PSCs. Details of the TV
treatment can be found in the Supporting Information. Results
(Figures S6b and S7b, Supporting Information) show that PCEs
of cells using LiTFSI as a HTM dopant could not recover but in
fact deteriorated after TV.

Recalling previous discussion on irradiated cells, the biggest
contributor to performance drop was the decline in FFs (FFs)
(Figures S6e and S7e, Supporting Information) even when the
cells could retain their V,’s until after 10'* photons cm=2 ir-
radiation (Figure S6c, Supporting Information). TV treatment
helped Spiro-OMeTAD-free cells and LiTFSI-free cells such as
PTAA(TPFB) and PTAA(TPFB):C8BTBT(TPFB) cells to fully re-
cover if they were exposed to lower dose (<10' photons cm™=2)
of irradiation or partially recover if the previous irradiation was
high (e.g., 10'* photons cm~2) (Figure S6f, Supporting Informa-
tion). It is interesting to note that FF recovery is not necessarily
achieved via Ry and Ry, recoveries (Figure S6j,1, Supporting In-
formation) but by reduced recombination. This is confirmed by
TAS, DITS and temperature dependent V,- measurements.

Results in Figure 4b,cef and Figure S13a (Supporting
Information) showed that density of defects states was
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Figure 3. Chemical analysis by X-ray photoelectron spectroscopy (XPS) depth profiling of the HTM surface and HTM/perovskite interface. Atomic
fluorine to iodine ratio as a function of estimated depth for a) PTAA(TPFB):Spiro(LiTFSI), b) PTAA(TPFB) c), and PTAA(TPFB):C8BTBT(TPFB) cells
before and after irradiation. d) Cartoon showing F diffusion in HTM(LiTFSI) cells.

reduced post-TV treatment for LiTFSI-free cells such as
PTAA(TPFB) and PTAA(TPFB):C8BTBT(TPFB) and even
PTAA(TPFB):Spiro(TPFB) cells. The Et; and Et; dominance in
heavily (10" photons cm2) irradiated PTAA(TPFB) PSCs sub-
sided after TV treatment (Figure 4b). The strong Et; peak in heav-
ily (10 photons cm™2) irradiated PTAA(TPFB):C8BTBT(TPFB)
cells also subsided after thermal treatment (Figure 4c).

E,’'s  for  LiTFSIfree such as  PTAA(TPFB),
PTAA(TPFB):C8BTBT(ITPFB) and even
PTAA(TPFB):Spiro(TPFB) cells also rose back to high values
after thermal treatment (Figure 4h,i; Figure S13d, Supporting
Information) suggesting improvement in the cell surfaces in
these thermally treated irradiated cells with bulk recombination
becoming dominant. On the other hand, radiation-induced sur-
face recombination in LiTFSI containing PSCs was irreversible

Adv. Energy Mater. 2023, 13, 2300506 2300506 (6 of 9)

and in fact became worse as E,’s dropped further after thermal
treatment (Figure 4g; Figure S13e,f, Supporting Information).
This can be explained by the worsening of fluorine dif-
fusions in thermally treated and proton-irradiated LiTFSI
containing cells confirmed by depth-resolved (XPS) (Figure
Sl4a,ef, Supporting Information). However, the fluorine to
iodine ratios in LiTFSI-free and especially Spiro-OMeTAD-
free cells such as PTAA and PTAA:C8BTBT cells were
not affected by thermal treatment (Figure S14b,c, Sup-
porting Information). For the PTAA(TPFB):Spiro(TPFB)
cell, small degree of fluorine or iodine diffusion might
have happened (Figure S14d, Supporting Information).
Nevertheless, we have successfully shown that surface re-
combination postradiation (not caused by fluorine diffusion) in
LiTFSI-free cells can be “annealed out” by thermal treatment.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Effect of thermal-vacuum annealing on proton-irradiated perovskite solar cells. a—c) thermal admittance spectroscopy, d-f) deep
level transient spectroscopy and g-i) activation-energies E,’s proton-irradiated a,d,g) PTAA(TPFB):Spiro(LiTFSI), b,e,h) PTAA(TPFB), and
c,f,i) PTAA(TPFB):C8BTBT(TPFB) perovskite solar cells before and after post-thermal (80 °C for 30 min) vacuum treatment.

As part of the supplementary experiment requested during the
reviewing process, 10 and 1 MeV proton irradiations were also
conducted on representative cells to verify calculations in Figure
S4 (Supporting Information).

As expected, radiation damage (cf. Figure S15a,b and
Figure S6a,b, Supporting Information) and TV recovery (cf.
Figure S16, Supporting Information; Figure 4) are very similar
between 10 MeV proton irradiated cells and 7 MeV proton irra-
diated cells. This is because both 7 and 10 MeV protons travel
through the entire perovskite cell with negligible implanted pro-
tons within the cell as shown in Figure S17a (Supporting Infor-
mation). In fact, SRIM simulated atomic displacements by 10
MeV are slightly lower than (but in the same order of magni-
tude to) those by 7 MeV (Figure S17b, Supporting Information).
This explains the slightly better evolution of PCEs of 10 MeV pro-
ton irradiated and post-TV PSCs compared to the 7 MeV proton
irradiated cells (Figure S17c, Supporting Information).

For the 1 MeV proton irradiated cells, while radiation-damage
is negligible as expected due to the shielding by the 175 pm sap-
phire substrate (Figures S15c and S18, Supporting Information),
TV had an detrimental effect on PTAA(TPFB):Spiro(LiTFSI) cells
that are not affected by radiation (Figures S15d,b and S6b, Sup-
porting Information).

TV also caused degradation to nonirradiated PTAA(LiTFSI)
and PTAA(LITFSI):C8BTBT(LiTFSI)) cells (Figure S7b,
Supporting  Information) but not to PTAA(TPFB)

Adv. Energy Mater. 2023, 13, 2300506 2300506 (7 of 9)

and PTAA(TPFB):C8BTBT(IPFB) cells (Figure  S6b,
Supporting Information) or even PTAA(TPFB):Spiro(TPFB)
cells (Figure S7b, Supporting Information). These findings
suggest that it is the presence of the dopant LiTFSI rather than
the presence of Spiro-OMeTAD (provided that is LiTFSI-free)
that made the cells susceptible to thermal-vacuum-induced
degradation and such degradation only occurred when the
anneal was conducted in vacuum and not in ambient (Figure
S19, Supporting Information). This may be due to the less than
perfect encapsulation that fails to suppress outgassing,**#’] that
is more prominent during TV. While developing more stringent
encapsulation scheme as part of future work will be useful for
space cells, the elimination of HTM dopant LiTFSI will even
be more effective which eliminates i) thermal-vacuum-induced
degradation and ii) radiation-induced fluorine diffusion allowing
cells, or more specifically the surface of the perovskite absorber,
to recover by TV.

3. Conclusion

In conclusion, this is the first study on the relative radiation hard-
ness of three different types of HTMs with two types of HTM
dopants for PSCs. PSCs were subjected to irradiation with a
scanned pencil beam of 7 MeV protons to achieve three differ-
ent accumulated fluences of 10!, 102, and 10'3 protons cm™2.

The cells used in this work have much higher power to weight

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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ratios compared to proton-radiation-tested PSCs previously re-
ported. These cells were fabricated on sub-millimeter sapphire
superstrates that are radiation-resistant in the interest of space
applications. Results showed the importance of the type of HTMs
and their dopants used affecting cells’ radiation hardness. Ap-
propriate choice reduces the extent of radiation damage but also
allows cells to “self-heal” via TV treatment recover their PCEs.
TAS, DLT'S and temperature-dependent V,, measurements were
carried out on cells with different HTM-dopant combinations re-
vealing the different defect behaviors with some irreversible and
some reversible by thermal anneal. This is the first time that
TAS and DITS were used to analyze defects in proton-irradiated
and thermal-vacuum-recovered perovskite cells. Insights gener-
ated will contribute to efforts in developing low-cost light-weight
solar cells for space application.

4. Experimental Section

Details can be found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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