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A B S T R A C T

Metal halide perovskites have sparked considerable interest in photovoltaic (PV) research due to their excep-
tional optoelectronic attributes. The remarkable power conversion efficiency (PCE), superior power-to-weight
ratios, adaptability to flexible substrates, and robust radiation tolerance position perovskite solar cells (PSCs)
as a compelling option for futuristic space PV applications. In this study, we enhance the stability of PSCs by
incorporating the additive poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) into the perovskite
composition and evaluate their performance under vacuum and gamma-ray irradiation conditions. The fluorine
content in PVDF-HFP establishes strong hydrogen bonding with the perovskite’s organic cations and coordina-
tion bonds with Pb2+ ions, facilitating effective defect mitigation within the perovskite matrix. PVDF-HFP PSCs
showed a marked increase in PCE of 22.54 %, comparing to 19.85 % for the pristine one. Furthermore, PVDF-
HFP PSCs retained 70 % of their initial PCE after 600 h in a vacuum environment (2 × 10-7 torr). Addition-
ally, it exhibited strong resilience to gamma-ray exposure. These results indicate that the integration of PVDF-
HFP as an additive in perovskite solar cells significantly enhances their stability and performance in the harsh
space condition.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) possess
outstanding photoelectric properties, including adjustable band gap,
high carrier mobility, small exciton binding energy, low cost, and effi-
cient solution-based fabrication routes [1–3]. Recent research in
perovskite-based solar cells has demonstrated generation efficiencies
exceeding 26 % [4]. Moreover, with the implementation of additional
passivation techniques, PSCs have already surpassed 1000 h of stability
[5,6]. Consequently, ongoing investigations indicate that PSCs are
poised to become the next-generation solar cells, potentially replacing
silicon-based solar cells, garnering significant attention globally. The
key to achieving highly efficient and stable PSCs lies in the nature of the
perovskite films. Among the various perovskite compositions, methyl-
ammonium lead triiodide (MAPbI3) and formamidinium lead triiodide
(FAPbI3) are widely used. However, MAPbI3 exhibits poor stability and a
low open-circuit voltage (Voc). To address these limitations, various

metals, organic cations, and halogens can be incorporated to replace
corresponding elements or ions. For instance, formamidinium (FA) and
cesium (Cs) can replace methylammonium (MA), broadening the ab-
sorption range. This substitution enables the attainment of a band gap
suitable for visible light wavelengths, leading to high power conversion
efficiency (PCE) [7,8]. FA-Cs compounds exhibit exceptional thermal
and light stability, particularly under high-intensity solar radiation
[9,10]. These properties, coupled with the promising inherent crystal
stability, contribute to achieving high PCE in perovskite solar cells.
Recent studies have highlighted the significant influence of crystallinity,
grain size, and grain boundary of perovskite crystals on the increase of
PCE [11,12].
Polymer additives, particularly those with abundant functional

groups, play a pivotal role in forming stable and reliable interactions
with perovskite grains, facilitating the formation of high-quality
perovskite films. Polymer-based defect passivation strategies have
been widely adopted to enhance perovskite solar cells performance,
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with various additives utilized for this purpose [13,14]. During the
annealing process, fluorinated polymer additives, such as PVDF(Poly
(Vinylidenefluoride)) [15–17], PVDF-HFP(poly(vinylidenefluoride-co-
hexafluoropropylene) [18,19], and PVDF-TrFE(polyvinylidene fluo-
ride–trifluoroethylene) [20], interact with organic cations and Pb2+

ions, retarding perovskite crystallization and promoting the formation
of high-quality films. PVDF-based enhances perovskite solar cells by
providing effective surface passivation, improving stability, optimizing
interfaces for charge transport, and maintaining mechanical integrity.
These properties make PVDF a valuable material in advancing the per-
formance and durability of perovskite-based photovoltaic technologies
[21]. This improvement is attributed to having more fluorine (F) content
in PVDF-HFP, which associates with hydrogen atoms to form H-F bonds.
These bonds stabilize the phase structure and encourage a preferred
crystal orientation. Additionally, PVDF-HFP plays a crucial role in sup-
pressing non-radiative recombination rates at the interface, enhancing
carrier transport, and maintaining the integrity of the perovskite layer
through its hydrophobic nature [19]. Furthermore, these additives act as
connecting bridges at grain boundaries, passivating vacancies in the
perovskite lattice, which effectively inhibits nonradiative recombination
and enhances the Voc of PSCs. Incorporating fluorinated compounds
within the perovskite layer or as an interlayer on top of perovskite fa-
cilitates the formation of hydrogen-fluorine bonds with organic cations,
thereby improving perovskite moisture resistance and enhancing the
thermal resilience of the device [15,22].
Space-based solar cells face numerous environmental threats,

including vacuum, atomic oxygen, high-energy radiation (such as X and
gamma rays), charged particle radiation (such as high-energy electrons
and protons), plasma, temperature extremes, and thermal cycling. Long-
term exposure to these hazards is expected to degrade the materials and
components of solar cells, leading to device failures. Understanding the
impact of these extreme conditions on the service life of solar cells and
uncovering degradation mechanisms are crucial for evaluating the
suitability of PSCs for space applications [23–25]. Recent research has
shown that perovskite films undergo rapid decomposition at low pres-
sure (5x103 Pa), accelerating phase-segregation and transition starting
from the grain boundaries. This process is accompanied by outgassing
and defect formation, which further accelerates ion migration across the
device, involving ions like Li+, Au, I-, and Br- [23]. Under vacuum
conditions typical of space environments, the emission of organic gas
components like CH3NH2, HI, CH3I, NH3, and I2 from MAPbI3 powder,
and HN=CHNH2, HI, HCN, and NH3 from FAPbI3 powder, was observed
under both dark and light conditions at 10-4 Pa. The presence of light
accelerates the outgassing rates. These organic gases have the potential
to contaminate surfaces within the line of sight, impacting the optical
properties of spacecraft, payload surfaces, and overall spacecraft per-
formance [26]. The vacuum stability of PSCs is contingent upon the
chosen fabrication techniques. While theMAPbI3 film, synthesized using
a dimethyl formamide (DMF)-based precursor solution and subjected to
dark and vacuum storage, deteriorates into PbI2, subsequently forming
metallic lead (Pb0) and I2- ions, the film fabricated from a combination of
DMF and dimethyl sulfoxide (DMSO) precursor exhibits minimal
degradation under identical conditions [27]. Furthermore, the triple-
cation perovskite film demonstrates markedly slower degradation
rates compared to MAPbI3 under equivalent vacuum and illumination
conditions, owing to its superior thermal stability [28,29]. On the other
hand, Gamma rays, with their high penetrating ability, pose a significant
threat to space-based solar cells. Over the 20 years of space utilization,
solar cells can accumulate a large dose of gamma radiation, significantly
impacting their performance. While recent studies have demonstrated
the high resistance of mixed cation PSCs to gamma rays, it has been
shown that mixed-halide PSCs are less suitable for space applications
due to halide phase segregation induced by gamma ray exposure
[30,31]. The inverted structure perovskite solar cell demonstrated
excellent gamma-ray radiation hardness under gamma ray irradiation
with an accumulated dose of 2.3 Mrad, surpassing that of crystalline

silicon solar cells [32]. There is little research on the operational sta-
bility of perovskite solar cells when deployed in space environments.
Furthermore, there is scarce investigation into potential solutions for
addressing the aforementioned issues.
Here in this work, we demonstrate that PSCs fabricated using a one-

step spin-coating technique with a PVDF-HFP concentration of 0.15 mg/
ml exhibit enhanced stability in space-related conditions. The incorpo-
ration of PVDF-HFP into the perovskite solution yields films with
smoother surfaces, increased grain sizes, and overall improved film
quality. Moreover, under vacuum conditions, pristine perovskite films
increase defects due to the evaporation of cations, whereas PVDF-HFP
perovskite films demonstrate mitigation of perovskite degradation
attributed to the fluorine atoms in PVDF-HFP. Furthermore, PVDF-HFP
PSCs exhibit minimal changes even under gamma ray exposure.
Therefore, by demonstrating the relationship between physical changes
and device performance, we argue that the addition of PVDF-HFP leads
to more stable perovskite solar cells in space environments.

2. Results and discussion

In this study, we investigate the structural, morphological, optical,
electronic, and photovoltaic properties of perovskite solar cells exam-
ining in space conditions, such as vacuum or gamma ray environment.
Throughout this paper, perovskite film containing PVDF-HFP are
labeled as “PVDF-HFP perovskite film,” and the one without this addi-
tive as “pristine perovskite film.” Similarly, “PVDF-HFP PSC” and
“pristine PSC” indicate the PSC with and without PVDF-HFP,
respectively.
Fig. 1 (a) displays a pristine perovskite film with small crystals

(average grain size of 0.331± 0.133 μm in Figure (c)), whereas Fig. 1 (b)
shows a PVDF-HFP perovskite film with larger crystals (average grain
size of 0.529 ± 0.240 μm in Figure (d)), indicating a 52.8 % increase.
This suggests that the interaction between PVDF-HFP and perovskite
encourages the formation of larger perovskite grains during crystal
formation [15]. PVDF-HFP brings about a passivation effect by binding
with uncoordinated Pb2+ ions in perovskite, mitigating surface defects
and grain boundaries in perovskite films. This results in smoother and
more uniform surfaces while also regulating the crystallization process
of perovskite materials [33]. The introduction of PVDF-HFP polymer
appears to preserve the integrity of the perovskite structure, potentially
serving as a bridging agent between grain boundaries. The interactions
between ferroelectric polymers and perovskite crystals seem to enhance
the tensile forces among perovskite grains, resulting in the formation of
larger grains and a more compact morphology [34]. The RMS (root-
mean-square) roughness values, shown in Fig. 1 (e) and (f), are 25.0 nm
for pristine perovskite film and 23.7 nm for PVDF-HFP perovskite film,
respectively. Incorporating PVDF-HFP leads to a flatter surface of
perovskite films, making it more suitable for the spin-coating of the hole
transporting layer (HTL), and consequently improving charge transfer
[35]. Finally, the examination of crystalline characteristics through XRD
for both pristine and PVDF-HFP perovskite films is shown in Fig. 1 (h)
and (g). Both films exhibit typical tetragonal crystal structures with
(110), (112), (202), (220), (310), (224), and (314) planes of
perovskite film. The crystallinity of the (110) plane gradually increases
in the PVDF-HFP perovskite film. Additionally, it also demonstrates an
increase in grain size, shown in Table S1. The polymer addition signif-
icantly influences crystal growth, enhancing uniform growth and
minimizing voids during the annealing processs [19]. Consequently, the
addition of PVDF-HFP leads to enhanced crystal grains, improved
crystallinity, and effective suppression of non-radiative recombination,
as evident in the increased fill factor (FF) detailed in Table 1.
X-ray photoelectron spectroscopy (XPS) measurements were carried

out to inspect the coordinate bonding between PVDF-HFP and perov-
skite. In Fig. 2 (a), the results showed that the main peaks for the pristine
perovskite films at 142.28 eV (Pb 4f5/2) and 137.38 eV (Pb 4f7/2) shifted
to lower binding energies of 142.11 eV (Pb 4f5/2) and 137.21 eV (Pb 4f7/
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2) when PVDF-HFP perovskite film. Similarly, in Fig. 2 (b), the I 3d3/2
and I 3d5/2 peaks in the PVDF-HFP perovskite film at 629.28 eV and
617.78 eV shifted to lower binding energies compared to the pristine at
629.31 eV and 617.91 eV, respectively. Additionally, the presence of the
C-2F peak at 289.10 eV in the PVDF-based perovskite film further
demonstrated the incorporation of PVDF-HFP in Fig. 2 (c). These XPS
results collectively confirm that the PVDF-HFP effectively binds and

passivates with Pb2+, reducing electron trap density. Consequently, the
reduction in electron trap density leads to improved charge carrier
transport and overall enhanced electrical properties of the perovskite
films, confirming the passivation effect of PVDF-HFP and its role in
enhancing film quality and performance [15,36].
In Fig. 3 (a), the pristine PSCs attained a PCE of 19.85 %, with an

open-circuit voltage (Voc) of 1.097 V, a short-circuit current density
(Jsc) of 24.24 mA/cm2, and a FF of 74.64 %. In contrast, the PVDF-HFP
PSCs demonstrated a significantly enhanced PCE, with 22.54 %, a Voc of
1.138 V, a Jsc of 24.80 mA/cm2, and a FF of 79.86 %. The photovoltaic
parameters are summarized in Table 1 and a box plot of the PCE dis-
tribution and of pristine and PVDF-HFP PSCs is shown in Fig. 3 (b). Quite
evidently, the PVDF-HFP PSCs experienced a significant improvement,
primarily attributable to the enhancements in Voc and FF (an increase of
about 41 mV and 5.22 %, respectively). This aligns with the findings of
the previous report [16,19]. The improvement in FF is attributed to the
decreasing RS and increasing RSh, as illustrated in Fig. S1, while
enhancing Voc may involve reducing the trap density within the
perovskite film.
The short-term device stability was evaluated by conducting

maximum power-point tracking (MPPT) measurements under AM 1.5G
illumination in ambient air conditions (as shown in Fig. S2 a and b).

Fig. 1. Comparative display of different perovskite films: FE-SEM top-view images, grain size distributions, AFM images, and XRD patterns. The upper set (a, c, e, g)
shows for pristine films, while the lower set (b, d, f, h) shows for PVDF-HFP perovskite films, respecitively.

Table 1
Photovoltaic characteristics of FTO/SnO2/perovskite/Spiro-OMeTAD/Ag
devices.

Sample Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Pristine 1.069 ± 0.021
(1.097)

24.38 ± 0.23
(24.25)

73.01 ± 1.43
(74.58)

18.86 ± 0.72
(19.84)

1.070 ± 0.019
(1.097)

24.38 ± 0.23
(24.24)

73.08 ± 1.42
(74.64)

18.87 ± 0.72
(19.85)

PVDF-HFP 1.116 ± 0.014
(1.137)

24.64 ± 0.15
(24.83)

77.21 ± 1.19
(79.74)

21.35 ± 0.59
(22.52)

1.116 ± 0.014
(1.138)

24.64 ± 0.15
(24.80)

77.26 ± 1.16
(79.86)

21.36 ± 0.57
(22.54)

The performance metrics of the champion device are indicated in parentheses.
The average values and standard deviations are calculated from 18 devices.

Fig. 2. XPS spectra (a) Pb 4f, (b) I 3d, and (c) C 1 s of the pristine and PVDF-HFP perovskite film.
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PVDF-HFP PSCs exhibited superior stability and enhanced power output
in comparison to pristine PSCs, resulting in a stabilized PCE of 22.0 %
(equivalent to 97.6 % of the initial PCE). To quantitatively analyse the
defect density of perovskite films, we employ the space-charge-limited
current (SCLC) technique, constructing electron-only devices for this
purpose. The SCLC curves of the PSCs exhibited three distinct regions in
Fig. 3 (c). First, in the ohmic region at low bias, the relationship between
current density and electric field was linear. Second, at intermediate
bias, there was a significant increase in current due to the trap-filled
limit region. Third, at high bias potential, there was a trap-free SCLC
region. In trap filling region, the trap density was continuously filled
until the trap-filled limit voltage (VTFL). The trap-state density (Ntraps)
can be described by the following Equation (1) [37].

Ntraps =
2VTFLε0ε
eL2

(1)

where Ntraps, VTFL, ε0, ε, e, L are trap-state density, the trap-filled limit
voltage, vacuum permittivity (ε0 = 8.8 × 10− 12F/m), the relative
dielectric constant of perovskite, electron charge (e= 1.6× 10− 19C), the
film thickness of perovskite (500 nm), respectively. From the fitting
results, shown in Table S2, the trap densities in the PVDF-HFP perovskite
film were 2.08 x 1015 cm− 3, which is lower than the 3.09 x 1015 cm− 3

found for the pristine one. The charge mobility was further extracted
using the Mott-Gurney Law (Equation (2): [38]

μ =
8JDL3

9ε0εV2
(2)

where JD is the current density and V is the applied voltage. The charge
mobility is estimated to be 5.09 × 10-4 and 1.22 × 10-3 cm2/Vs for
pristine and PVDF-HFP perovskite films, respectively. Furthermore, by
integrating the calculated values for carrier mobility and lifetime, the
diffusion lengths were determined through the application of a specific
equation.
Furthermore, by integrating the acquired values of carrier mobility

and carrier lifetime, diffusion lengths were determined using the
following Equation (3) [39].

LD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kBT
e

× μτ
√

(3)

where LD is diffusion length, kB is Boltzmann’s constant, T is tempera-
ture, τ is carrier lifetimes, μ is carrier mobility.

LD(Pristine) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.026V × 5.09× 10− 4cm2V− 1S− 1 × 59.50ns

√

= 8.87× 10− 2μm (4)

LD(PVDF − HFP) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.026V × 1.22× 10− 3cm2V− 1S− 1 × 81.57ns

√

= 1.60× 10− 1μm (5)

These findings suggest a lower defect density and enhanced transport
characteristics of the PVDF-HFP perovskite film, aligning with the
computed data in Equations (4) and (5). Fewer defects are essential for
achieving efficient and stable perovskite solar cells due to reduced
charge recombination and superior transport properties to achieve
higher Voc [40,41] and FF [38]. The observed reduction in electron trap
density values in PVDF-HFP perovskite films provides confirmation that
the fluorine (F) atoms within the PVDF-HFP effectively passivate the
uncoordinated Pb2+ defects present in the perovskite films. The strong
electronegativity of F atoms in PVDF-HFP enables them to donate the
lone electron pair of the F atom to the empty 6p orbital of Pb2+. This
suggests that PVDF-HFP can effectively passivate defects in the perov-
skite film [15,19]. To understand the mechanism and evaluate the
probability of carrier recombination inside the devices by using light
intensity dependent VOC and JSC measurement in Fig. 3 (d) and Fig. S3,
the plots of Voc versus natural logarithmic light intensity have been
implemented and abide by the following Equation (6):

Fig. 3. (a) J-V curves of pristine and PVDF-HFP perovskite solar cells(PSCs) measured under simulated AM 1.5G. (b) The average power conversion efficiency (PCE)
distribution of pristine and PVDF-HFP PSCs. (c) Space charge limited current model (SCLC) measurement of electron-only devices with pristine and PVDF-HFP
perovskite films. (d) VOC-versus light intensity for the pristine and PVDF-HFP PSCs. (e) EQE spectra of the best-performing devices of pristine and PVDF-HFP
PSCs. (f) Long-term stability of the corresponding unencapsulated perovskite solar cells in an ambient environment with 30 ~ 40 % relative humidity at RT (25 ◦C).
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Voc

ln
(

I
Io
+ 1

) = nkBT/q (6)

where I, I0, n, kB, T and q are light intensity, initial light intensity, ide-
ality factor, Boltzmann constant, absolute temperature and elementary
charge, respectively. nkBT/ q is the value of the linear fitting slope and in
connection with defect-assisted recombination. Generally, the value of n
closer to 1 suggests the less defect-assisted recombination. The PVDF-
HFP PSCs, with a slope of 1.47 kBT/q, show significantly lower
recombination compared to the pristine device’s 1.66 kBT/q. This sug-
gests that PVDF-HFP effectively reduces trap-assisted recombination,
moving closer to the ideal 1 kBT/q. Consequently, PVDF-HFP enhances
defect passivation, diminishes charge recombination, and improves
overall photovoltaic performance and stability [17,42]. The external
quantum efficiency (EQE) was further analyzed to validate the Jsc. As
depicted in Fig. 3 (e), the spectral response of the PVDF-HFP PSCs
demonstrated a slight improvement in the range of 350 to 700 nm,
suggesting enhanced conversion of EQE into current. This improvement
is attributed to the overall quality of the perovskite crystal, rather than
the p-i or n-i interfaces [17]. The integrated Jsc, obtained through EQE
spectra, increased from 21.65 to 21.76 mA/cm2. This trend aligns well
with the corresponding J-V curves, indicating currents of 24.24 and
24.80 mA/cm2, respectively. Before discussing the device stability in
space condition, the stability of unencapsulated device under ambient
condition with temperature 25 ◦C, relative humidity 30 ~ 40% is shown
in Fig. 3 (f). The PCE of PVDF-HFP PSCs shows the slow degradation and
maintains more than 92 % of the initial value at 850 h. In contrast, the
performance of pristine PSCs severely degrades, maintaining only 62 %
of the initial PCE at 850 h. Due to the abundant hydrophobic F and the
long-chain structure of PVDF-HFP, a robust hydrophobic barrier layer is
formed on the surface of PVDF-HFP perovskite film. This layer signifi-
cantly enhances moisture resistance, making PVDF-HFP perovskite films
more effective in preventing the penetration of water molecules and
thereby improving the humidity stability of perovskite PSCs [17].

We conduct a study on the stability of pristine and PVDF-HFP PSCs in
space environments. Specifically, we investigate the morphology and
optical analyses of perovskite films and PSCs by exposing them to a
vacuum environment of 2x10-7 torr. In Fig. 4 (a), the long-term stability
is monitored for the PSCs in a vacuum environment without encapsu-
lation. After 600 h, the PCE of PVDF-HFP PSCs remained at 70 %, while
the pristine PSCs dramatically decreased to only 32 %. Notably, the most
significant change in PV parameters is the reduction in Voc with a
substantial decrease of 24 % PVDF-HFP PSCs and 47 % pristine PSCs, as
shown in Fig. S4. These findings suggest that PVDF-HFP contributes to
enhanced stability in the vacuum environment, as evidenced by the
sustained efficiency and less pronounced deterioration in key parame-
ters compared to the pristine PSCs. Among the various potential mech-
anisms leading to a reduction in PCE, such as recombination losses,
optical losses, series resistive losses, etc., recombination losses, whether
occurring at the interface or within the bulk, are particularly significant.
This is because they exert a substantial impact on both the Voc and FF
[23,43,44]. The Voc loss analysis, shown in Fig. 4 (b) and Table S3, is
carried out provides insights into the reasons behind the decrease in the
Voc of PSCs. The mathematical relationship depicted in the image out-
lines the methodology for calculating the Voc loss in perovskite solar
cells, as defined by the Shockley-Queisser limit. This theoretical
framework stipulates that Voc loss comprises three distinct components
[45].

qΔV = Eg − qVoc

= (Eg − qVocSC)+ ( qVocSC − qVocrad)+ (qVocrad − qVOC)

= (Eg − qVocSC

+ qΔVocSC) + ΔqVocrad + ΔqVocnon− rad) = q(ΔV1+ΔV2+ΔV3)
(7)

In principle, ΔV1 is due to the thermodynamic loss, ΔV2 is radiative
recombination loss, and ΔV3 is non-radiative recombination loss. In the
equation (7), q denotes the elementary charge, and ΔV represents the

Fig. 4. (a) Long-term stability of the corresponding perovskite solar cells without encapsulation, (b) the radiative and non-radiative Voc loss of the perovskite solar
cells pristine and PVDF-HFP, (c) the Urbach energy of pristine and PVDF-HFP perovskite films in an 2x10-7 torr vacuum condition, (d) photoluminescence (PL)
spectra and (e) Normalized time-resolved photoluminescence (TRPL) decay profiles of the pristine and PVDF-HFP perovskite film, (f) PbI2/PVSK and δ-FAPbI3/PVSK
grain size ratio.
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total open-circuit voltage loss. By measuring the bandgap energy (Eg),
the Voc at the Shockley-Queisser limit (VocSQ), and the Voc with full
radiative recombination (Vocrad), researchers can calculate each of these
losses. These values are pivotal for understanding and optimizing the
performance of perovskite solar cells. The bandgap energy (Eg) is a
fundamental property of the solar cell material, while VocSQ and Vocrad

are specific voltages that reflect the ideal and actual energy conversion
scenarios, respectively. The values of ΔV1 before vacuum exposure for
both pristine and PVDF-HFP PSCs are very close, measuring 0.270 V and
0.272 V, respectively. Similarly, the after vacuum ΔV1 values for both
cases are 0.271 V, indicating a similarity to the initial values. This is
attributed to the absence of any significant change in the bandgap. ΔV2
occurs when photoexcited charge carriers (electrons and holes) recom-
bine [43]. Therefore, this observation is associated with the quality of
the perovskite film. In the case of pristine PSCs, there is a noticeable
increase in Voc loss, from 0.084 V before vacuum exposure to 0.110 V
after vacuum. However, for PVDF-HFP PSCs, a slight improvement is
observed, with increasing from 0.065 V to 0.075 V. ΔV3, which repre-
sents nonradiative recombination loss, occurs when charge carriers
recombine without emitting a photon. This phenomenon is attributed to
bulk defects, buried bottom interfaces, and top interfaces [46,47]. In the
case of pristine PSCs, there is an increase in ΔV3 from 0.253 V to 0.289
V. For PVDF-HFP PSCs, the increment is less pronounced, going from
0.229 V to 0.232 V. Consistent with previous findings, PVDF-HFP PSCs
demonstrates improvements in both radiative and nonradiative recom-
bination. Furthermore, even under vacuum, PVDF-HFP PSCs exhibits
greater stability compared to pristine. It is noteworthy that perovskite
films are known to undergo evaporation of MA+ ions in a vacuum state
[23]. The surface-coated PVDF-HFP and the hydrogen bond interactions
between F and FA+/MA+ effectively impede the volatilization of
ammonium salts [17]. Therefore, PVDF-HFP appears to inhibit the
evaporation of MA+. To investigate trap states and gain deeper insights
into the optoelectronic properties of our fabricated perovskite films, we
conduct an analysis of Urbach energy (Eu), photoluminescence (PL), and
time-resolved photoluminescence (TRPL). The Eu serves as a significant
parameter reflecting the crystallinity, defects, and optoelectronic char-
acteristics of a material. It obeys the Urbach energy Equation (8), gov-
erning the relationship between absorbance (α) and energy (hv) near the
optical band edge. The determination of Eu involves analyzing the slope
adjacent to the optical band edge [48].

α = α0exp(
hυ
Eu
) (8)

In Fig. 4 (c), for the pristine perovskite film, the Eu is calculated to be 83
meV, whereas for PVDF-HFP perovskite film, it is notably smaller, at 61
meV. This reduction aligns with the earlier results from the SCLC mea-
surements, indicating a decrease in the defect density of the film. After
600 h in a vacuum condition, the Eu value for pristine PSCs increases to
123 meV, while for PVDF-HFP PSCs, it is measured at 68 meV (in
Fig. S5). Despite an increase in defects for both films after vacuum,
PVDF-HFP PSCs exhibits significantly greater stability. Consequently, in
the case of PVDF-HFP PSCs, the decrease in Voc is also observed to be
less pronounced. This can be attributed to PVDF-HFP PSCs having lower
trap-assisted recombination, which accounts for the diminished reduc-
tion in Voc compared to the pristine sample. PL measurements are
performed on pristine and PVDF-HFP perovskite films coated on glass
substrates, as depicted in Fig. 4(d). It is evident from the figure that the
PL intensity of the PVDF-HFP perovskite film is considerably enhanced.
It is known that the presence of more trap states in a film subjected to
vacuum conditions leads to an increase in photoluminescence intensity
for perovskite films [49]. Under vacuum conditions, the intensity of
PVDF-HFP perovskite film is observed to be higher than that of the
pristine, indicating superior crystal quality, a correlation supported by
XRD results and contributing to an enhanced Voc (in Fig. S6 and
Table S1). Additionally, the emission peak position remains unchanged

with the incorporation of polymer into the perovskite solution, signi-
fying uniform bandgap values across all perovskite films. This suggests
the suppression of non-radiative recombination rates with polymer
addition. As previously explained in the context of Voc loss (ΔV3), the
diminished nonradiative recombination signifies a reduction in trap
states and defects within the perovskite films [19].
The TRPL decay measurement is performed on pristine and PVDF-

HFP perovskite film on glass substrate in Fig. 4(e). Through TRPL
measurement, the electron-hole recombination time is affected by the
film crystallinity and its defects can be fitted by a bi-exponential rate law
as below Equation (9):

IPL(t) = A1e
(−

t
τ1
)
+A2e

(−
t

τ2
) (9)

The TRPL data is represented by IPL(t), with τ1 and τ2 denoting the
lifetimes for fast and slow recombination, respectively, while A1 and A2
represent their relative amplitudes. The fitting parameters derived from
the analysis are summarized in Table2. The swift decay component (τ1)
is associated with non-radiative recombination linked to surface defects,
whereas the prolonged component (τ2) is attributed to radiative
recombination related to bulk properties. For the pristine sample, the
values of τ1 and τ2 are 8.26 ns and 81.55 ns, respectively, whereas PVDF-
HFP perovskite film exhibits faster decay (τ1 = 9.49 ns) and slower
decay (τ2= 112.98 ns) components. This indicates a suppression of trap-
assisted recombination and an enhancement in the quality of the bulk
perovskite. Under vacuum conditions, the τ1 and τ2 values for the
pristine perovskite film are 6.46 ns and 67.95 ns, respectively, while
PVDF-HFP perovskite film shows faster and slower decay components of
8.29 ns (τ1) and 86.17 ns (τ2), respectively. The improved FF and Voc
observed in PVDF-HFP PSCs, as outlined in Table 1, align with increased
perovskite crystal size, fused grain boundaries, preferred (110) grain
growth, and the ferroelectric properties of PVDF copolymers. These
factors collectively reduce nonradiative recombination sites and
enhance charge separation. The decrease in trap-assisted recombination
is attributed to the lower defect concentration, indicating superior
electronic quality in PVDF-HFP perovskite film [17,18,49]. To qualita-
tively investigate the impact of vacuum conditions on the decomposition
of the perovskite film, we present a figure illustrating representative
XRD peak area ratios between the decompositions, as shown in Fig. 4 (f),
detailed in Fig. S6 and Table S1. For the pristine perovskite film, there is
a significant increase in the PbI2/PVSK (perovskite) grain size ratio
within a vacuum environment. This observation provides evidence of an
augmented presence of PbI2 in the Pristine perovskite film, signifying
the evaporation of MA+ during the vacuum process. Conversely, PVDF-
HFP perovskite film exhibits a similar ratio, suggesting minimal changes
in the film during vacuum exposure. Furthermore, in the pristine film,
the presence of a peak corresponding to δ-FAPbI3 is identified. These
newly formed phases are non-photoactive within the perovskite absor-
bance range and are expected to induce Jsc losses [49]. These findings,
support the assertion that vacuum conditions induce distinct changes in
the pristine perovskite film, evident from increased PbI2 content and the
emergence of non-photoactive phases. In contrast, the PVDF-HFP
perovskite film remains comparatively stable under the same condi-
tions [23,50].
To elucidate the cation evaporation phenomenon under vacuum

conditions, we employ top-view and cross-section SEM imaging to
scrutinize alterations in the perovskite film. Additionally, energy

Table 2
Summary of the parameters from fitting to the TRPL decay.

Sample Vacuum A1 τ1 (ns) A2 Τ2(ns) τaverage(ns)

Pristine Before 0.30 8.26 0.70 81.55 59.50
After 0.41 6.46 0.59 67.95 42.45

PVDF-HFP Before 0.30 9.49 0.70 112.98 81.57
After 0.47 8.29 0.53 86.17 49.18
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dispersive X-ray spectroscopy (EDS) is utilized to probe the atomic
percentages of N, C, Pb, Br, and I of the perovskite film. SEM analysis
before and after vacuum exposure reveals significant morphological
differences in perovskite films. In Fig. 5 (a) and b, pristine perovskite
films exhibit increased porosity and crack formation after vacuum,
resulting in uneven surfaces and a notable rise in RMS values (in Fig. S7),
indicating morphological transformation [51]. In contrast, PVDF-HFP
perovskite films maintain a dense structure with minimal RMS in-
crease in Fig. 5 (c) and (d), demonstrating superior stability. In Fig. 5(e)
and (f), small-sized perovskite crystals in pristine perovskite film align
vertically in SEM top-view. After vacuum, fragmentation or increased
boundaries between perovskite grains are observed. Conversely, PVDF-
HFP perovskite film shows no significant difference before and after
vacuum. Detailed EDS analysis reveals a substantial reduction in the N
and C ratio of the perovskite film at (β) region compared to (α), indi-
cating cation evaporation and an increase in Pb and I ratios on the
surface [23]. After vacuum, PVDF-HFP perovskite film shows a slight
decrease in C and N, but maintains superior uniformity and stability
compared to pristine perovskite film, attributed to strong hydrogen
bonding. Overall, PVDF-HFP perovskite films demonstrate enhanced
stability under vacuum conditions, suggesting potential for space ap-
plications. Perovskite degradation accelerates under vacuum, leading to
decomposition, phase-segregation, and cation release. However, PVDF-
HFP films exhibit enhanced stability compared to pristine perovskite
films, indicating suitability for vacuum condition.
To singularly evaluate the effects of gamma radiation on PSCs, our

initial step involved subjecting FTO substrates to gamma rays to monitor
resultant alterations. The Fig. S8 illustrate a pronounced reduction in

light transmittance within the 300–750 nm wavelength spectrum upon
gamma ray exposure of the FTO glass. This phenomenon is attributed to
ionization processes, which generate free charge carriers that subse-
quently become ensnared in existing vacancies or impurities [30,52].
Notably, the sheet resistance of the FTO appears to remain stable despite
exposure to gamma radiation, as shown in Fig. S8. Consequently, this
result focuses on the transmittance changes in the FTO substrates and
their potential effects on PSC performance. In the context of evaluating
the radiation resilience of the devices, Fig. 6(a) presents the use of PSCs
for this purpose. Meanwhile, Fig. 6(b) and (c) compare the experimen-
tally obtained PCE and Voc against their theoretically calculated coun-
terparts, PCEcal and Voccal, respectively. The evaluation of the device’s
PCE alterations is conducted through the application of a specific
equation (10): [30]

PCEcal =
Jsccal*Voc(0Krad)*FF(0Krad)

Plight
*100% (10)

Assuming that gamma rays induce only a glass darkening effect, the
device’s Voc and FF are unaffected. Therefore, we can use initial values
measured before the radiation exposure for the estimation of the
maximal achievable PCEcal. The Jsccal is estimated by the integration of
the modelled EQEcal over the standard AM1.5G spectrum. The calcula-
tion of Jsccal and Voccal are detailed in the Supplementary note (in
Figs. S9 and S10). Both pristine and PVDF-HFP PSCs exhibit a significant
decrease in PCE following gamma ray exposure. However, the PCE
change in PVDF-HFP PSCs closely aligns with the variation in PCEcal,
indicating that the efficiency changes in PVDF-HFP PSCs are attributed
to the decrease in substrate transparency. In the case of pristine PSC, the

Fig. 5. Energy dispersive X-ray spectroscopy (EDS) spectra acquired in scanning electron microscopy (SEM) at the top view and cross section SEM images of the
pristine and PVDF-HFP perovskite film. (a), (e) pristine perovskite film before Vacuum, (b), (f) pristine perovskite film after vacuum, (c), (g) PVDF-HFP perovskite
film before vacuum (d), (h) PVDF-HFP perovskite film after vacuum, and (i) Atomic percent of the Pristine and PVDF-HFP perovskite film from EDS.
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decrease in PCE is greater than that of PCEcal, indicating degradation
under gamma ray exposure mainly due to intrinsic radiation-induced
processes rather than because of the decrease in substrate trans-
parency. As shown in Fig. 6 (c), the Voc of the pristine PSC decreases
under gamma ray exposure, and a significant decrease in FF is also
observed (in Figs. S11 and S12). Particularly, the significant decrease in
Voc and FF supports the conclusion of trap formation and massive
charge carrier recombination in the active layer and/or at some func-
tional interface [53]. We investigated the conductivity of SnO2 and
Spiro-OMeTAD layers under gamma ray exposure in Fig. S13. SnO2 was
unaffected by gamma ray exposure, while Spiro-OMeTAD exhibited
decreased conductivity after exposure. As previously demonstrated,
triple cation perovskite undergoes rapid degradation under gamma ray
exposure [30,54,55]. However, when PVDF-HFP is added, it exhibits
significantly improved stability under gamma ray. Fig. 6 (d) and (e)
depict the changes in PL intensity for pristine and PVDF-HFP perovskite
films under gamma ray exposure. For the pristine perovskite film, the
intensity decreases after gamma ray exposure, while the PVDF-HFP
perovskite film shows similar intensity before and after gamma ray
exposure. These results indicate an increase in defects in the pristine
perovskite film after gamma ray exposure. Similarly, the Voc loss results
in Fig. 6 (f) show a significant increase in ΔV2 for pristine after gamma
ray exposure, while PVDF-HFP PSC shows minimal change. This sug-
gests that pristine perovskite solar cells degrade under gamma ray
exposure. XRD analysis reveals an increase in PbI2 peaks and grain size
after gamma ray exposure for pristine. Moreover, boundaries appear
more distinct in SEM images, and AFM results show a slight increase in
RMS (in Figs. S14–S16, and Table S4). However, PVDF-HFP PSCs show
little impact from gamma ray exposure. ΔV3 increases for both pristine
and PVDF-HFP PSCs, indicating issues with the perovskite film and

spiro-OMeTAD interface. The PVDF-HFP perovskite film demonstrates
robust resistance to gamma ray exposure, surpassing that of the pristine
perovskite film. Thus, PVDF-HFP perovskite films exhibit strong resil-
ience to vacuum conditions and gamma ray exposure, rendering them
promising candidates for space applications.

3. Conclusion

In this study, we investigated the effects of additive PVDF-HFP into
perovskite films to improve photovoltaic performance and operational
stability in space environments. PVDF-HFP PSCs showed a significant
enhancement in PCE, reaching up to 22.54 % compared to the pristine
19.85 %, an improvement of over 11 %. The improved photovoltaic
performance is attributed to enhanced carrier lifetimes and reduced
charge transport resistance. Additionally, the additive of PVDF-HFP had
substantial effects on perovskite film morphology, enhancing coverage
and smoothness, increasing crystal size, and reducing grain boundaries.
Furthermore, PVDF-HFP PSCs maintained 70 % of their PCE over 600 h
in a vacuum condition of 2x10-7 torr, while pristine cells dropped to
below 30 %. The additive of PVDF-HFP prevents cation evaporation and
maintains a more stable perovskite film under vacuum conditions.
Gamma-ray exposure experiments result showed a decrease in trans-
mittance of FTO glass substrate, leading to reduce both PVDF-HFP and
pristine perovskite solar cells on glass substrates, leading to reduced
PCE. However, the PCE reduction in PVDF-HFP perovskite solar cells
was solely attributed to a decrease in Jsc due to reduced transmittance of
the substrate, while for pristine perovskite solar cell, an increase in
defects within the perovskite film was observed after gamma-ray
exposure, more losses were incurred. Thus, PVDF-HFP perovskite films
exhibit strong resilience to vacuum condition and gamma-ray exposure,

Fig. 6. (a) Schematic diagram of PSC exposed to gamma ray. (b) PCE and (c) Voc evolution of PSCs under gamma ray radiation. Red lines show the expected
behavior in case gamma rays induce only substrate darkening without damaging the PV stack. (d) UV− vis absorption and (e) PL spectra of pristine and PVDF-HFP
perovskite films under gamma ray radiation. (f) Voc loss measurement of the pristine and PVDF-HFP PSCs before and after gamma ray radiation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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making them promising candidates for space applications. Future
research in our group is planned to focus on studying PVDF-HFP
perovskite solar cells under environments closely resembling space
environments.

4. Experimental Section/Methods

4.1. Materials

The CBD SnO2 material, Tin(II) chloride dihydrate (98 %) and Thi-
oglycolic acid (98 %) was acquired from Sigma-Aldrich. Urea was ac-
quired from J.T.Baker. Potassium carbonate (K2CO3) (99 %) was
acquired from Acros. The solvents Dimethylformamide (DMF), Chloro-
benzene (CB), and isopropanol (IPA) were procured from Tedia, while
Dimethyl sulfoxide (DMSO) at 99 % purity was sourced from Echo
Chemical Co., Ltd. Lead (II) Iodide (PbI2) was acquired from TCI, and
Formamidinium Iodide (FAI), Methylammonium Iodide (MAI), and
Methylammonium bromide (MABr), 2-phenylethylammonium (PEAI)
were purchased from FMPV®. Additional reagents such as cesium iodide
(CsI), 4-tert-butylpyridine (4-tBP), and lithium-bis
(trifluoromethylsulfonyl) imide (Li-TFSI) were obtained from Aldrich,
while Spiro-OMeTAD was purchased from Ruilong.

4.2. Device fabrication

The FTO substrates were subjected to ultrasonic washing with
detergent, deionized water, acetone, and 2-propanol for 10 min each,
followed by treatment with UV-ozone for 20 min, before use. For SnO2
ETL (electron transport layer) deposition, the FTO substrate and the CBD
SnO2 solution, prepared by mixing 625 mg of urea, 625 μL of HCl, 13 μL
of TGA, and 137.5 mg of SnCl2⋅2H2O per 400 mL of DI water, were
loaded into a glass reaction vessel and reacted 3 h at 70 ◦C for 2 times.
After completion of the reaction, the SnO2 deposited FTO substrate was
removed from the reaction vessel and cleaned via with DI water. The
FTO/SnO2 substrate was annealed in an ambient environment (RH 60
%) at 180 ◦C for 60 min. This was followed by spin-coating 10 mM
K2CO3 in DI water, the solution at 3000 rpm for 30 sec and annealing at
105 ◦C for 10min. Before perovskite deposition, the FTO/SnO2 substrate
was UV-ozone treated again and pumped inside a dry air glovebox (RH
0.1 %). Subsequently, the triple perovskite layer was deposited using a
one-step spin-coating method. The 1.5 M Cs0.05(FA0.75MA0.20)
PbI2.95Br0.05 perovskite precursor solution was prepared by mixing CsI
(16.26 mg), MABr (14 mg), MAI (19.8 mg), FAI (161.2 mg), PbI2 (576.3
mg) dissolving in the mixed solvent of 1 ml DMF/DMSO (4:1 in v:v).
Additionally, PVDF-HFP perovskite film is 0.15 mg/mL PVDF-HFP
polymer molecule was dissolved in the DMF/DMSO solvent as the ad-
ditive into the perovskite precursor. The perovskite precursor was spin-
coated on FTO/SnO2/K2CO3 at 1,000 and 5,000 rpm for 10 s and 30 s,
respectively. During the second stage, 100 µl toluene was dropped onto
the surface at 16th second, and the substrate was annealed at 70 ◦C for
10 min and then 135 for 60 min in ambient air with 0.1 % humidity. As a
hole-transporting material, Spiro-OMeTAD (80 mg), 4-tBP (28.5 µl), and
LiTFSI (17.5 µl) were dissolved in 1 mL of CB, and spin-coated at 2000
rpm for 30 s onto the perovskite film. Finally, a counter electrode of
approximately 100 nm thickness of Ag was deposited by thermal
evaporation using a shadowmask with an active area of 0.09 cm2 (3 mm
× 3 mm).

4.3. Characterization

The AM 1.5G solar simulator (SS-F5-3A, ENLI Technology Co. Ltd.)
was used as the irradiation light source for the current density–voltage
(J–V) measurements. The illumination intensity of 100 mW/cm2 was
calibrated before cell performance measurement. The J–V characteris-
tics of the PSCs under the illumination of AM 1.5G simulated sunlight
were obtained by applying the external potential bias to the cell and

measuring the photocurrent output with a Keithley model 2400 digital
source meter. The External Quantum Efficiency (EQE) (QE-R-3011, ENLI
Technology Co. Ltd.) calibrated with a single-crystalline silicon refer-
ence cell was used for the EQE measurements. Voc loss measurement
was performed by applying external voltage/current sources through
the devices (REPS-TEN, Enlitech) The photoluminescence (PL) spectra
and time-resolved PL (TRPL) spectra were recorded with a 532 nm diode
laser (LDH-D-TA-530, PicoQuant). The TRPL plots were recorded by a
time-correlated singlephoton counting (TCSPC) (TimeHarp 260, Pico-
Quant) spectrometer. Surface morphologies of samples were recorded
by a tapping-mode atomic-force microscope (AFM) (NanoScope NS3A
system, Digital Instruments) and a field emission scanning electron
microscope (FE-SEM) (Hitachi, SU8010). XRD spectrum was obtained
using an X-ray diffractometer (D8 130 Focus, Bruker). UV–Vis spectra
was measured by a broadband spectrometer (U-4100, HITACHI).
Gamma ray radiation stability test was tested by a Gammacell® 3000. X-
ray photoelectron spectroscopy (XPS) measurement was carried out on a
Thermo-Fisher Scientific K-Alpha X-ray photoelectron spectrometer
under a pressure of 5.0 × 10− 9 Pa.
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