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1. Introduction

Organic photovoltaic (OPV) cell is redrawing much attention
from both academic and industrial communities due to the
recent breakthrough of over 18% power conversion efficiency

(PCE) for single-junction devices, thanks
to the invention of a new generation
of nonfullerene-based small molecule
acceptors.[1,2] With the much improved
performance, in addition to light weight
and highly flexible features of OPV devices,
it is expected to deliver high specific power
(power generation per unit mass) and small
stowed volume. Such characteristics are
key criteria for PV applications in space.
A few works have demonstrated high
specific power of 10–14W g�1 using OPV
cells, exhibiting values 10–100 times
higher than that of inorganic cells.[3–5]

Additionally, OPV cells can be ultrathin
and extremely flexible which allow the cell
to wrap around a human hair.[3–5] These
properties are of paramount importance
to PV devices used in space, as they reduce
the launch weight, volume, and conse-
quently the cost.

In addition to device performance,
device stability is another key area of con-
cern when considering a new PV technol-
ogy operating in space, which may not be

directly relevant to the stability for usual outdoor or indoor
environments. Oxygen, moisture, and their combination with
light are the primary causes of terrestrial OPV degradation.[6–8]

However, in space, a number of stress factors such as extreme
temperature cycling, thermal shock, ultrahigh vacuum exposure,
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Recent developments of solution-processed bulk-heterojunction organic photo-
voltaic (OPV) cells have demonstrated power conversion efficiencies (PCEs) as
high as 18% for single-junction devices. Such a high PCE in addition to its
desirable lightweight property and high mechanical flexibility can realize high
specific power and small stowed volume, which are key considerations when
choosing PV for space missions. To take one important step forward, their
resilience to ionizing radiation should be well studied. Herein, the effect of proton
irradiation at various fluences on the performance of benchmark OPV cells is
explored under AM0 illumination. The remaining device performance is found to
decrease with increasing proton fluence, which correlates to changes in electrical
and chemical properties of the active layer. By redissolving the devices, the
solubility of the active layer is found to decrease with increasing proton fluence,
suggesting that the active materials are likely cross-linked. Additionally, Raman
studies reveal conformational changes of the polymer leading to a higher degree
of energetic disorder. Despite a drop in performance, the retaining percentage of
the performance is indeed higher than the current market-dominating space PV
technology—III–V semiconductor-based PV, demonstrating a high potential of
the OPV cell as a candidate for space applications.
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and ionizing radiation are all potential causes of degradation
which must be taken into consideration. Among them, ionizing
radiation could be themost critical as it is powerful and thus result
in unpredictable degradation. Such radiation refers to X-rays,
gamma rays, protons, neutrons, electrons, and heavy ions which
primarily originate from cosmic rays and solar particle events.

Researchers in the OPV field have conducted some initial
studies on how ionizing radiation affects OPV materials and
devices. There are a few studies that have observed morphologi-
cal and device performance degradation as a result of X-ray expo-
sure in polymer:fullerene systems such as P3HT:PCBM.[9–13]

Despite signs of degradation, P3HT:PCBM is still stable enough
upon X-rays exposure for applications in space. Martynov et al.
explored the effect of gamma rays on two polymer:fullerene
systems and found that PCDTBT:PCBM system maintained
approximately 90% of initial efficiency after exposure to a high
radiation dose of 6500 Gy.[14] Other studies focused on electron
and proton irradiation. For example, Bebensee et al. found that
electron irradiation with an energy of 100 eV on P3HT causes the
formation of C═C between the side chain of P3HT while the aro-
matic thiophene was unaffected.[15] Lee et al. showed a drop in
absorption of P3HT:PCBM film after proton irradiation of
200MeV.[16] On the contrary, our previous study of proton
and electron irradiations on four OPV blend films, namely,
PCDTBT:PC71BM, PBDB-T:PC71BM, PBDB-T:ITIC, BTR:
PC71BM, showed that they are chemically stable and photostable
against low fluence of 1012 p cm�2 and 1013 e cm�2 with particle
energy of 150 keV and 1MeV, respectively.[17] In addition to the
space-condition mimicking studies done on Earth, there are
studies looking at the extraterrestrial behavior of OPV cells.
Cardinaletti et al. mounted OPV cells to a balloon and sent them
out for a 3 h stratospheric flight and the cells were survived with
only 10–20% drop in PCE for polymer:fullerene cells.[18]

Recently, Reb et al. reported the launch of OPV cells on a subor-
bital rocket flight and demonstrated in situ power generation of
OPV cells under real space condition.[19]

In this study, the effect of 150 keV proton irradiation with
fluence from 1012 to 1015 p cm�2 on the performance of OPV
cells was investigated. Air mass 0 (AM0) was used for perfor-
mance evaluation to replicate the illumination in space. It is well
known that darkening effect happens on glass after particle
irradiation,[20] hence quartz substrates were used for device
fabrication in this work. The devices were purposely not encap-
sulated for this fundamental study as epoxy and cover glass may
induce potential routes of degradation although encapsulation is
unavoidable for real-world applications, especially in space. After
completing the device fabrication, the devices were characterized
in-house, sent out for proton irradiation with a set of devices as
control (travel together but without underwent proton irradia-
tion), and finally sent back for evaluation of the PV performance
and advanced characterizations, which probe the charge carrier
dynamic, optical properties, surface topography, and structural
properties in molecular level. The whole period of one set of
experiment took up to a month which is a rather long period
of time for unencapsulated OPV cells although they were packed
in nitrogen when they were sent from one laboratory to another.
As a result, it is crucial to choose a fairly stable OPV system and
device architecture for this experiment, especially the stability in
air, in order to isolate the degradation due to proton. In terms of

device architecture, inverted architecture was employed as it can
avoid using low work function metals as the top electrode
which can be air sensitive. After screening a number of
benchmark OPV systems including polymer:fullerence and
polymer:nonfullerene systems, poly[4,8-bis(5-(2-ethylhexyl)thio-
phen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethyl-
hexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]:[6,
6]-phenyl-C71-butyric acid methyl ester (PTB7-Th:PC71BM) was
selected for this study as the control cells showed excellent
stability throughout the experiments (see Figure S1, Supporting
Information).

2. Results and Discussion

2.1. Simulations on Proton Bombardment

To understand the proton penetration behavior on the organic
photoactive materials, simulations of proton irradiation on
PTB7-Th:PC71BM with a series of proton energy were per-
formed. Typically, in space, proton energy ranges from keV to
MeV.[21] A higher proton energy represents a higher probability
of penetration into a given material which leads to less energy
loss within the materials and probably less degradation. To study
the penetration of proton into the material, simulations of the
proton energy loss per unit depth were performed. To enhance
the degradation effect, a higher proton energy loss per unit depth
is preferred which corresponds to lower proton energy. Figure 1a
shows the simulation of the proton energy loss against the depth
of PTB7-Th:PC71BM with a series of proton energy from 50 keV
to 10MeV. From the simulations, 150 keV proton energy was
chosen because it offers both sufficient penetration depth and
high proton energy loss.

To confirm the penetration depth of 150 keV protons, the dis-
tribution of the proton stopping positions throughout the device
configuration of quartz/AZO/ZnO/PTB7-Th:PC71BM/MoO3/Ag
was simulated. Figure 1b visualizes the trajectories and penetra-
tion of protons into a device. In this case, most protons are
stopped in the aluminum zinc oxide (AZO) bottom electrode
layer while a small amount of protons are stopped in the
PTB7-Th:PC71BM (but still significantly more than using higher
energy protons such as in the range of MeV), MoO3, ZnO, and
Ag layers. A small number of protons penetrate as far as the
quartz substrate but almost no protons penetrate the complete
device stack.

2.2. Impact of Proton Irradiation on the Performance of OPV
Device

The changes in performance of PTB7-Th:PC71BM devices due to
exposure to 150 keV proton with fluence ranged from 1012 to
1015 p cm�2 were studied. Figure 2a shows the evolution of cur-
rent density–voltage ( J–V ) characteristics of PTB7-Th:PC71BM
devices under AM0 illumination (with intensity of
136.6mW cm�2) after exposure to proton irradiation (see Table 1
for the corresponding device parameters). Comparison of the
J–V curves and the device parameters under AM0 and
AM1.5G is available in Figure S2 and Table S1, Supporting
Information. The influence of proton irradiation on the J–V

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2101037 2101037 (2 of 10) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


curves can be clearly observed for all fluences applied herein. The
remaining factors of the device parameters (compared
to the control one) are calculated and plotted in Figure 2b.
For the lowest fluence 1012 p cm�2, the PCE drops to 58.6%
of the control device due to �16%, 8%, and 24% drop in
short-circuit current density ( Jsc), open-circuit voltage (Voc),
and fill factor (FF), respectively. For 1013 p cm�2, further
decreases were observed for all parameters with a more pro-
nounced drop in the Jsc, a further drop of 59%, resulting in a

PCE of 0.7%. For higher fluences of 1014 and 1015 p cm�2, the
J–V curves were nearly flat in the region of interest when com-
pared to the others, suggesting nearly 0% PCE of the control
device, due to very limited photocurrent generation. It is worth
noting that the control device was not just a fresh device. Instead,
it travelled together with all other samples being irradiated and
the J–V was scanned when all the samples came back. This
allows isolation of the effect of the intrinsic degradation during
the transport, although we found that the degradation is in fact
very minimal in this OPV system (see Figure S1, Supporting
Information).

2.3. Charge Recombination and Transport Studies

To gain more understanding on the degradation of the device
parameter, here we studied the charge recombination and
transport by a combination of transient photovoltage (TPV)
and transient photocurrent (TPC) measurements, and photoin-
duced charge carrier extraction in a linearly increasing voltage
(photo-CELIV), respectively.[22–24] These techniques can only
probe functioning PV devices. For the devices that underwent

Figure 2. a) J–V characteristics of the OPV devices with and without proton irradiation under AM0 illumination. b) Remaining factors of the devices. (Plots
without normalization are displayed in Figure S3, Supporting Information).

Table 1. Device parameters of the representative OPV devices under AM0
illumination with and without proton irradiation. Statistical data are
available in Table S2, Supporting Information.

Fluence [p cm�2] JSC [mA cm�2] VOC [V] FF [%] PCE [%]

0 18.1 0.799 65.7 7.0

1012 15.2 0.732 50.2 4.1

1013 4.51 0.604 35.0 0.70

1014 0.24 0.389 26.1 0.02

1015 0.01 0.152 25.1 0.0003

Figure 1. Simulations of proton irradiation on PTB7-Th:PC71BM films and devices. a) Proton energy loss as a function of depth in PTB7-Th:PC71BM.
b) Distribution of the stopping positions of 150 keV protons in a device with a configuration of quartz/AZO/ZnO/PTB7-Th:PC71BM/MoO3/Ag.
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fluences of 1014 and 1015 p cm�2, their PV behavior is hardly
observed so data obtained from these techniques may not be well
resolved for analysis. Figure 3a shows the charge carrier density,
n, plotted as a function of Voc of the devices. Proton-irradiated
devices show lower Voc with increasing fluence exposure at a
given charge carrier density. In other words, for higher fluence,
there is a higher charge carrier density at a given Voc, which could
suggest increased trap formation upon higher fluence.[25–28] The
formation of traps could arise from radiation-induced defects.
The increase in charge carrier density upon proton irradiation
with increasing fluence is consistent with the observed drops
in the Voc obtained in the J–V sweeps. Trap states could be
formed during the proton irradiation which results in increased
trap-assisted recombination, and thus lower Voc.

Figure 3b shows the charge carrier lifetimes which are
extracted by fitting a monoexponential function to the TPV decay.
A good fit with a monoexponential function suggests that the
degradation in device performance does not involve additional
dominant recombination processes such as interfacial recombi-
nation (see Figure S4, Supporting Information, for representa-
tive voltage decays and corresponding fitting). Increased
charge carrier lifetimes are obtained for increasing fluence at
a given charge carrier density. If the trap levels within the active
layer are shallow, charge carriers will have a longer lifetime at a
given charge carrier density which is the consequence of succes-
sive trapping and detrapping events happened before they are
finally extracted or recombined.[25,26] This result supports the
hypothesis that trap states are formed upon proton irradiation.

Along with the TPV and TPC measurements, diode ideality
factors of the devices are extracted from the Voc against light
intensity plot as shown in Figure 3c, which can indicate the
dominating type of the recombination.[29] For the control device,
as expected, the ideality factor is close to the ideal value 1.[29]

For devices exposed to proton irradiation, ideality factors
show an overall increasing trend with increasing proton
fluence. A higher ideality factor suggests domination of trap-
assisted recombination in the active layer.[29] The results
here qualitatively agree with the findings in the TPC and TPV
studies.

Photo-CELIV is one of the most recognized techniques to
evaluate charge carrier mobility in a PV device configuration,
which probes the faster carrier in the device.[30] Figure 3d shows
that the mobilities calculated from the peak times obtained from
the transients (see Figure S5, Supporting Information) drop by
more than 5 times, from 1.03� 10�4 cm2 V�1s�1 for the control
to 1.79� 10�5 cm2 V�1s�1 for the fluence of 1013 p cm�2, which
agrees with the previous results that increased recombination is
found in the irradiated devices due to shallow trap state
formation.[8]

2.4. Spectroscopic Studies

The spectral responses of the devices were studied by conducting
external quantum efficiency (EQE) measurement. The EQE spec-
tra of the devices at different proton fluences are shown in
Figure 4a. For all spectra, they show a noticeable bumpy feature

Figure 3. a) Charge density, n, as a function of Voc, b) recombination lifetimes, τ, extracted from TPVmeasurements as a function of charge density, c) Voc
as a function of light intensity, and d) fastest carrier mobility extracted from photo-CELIV measurement for the OPV cells underwent different fluences.
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throughout the spectra which originates from the bottom trans-
parent electrode, AZO (see Figure S6, Supporting Information,
for the transmission of the AZO). For devices that underwent
proton irradiation, the entire EQE spectra decrease with increas-
ing proton fluence. This trend is consistence with the decrease in
the JSC, as shown in Figure 2a.

To understand the drops in the EQE (or Jsc) upon proton expo-
sure, we checked the absorption spectra of the active materials via
measuring 1–reflectance (R). The 1–R spectra (Figure 4b) of
the samples (quartz/PTB7-Th:PC71BM/MoO3/Ag) only show
little changes upon proton irradiation even up to fluence of
1014 p cm�2. These little optical changes cannot account for
the significant drops in the EQE spectra. The main origin of
the losses in the photocurrent after proton irradiation is not
due to the drop in absorption but due to other reasons such
as more severe recombination. When the fluence reaches
1015 p cm�2, the changes in the 1–R spectrum become more
noticeable. The polymer peaks (�639 nm and 698 nm) seem
blueshifted and become less clear while one of the PC71BM peaks
(479 nm) diminishes but the other PC71BM peak (323 nm) is still
clearly displayed. These results suggest that PTB7-Th and
PC71BM may have different degrees of degradation after the
proton irradiation.

2.5. Surface Topography and Solubility Studies

Atomic force microscopy (AFM) was performed to study the
impact of the surface topography upon proton irradiation.
Figure 5a–e shows the height profile of the active layers on
the devices where they are not covered by any interlayers and
electrodes. Overall, they have a similar surface topography, with
submicron scale granular features across all fluences. For the
control sample and the proton irradiated samples with fluence
up to 1014 p cm�2, they show a moderate surface root mean
square roughness of 3.4–3.6 nm. For 1015 p cm�2, the surface
is slightly smoother with a root mean square roughness of
2.4 nm, suggesting no significant change in the surface topogra-
phy upon radiation.

To understand more about what has happened to the active
layer, we redissolve the active layer by immersing the entire
device into chlorobenzene on a hotplate of 120 �C. Figure 5f
shows the appearance of the devices after redissolving. The
control device becomes colorless, as expected, indicating good

solubility of the PTB7-Th and PC71BM. As the entire blend layer
was dissolved, the top interlayer and the metal electrode (which
sit on the active layer) were also removed and were visibly
suspended in the solution. Interestingly, this scenario only
happened to the control device and the device which underwent
the lowest fluence 1012 p cm�2. For those devices that underwent
higher fluences (1013–1015 p cm�2), we observed that the color of
the remaining active layer materials on the substrate was deeper
with increasing fluence, suggesting that the PTB7-Th and/or
PC71BM are less soluble and are retaining more on the devices.
For the device exposed to 1015 p cm�2 proton fluence, the appear-
ance is very similar in color to the one before redissolving. This
observation is consistent with that the polymer PTB7-Th and/or
PC71BM are partly cross-linked after 150 keV proton irradiation
and the degree of cross-linking increases with the amount of
fluence.[31] Cross-linking of OPV polymers was observed before
under light stress.[32] This light-induced cross-linking is believed
to form defects and traps for charge carriers, and severely affects
the photovoltaic performance especially in the initial stage of the
operation.

The absorbances of the solutions (see Figure 5g) obtained
above were then examined. The absorbance drops gradually with
increasing fluence as shown in Figure 5h, consistent with the
visual observation as shown in the image (Figure 5f ). The intro-
duction of the insoluble materials is likely due to the cross-
linking between the polymer chains and/or the fullerene-based
small molecule. The spectra are normalized to a PC71BM absorp-
tion peak at 457 nm (Figure 5i). It is found that the relative peak
ratios of the PTB7-Th peaks (�626 nm and �698 nm) to the
457 nm PC71BM peak vary substantially with increasing fluence.
At 1012 p cm�2, the peak heights are all comparable, similar to
the control. Basically, all the active layer materials are soluble,
consistent with no cross-linking happened or only a low degree
of cross-linking. At 1013 and 1014 p cm�2, the intensity of the
PTB7-Th peaks relative to the 457 nm peak drop to about half,
meaning that a larger fraction of PTB7-Th becomes relatively less
soluble when compared to the PC71BM counterpart and cross-
linking could mainly happen in the PTB7-Th. At 1015 p cm�2,
the PTB7-Th peak heights are comparable again to the
height at 457 nm although the 457 nm peak has in fact disap-
peared, suggesting that the dissolved PC71BM is very limited.
From 1014 to 1015 p cm�2, the solubility of PC71BM is relatively
much reduced. At 1015 p cm�2, the overall absorbance is very

Figure 4. a) EQE spectra and b) absorption spectra of the control and irradiated samples obtained by reflectance measurement.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2101037 2101037 (5 of 10) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


low, about 0.1 within the visible region, meaning that the
solubility of both materials is comparably low and tends to be
consistent with the degree of cross-linking of the two materials
being similar.

2.6. Conformational Change of the Polymer Probed by Raman
Spectroscopy

To understand possible molecular origins inducing changes in
molecular conformation and structure upon proton irradiation,
Raman spectroscopy is used. The Raman spectra of the PTB7-Th:
PC71BM blend were assigned by density functional theory (DFT)
simulation of the polymer and fullerene components, as shown
in Figure S7a, Supporting Information. The prominent peaks in
the region of 1400–1550 cm�1 are attributed to the PTB7-Th
backbone; the spectral assignment is shown on the polymer
structure in Figure S7b, Supporting Information, and described
in Figure S7c, Supporting Information.

The active layers of the proton irradiated devices within the
active area were studied by Raman spectroscopy. First, we con-
sider spectral changes across the whole Raman spectra. Figure 6a

shows the Raman spectra of the proton-irradiated devices in
comparison to the control device. While significant changes in
OPV performance occur at low fluences, this is not reflected
in the Raman spectra, the peak positions and intensity remain
consistent, and there is no change in relative peak intensity or
peak shape up to 1013 p cm�2 despite the PCE dropping to
0.7%. The intensity of the Raman spectra starts to increase
slightly as the fluence is increased to 1014 p cm�2 and there is
a further significant intensity increase at 1015 p cm�2 across
the 1400–1600 cm�1 region. This indicates that the changes to
the active layer components are very small under low fluence
and that the full impact of proton irradiation on the photoactive
layer occurs only after high irradiation fluence. However, we
consider that the structural changes might have already hap-
pened at lower proton fluence, but not large enough to be probed
by the Raman spectroscopy (supported by the photoelectrical
measurements above at lower fluence).

The effect of proton irradiation on individual Raman peaks
can be used to elucidate changes of individual molecular
vibrations and point toward suggested pathways of structural
change. There are small changes in the Raman signal of
the PTB7-Th:PC71BM devices at 1014 p cm�2 and the same

Figure 5. a–e) AFM height profiles of PTB7-Th:PC71BM on devices between the top electrodes. The scan area is 2 μm� 2 μm and the scale bars shown are
500 nm. f ) Image of the proton irradiated devices after redissolving in chlorobenzene. g) Filtered solution collected from redissolving the devices in
chlorobenzene. h) Absorbance of the solution obtained from redissolving the PTB7-Th:PC71BM devices. i) Normalized absorbance of (h) to the PC71BM
peak at 457 nm.
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signatures are further enhanced when irradiated with
1015 p cm�2 fluence. The intensity of the PTB7-Th BDT peaks
increases and there is a peak broadening to higher wavenumber
(Figure 6b) while the delocalized backbone peak increases
slightly. In the normalized spectra, there is a blueshift of the
T(BDT) peak to 1494 cm�1 and an increase in the relative peak
intensity of the localized asymmetric BDT peak (1528 cm�1),
0.9 with respect to the T(BDT) peak, while the peak (1461 cm�1)
originating from the delocalized backbone drops in intensity to
0.6. The enhancement of the asymmetric vibration of the BDT
unit suggests that a degradation route might affect the symmetry
of this unit. The strong reduction in intensity of the PC71BM
peak at 1567 cm�1 may suggest the disruption of the C5/C6 rings
within the fullerene cage after proton irradiation.[26]

The conformational change of the PTB7-Th backbone is
further supported by DFT simulation. Increasing the angle
between the BDT and TT units results in the same Raman
signature changes (Figure 6c) as seen in the experimental data
(Figure 6b). Such conformational change indicates a reduced
effective conjugation length of the polymer (Figure 6(d)),
increasing the energetic disorder. This proposed conformational
change is consistent with the change observed in the device
absorbance at high proton fluence (Figure 4b), where the
blueshift indicated a shortening of effective conjugation
length.

2.7. Nature of Insoluble Degradation Product

Figure 7 shows the normalized Raman spectra of the undissolved
materials remaining on the bombarded devices after dissolution
in chlorobenzene. The strong and well-defined peaks attributed
to PTB7-Th show that there is a significant proportion of
insoluble polymer remaining after dissolution. The peak changes
mirror the progression of Raman signature changes observed in
the device at higher fluence before dissolution (Figure 6).
However, these peak shifts start at a lower fluence, suggesting
that the degradation process has indeed started at least at
1013 p cm�2 (Figure 7a). These changes continue to develop in
intensity as the fluence is increased to 1014 p cm�2 (Figure 7b)
and at a fluence of 1015 p cm�2 (Figure 7c). At high fluence there
is no change to the Raman peaks before and after redissolving,
suggesting that the sample has become mostly cross-linked dur-
ing high proton irradiation and is minimally affected by the
washing. The absorbance of the solute at 1015 p cm�2 shows that
only a very small fraction of both PTB7-Th and PC71BM are
dissolved in chlorobenzene (Figure 5h). Therefore, it is expected
that most of the active layer of the 1015 p cm�2 device should be
insoluble and hence there is very little changes in the Raman
spectrum after dissolution.

Higher performing OPV systems are practically more relevant
to real applications of OPV cells in space. Before choosing

Figure 6. Raman spectroscopy at 532 nm excitation: a) Raman spectra of PTB7-Th:PC71BM devices; b) normalized Raman spectra, normalized to peak at
1491 cm�1; c) simulations of the Raman spectra of PTB7-Th with optimized and twisted angle between the BDT and TT units, respectively; d) simulation
of PTB7-Th HOMO with optimized and twisted angle between the BDT and TT units, showing loss of delocalization along the backbone.
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PTB7-Th:PC71BM as the target system for this study, we in fact
checked four more OPV systems, including some higher perfor-
mance nonfullerene acceptor (NFA)-based systems in the system
screening process. Those devices are examined with proton
irradiation up to fluence of 1013 p cm�2. Regrettably, for those
systems incorporating NFA, there are considerable drops in
PCE for the control devices which makes isolation of the degra-
dation due to proton irradiation not possible. As a result, we did
not select the state-of-the-art NFA systems for detail study despite
desirable initial performance. The normalized PCE of all five
OPV systems tested are shown in Figure S8, Supporting
Information, for comparison. Overall, their degradation trends
are similar, suggesting that the results obtained from PTB7-
Th:PC71BM are highly relevant and representable.

2.8. Proton Radiation Hardness of OPV in Comparison with
Inorganic PV

Ionizing radiation is not only harmful to OPV, but also inorganic
PV. Silicon and GaAs PV are in fact not stable upon proton irra-
diation. Studies revealed that the performance of GaAs PV cells
remained approximately 20–40% of the original performance
after exposure to very similar conditions to our lowest
fluence (1012 p cm�2 with proton energy of 100–200 keV).[33]

For the five OPV systems tested in this work, the remaining
PCE ranges from 48% to 76% (see Figure S8, Supporting
Information), which are more radiation robust than the
GaAs/III–V semiconductor PV cells which are currently the
dominating PV technologies used for space missions. Despite
the advantageous radiation resistance of the OPV materials,
the primary stress factors such as oxygen and moisture are still
relevant as they could affect the terrestrial shelf life.

3. Conclusion

In this study, we have chosen a wide range of fluence, from a
low fluence of 1012 p cm�2 to a high fluence of 1015 p cm�2.
It is found that the device performance drops considerably at
1012 p cm�2 and 1013 p cm�2, even worse at 1014 p cm�2 and
1015 p cm�2. Optoelectrical characterizations (TPV and TPC)
are able to probe the changes of the devices with low fluences
and show that shallow traps are likely to be formed, resulting

in higher charge recombination. However, for higher fluences,
1014 or 1015 p cm�2, the optoelectrical properties of the devices
seem to be ruined and result in poor extraction from the data. On
the other hand, for spectroscopic characterizations, changes are
mainly observed at higher fluences. Also, the degree of insolu-
bility which can be linked to degradation of the active materials
increases with increasing fluence.

To conclude, the radiation resistance of a benchmark OPV
system, PTB7-Th:PC71BM, against proton of 150 keV with
fluence from 1012 to 1015 p cm�2 is examined. Although
quite severe degradation was observed already after exposure
to 1012 p cm�2, the PCE remains 46% which show a higher
remaining factor than GaAs cells. TPC and TPV results showed
that shallow traps are likely to form at 1012 and 1013 p cm�2 while
spectroscopic changes are not clear. For Raman spectroscopy,
changes begin to be observed from 1014 p cm�2. By redissolving
the proton irradiated devices, the active layers are found to be not
completely soluble from 1013 p cm�2. This result is consistent
with cross-linking which becomes more severe at higher fluen-
ces. Raman spectroscopy reveals conformational changes on the
polymer PTB7-Th, showing a twisting between the BDT and the
TT units after proton irradiation, which should lead to an
increase in energetic disorder. This work not only provides an
in-depth study on a benchmark OPV system PTB7-Th:PC71BM
upon proton irradiation but also highlights the potential of using
OPV cells for space mission in the future.

4. Experimental Section

Materials: Quartz substrates were purchased from Kintec. AZO target
was purchased from Plasmaterials. PTB7-Th was purchased from
1-Material. PC71BM was purchased from Solenne BV. Chlorobenzene
(CB), zinc acetate dihydrate, 2-methoxyethanol, and ethanolamine were
purchased from Sigma-Aldrich. All materials were used as received.

Proton Simulation: The proton energy loss and the distribution of
protons were performed by the Stopping and Range of Ions in Matter
(SRIM).[34] The distribution of the stopping positions of 150 keV proton
in the device configuration as shown in Figure 1b is simulated based
on 10 000 protons.

Device Fabrication: Quartz substrates (Kintec, Hong Kong) were
cleaned in an ultrasonic bath with Hellmanex (Sigma-Aldrich), deionized
water, acetone, and then 2-propanol. AZO (�700 nm) was RF-sputtered
onto the cleaned quartz substrates using a Moorfield Nanolab 60 sputter-
ing system with a power density of 2.46W cm�2. The sheet resistance of
the AZO was 23–25Ω sq�1. ZnO layers were prepared by sol–gel method

Figure 7. Normalized Raman spectra of devices that underwent fluence of a) 1013 p cm�2, b) 1014 p cm�2, and c) 1015 p cm�2 before and after redissolving.
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and the precursor solution was spin-coated onto oxygen plasma-treated
substrates. Detail of the preparation of the ZnO layer was reported
previously.[35] The ZnO-coated substrates were then transferred into a
nitrogen-filled glove box. PTB7-Th and PC71BM (1:1.5 by weight) were dis-
solved in chlorobenzene with 3 vol% of 1,8-diiodooctane at 60 �C with a
total concentration of 25 mgmL�1 for at least 12 h. The PTB7-Th:PC71BM
solution was spin-coated onto the ZnO layer at 1200 rpm for 60 s, resulting
in a thickness of approximately 100 nm. The films were then transferred to
an evaporator for MoO3 (10 nm) and Ag (130 nm) evaporations. The
resulting device area is 0.15 cm2.

Proton Irradiation: Proton irradiations were performed at the Surrey Ion
Beam Centre in the UK. The samples were sealed in a nitrogen-filled glove
box and kept in the dark during transport. They were unpacked and
expose to ambient air right before loading them into a vacuum chamber.
The OPV cells were mounted directly onto 4 in. support plates that were
inserted into a carousel wheel in the sample chamber. Silver paste was
applied to allow charges to be conducted to the back of the samples
and in the holder plate to avoid charge accumulation. Samples were
loaded in a 7�/0� tilt/twist orientation to the incident beam and implanted
under vacuum (2.3� 0.2� 10�6 mbar). The samples were placed to
receive direct impact of the protons, with the back contact (silver elec-
trode) facing the proton source. A Danfysik 1090 low-energy high-current
implanter was used to implant 150 keV protons into the samples (from
the silver side). The fluence rate was controlled to 3� 1010 p cm�2s for
fluence 1012 and 3� 1011 p cm�2s for fluences 1013–1015 p cm�2.
After the proton irradiation, the samples were packed and sent back
for further characterizations.

Device Characterization: The unencapsulated devices were characterized
in ambient air with temperature of 20�22 �C and relative humidity of
55–65%. J–V responses were measured using a sourcemeter (Keithley
2400) under a solar simulator (Newport 92193A-1000) with an AM0 or
AM1.5G filter. EQE spectra were obtained using AC mode with a chopping
frequency of 77 Hz by a quantum efficiency measurement system (PV
Measurements QEX10). The EQE system was calibrated using a NIST
traceable calibration cell (PV measurements). The reflection spectra were
measured using a Perkin Elmer Lambda 750 spectrophotometer with an
integrating sphere.

TPV/TPC Measurements: The devices were probed under white LED
arrays to achieve 1 sun equivalent performance (calibrated using the JSC
values obtained from the 1 sun measurements). TPV measurements were
performed using a commercially available transient measurement system
(Automatic Research GmbH). This system uses a 520 nm green laser
diode driven by a waveform generator (Keysight 33500B) to give a
300 ns pulse length. Background illumination was provided by a white
LED with its intensity calibrated to generate the same device photocurrent
as measured using the solar simulator—this intensity is referred to as
“1 sun equivalent.” An intensity range was then calibrated using a silicon
photodiode. Transient responses were captured by a digital storage oscil-
loscope (Keysight DSOX2024A), the number of sample averages being
adjusted to optimize signal noise and measurement time. The device
under test was held at open circuit by a custom-built voltage follower
(1.5 TΩ input impedance). TPC measurements were performed by using
a high-speed transimpedance amplifier (Femto DHPCA-100). The charge
carrier lifetime was calculated using a monoexponential fit to the TPV
decay. The charge carrier density was calculated by integrating the capaci-
tance with respect to voltage, with the capacitance calculated using the
differential charging method, CDC ¼ ΔQ=ΔV , where ΔQ is obtained from
the integral of the TPC decay and ⋅V is the amplitude of the TPV transient,
for the same laser pulse intensity.

AFM: AFM measurements were performed in tapping mode using a
Veeco Dimension 3100 scanning force microscope equipped with a
nanoscope 3 A feedback controller. TESPA-V2 (Bruker) cantilevers were
used with a resonance of 320 kHz and spring constant of 42 Nm�1.
All data were processed using Gwyddion software and roughness values
were extracted using the Gwyddion statistical quantities tool.

Raman Characterization: Raman and photoluminescent measurements
were performed using a Renishaw inVia Raman system (Renishaw plc.,
Wotton-Under-Edge, UK) in backscattering configuration. A 532 nm laser

and a 50� objective were used (NA 0.50, spot size �1 μm). For Raman
measurements, a laser power of 150 μW and an acquisition time of 10 s
were used. For PL measurements, a laser power of 15 μW and an acquisi-
tion time of 10 s were used.

Raman Simulation: Raman peak assignment and degradation routes
were simulated using DFT on the Imperial College High-Performance
Computing service using GAUSSAIN09 software.[36] All simulations were
performed on single molecules in the gas phase using B3LYP level of the-
ory and basis set 6–31G(d,p).[37–40] Frequency of vibrations was identified
from simulations of Raman spectra using empirical scaling factor
of 0.97,[41] and peak assignments were visualized using GaussView
6.0.16 software.

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