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Low-energy proton irradiation effects on the optical properties and the molecular structure of phenyl-Cg-butyric acid
methyl ester (PCBM) are studied in this work. The PCBM films are irradiated by 100-keV proton beams with fluences of
5%10'2 p/em?, 5% 103 p/em?, and 5x10'* p/cm?, respectively. The photoluminescence (PL) peaks of the post-irradiated
PCBM films show a progressive decrease in the peak intensity as the proton fluences increase, which can be attributed to
the deep defect levels induced by proton irradiation. Additionally, a slight blue-shift in the PL spectrum is also observed
at a proton fluence of 5x10'* p/cm?. The underlying mechanism can be traced back to the lift of the lowest unoccupied
molecular orbital (LUMO) level, which is caused by the attachment of methoxy radicals on ortho position of the phenyl
ring in the post-irradiated PCBM structure. This work is of significance in understanding the radiation hardness and the
damage mechanism of the PCBM film in radiation environments, which is essential before it is put into practical application

in space.

Keywords: PCBM, proton irradiation effects, optical property, molecular structure

PACS: 71.20.Tx, 73.61.Wp, 78.30.Na, 78.66.Tr

1. Introduction

Since excellent electron-accepting capability of fullerene
and their derivatives,!'! phenyl-Cg;-butyric acid methyl es-
ter (PCBM, C7;H140;) has been widely applied to the hy-
brid perovskite optoelectronic devices, such as solar cells,!>]
and photo-diodes,m and photodetector. (51 On the one hand,
it is employed to transfer the photo-generated carries com-
ing from the perovskite active layer and acts as an electron
transport layer.[®! On the other hand, it can also eliminate the
deep trap centers by passivating the dangling bonds on the per-
ovskite grain boundary surfaces.!’~'%! The excessive halide an-
ions (such as I) located on the grain boundaries of hybrid per-
ovskites become electronic traps. When the PCBM is homo-
geneously distributed on the active layer surface, the bonding
between PCBM and defective halides can not only suppress
the formation of deep traps, but also make them much shal-
lower. Therefore, the PCBM plays a significant role in the
hybrid perovskite optoelectronic devices.!!!=13]

Recently, the certified power conversion efficiency (PCE)
of solar cells fabricated with hybrid perovskite materials has
achieved 25.5%, which is comparable to the PCE of traditional
silicon-based solar cells.’l Moreover, the hybrid perovskite
materials even exhibit much higher radiation hardness than Si,

GaAs, and GaN materials.!'*!3] Therefore, hybrid perovskite
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solar cells as well as related other photoelectric devices have
great potential applications in space.!'®) However, the organic
functional materials in the photoelectric devices, such as the
PCBM electron transfer layer, are extremely sensitive to the
irradiation existing in space.!®! The deterioration of the or-
ganic functional layers under radiation environments results
in the severe performance degradation of the photoelectric de-
vices. As a result, the researches on the irradiation effects of
the PCBM films are urgently required for the future applica-
tions in space to ensure the stable operation of the photoelec-
tric devices.!'”]

To date, most of studies on the irradiation effects of the
PCBM films have focused mainly on electron!'®!*) and heavy

n.[201 For instance, Yoo et al. reported that the

ion irradiatio
bandgaps of the PCBM films can be controlled by electron ir-
radiation and an increasement of the bandgap is observed after
having been irradiated.'”) Additionally, previous research has
also found a decrease in the bandgap of the PCBM film af-

[20] However,

ter having been irradiated by 55-MeV Si** ions.
few studies have attempted to explore the influence of proton
irradiation on the PCBM films and reveal their damage mech-
anism. As is well known, the proton irradiation is unavoidable
for the photoelectric devices working in space environments,
protons being the main energetic particles in space.!!”! In our

previous work, the proton irradiation effects of the PCBM
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functional layer in hybrid perovskite photodetectors were sim-
ply studied.!®! Nevertheless, little is known about the damage
mechanism of the PCBM films caused by the low-energy pro-
ton irradiation and it is not clear about the evolution of the
bandgap after irradiation.

In this work, we investigate the proton irradiation effects
of PCBM and reveal the relationship between the molecular
structure and the band structure of the PCBM films irradiated
by protons with different fluences. A significant decrease of
luminescence intensity is observed in post-irradiated PCBM,
indicated by PL spectra. Then, the molecular structures of
PCBM films and variations of functional groups in differ-
ent stages are characterized by Raman spectra, x-ray photo-
electron spectroscopy (XPS), and Fourier transform infrared
(FTIR) spectra. Finally, the evolution process of the defects
under different irradiation fluences is summarized, which is
in accordance with the variation of the molecular structures.
These findings are expected to be conducive to the applica-
tions of hybrid perovskite devices in space in the future.

2. Experiment

In this study, the PCBM films were prepared by spin-
coating technology on the indium tin oxide (ITO) glass sub-
strates at a spin rate of 1500 rpm for 60 s, which were pre-
viously cleaned by detergent, deionized water and ethanol in
an ultra-sonic bath (30 min for each step). Film thickness was
typically 50 nm.

The proton irradiation experiments were carried out in the
proton accelerator in Harbin Institute of Technology. The en-
ergy of proton particles was 100 keV. The samples were ir-
radiated in a vacuum accelerator chamber under 10~* Pa at
room temperature. They were irradiated by proton beam with
fluences of 5x10'? p/cm?, 5x10'3 p/cm?, and 5x 10 p/cm?,
respectively. A group of reference PCBM films kept in Nj
ambient during irradiation experiments were employed as the
pre-irradiated samples in our experiments for comparison with
the post-irradiated ones so that we can exclude the variation of
the samples caused by the intrinsic decay of the film itself.

Raman and PL spectra were measured with a laser wave-
length of 532 nm. Fourier transform infrared (FTIR) spec-
troscopy measurements were used to characterize the change
of functional groups in PCBM molecules with different pro-
ton irradiation fluences. The x-ray photoelectron spectroscopy
(XPS) measurements were carried out to detect chemical
bonds of the PCBM films. All irradiation experiments and
measurements were performed at room temperature in ambi-
ent conditions. Stopping and ranges of ions in matter (SRIM)
software is used for evaluating the displacement damage to the

PCBM films induced by proton irradiation. [>!1

3. Results and discussion

Figure 1 presents the PL spectra of the pre- and post-
irradiated PCBM films with proton fluences of 5x 10! p/cm?,
5%10'3 p/cm?, and 5x10'* p/cm?. The graph displays that
the pre-irradiated PCBM film has an emission peak located at
~ 736 nm, which is attributed to the emission from the in-
tramolecular transition in a PCBM molecule.>>?3 The inten-
sities of PL spectra of the irradiated PCBM films drop gradu-
ally with the increase of proton fluence, and the emission peak
almost quenches at a high proton fluence of 5x10'* p/cm?,
demonstrating that the PCBM molecules have been severely
destroyed!'%-??! and the intramolecular photon emission is sup-
pressed. The decline of PL intensity originates from the elec-
tron trap centers located in the bandgap of the PCBM. In our
previous study, ! the band structure of the PCBM with the de-
fects of methoxy radical vacancy (Vocp3z) was investigated by
first-principles calculations. The results reveal that deep defect
levels in the first energy gap and the second energy gap are in-
troduced by Vocps and act as electron trap centers. Therefore,
the deep defect levels caused by Vocps can trap electrons in
the PCBM layer and degrades the optical properties.
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Fig. 1. PL spectra of the PCBM film before and after proton irradiations,
with inset showing corresponding PL spectrum of PCBM film with proton
fluence of 5x 10'* p/cm?.

Additionally, we find that the damage at low irradia-
tion fluences, such as 5x10!2 p/cm2 and 5x 1013 p/cmz, has
a negligible effect on the emission peak position located at
~ 736 nm. However, a slight blue-shift of the PL peak from
736 nm (1.68 eV) to 710 nm (1.75 eV) is observed at the flu-
ence of 5x10' p/cm? as illustrated in Fig. 1. This suggests
that the bandgap (E,) of the PCBM film can be engineered by
the proton irradiation. The detailed analysis will be discussed
as follows.

The SRIM simulation was used to analyze the defect
types induced by proton irradiation in the PCBM films.[>!]
The proton beam energy and the density of PCBM are set
to be 100 keV and 2.5 g/cm?, respectively. The breakage of
covalence bonds upon irradiation in organic materials is well
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known. >*] Therefore, the collisions between the energic pro-
tons and target atoms will give rise to the dissociation of the
covalence bonds in the PCBM films into C—C, C-H, and C-O
bonds. As shown in Fig. 2, there are three types of vacancy de-
fects, namely, carbon vacancy (V¢), hydrogen vacancy (Vg),
and oxygen vacancy (Vop), in the irradiated PCBM film. And
V is identified as the primary defects in PCBM, suggesting
that the poor crystallinity of PCBM after proton irradiation is
assigned mainly to the formation of V. Besides, the concen-
trations of all the vacancy defects show a gradually increasing
trend with the increase of proton incident depth, implying that
more serious damage is introduced towards the bottom part of
each PCBM film.
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Fig. 2. Number of vacancies versus depth for carbon vacancy (V¢), hydro-
gen vacancy (Vp), and oxygen vacancy (Vp), in the PCBM films induced
by proton irradiation.

The main source of carbon element is from the Cg( cage
in the PCBM molecule. For the more detailed explanation of
the displacement damage to the PCBM film, pre- and post-
irradiated PCBM films are analyzed by Raman spectra, as dis-
played in Fig. 3. For the pre-irradiated PCBM films, three
typical Raman vibration modes, Hg(7), Ag(2), and Hg(8), are
I, 1460 cm ™!, and 1566 cm™!, re-
spectively. The peak positions are consistent with previously

clearly seen at 1425 cm™

reported results. %2025 Among these modes, the most intense
Raman mode located at 1460 cm™! corresponds to the “pen-
tagonal pinch mode”, which originates from the vibration of
the Cgo cage in PCBM. [?%] As shown in Fig. 3, the full width at
half maximum (FWHM) increases progressively in the Ay(2)
mode. The FWHM of the pre-irradiated PCBM film is about
8.05 cm~! and then increases to 9.43 cm™! at an irradiation
fluence of 5x10'3 p/cm?. It disappears almost entirely when
the irradiation fluence rises to 5x 10'* p/cm?, implying that the
Cgo cage has been seriously destroyed, and part of Cg cage is
transformed into amorphous carbon structure. [19-20-23.26]

In summary, SRIM simulation and Raman spectra sug-
gest that the significant degradation of the optical property can
be attributed to the displacement damage to the PCBM films.
These defects give rise to the introduction of deep defect lev-
els into the bandgap of the PCBM, which act as non-radiative

recombination centers, thereby reducing the PL intensity. [°]
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Fig. 3. Raman spectra of PCBM films before and after proton irradiations
with different fluences.

Beside the significant degradation of optical property, the
most striking finding is that the E, of PCBM increases from
1.68 eV to 1.75 eV at a proton fluence of 5x10'* p/cm? as
observed in Fig. 1. This increase of E; may be explained by
the change of the PCBM molecule structure after having been
irradiated by protons . To reveal the underlying mechanism
of the modification, XPS and FTIR spectroscopy are adopted.
Figures 4(a) and 4(b) show the O 1s and C 1s core level spec-
tra of the PCBM films, respectively. For the pre-irradiated
PCBM film in Fig. 4(a), two peaks located at ~ 533.3 eV and
~ 531.8 eV arise from the butyric acid methyl ester side chain
of PCBM and correspond to the C—O bond and C=0 bond,
respectively.[>”-28] In this case, those two peaks have almost
equivalent intensity. However, the peak intensity of the C—
O bond decreases sharply with the fluence increasing up to
5x10'? p/cm?. Unlike the C—O bond, the C=0 bond has the
peak intensity that is almost unchanged. These results sug-
gest that the C-O bond is easier to break under proton irra-
diation, forming methoxy radicals.!'*! It is worth mentioning
that a new peak located at about ~ 533.5 eV occurs when the
proton fluence increases to 5x10'3 p/cm? and 5x10'* p/cm?,
separately. Previous research has reported that the O 1s char-
acteristic peak at binding energy ~ 533.5 eV originates from
the C—O-C bond of ether.[?”]

Figure 4(b) shows that the XPS spectra of all the sam-
ples can be divided into five peaks according to the peak de-
composition data.!1%?82%] They are assigned to shake-up 7—*
satellite, carbonyl C from the methyl ester, methoxy C of the
methyl ester group, saturated C atoms of the butyl chain, and
conjugated C atoms of the Cgy fullerene and phenyl group,
respectively. The C—O and C=0 bonds, which are located at
~286.2 eV and ~ 288.8 eV, separately, also originate from the
butyric acid methyl ester side chain, which is the same as the
results in Fig. 4(a). The C—C bond and C=C bond located at
~285.3 eV and ~ 284.8 eV are assigned to the C atoms of the
butyl chain and the fullerene, respectively. The peak located
at ~ 291.2 eV corresponding to the shake-up 7—r* satellite is
associated with the transition from highest occupied molecular
orbital (HOMO) level to lowest unoccupied molecular orbital
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(LUMO) level.[*?! On the one hand, the relative intensity of
the C=0 bond has no significant change with proton irradia-
tion fluence increasing from 5x10'2 p/cm? to 5x10'* p/cm?
as shown in Fig. 4(b), implying that the C=O bond has bet-
ter stability than the C—O bond due to its stronger bonding
energy. The results are consistent with the variation trend of
C=O0 bonds in Fig. 4(a). On the other hand, the intensity of C—
O bond decreases progressively with fluence lowering, which
is similar to the variation trend of C—O bond in O 1s core level
in Fig. 4(a). However, it is worth pointing out that a remark-
able increase of C—O bond peak is observed at proton fluence
of 5x10' p/cm?. The C-O peak in XPS spectra originates
from the functional groups, which contain C—O bonds, such as

C-0 bond and C-O-C bond. In other words, the signal of C—
O peak in XPS spectrum is the accumulation of signals of all
functional groups containing the C—O bonds. The formation
of the C—O—C bonds on the phenyl ring can increase the in-

(28] Therefore,

tensity of the C—O peaks as shown in Fig. 4(b).
the increase in C—O bonds can be attributed to the formation
of C—O-C bonds. These results are consistent with the data
obtained in O 1s core level spectra and further confirm the re-
lation between C-O peaks and C—O-C bonds in XPS spectra.
In other words, C—O—-C bonds can be formed in the PCBM
films irradiated by protons with fluences of 5x10'3 p/cm? and

5x 10" p/cm?.
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Fig. 4. XPS spectra of PCBM films before and after being irradiated by neutrons, showing (a) O 1s core level, (b) C 1s core level, with black circles

representing raw data of XPS spectra.
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Fig. 5. FTIR spectra of the PCBM films before and after having been ir-
radiated by protons with different fluences, with red arrows pointing to the
positions of C—O-C vibration modes.

To further confirm the molecule structure modification,
the FTIR spectra of PCBM films irradiated by protons with
different fluences are recorded. Figure 5 gives the FTIR spec-
tra of PCBM films in a wavenumber range from 3500 cm ™~ to
400 cm™. The adsorption peaks at 2940 cm™! and 2855 cm™!
are attributed to asymmetric and symmetric C—H stretching

modes in CH, groups,*?! respectively. The peak located at
1740 cm™~! corresponds to C=0 group of butyric acid methyl
ester side chain.®!! And the peak at 1080 cm™! is the C—
O characteristic peak of methoxy group.'??! The other peaks
at 1189 cm™!, 573 cm™!, and 525 cm™! are associated with
the fullerene.®"! Tt can be observed that the main types of the
functional groups in the PCBM films are almost unchanged at
a proton fluence of 5x10'? p/cm?. However, a new peak oc-
curs at 1225 cm ™! when proton fluence reaches 5x 10'3 p/cm?
and 5x10'* p/cm?, separately (the peak position is marked
with red arrow), and its intensity is higher at 5x10'# p/cm?.
This new infrared active mode is caused by the asymmetric
C-O-C stretching mode of aryl ether.[*>3! In summary, the ap-
pearing of the peak around 1225 cm™! in the FTIR spectrum
further supports the idea that C—O—C bonds have formed in
PCBM films under the high-influence irradiation.

To understand the evolution of molecular structure and
defects of PCBM under the irradiation of protons with dif-
ferent fluences, figure 6 provides the schematic illustration in
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different stages in detail. Figure 6(a) shows the ideal molecu-
lar structure of the PCBM. As a fullerene derivative, its main
structure is Cgp cage, the other two functional groups are
phenyl ring and butyric acid methyl ester side chain. After
the irradiation by low-fluence protons, the C—O bonds in the
butyric acid methyl ester side chain are decomposed gradually
due to lower bond energy of C—O bonds, producing methoxy
radicals, as illustrated in Fig. 6(b). At this moment, the pres-
ence of Vocps leads the PL intensity to decrease due to the
deep trap centers located in the bandgap of PCBM. In addition,
the C—H bonds in the phenyl ring are also broken at the same
time, resulting in the formation of the phenyl radicals. With
the increasing of irradiation fluences, the Cgo will be destroyed
gradually and even transformed into amorphous carbon struc-
ture after having been irradiated by higher-fluence protons, re-
sulting in further decrease in PL intensity. At this moment
more energy can be deposited and transfer to the PCBM films
by electron—phonon coupling.[?%3433] Consequently, the tem-
perature of the regions irradiated by high-fluence protons in-
creases immediately due to the formation of thermal spike in
nanoscale region.**! The remarkable increase of the temper-
ature in local region is beneficial to the polymerization reac-
tions between methoxy radicals and defective PCBM film as
displayed in Fig. 6(c).

Fig. 6. Schematic illustration of modification in molecular structure of
PCBM by proton irradiation showing (a) an ideal PCBM molecular struc-
ture, (b) formation of methoxy radical and phenyl ring radical at low proton
irradiation fluence, two kinds of active radicals originating from the break-
age of C—O bonds and C-H bonds, respectively. (c) Methoxy radical com-
bining with phenyl ring (the positions 1, 2, and 3 correspond to the ortho,
meta, and para positions of phenyl ring, respectively), and (d) formation of
C—O—-C bonds between methoxy radical and phenyl ring under high-fluence
proton irradiation.

The position evolution of the methoxy radical on
the phenyl ring irradiated by protons with a fluence of
5%10'* p/cm? will be discussed briefly below. In this stage,
more methoxy radicals and phenyl radicals appear in irradi-
ated PCBM and can act as the reactants for polymerization

reactions. Previous study found that the increase of PCBM
bandgap before and after irradiations are caused mainly by
the change of LUMO levels, and HOMO levels are almost
unchanged.!"”! Therefore, the phenomenon of blue-shift in
Fig. 1 is likely to be due to the lift of the LUMO level.
Morvillo et al. performed the energy band calculations of
PCBM with different substituent groups, and reported that the
LUMO level of PCBM is increased by 0.08 eV, 0.04 eV, and
0.02 eV after the methoxy group has attached to the ortho 1,
meta 2, and para 3 positions of phenyl ring, respectively. 7]
The increase of bandgap at 5x10'* p/cm? is about 0.07 eV,
which is similar to the change of LUMO level at ortho position
(position 1 in Fig. 6(c)). The results indicate that the methoxy
radicals are most likely located at ortho position of phenyl ring
under high-fluence protons. In the end, the methoxy radicals
form C-O-C covalent bonds with irradiated PCBM molecules
as displayed in Fig. 6(d).

4. Conclusions

In this paper, the variations of the optical properties
of the PCBM films under the irradiation of protons with
The results
show that the PL intensity decreases sharply after the PCBM
film has been irradiated by the protons with fluences from
5x10'% p/em® p/cm? to 5x10' p/cm?

different fluences are investigated in detail.

. Moreover, a slight
blue-shift of PL spectrum is observed when the irradiation flu-
ence reaches 5x10'* p/cm?, implying the enlargement of the
bandgap. The polymerization reaction between methoxy radi-
cals and phenyl ring in the irradiated PCBM film results in the
blue-shift of the PL spectrum. The combination of the exper-
imental results with the simulation results reveals the detailed
decomposition process and the origin of blue-shift of PL spec-
trum of PCBM after being irradiated by protons, which is quite
important for the long-term stability of hybrid perovskite de-
vices operating in the space environments.
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