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a  b  s  t  r  a  c  t

Graphene  transistors  on SiO2/Si  were  irradiated  with  5,  10,  and  15  MeV  protons  at  a  dose  rate  of
2  × 1014 cm−2.  The  effect  of proton  irradiation  on  the  structural  defects  and  electrical  characteristics  of
graphene  was  measured  using  Raman  spectroscopy  and  electrical  measurements.  Raman  spectra  exhib-
ited  high  intensity  peaks  induced  by defects  after  5 and  10  MeV  proton  irradiation,  whereas  no  significant
defect-induced  peaks  were  observed  after  15  MeV  proton  irradiation.  The  drain  current  of  graphene  tran-
eywords:
raphene
osmic ray
roton irradiation
aman spectroscopy

sistors decreased  and  the  Dirac  point  shifted  after  proton  irradiation;  however,  a  flattening  in the  Dirac
point  occurred  after  15  MeV  proton  irradiation.  The  variations  in  characteristics  were  attributed  to  dif-
ferent  types  of  graphene  defects,  which  were  closely  related  to  the irradiation  energy  dependency  of the
transferred  energy.  Our  observation  results  were  in  good  agreement  with  the  Bethe  formula  as  well  as
the stopping  and  range  of  ions  in  matter  simulation  results.

©  2015  Elsevier  B.V.  All  rights  reserved.
Electronic devices used in outer space and low earth orbit suffer
rom radiation-induced atomic displacements generated by cos-

ic  rays [1], which are composed of highly energetic particles of
ostly protons originated from the supernova of massive stars [2].

hus, high radiation hardness is crucial for the operation of such
evices in aerospace conditions. In order to prevent such damages,

 high threshold displacement energy (Td) of the material is needed,
hich is the minimum kinetic energy required to displace an atom

rom its lattice. When highly energetic particles bombard a tar-
et, they can transfer enough energy to displace atoms and form
efects. Therefore, Td must be large to prevent displacements that
an degrade the device performance. Experimental results show
hat Td varies inversely to the lattice constant [3]. For example,
aN (a = 0.319 nm and c = 0.519 nm for hexagonal) is a better can-
idate for radiation hardness compared to other semiconductors
uch as Si (a = 0.543 nm)  and GaAs (a = 0.5653 nm for zinc-blende)
4–6] which have a larger lattice constant. The probability of defect

ormation can also be reduced by using atomically thin electri-
al channels. When highly energetic protons are incident, they
enetrate and create defects in the target. If the electrical channel

∗ Corresponding author. Tel.: +82 2 2123 5767; fax: +82 2 313 2879.
E-mail address: taeyoon.lee@yonsei.ac.kr (T. Lee).

ttp://dx.doi.org/10.1016/j.apsusc.2015.03.107
169-4332/© 2015 Elsevier B.V. All rights reserved.
is thin, then the probability of defect formation inside the electri-
cal channel is much lower than the bulk. Specifically, by using few
nanometer thick electrical channels such as two dimensional elec-
tron gas (2DEG) [7], the probability of a defect center forming inside
the channel by irradiation is smaller compared to the bulk material
[4,6].

In this respect, graphene can be considered as a promising can-
didate for aerospace applications. Graphene is one of the strongest
materials that has ever been reported, with an intrinsic tensile
strength of 130 GPa and a Young’s modulus of 1 TPa [8]. It also
has a small lattice constant of a = 0.246 nm,  thus graphene can be
expected to have a large Td value. Theoretical and experimental Td
value of graphene is 18–22 eV [9], which is much larger than the
nitrogen Td of GaN [3]. In addition, as the one-atom thick graphene
has a small thickness of 0.34 nm,  the probability of defect for-
mation in graphene from an incident proton will be very small.
Despite these advantages, there are only a few experimental reports
on graphene irradiated by highly energetic protons in the mega-
electronvolt range [10–12], none of which have investigated the
dependency of proton energy, which is essential for the study of

degradation mechanisms [6].

In this paper, we  report on the formation of defects in graphene
on SiO2/Si substrates irradiated with protons with energies of 5,
10 and 15 MeV  at a fixed fluence of 2 × 1014 cm−2. Using Raman
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Fig. 1. Schematic of the experimental setup and device structure. Samples were
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Fig. 2. (a) Raman spectrum of graphene before and after proton irradiation. The
laced inside the proton beam which was decelerated from a 20 MeV source to a
arget energy of 5, 10, and 15 MeV  at a constant dose of 2 × 1014 cm−2.

pectroscopy and electrical measurements, we  show that the char-
cteristics of graphene differ depending on the irradiated proton
nergy. Specifically, protons with 5 and 10 MeV increased the D
nd D′ peaks which corresponding to vacancy related defects, while
rradiation with 15 MeV  did not cause a significant increase in such
eaks. Instead, a slight increase of the D′′ peak was observed for
5 MeV, which is normally observed for defective sp3 carbons. The
ransfer curve showed as decrease in the current and shifts of the
irac point after 5 and 10 MeV  proton irradiation, while irradi-
tion with 15 MeV  resulted in flattening at the Dirac point. The
nconsistency among these results was attributed to the differ-
nt types of defects caused by irradiated energy dependency of
he transferred energy from energetic protons. Further, theoreti-
al and simulation results indicated that the differences were due
o the lower energy transferred to graphene from higher energy
rotons.

Graphene was grown on 25-�m-thick copper foils (Alfa Aesar,
13382) using a conventional split tube furnace [13]. 200 sccm

standard cubic centimeters per minute) of H2 gas was  inserted
hile the temperature was elevated to 1000 ◦C over a period of

0 min. The Cu foil was  annealed for another 20 min  at the same
onditions and then 40 sccm of CH4 was inserted for 30 min  fol-
owed by natural cooling to room temperature. PMMA  (average

olecular weight ∼996,000, Sigma–Aldrich #182265) dissolved
n anisole (4% by volume) was spin-coated on the copper foil to
ransfer graphene layers. The Cu foil was etched away using 0.1 M
mmonium persulfate ((NH4)2S2O8) for 12 h followed by rinsing
n deionized water for 15 min, and then transferred onto 300 nm
iO2/p++ Si wafers for device fabrication. Next, the graphene was
atterned using photolithography and O2 plasma followed by metal
ontact pattering with Ti/Au (5/50 nm)  using thermal evaporation.
he width and length of each channel was 10 �m.  I–V characteris-

ics were measured using Keithley 236 source measurement units.
aman spectra were obtained using a micro-Raman system (Jobin-
von, LabRaman HR) with a laser wavelength of 532 nm;  intensities
ere normalized using the G peak.
D′′ , D′ , and D + G peaks are magnified by 30, 10, and 30 times respectively. (b) Peak
intensities normalized to the G peak before irradiation.

Fig. 1 shows a schematic illustration of the proton irradiation
experiment setup and graphene sample structure. The high energy
protons were accelerated to 20 MeV  using the MC-50 cyclotron at
KIRAMS (Korea Institute of Radiological and Medical Sciences). The
obtained protons were then decelerated to the targeted energies
of 5, 10, and 15 MeV  by changing the number and thickness of
aluminum degraders. Each sample was placed in a vacuum cham-
ber with a perpendicular direction to the incident proton beam,
and irradiated until the total flux reached 2 × 1014 p/cm2. Raman
spectrum and I–V characteristics before and after irradiation were
compared to measure the effect of irradiated proton energy. For
safety purposes, all measurements were conducted 5 days after
irradiation to remove residual radiation.

Fig. 2(a) shows the Raman spectrum of graphene before and
after proton irradiation. The pristine graphene before proton irra-
diation exhibited sharp main peaks positioned at 1583 cm−1 and
2680 cm−1. The peak at 1583 cm−1 is referred to as the G-peak and
originates from the stretching motion of the carbon atoms with an
E2g symmetry at �. The peak at 2680 cm−1 is referred to as the 2D
peak (or G′ peak), which is due to a double resonance process and is
the second order of zone-boundary phonons [14]. The negligible D
peak (1341 cm−1) and high intensity of the 2D peak compared to the
G-peak confirmed that the graphene was  a high quality monolayer.

After proton irradiation of 5, 10, and 15 MeV, the samples exhib-
ited different changes in the Raman spectrum. The most common
method for the detection of defect formation in graphene is the
observation of a D peak, which is due to the breathing modes of
A1g symmetry involving the transverse optical phonons near the
Brillouin zone corner K [15,16]. Unlike the G and 2D peaks, the D

peak requires defects to break the A1g symmetry to achieve double
resonance for its activation [15,16]. We  found that the D peak, as
well as the D + G peak (2934 cm−1), increased after 5 and 10 MeV
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Fig. 3. I–V characteristics of graphene transistors befo

roton irradiations while no significant change in the D peak was
bserved for the 15 MeV  irradiated sample. Another defect acti-
ated mode known as the D� peak (1620 cm−1) was also observed.
he D� mode is similar to the D mode, but is due to a double res-
nance as an intra-valley process [16]. Similar to our observations
egarding the D peak, formation of the D� peak was observed only
or the 5 and 10 MeV  proton irradiated samples. On the contrary, the
′′ peak (1130 cm−1) was observed for all of the graphene samples
fter proton irradiation. Previous reports have observed a D′ ′ peak
n defective and nano diamonds due to sufficient disorder or size
o relax the wave vector selection rule [17]. Together, these results
ndicated that proton irradiation of graphene can induce partial sp3

ype defects. It should be noted that the low intensity of the D′′ peak
hould not be directly compared with other peaks, because the sp2

ites are 50–230 times more sensitive than the sp3 sites when using
isible light Raman spectroscopy due to insufficient photon energy
or � state excitations [12,15]. In addition, the decrease in the 2D
eak intensity in all of the samples shows the damaging effect of
roton irradiation.

Fig. 2(b) shows the evolution of the peak intensities as a func-
ion of irradiated proton energy. The D, D′ and D + G peak intensities
ncreased when graphene was irradiated with 5 and 10 MeV  pro-
ons while the D′′ peak was observed at every sample which was
rradiated with protons. The inequality of the peak characteristics

ere attributed to the different type of defects generated by irradia-
ion. Due to the 2 dimensional structure of graphene, only a limited
umber of defects are possible [9], among which the types of defects
hat can be formed by proton irradiation are primarily vacancy and
nterstitial defects [11]. However, our results show that a partial
p3 type defect was also formed after irradiation. Recent reports
how that the correlation between D and D′ can be used to classify
he formation of vacancy type defects [18]. The obtained value of
D/ID′ = 8–9 for the 5 and 10 MeV  samples showed that the majority
f the defects were vacancy type defects, indicating that the trans-
erred energy from the protons was sufficient to form vacancies in
he graphene lattice. The formation of D, D′, and D + G peaks was
onsistent with the results of proton irradiated graphene [11,12].
n the contrary, the negligible D, D′ and D + G peaks and the pres-
nce of D′′ peak for the 15 MeV  proton irradiated sample suggested
hat the generated defects are mostly sp3 type.

Further electrical characterization was conducted by measuring
he electrical characteristics of the graphene field effect transistors.
ig. 3 shows the transfer curve of the graphene transistors before
nd after irradiation with (a) 5, (b) 10 and (c) 15 MeV  protons. After
roton irradiation, the Dirac point shifted for the case of 5 and
0 MeV  protons, which may  have been due to charge buildup in the
iO2 [19]. The higher degree of shifting by the 5 MeV proton irra-
iated sample was mainly caused by the higher amount of damage
ntroduced into the SiO2 layer at the lower proton energy [20]. The
urrent value at the Dirac point also decreased, approximately 21%
or both 5 and 10 MeV  proton irradiated samples, which was mainly
ue to the defective nature of graphene. Surprisingly, the 15 MeV
 after (a) 5, (b) 10, and (c) 15 MeV  proton irradiation.

proton irradiated sample exhibited a different change in I–V char-
acteristics as well as a decrease in current and shift in the Dirac
point which resulted in a flat region in the Dirac point. The altered
I–V characteristic was due to a change in energy band characteris-
tics, and is only found in the 15 MeV  proton irradiated graphene.
These results were quite different from the change in electrical
characteristics of other materials after proton irradiation, which
indicated that the smaller amount of damage at higher energies
was due to a lower amount of defects [6]. Therefore, 15 MeV pro-
tons introduced different types of defects. The exact origin of this
change is not fully understood, but in comparison with the Raman
spectroscopy results, we  suspect that the change was related to
sp3 type defects which can alter the electrical characteristics of
graphene from semimetal to even insulating properties [21].

The relationship between the ambiguous results and proton
energies can be explained by the different amount of energy trans-
ferred during the collision process. Stopping power, which is the
conservative force applied to a particle during an interaction, was
calculated and simulated on graphite to estimate the effect of pro-
ton irradiation. Fig. 4(a) shows the stopping power of protons
irradiated onto graphite as a function of proton energy, which was
plotted using the Bethe formula with corrections obtained from
the National Institute of Standards and Technologies (NIST) PSTAR
database [22]. The calculated stopping power of the 5, 10, and
15 MeV  protons were 1.20, 0.72, and 0.50 eV/Å, respectively, indi-
cating that protons with lower energies transfer more energy to
the target in the MeV  range. A Monte Carlo simulation method has
also been used to estimate the different effects of proton energy
by using stopping and range of ions in matter (SRIM) calculations
[23]. Fig. 4(b) shows the stopping power versus depth for 5–15 MeV
protons irradiated onto graphite. The simulated penetration depth
of protons was ∼178, ∼605 and ∼1237 �m,  respectively. Incident
protons can generate defects inside or outside a selected layer of
graphene. Owing to the large penetration depth compared to the
thickness of graphene, the probability of defect formation in a sin-
gle layer graphene is small [4]. The defect formation in graphene is
related to the stopping power at the surface which coincides with
the Bethe formula results.

Due to the difference in energy transferred from highly ener-
getic protons, lower energy protons transferred more energy to
the graphene lattice. Therefore, it is more likely for 5 MeV  proton
irradiated graphene to have more defects than samples irradiated
with other proton energies, and which resulted in higher D peak
formation compared to the 10 MeV  proton irradiation. The dif-
ference in the transferred energy can also cause different types
of defects as demonstrated in our experimental results. The for-
mation of vacancy defects in graphene requires a kinetic barrier
Td of 18–22 eV [9]. Recent time-dependent density function the-

ory simulations of proton irradiation on graphene predicts that
the transferred energy from 5–15 MeV  protons should be roughly
15–20 eV [24], which is at the boundary of the displacement
threshold of Td. Further, our experimental results showed that the
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Fig. 4. Energy loss per distance of highly energetic protons traversing graphite (a)
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hreshold proton energy for vacancy type defects is between 10 and
5 MeV.

In conclusion, we have demonstrated the effect of irradiated
roton energy on graphene. Irradiation with 5 and 10 MeV  protons
esulted in an increase in D and D′ peaks, with peak ratios corre-
ponding to vacancy defects. Irradiation with 15 MeV  protons did
ot result in formation of significant D and D′ peaks; however, a
′′ peak did form due to sp3 type defects. Transistors exhibited a
ecrease in the current along with Dirac point shifts, but only the
5 MeV  proton irradiated sample exhibited flattening at the Dirac
oint. Theoretical and simulation results indicated that the differ-
nces in effects at different proton energies were due to different
nergy transfer amounts.
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