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A B S T R A C T

In this paper, we study structural and adsorption properties of graphene irradiated with 46 MeV Ar ions and
240 keV H ions on SiO2/Si and copper substrates by micro-Raman spectroscopy. Graphene irradiated with H ions
demonstrated evidence of both high and low defect density regions on a sub-micron scale. TRIM calculations
showed that substrate was the dominant defect source with a contribution from about 55% for H ions in
graphene on SiO2/Si to 90% for Ar in graphene on SiO2/Si. Charge carrier density analysis showed p-type adsorp-
tion doping saturating at (0.48 ± 0.08) × 1013 cm−2 or (0.45 ± 0.09) × 1013 cm−2 with a defect density of
1.5 × 1011 cm−2 or 1.2 × 1011 cm−2 for graphene on SiO2/Si or copper, respectively; this was analyzed in the
framework of physisorption and dissociative chemisorption. This study is useful towards the development of
functionalization methods, molecular sensor design, and any graphene application requiring modification of this
material by controlled defect introduction.

1. Introduction

Ion irradiation of graphene is a universal and convenient method for
the controlled introduction of defects into the material structure. This
method can be used to control the electrical, optical, catalytic, and
other properties of graphene [1–3]. However, due to the fact that
graphene is a monolayer, the probability of direct defect generation
(through the nuclear collisions) can be rather small for certain ion types
and energies [4]. At the same time, the substrate actively participates in
the defect formation process in ion-irradiated graphene by means of a
number of different mechanisms, including the substrate sputtering and
the substrate recoil atoms reaching the graphene-substrate interface
(boundary) with a non-zero energy [1–3,5–8]. Thus, the study of the re-
lationship between defect formation in graphene under ion irradiation
by the substrate-related mechanisms and directly by the incident ions
will make it possible to increase the controllability of the process, ob-
taining the desired result by simply choosing combination “substrate -
ion type / energy”. Moreover, this will allow to exclude undesirable ef-
fects when graphene is irradiated when supported by a substrate.

The high sensitivity of graphene and its modifications to adsorbates
makes this material promising for applications in selective catalysis,

molecular and environmental sensors, medical applications, etc. [9].
Thereby, it is of current interest to study the effect of graphene struc-
tural modification through the introduction of defects on its adsorption
properties. It is known that the atmospheric environment leads to spon-
taneous p-type doping of graphene due to the adsorption of H2O and O2
[10–15]. In this context, it is important to determine the basic proper-
ties of irradiated graphene adsorption doping under the atmospheric
environment, in order to achieve better understanding of the relation-
ship between the adsorption doping of graphene and its defect density,
as well as to ensure the efficiency of graphene-based molecular sensor
design.

Raman spectroscopy utilized in this work as a method to probe pris-
tine and irradiated graphene structural and adsorption properties is a
versatile non-destructive method for characterizing two-dimensional
materials [16].

The purpose of the present work is to investigate structural and ad-
sorption properties of ion-irradiated graphene by micro-Raman spec-
troscopy; this manuscript presents simultaneous study of both irradia-
tion effects and adsorption effects, which is a convenient combination
for studying the relationship between the mechanisms of defect forma-
tion in graphene under ion irradiation and adsorption doping of this
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material. The possibility of studying both of them within the same set of
samples, along with the utilized methods, makes it possible to deter-
mine the limiting values for the adsorption doping saturation of
graphene with defects, which are of both fundamental and practical im-
portance. This study distinguishes the substrate effect either on defect
formation or on adsorption separately, which allows to perform a
deeper analysis into the reasons for the differences in data for different
substrate cases.

2. Experimental

Graphene was synthesized by chemical vapor deposition on
99.999% pure Alfa Aesar copper foil substrate, 10 × 30 cm2, 25 μm
thick, pre-annealed at 1060 °C under 300 standard cubic centimeters
per minute (sccm) hydrogen flow and 2,000 sccm argon flow at a pres-
sure of less than 10−4 Torr for 1–2 h inside the reactor. Graphene
growth was performed at 1020 °C with CH4 flow of 40 sccm and hydro-
gen flow of 10 sccm; the cooling rate was described in detail else-
where [17]. Graphene was transferred to commercially available
SiO2/Si (oxide thickness of 90 nm over a 500 μm Si wafer) and copper
(25 μm thick) using PMMA-mediated method [18]. PMMA with a mole-
cular weight of 996 000, dissolved in anisole, was spin-coated
(3000 rpm, 1 min) on graphene supported by copper foil substrate;
then, (NH4)2S2O8 aqueous solution (0.1 M) was used for copper etching,
and water/isopropyl alcohol mixture was used in order to remove the
etching products from graphene [19]. PMMA was removed by sub-
merging the sample in glacial acetic acid (extra pure) [20] for 4 h. The
resultant samples were identified as monolayer graphene by Raman
spectroscopy (see Results and discussion section for more detail).

Graphene was irradiated by 46 MeV Ar ions with fluences of 109,
1011 and 1013 cm−2 at the IC100 cyclotron at the FLNR JINR in Dubna
[21]. Ion beam homogeneity over the irradiated sample surface was
controlled using beam scanning in the horizontal and vertical directions
and was better than 5%. Graphene irradiation with 240 keV hydrogen
ions was performed using ESU-2 horizontal electrostatic accelerator at
the A.N.Sevchenko Scientific Research Institute, Belarusian State Uni-
versity, the fluence was of 5 × 1016 cm−2. The irradiation conditions
were configured, on one hand, to use typical light and heavy ions uti-
lized in the irradiation of nanomaterials, and on the other – to activate a
variety of damage mechanisms in order to broaden the spectrum of ob-
served effects.

Raman spectra of the experimental samples were obtained using
Nanofinder HE (LOTIS TII) confocal Raman spectrometer. To excite Ra-
man radiation, a continuous-wave solid-state laser with a wavelength of
473 nm was used. Raman measurements were carried out using laser
radiation power of 240–2400 μW, laser spot diameter was of 0.6 µm,
the spectral resolution was better than 3 cm−1 (∼2.3 cm−1 for G peak
and ∼1.0 cm−1 for 2D peak). Prior to the adsorption-related measure-

ments, the samples were exposed to ambient air with a relative humid-
ity ranging from 40% to 60% for at least one month. We did not find
any evidence suggesting defected graphene degradation during
1 month exposure within the sensitivity of Raman measurements.

The substrate irradiation effects were simulated using the binary
Monte Carlo method implemented in the SRIM/TRIM code [22].
Within the framework of this software, simulating the screened
Coulomb ion-atom interaction, quantum–mechanical calculations of
collision parameters are carried out taking into account the exchange
and correlation interactions for the overlapping electron shells; besides,
generation of electronic excitations and plasmons in the target is con-
sidered [22]. For the calculations, Monolayer Collision mode was used
(calculation taking into account each collision without any approxima-
tions) with a statistics of 100,000 incident ions for a substrate layer
with a thickness of at least 300 Å. Sputtering was described by the aver-
age sputtering yield and the average energy of the sputtered atoms.

It should be noted that within the framework of this study, the TRIM
code was used exclusively to consider the irradiation effects associated
with the substrate, in accordance with [3,5,8,23]. Calculation of defect
formation directly in two-dimensional materials, including sputtering,
is not possible using this software [4] due to the fact that the target is
modeled as an amorphous matrix with a uniform mass distribution, and
the effect of collisions is taken into account regardless of their density.
To calculate the resultant defect density in graphene based on the mod-
eling results, the defect yield / nuclear stopping dependencies from [8]
were utilized.

3. Results and discussion

Typical Raman spectra of pristine and irradiated graphene on
SiO2/Si and Cu are presented in Fig. 1. Presence of graphene monolayer
is confirmed by characteristic G and 2D features [16] and ratio of maxi-
mum intensities I2D/IG more than 1 for the pristine samples [24], 2D
peak single-Lorentz profile, as well as values of 2D peak width of less
than 35 cm−1 [16,25]. Along with the D peak not present in pristine
samples, the specified features also confirm the absence of graphene ox-
ide and small density of defects of less than 3 × 1010 cm−2 [16], which
are related to trivial structural variations of pristine material. Irradiated
graphene shows a pronounced D peak, which arises due to the presence
of defects [26], its intensity increasing significantly for the irradiation
with Ar (fluence of 1013 cm−2) and H ions. The broadened and distorted
Raman peak profiles for graphene irradiated with hydrogen ions along
with a reduced 2D peak intensity indicate the presence of a significant
number of defects after the ion treatment (the so-called “high defect
density regime”, in which the average interdefect distance is less
than ∼5 nm) [26]. No evidence of irradiation-induced strain or rippling
was observed in the experiments [16,27].

Fig. 1. Typical Raman spectra of pristine and irradiated graphene on SiO2/Si and copper substrates.
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While the ID/IG ratio is directly proportional to the defect density in
the low defect density regime, this dependence reverses for stronger
disordering of graphene crystal lattice, and the peaks broaden substan-
tially [26]. At the same time, Raman spectra of H-irradiated graphene
show only partial signs of high defect density regime, having distorted
rather than clearly broadened peaks, and the 2D peak for graphene on
SiO2/Si is still substantially pronounced [26]. Therefore, the correct
analysis here requires taking a closer look at the decomposition of the
total signal into separate peaks by approximation, shown in Fig. 2.

As seen from Fig. 2, the approximation is in a very good agreement
with the experimental points, showing the features typical for both low
and high defect density regimes, i.e., one of the components distin-
guished by approximation corresponds to the direct part of the depen-
dence from [26], and the other one – to the inverse part. Their superpo-
sition leads to the resultant distortion of the Raman peak profiles. This
indicates the coexistence of high and low defect density regimes within
the scale of 0.6 μm, i.e., the measurement is conducted in the area
where regions with the interdefect distance both above and be-
low ∼ 5 nm are present. Since the hydrogen ion fluence of 5 × 1016

cm−2 corresponds to a resultant distance between the incident ion sites
of ∼0.03 nm, such spatial damage inhomogeneity can be explained by a
low probability of a direct collision damage for a 2D material treated by
ions [4] and the domination of substrate-induced defect formation
[1–3,5–8] which should in principle depend on the substrate surface ir-
regularities within a μm scale, natural for the substrate materials such
as copper and SiO2/Si.

In order to establish the defect density distribution over the sample
surfaces, as well as to obtain statistics, Raman scanning of 20 × 20 μm2

areas was performed. The ID/IG ratios calculated over the scanned areas
for the pristine and Ar-irradiated graphene are presented in Fig. 3 (con-
sidering integrated peak areas instead of the intensities did not substan-
tially affect the numerical results). As seen from the figure, a slightly
pronounced uniform increase of the defect density is observed for
graphene on both substrates under 109 and 1011 cm−2 fluence treat-
ment, while in the case of 1013 cm−2 fluence, this parameter increases
significantly. For graphene on copper substrate, more defects are intro-
duced into graphene under 109 and 1011 cm−2 irradiation, than for
SiO2/Si; on the contrary, the map for the largest fluence shows a lower
degree of material modification. The explanation of these effects re-
quires additional calculations presented later in the text.

In addition to a near-uniform increase of a spatially homogeneous
component, Fig. 3 shows localized defective points with a typical linear
size less than the 1 μm scanning step, most likely generated during the
transfer process by introducing strain which later gets released through
the tearing of graphene [28]. Although no evidence of the polymer
residue was observed around these points [29], the defects of such type
can still appear due to the polymer-mediated graphene transfer as re-
ported in [28]. While this can occur in the initially defect-free areas, the
tearing is most probable at points where the defects in graphene are al-
ready present, having originated during the synthesis over the substrate
defects. Upon irradiation, more defects are introduced in these areas,
which seems quite natural. The absence of such points on part of the

Fig. 2. G and D peak profiles for graphene irradiated with hydrogen ions on SiO2/Si and copper substrates, decomposed into separate components. The D’ peak is in-
dicated separately as it can relate to both defect density regimes.

Fig. 3. 20 × 20 μm2 Raman maps of ID/IG ratio representing the defect density for pristine and Ar-irradiated graphene on SiO2/Si and copper substrates; scanning
step of 1 μm.
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maps indicates their uneven distribution over the sample surfaces
within the given scale.

In the majority of the obtained pristine graphene Raman spectra, we
did not observe D’ peak which is known to depend on the defect
type [30]. In the case of irradiated graphene, no pronounced ID’/ID de-
pendence on the ion fluence was observed; however, ID’/ID values in all
cases were in the range of 2.0–8.5, corresponding to the presence of va-
cancies and (or) grain boundaries [30].

Fig. 4 demonstrates ID/IG ratio maps for the samples irradiated with
hydrogen ions, where the ratios for low and high defect density
regimes are shown separately, as distinguished by the approximations.
Again, a spatially uniform increase of the defect density is observed;
for the copper substrate, irradiation leads to a stronger defect density
increase, as evidenced by greater ID/IG values in the left map and
smaller ones in the right one [26].

Table 1 presents the average defect density in pristine and irradi-
ated graphene, calculated directly from ID/IG for all spectra obtained
during the scanning by the well-known nD(ID/IG) expressions provided
in [26]. Both defect density regimes were considered for graphene irra-
diated with hydrogen (the direct dependency for narrow components
and the inverse one – for the broadened components [26]). Due to the
absence of a distinguishable D peak in pristine graphene samples, the
defect density for pristine graphene calculated from Raman basically il-
lustrates the lower boundary of the measurable density range for a spe-
cific sample, which depends on several things including the noise level.
It is seen from the table, that the average values generally follow the
trends observed visually in Figs. 3 and 4: the defect density is not only
ion type- and fluence-dependent, but also changes with the substrate
material.

Due to varying defect density increase for graphene irradiation on
different substrates under the same conditions, we can conclude that
the substrate is actively involved in the defect formation process, which
is in agreement with the literature [1–3,5–8]. Clarification of the spe-
cific substrate contribution requires additional calculations, where we
focus primarily on substrate sputtering and electronic damage: the role
of recoil atoms reaching the interface with a non-zero energy while re-
maining within the substrate is minimized for both 240 keV H and

46 MeV Ar in SiO2/Si and Cu, according to comparative simulations
performed in [31] for the estimation of relationship between different
substrate-related mechanisms of defect formation in 2D materials under
ion irradiation.

In order to obtain values of substrate sputtering yield YS and average
sputtered atom energies 〈E〉, TRIM simulations were performed for the
ion-substrate combinations studied in this work. Since TRIM is not di-
rectly applicable to 2D materials, the dependencies from [8] were
thereafter used to calculate the resultant defect yield YD. The direct
damage was calculated using stopping values of 8.62 × 10−3 keV/nm
for Ar ions and 1.16 × 10−4 keV/nm for H ions (calculated for graphitic
carbon in SRIM in accordance with [8], to obtain defect yields for
graphene graphene defect yield / graphitic carbon stopping dependen-
cies presented in the reference). The SRIM nuclear stopping in SiO2 is
1.08 × 10-4 keV/nm for H and 8.55 × 10-3 keV/nm for Ar ions, in Cu –
2.74 × 10-4 keV/nm for H and 2.52 × 10-2 keV/nm for Ar ions. The
calculation results for SiO2/Si and copper substrates are presented in
Table 2; as seen from the table, the substrate sputtering yield YS in the
case of hydrogen irradiation is much smaller than that for Ar, which is
natural considering the atomic mass difference. Comparing YS values
for H in SiO2/Si and copper can already explain smaller defect density
for the former, seen in Fig. 4.

Based both on simulation results and on nDexp values calculated pre-
viously, we can estimate the relative contributions of direct collision
defect generation, substrate sputtering and hot electron generation
both in graphene and the substrate. The direct collisions and sputtering
can be estimated simply in terms of YS and YD, then subtracted from
nDexp in order to obtain density of defects related to hot electrons. Hot
electron generation in the substrate can lead to graphene defect forma-
tion due to charge transfer only when electrons are generated in the im-
mediate vicinity of the interface (for example, within the mean free
path [31]); the electronic stopping represents the energy transferred to
the target electronic sub-system, and the electronic yield is proportional
to the electronic stopping. Therefore, distinguishing graphene and sub-
strate hot electron effects in the basic approximation can be carried out
through an assumption that it depends on the electronic stopping ratio
for the corresponding materials. SRIM gives SiO2 electronic stopping of

Fig. 4. 20 × 20 μm2 Raman maps of ID/IG ratio representing the defect density for H-irradiated graphene on SiO2/Si and copper substrates; scanning step of 1 μm.

4



CO
RR

EC
TE

D
PR

OO
F

E.A. Kolesov et al. Materials Science & Engineering B xxx (xxxx) 115918

Table 1
A summary of Raman spectral features for pristine and irradiated graphene
on SiO2/Si and copper substrates: average 〈ID/IG〉 values calculated over the
Raman scans, and the corresponding average defect density in the scanned ar-
eas nDexp. In the case of hydrogen irradiation, the first and the second 〈ID/IG〉
values correspond to low and high defect density regimes, respectively.
Irradiation\parameter SiO2/Si Cu

〈ID/IG〉 nDexp, cm−2 〈ID/IG〉 nDexp, cm−2

Pristine graphene 0.05 ≤ 1.7 × 1010 0.08 ≤ 2.8 × 1010

Ar (109 cm−2) 0.07 2.5 × 1010 0.09 3.1 × 1010

Ar (1011 cm−2) 0.08 2.9 × 1010 0.10 3.6 × 1010

Ar (1013 cm−2) 0.37 1.3 × 1011 0.30 1.0 × 1011

H (1016 cm−2) 0.59
0.26

2.6 × 1013 0.62
0.20

3.7 × 1013

Table 2
Simulation results for Ar and H irradiation of graphene supported by SiO2/Si
and copper, representing the substrate sputtering yield YS, ion energy or the
average sputtered atom energy < E>, as well as the resultant defect yield
(number of defects per ion or sputtered atom).
Irradiation Damage

source
YS, atoms/
ion

〈E〉, eV YD, defects/ion (defects/
atom)

Ar Ar – 4.6 × 107 6.6 × 10-4

Sputtered Si 0.0132 9.3 × 101 2.1 × 10-1

Sputtered O 0.0431 1.2 × 102 1.8 × 10-1

Sputtered Cu 0.1154 2.3 × 102 7.3 × 10-2

H H – 2.4 × 105 1.7 × 10-5

Sputtered Si 0.0001 9.7 × 101 1.5 × 100

Sputtered O 0.0004 1.7 × 101 6.3 × 10-1

Sputtered Cu 0.0014 3.7 × 101 5.8 × 10-1

9.65 × 10–2 keV/nm for H ions and 4.76 × 100 keV/nm for Ar ions,
and Cu electronic stopping of 1.83 × 10-1 keV/nm for H ions and
1.18 × 101 keV/nm for Ar ions.

The resultant contributions are given in Table 3. In order to obtain
the most accurate results, nDexp values for the largest fluence of 1013

cm−2 were used, where total defect density increase differs significantly
from ∼1010 cm−2 intrinsic defect density. For all cases, the direct colli-
sion contribution is small, while the substrate is responsible for at least
55 % of the total damage and therefore can be considered the dominant
defect source. The total hot electron contribution prevails for H irradia-
tion, while the substrate sputtering is the most productive mechanism
of defect formation in graphene in case of Ar ions. The contributions of
hot electrons generated in graphene slightly exceed those in SiO2/Si;
the opposite is observed for Cu substrate.

We now move on to the studies of atmospheric adsorption on pris-
tine and irradiated graphene. When exposed to atmosphere, graphene
is known to endure gradual self-sustained hole doping, primarily by
H2O and O2 adsorbates [10–15,32]. Presence of defects can obviously

Table 3
The contribution of direct collision damage, substrate sputtering and hot elec-
tron generation to the total defect formation for graphene on SiO2/Si and
copper, irradiated with Ar and H ions.
Ions Substrate Direct

collision
contribution,
%

Graphene hot
electron
contribution,
%

Substrate
sputtering
contribution,
%

Substrate hot
electron
contribution,
%

Ar
46 MeV

SiO2/Si 5.1 7.7 80.7 6.5
Cu 6.6 3.0 84.2 6.2

H
240 keV

SiO2/Si 0.7 43.8 15.5 40.0
Cu 0.5 31.0 21.9 46.6

increase the energetic favourability of this process, leading to a stronger
influence on the Raman spectra in terms of the charge carrier density
(I2D/IG ratio, G peak position, 2D peak position) [32,33]. Due to a sub-
stantial number of defects introduced into graphene lattice during hy-
drogen irradiation, Raman spectra of these samples were not informa-
tive for the adsorption-related calculations. In order to confirm the
presence of the adsorbates on pristine and Ar-irradiated graphene, we
performed ∼6 mW laser annealing according to the method presented
in detail in [32]: Raman measurement at a point, then laser annealing,
then a second measurement at the same point. The typical results of
these sequences are given in Fig. 5. As seen, a near-constant ID/IG is pre-
served after the annealing, i.e., the defect density is not affected within
the Raman spectroscopy sensitivity [26]. At the same time, notable
changes of several Raman features can be observed, which include the
I2D/IG ratio increase, G peak position decrease, as well as 2D peak shift
All these changes are strongly indicative of hole density decrease in
graphene due to the adsorbate removal from the sample surface during
the annealing [32,33]; the smaller shift of the 2D peak is related to the
fact that the dependency is more horizontal in the hole doping region,
unlike in the case of negative Fermi level position below the Dirac point
– this allows to unambiguously distinguish electron or hole doping of
graphene from Raman spectroscopy [33].

One of the basic graphene Raman features depending on the charge
carrier density is the I2D/IG ratio [33], which is given in Fig. 6 for the
Ar-irradiated graphene on SiO2/Si and copper. We note here that the in-
tensity of the Raman signal may in principle depend on the degree of
graphene crystal lattice disorder; however, we present these maps as
part of a data set that also includes G and 2D peak positions, which are
analyzed later in the text in more detail. In general, Fig. 6 demonstrates
uniform softening of the I2D/IG ratio for greater fluences, which can in-
dicate charge carrier density increase [33]; at the same time, consider-
ably smaller values are seen for several points, which partially corre-
spond to more defected areas observed in Fig. 3. Graphene on copper
demonstrates smaller overall I2D/IG values, which in this case can relate
to both stronger atmospheric doping typical for this substrate [15] and
presence of the substrate-induced doping [34]. Metallic substrates are
known to screen the electron–phonon coupling (EPC) in graphene [35],
while the sensitivity of I2D/IG to the carrier density is due to the 2D peak
intensity dependence on the EPC [33].

It was already mentioned in the previous paragraph that while the
I2D/IG ratio is useful for illustrating carrier density distribution visually,
it is not very convenient for obtaining quantitative results, since 2D
peak intensity can become affected by graphene lattice destruction at
higher defect densities. Therefore, we give another plot indicative of
graphene adsorption doping in Fig. 7, presenting the statistics on G and
2D peak positions, which have individual, different and non-linear de-
pendencies on the Fermi level position [33]. The figure clearly shows
the distribution shift as the fluence changed, with the G peak shifting
more notably, since the 2D peak is less sensitive to the carrier density in
this range [33], and thus the plots for the latter related to different flu-
ences mostly overlap.

The substrate influence on the distributions in Fig. 7 is manifested in
a separation between the curves for graphene on SiO2/Si and copper,
more pronounced for 2D peak. The 2D peak position changes with the
charge carrier density basically due to a dependence on graphene lat-
tice constant [33], which is affected by doping and influences the
phonon energy. Therefore, unlike the EPC-affected I2D/IG in Fig. 6, the
higher 2D peak sensitivity to substrate material in this case has a differ-
ent nature and is rather related to a stronger graphene-substrate inter-
action for copper, which leads to a more complex phonon interactions
at the interface [36,37]. For G peak position, which depends on the car-
rier density due to being influenced by both lattice constant and the
electron–phonon interactions, the stronger graphene-copper bonding
and the EPC screening by Cu seem to partially counterbalance each
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Fig. 5. Typical Raman spectra of pristine and Ar-irradiated graphene on SiO2/Si and copper substrates before and after laser annealing.

Fig. 6. 20 × 20 μm2 Raman maps of I2D/IG ratio for pristine and Ar-irradiated graphene on SiO2/Si and copper substrates; scanning step of 1 μm.

Fig. 7. Number of points corresponding to each G and 2D peak position for pristine and Ar-irradiated graphene on SiO2/Si and copper substrates.

other, leading to mostly similar and overlapping distributions for differ-
ent substrates.

The obtained set of the doping-dependent Raman features allow to
calculate charge carrier density due to adsorption doping p [15,32,33],
which was performed for pristine and Ar-irradiated material on SiO2/Si
and copper; simultaneously, the defect density was calculated for the
corresponding points. Fig. 8 presents the obtained statistical plot, in
which the semi-transparent symbols represent each point of the Raman
scanning; it is evident from the figure that the adsorption doping tends
to saturate as the defect density increases, which seems natural. It
should be noted that while atmospheric doping of defect-free graphene

occurs due to physical adsorption, introduction of vacancies provides
sites for the dissociative chemical adsorption [38–40]. Therefore, Fig. 8
basically illustrates a shift from Van der Waals bonding domination at
low defect densities to covalent bonding at the high ones [41].

The charge transfer from pristine graphene to adsorbate molecules
is of 0.02e–0.03e per molecule in the case of O2 and up to 0.01e–0.025e
per molecule or aggregate for H2O, all adsorption energies being below
1 eV [41–45]. In case of adsorption on a vacancy site, the charge trans-
fer increases up to 0.6e and the adsorption energy for the dissociated
molecules is above 3 eV [40,46,47]. Thus, the overall doping increase
with the defectiveness in Fig. 8 is explained by two main reasons: (1)
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Fig. 8. Hole density depending on the defect density for pristine and Ar-irradiated graphene on SiO2/Si and copper substrates. Solid lines visualize general depen-
dency trends.

the atmospheric doping becomes more energetically favourable as the
defect density increases, creating more sites for chemical adsorption,
and therefore more adsorbates get attached to the sample surface; (2)
more charge is transferred from graphene to the chemisorbed molecules
comparing to the physisorbed ones. As the adsorbate density becomes
higher, the positive charge of graphene increases, eventually hindering
the acceptor adsorption. At the same time, graphene-adsorbate charge
transfer depends on the adsorbed molecule orientation, so that the ad-
sorbate can act as a donor [43–45]; the probability of these events is ini-
tially small but will obviously increase for a stronger electron defi-
ciency, so that the donor adsorption will reduce both number of the ad-
sorption sites and positive charge of graphene. Reaching the dynamic
equilibrium between these processes provides the dependency satura-
tion.

The asymptotic behavior of the plot in Fig. 8 allows to calculate
maximum atmospheric adsorption doping of graphene psat, obtained as
a result of defect introduction into the material. For graphene on
SiO2/Si substrate it shows the value of
psat = (0.48 ± 0.08) × 1013 cm−2, reached within the error at

∼ 1.5 × 1011 cm−2. For graphene on copper, this parameter is esti-
mated as psat = (0.45 ± 0.09) × 1013 cm−2, achieved at

∼ 1.2 × 1011 cm−2 within the error. While the introduction of
charge carriers of the same sign does reduce the physisorption doping
probability [32], the initial p-type doping required for the absence of
adsorption doping was previously estimated as 3.9 × 1013 cm−2 [32],
which is more than 8 times larger than the calculated psat; therefore, we
assume the density of physical adsorbates differs little from that for
pristine graphene, although it may decrease slightly due to a decrease
in the number of available physisorption sites.

Although the difference between psat for graphene on the two sub-
strates is within the error, smaller value of for graphene on copper
substrate means that in this case, the saturation occurs effectively ear-
lier as the defectiveness increases. Stronger graphene-copper interac-
tion with the energy of 0.72 J/m2, as compared to 0.45 J/m2 for
SiO2/Si [36], leads to smaller graphene-substrate distance for the for-
mer [48]. At the same time, graphene was shown to screen the Van der
Waals interactions between the atmospheric adsorbates and the sub-
strate only partially [49], which implies their stronger manifestation
for Cu and therefore, stronger adsorption. Besides, copper substrate is
known to screen the electron–electron interaction in graphene [35,50],
causing Fermi velocity and Dirac point velocity to renormalize and dis-
torting the Dirac cone [51], leading to possible charge carrier density
increase [52].

The saturation values calculated in this work present additional lim-
iting conditions to the studies of defected graphene enhanced adsorp-
tion [53–57], as well as adsorption-related electronic localization in de-

fected graphene [58,59]. At the same time, these results show the de-
fect density values, above which it is impractical to furtherly introduce
defects to increase the adsorption properties [53–57]: the saturation of
graphene adsorption doping with the increasing structural disorder
means that after reaching , further defect introduction is not produc-
tive for the adsorptivity increase and will only destroy graphene lattice.
The substrate affects the dependency in Fig. 8, and therefore may be
utilized to modify graphene adsorption properties in the intermediate
stages of reaching psat, while its role is not defining of psat value itself,
which generally simplifies the control of this effect in terms of the mole-
cular sensor design. At the same time, some influence on suggests
considering other substrate materials providing a stronger/weaker in-
teraction with graphene may be of interest. The results presented above
are useful for the development of graphene functionalization methods
[38], design of graphene-based sensors of various types [9,60], dosime-
try [61], as well as for any nanoelectronics application requiring the
modification of this material by a controlled defect introduction.

4. Conclusion

In this work, we performed Raman study of graphene irradiated
with Ar ions (energy of 46 MeV) and H ions (energy of 240 keV) on
SiO2/Si and copper substrates. In the areas of 20 × 20 μm2, uniform
defect density increase was observed with the fluence at the scale of
0.6 μm scanning step. Raman spectra of graphene irradiated with H
showed the evidence of both high and low defect density regimes, indi-
cating that within the single measurement scale of 0.6 μm, regions with
the interdefect distance both above and below ∼5 nm are present.
TRIM calculations showed that the substrate was the dominant defect
source, its contribution to the total defect generation ranging from
about 55 % in the case of H ions in graphene on SiO2/Si to 90 % in the
case of graphene on SiO2/Si irradiated by Ar. That was provided by the
substrate sputtering, which prevailed for Ar irradiation, or hot electrons
generated in the substrate, which had significant effect in the case of H
ions.

Charge carrier density analysis showed stronger p-type adsorption
doping for larger defect density values, typical for more energetically
favourable dissociative chemisorption over the vacancies. For graphene
on SiO2/Si or copper, this dependency saturated at
(0.48 ± 0.08) × 1013 cm−2 or (0.45 ± 0.09) × 1013 cm−2 with a de-
fect density of about 1.5 × 1011 cm−2 or 1.2 × 1011 cm−2, respectively,
which was explained by a competition of processes involving increasing
graphene positive charge, and adsorption of molecules in orientations
providing donor behaviour. This study is useful for the development of
graphene functionalization methods, graphene-based molecular sensor
design, as well as for any nanoelectronics application requiring the
modification of this material by a controlled defect introduction.
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