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Abstract
The results of measurements of the Raman spectra in the same group of monolayer graphene samples, successively subjected to irradiation with different
ions, prolonged aging, and annealing under different conditions, are considered. Changes in the position, width, and intensity of the Raman lines are
analyzed in the study of the following problems: comparison of the results of
irradiation with various ions, the influence of prolonged aging on the spectra
of irradiated samples, the mechanism of broadening of Raman scattering lines
caused by an increase in the density of radiation defects, the consequences of
annealing of radiation damages in vacuum and in the atmosphere of the
forming gas, the contribution of doping and lattice deformation to the shift of
the position of the Raman lines after annealing. The results obtained made it
possible to determine the level of stability of defects introduced by radiation,
to reveal the possibility of restoring the damaged lattice using annealing.
Since the results relate to graphene deposited on a widely used SiO2/Si substrate, they may be of interest when using ion irradiation to change the properties of graphene in appropriate devices.
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1. Introduction
Modification of graphene properties is essential for the various electronic applications it offers [1] [2] [3] [4] [5]. For this purpose, ion irradiation is widely used
(see, for example, [6] [7] [8] [9]) due to the possibility of controlling the ion
energy and radiation dose with high accuracy. Irradiation of the pristine graphene samples leads to an increase in disorder due to the introduction of structural defects that affect its electrical and optical properties.
DOI: 10.4236/graphene.2020.92002
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Measurements of Raman scattering spectra (RS) are usually considered to be
an effective tool for probing the structure of disordered graphene films and density of introduced defects [10] [11] [12] [13]. Typical RS spectra for disordered
graphene consist of three main spectral lines. The G-line at 1600 cm−1 is common for different carbon-based materials, including carbon nanotubes, monoand multilayered graphene, and graphite. The 2D line at 2700 cm−1 belongs to
the intervalley two-phonon mode, corresponds to the momentum conservation,
and can be emitted from anywhere in the intact crystal structure, far from any
defects. The “defective” D-line at 1350 cm−1 is associated with the one-phonon
scattering, which is forbidden in an ideal graphene lattice due to conservation of
momentum, but is possible in the vicinity of a lattice defect (edges and vacancies) due to additional elastic scattering by the defect. In addition, a few minor
lines connected with different modes of phonons can be seen in disordered samples. The positions of all lines are given for 532 nm excitation laser. As a result,
the intensity of the “defective” D-line is used as a measure of disorder in graphene layers (in the form of the ratio of the amplitudes of the D- and G-lines, α
= ID/IG). Accordingly, the normalized intensity of the 2D-line, β = I2D/IG, can be
used as a measure of the intact portion of the lattice.
Raman scattering in irradiated graphene has been studied for over ten years.
Many works have been devoted to the study of RS in samples obtained by different methods and irradiated with different ions. Graphene films were supported by different substrates, which also influenced the irradiation result. As a
result of a significant dependence of the results of ion irradiation on the method
of preparation of the samples, the material of the substrate, the mass and energy
of ions, the level of doping and the quality of initial samples, it is difficult to
compare the results obtained in different works, sometimes they are even contradictory. A feature of the presented study is measurements on the same group
of samples. Raman spectra were recorded in these samples sequentially after ion
irradiation, prolonged exposure in air at room temperature, and annealing at
various temperatures and conditions. Some results of different studies were partially reported earlier [14] [15] [16] [17], however, it was the presence of the
same samples in each study that allowed, as the results were accumulated, to obtain a complete picture of the transformation of Raman spectra in graphene
starting with irradiation and ending with annealing. This helped to determine
the level of stability of defects introduced by radiation, to reveal the possibility of
restoring the damaged lattice using annealing. Since the results relate to graphene deposited on a widely used SiO2/Si substrate, they may be of interest when
using ion irradiation to change the properties of graphene in appropriate devices.

2. Materials and Methods
Two initial large-scale samples (5 × 5 mm) of monolayer graphene were provided by Graphenea Co, Spain. The graphene film was obtained by chemical vaDOI: 10.4236/graphene.2020.92002
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por deposition on a copper catalyst and transferred to a 300 nm SiO2/Si substrate
using a wet transfer process. Graphene samples of such a large size were polycrystalline films with an average microcrystal size of about 10 μm. In Raman
measurements, excitation was achieved by a laser beam of wavelength λ = 532
nm and a power of less than 2 mW to avoid heating and destruction of the film.
Reproducibility was verified by repeated measurements in the same point and in
different samples from the same group.
Six groups of mini-samples (0.2 × 0.2 mm) were prepared on the surface of
the first large-scale sample using electron beam lithography (EBL). One group
was not exposed to radiation, and five other groups were irradiated with different doses of C+ ions with an energy of 35 keV. Such mini-samples were not made
on the surface of the second large-scale sample. Instead, six small sections of the
sample were irradiated with different doses of Xe+ ions with the same energy of
35 keV, one region was not irradiated. Irradiation was performed on an HVEE-350
implanter. Thus, two series of samples of monolayer graphene with a common
substrate irradiated with different ions were obtained.
The experimental results of measurements of the Raman spectra in these series of samples are presented and analyzed below. Theoretical support for the
experiments consisted in the development of existing models as applied to the
observed results. In particular, the results of computer simulation of the interaction of an impact ion with the graphene lattice were used [18], as well as the
method for calculating the intensity [19] and the shape [20] of Raman lines in
irradiated graphene.
In an ideal crystalline monolayer graphene, the shape of the one-phonon Raman line I(ω) could be described by a Lorentzian function [13]
I (ω ) ∝

1

(1)

ω − ω ( q0 )  + [ Γ 2]
2

2

where ω is the frequency, ω(q0) is the peak position of the RS line associated with
emission of a phonon of the wave vector q0 and Γ is the full width at the half
maximum (FWHM) which is reversely proportional to the phonon lifetime. In
irradiated crystal, the size of correlation functions L become finite due to the
induced defects. At low disorder, the phonon wave packet can be described by a
2
Gaussian function exp  − ( q − q0 ) L2 4  centered in q0 and having a width


proportional to 1/L. This leads to modification of I(ω) as [20]:

I D (ω ) ∝ ∫ dq

 − ( q − q0 )2 L2
exp 

4







ω − ωiTO ( q )  + [ Γ 0 2]
2

2

(2)

where q is expressed in units of the reciprocal lattice constant, q0 is measured
from the K-point in the Brillouin zone, Γ0 is the width of the unperturbed Raman line shape and L is a phonon coherence length which should be of the order
of the average distance between point defects Ld. Expression for the phonon disDOI: 10.4236/graphene.2020.92002
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persion is taken in the form:

ωiTO ( q=
) ωK + Aq

(3)

By changing the integration variable, integral (2) can be performed in the
Voigt distribution [21]. In spectroscopy, a Voigt profile results from convolution
of two broadening mechanisms, one of which alone would produce a Lorentzian
profile and the other would produce Gaussian profile. A rough approximation
for the relation between the widths of the Voigt fV, Gaussian fG and Lorentzian fL
profiles is
fV ≈ f L 2 +

( fL 2)

2

+ fG2 ,

(4)

Using expressions for these profiles, we obtain [17]:
fL =
Γ0 , fG =
4 ( ln 2 )

12

A L

This gives
fV ≈

Γ0
Γ 02 16 ( ln 2 ) A
+
+
2
4
L2

2

(5)

In the limit fG  f L which corresponds to strong broadening ( ∆Γ  Γ 0 )
fV ≈

Γ
fL
4 ln 2 A
+ fG ≈ 0 +
2
2
L

(6)

so ΔΓ is proportional to 1/L.
In the opposite limit of weak broadening fG  f L , we obtain [17]:
fV ≈ f L +

16 ( ln 2 ) A
fG2
≈ Γ0 +
fL
Γ 0 L2

2

(7)

so ∆Γ ~ (1 L ) . Since L ≈ Ld , we obtain that ∆Γ ~ (1 Ld ) ~ N d , where
2
N d ≈ (1 Ld ) is the density of irradiation introduced defects. This analysis will
be used in Section 3.3 to study the broadening of Raman lines with increasing
radiation dose.
2

2

3. Results
In Figure 1, the RS spectra of samples irradiated with light (C+) and heavy (Xe+)
ions are shown. The changes in the intensity of the D- and the 2D-lines are similar. In unirradiated samples, the intensity of the “defective” D-line is low or absent, which indicates a good quality of the initial monolayer graphene sample.
With an increase of the irradiation dose Φ, the D-line increases and then expands and decreases, while the 2D-line decreases monotonically and disappears.
The only difference is in the dose range in which these changes are observed:
upon irradiation with Xe ions, the values of Φ are an order of magnitude smaller
than those under irradiation with C ions. Due to the equality of energies, this
difference is associated with different ion masses.
To compare the results, it is necessary to plot the dependence of the normalized ratio α = ID/IG and β = I2D/IG not on the irradiation dose Φ, but on the density of structural defects Nd, which is proportional to Φ, Nd = kΦ. The numerical
DOI: 10.4236/graphene.2020.92002
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Figure 1. The Raman spectra for series of samples irradiated with C ions (A) and Xe ions
(B). For the C-series, Φ in 1014 cm−2: 0—initial, 1—0 (non-irradiated, but after EBL),
2—0.5, 3—1.0, 4—2.0, 5—10. For the Xe-series, Φ in 1013 cm−2: 0—initial, 1—0.15, 2—0.3,
3—0.5, 4—1.0, 5—2.0, 6—4.0.

coefficient k depends on the energy E and mass M of the ion and reflects the average fraction of a carbon atom knocked out of the graphene lattice in one impact of the ion. Computer simulation of creation of different types of defects in
monolayer graphene induced by ion irradiation has been performed in [18].
Based on these results, we calculated the dependences of k on M (in atomic mass
units, amu) for various ion energy E shown in Figure 2. For E = 35 keV, the
value of k for C ions (M = 12) is k ≈ 0.08, while for Xe ions (M = 131), k ≈ 0.8,
ten times larger, which explains the difference in Φ. The dependences of α and β
on Nd for both series of samples are shown in Figure 3. It is seen that on this
scale the experimental data are indeed very close.

3.1. Line Intensity
Figure 3 shows that with the increase in Nd, the ID first increases up to a maximum value, and then decreases. Such non-monotonic behavior of ID is common
DOI: 10.4236/graphene.2020.92002
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Figure 2. The plot of k versus the ion mass M (in amu) for different energies E (in keV):
1—0.4, 2—1.1, 3—5.0, 4—14, 5- 35, 6—100, 7—270, 8—730, 9—1000. Some ions are indicated with vertical dotted lines.

Figure 3. The normalized amplitude of the D-line α = ID/IG and the 2D-line β = I2D/IG for
samples irradiated with C ions and Xe ions as a function of Nd.

for many experimental observations [10] [11] [12] [13] and agrees with the
theoretical model [19] based on the assumption that a single ion impact leads to
the formation of a defect characterized by two length scales rS and rA (rA > rS),
DOI: 10.4236/graphene.2020.92002
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which are the radii of two circular areas surrounding the defect. The area S
within the shorter radius rS around the impact point is structurally disordered.
In the A-area (“activated” area) between rA and rS, the lattice structure is preserved, but the proximity to the impact point causes a breakdown of the selection rules and gives rise to the emission of the “defective” D-peak. The 2D-peak,
which is characteristic for a perfect graphene lattice, can be generated mostly if
the electron-hole excitation occurs outside the A-area. Increasing the irradiation
dose obviously results in an increase of the D-line intensity and a decrease of the
2D-line intensity. Increasing of Nd leads also to a decrease of the average distance between defects Ld ≈ (Nd)−1/2, and when Ld becomes shorter than rA, the
A-areas begin to overlap with each other and with S-areas. As a result, α = ID/IG
passes through a maximum and then decreases.
The equation for α = ID/IG vs. Ld was obtained in [19] and has the following
form after minor correction in [14]:
2

=
α C A e−πrS

L2d

−π( rA2 − rS2 )

1
−
e


L2d


−πrS2

 + CS 1 − e

L2d




(8)

where CA is the maximal possible value of α in graphene which could be attained
for the situation in which no damage occurred to the hexagonal network of carbon atoms, and CS is the ID/IG value in the highly disordered limit.
The dependencies of α on Ld for both series of samples are presented in Figure
4, together with the best fit of Equation (8) shown as solid lines 1 and 2. It can be
seen that they are slightly different, which indicates a difference in the size of
defects produced by different ions. The best fit allows you to determine the adjustable parameters in Equation (8): for the C-series we have CA = 5.4, CS = 0, rS

Figure 4. Dependence of α = ID/IG on the average distance between defects Ld for samples
irradiated with Xe+ and C+ ions just after irradiation (1, 2) and after long-term aging (3,
4). Solid and dashed lines represent the fit to Equation (1) with the parameters specified
in the text. The inset shows schematically two defect radii.
DOI: 10.4236/graphene.2020.92002
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= 1.55 nm, rA = 4.1 nm, and for the Xe-series CA = 4.9, CS = 0, rS = 1.0 nm, rA =
2.8 nm. Comparison shows that irradiation with C ions is characterized by higher rS and rA values than irradiation with Xe ions. This may be due to the effect of
backscattering when the SiO2 substrate is bombarded with carbon ions that are
lighter than the substrate atoms, as opposed to irradiation with heavier Xe ions.

3.2. Sample Aging
The Raman spectra in our samples were measured after long-term storage for
about a year at room temperature in air. On the one hand, the surrounding atmosphere is not fully reproduced in different places, but on the other hand, most
devices are stored at room temperature in air, so this study may be of interest to
specialists in graphene-based devices.
Prolonged aging leads to noticeable but not fundamental changes in RS, which
indicates that the ion irradiation introduced defects are quite stable. Figure 5
shows the spectra “just after irradiation” and “after aging” for two samples from
Xe-series. It can be seen that while the 2D-line is always weaker in the “aged”
samples, the D-line behaves in the opposite way: the line intensity increases for
weakly irradiated samples, but decreases for strongly irradiated ones. Different
behavior of the D-line becomes clear when we plot dependences α(Ld) for “aged”
samples (dashed lines 3 and 4 in Figure 4). Fitting to theoretical expression Equation (8) gives new values for the size of defects (in parentheses - the previous
values immediately after irradiation): for C-series rS = 1.35 (1.55) nm, rA = 6.4
(4.1) nm, for Xe-series rS = 1.3 (1.0) nm, rA = 3.7 (2.8) nm. We see that the
long-term aging leads to an increase in rA. The increase in the square of A-area

Figure 5. Comparison of the normalized RS spectra in “just irradiated” (1) and “aged” (2)
samples from the Xe-series with different density of defects. Nd, in 1013 cm−2: (a) −0.3, (b)
−2.0. Intensity of G-line is equal to one.
DOI: 10.4236/graphene.2020.92002
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could be caused, probably, by the capture of molecules from the ambient atmosphere This explains the different behavior of the D-line for weakly and
strongly irradiated samples shown in Figure 5. For weakly irradiated samples,
the D-line increases because of the increase in the square of A-areas. However,
the overlap of increased A-areas begins earlier, at a lower density of defects,
which explains the decrease in the D-line in strongly irradiated samples. Accordingly, the intact area is reduced, resulting in a smaller 2D line.
One can see also from Figure 5 that the peak positions in the “aged” samples
shift to higher frequencies (“blue shift”). A possible origin for the blue shift is the
influence of doping [22]. The doping scenario agrees with the assumption that
the increase of rA in “aged” samples is caused by the capture of molecules from
the ambient atmosphere.

3.3. Line Broadening
In the RS process, an absorbed photon generates an electron-hole pair and the
excited electron with momentum k is further scattered by phonons with momentum q following by recombination with hole and emission of a photon
which is red-shifted by the amount of energy given to the phonon. Due to momentum conservation requirements, the first-order RS process generates only
phonons with wave vector q = 0 at the Γ point in the center of the first Brillouin
zone. This band in RS spectra is known as G-band (~1600 cm−1) and exists for all
sp2 carbon system, including amorphous carbon, carbon nanotubes and graphite.
In disordered graphene, when the lattice periodicity is broken near defects,
the momentum conservation requirement is also broken. At first sight, in this
case all phonons in the Brillouin zone are allowed for the RS, but the energy
conservation requirement allocates in the resonant electron-phonon scattering
some selected phonon modes [23] which form the “defective” D-band (~1350
cm−1) with emission of in-plane transverse optic phonon (iTO) accompanied by
an elastic scattering on defect. The intense 2D-line (~2700 cm−1) observed in
purely crystalline pristine graphene corresponds to second-order RS process
with excitation of two iTO-phonons with opposite momenta.
We are aware of only a few works in which the change in the line width Γ (full
width at half maximum, FWHM) in irradiated graphene is studied [20] [24]
[25]. In Ref. [20], the increase of Γ is analyzed as a function of 1/Ld ≈ (Nd)1/2. In
Ref. [24], it is shown that Γ increases sublinearly with the increase in Nd, while in
Ref. [25], this dependence is shown as superlinear at a high level of disorder.
Such an uncertainty along with small number of works in this field motivated
our study.
Our measurements presented in Figure 6 show that broadening of all RS lines
is linear with increasing Nd: Γ = Γ0 + mNd, where Γ0 is the FWHM in the pristine
sample and the coefficient m (in cm) characterizes the broadening rate. The linear dependence ΔΓ = Γ − Γ0 on Nd is correctly described by theoretical expression,
DOI: 10.4236/graphene.2020.92002
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Figure 6. Dependences of ΓD, ΓG and Γ2D on the density of defects Nd for the Xe+-series of
samples. Dashed lines show the linear approximation.

Equation (7) can be explained by the fact that in our case, the broadening associated with Gaussian profile fG is not larger than the initial line width Γ0 associated with Lorentzian profile fL.
For single-phonon G- and D-lines, the broadening rates are equal (mD,G = 0.9
× 10–12 cm), while for 2D-line, m is almost two times higher (m2D = 1.7 × 10−12
cm). This fact, together with the doubled energy of the peak position (ω2D =
2ωD), reflects the widely used description of the 2D-line as a second-order
D-feature. For the first glance, the width of the 2D-line caused by emission of
two identical iTO phonons has to be double the width of the D-line. However,
ΓD is less than one half of Γ2D, which can be seen in Figure 7 where both D- and
2D-lines are plotted together, but the upper scale for 2D-line is halved. The peak
positions of D-line ωD and the half of peak positions of 2D-line (ω2D/2) coincide
which confirms the elastic character of scattering by structural defects, so the
energy of the emitted light quanta is changed only due to generation of one or
two identical iTO phonons. However, it is also seen that the width of D-line is
larger than one half of 2D-line. This difference could be attributed to the peculiarity of the D-band process which, by contrast with 2D-band, involves also an
elastic scattering of electrons by a point defect which decreases the lifetime of
emitted phonon and correspondingly leads to an additional broadening of the
D-line.

3.4. Annealing
Ion irradiation as a method to introduce disorder is also interesting due to the
possible reversibility of the radiation damage by annealing. There is extensive literature available on annealing of mono- and multi-layered graphene films. For
the most part, however, these papers report the use of annealing in pristine,
DOI: 10.4236/graphene.2020.92002
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Figure 7. The normalized D-line (1, lower scale), and the 2D-line (2, upper doubly suppressed scale), for two samples from the Xe series. Nd (1013 cm−2): (a) −0.24, (b) −0.4.

non-irradiated graphene as a procedure for unintentional doping and the removal of polymer residues which remain after either wet graphene transfer to
the substrate or photolithography used in the device processing [26] [27] [28]
[29]. In a few works, annealing was applied to samples irradiated either with ions
[30] [31], or UV light [32].
Our irradiated samples from Xe- and C-series were annealed after long-term
aging described in subsection 3.2. Annealing the Xe-series samples was performed in high vacuum (4 × 10−6 Torr), while samples from the C-series were
annealed in the mixed forming gas: 95% Ar +5% H2. In this case, the tube was
pumped and purged to a pressure about 100 Torr before turning on the gas flow
(800 sccm). Samples were heated at a rate of 15˚C/min to different annealing
temperature Ta and then annealed for 1 hour. Cooling of the samples was performed by shutting off the heater and allowing the samples to cool naturally. The
Raman spectra measured after each annealing at Ta = 500˚C, 800˚C and 1000˚C
showed strong influence of the annealing conditions on the intensity and the
peak position of RS lines [16]. In Figure 8, the dependencies α and β on Nd for
Xe-series samples are shown before and after annealing at 1000˚C. One can see
that the D-line decreases, especially in weakly irradiated samples, while the
2D-line increases and even appears in highly irradiated samples. This means that
annealing in vacuum leads to partial restoration of the damaged structure. Figure 9 shows that annealing in the forming gas is not as effective.
Forming gas and vacuum annealing result in a blue shift in the position of all
three spectral lines, D, G and 2D. This effect can have two reasons: 1) hole doping caused by the increased ability to absorb oxygen and water molecules after
DOI: 10.4236/graphene.2020.92002
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Figure 8. α = ID/IG (a) and β = I2D/IG (b) before (1) and after annealing at 1000˚C (2) in
vacuum for Xe-series samples. The lines are the guide to the eyes.

Figure 9. α = ID/IG (a) and β = I2D/IG (b) before (1) and after annealing at 1000˚C (2) in
forming gas for C-series samples. The lines are the guide to the eyes.

annealing [33]; 2) compressive stress caused by the difference in thermal expansion of graphene and the substrate, sliding of the graphene film over the substrate during heating, followed by pinning of the annealed film upon cooling to
room temperature [31]. It was shown in Ref. [34] that these two reasons can be
distinguished when one plots the frequency (position) of the 2D-peak versus the
DOI: 10.4236/graphene.2020.92002
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Figure 10. Shift of the average position of the 2D- and D-peaks for samples annealed in
forming gas at different Ta. Error bars show spreading of the peak position for samples
with different Nd.

position of the G-peak. When the doping effect dominates, the slope of this dependence is equal to 0.7, while the domination of strain increases this slope to
2.2. The plotting of this dependence for our samples [16] showed for both series
a straight line with a slope of about 1.0, which means that the strain makes a significant contribution to the shift. There is another argument to justify the contribution of the strain. Lattice deformation leads to a change in the phonon
energy. Therefore, the shift of the 2D-line connected with emission of two equal
phonons has to be double the shift of the D-line. Figure 10 shows the shift ΔP of
the position of both Raman lines after annealing at different Ta. One can see that
below Ta = 500˚C both shifts are equal, which indicates that at the low-temperature
annealing, the shift is mainly caused by doping. With a further increase in Ta, the
shift of the 2D-line rapidly increases, and the final shift is indeed about twice as
large as the shift of the D-line. This indicates that at high annealing temperatures, the main cause of the shift is the residual stress of the graphene lattice.

4. Conclusions
Measurements on the same group of samples made it possible to obtain a complete picture of the transformation of the Raman spectra in monolayer graphene,
beginning with irradiation and ending with annealing. The main results are as
follows:
Changes in the line intensity caused by irradiation with different ions can be
scaled into one common dependence.
Radiation-induced defects are relatively stable: only a slight increase in the
DOI: 10.4236/graphene.2020.92002
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size of the damaged area around each structural defect was observed after one
year of aging.
The width of Raman lines increases linearly with increasing the density of irradiation-induced defects, which is explained by the developed theoretical model.
High-temperature annealing in vacuum leads to partial restoration of the
damaged lattice, in contrast with annealing in forming gas.
After high-temperature annealing, the deformation of the graphene lattice is
retained which leads to a change in the energy of in-plane transverse optical
phonon (iTO).
Note that the results obtained refer to graphene films deposited on a widely
used SiO2/Si substrate and, therefore, may be of interest when using ion irradiation to change the properties of deposited graphene and corresponding devices.
A similar cycle is planned for studying samples of suspended or "free standing"
graphene.
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