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Raman scattering is used to study disorder in graphene subjected to low energy (90 eV) Ar*
ion bombardment. The evolution of the intensity ratio between the G band (1585 cm ') and
the disorder-induced D band (1345 cm ') with ion dose is determined, providing a spectros-
copy-based method to quantify the density of defects in graphene. This evolution can be

fitted by a phenomenological model, which is in conceptual agreement with a well-estab-

lished amorphization trajectory for graphitic materials. Our results show that the broadly

used Tuinstra-Koenig relation should be limited to the measure of crystallite sizes, and

allows extraction of the Raman relaxation length for the disorder-induced Raman scatter-

ing process.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In carbon materials, mechanical properties can be improved
and the synthesis of new phases can be induced by introduc-
ing controlled amounts of lattice damage [1,2]. Raman spec-
troscopy has been largely used to identify disorder in the
sp®-network of different carbon structures [3-8]. The Raman
signature for disorder is the observation of the so-called D
band (D for disorder), appearing at ~1345 cm™*. The evolution
of disorder is usually quantified using the well-known Tuin-
stra-Koenig relation Ip/Ig = C(%)/L, [3], where Ip/Ig accounts
for the intensity ratio between the disorder-induced D band
and the Raman-allowed first-order G band (~1585cm™?).
The proportionality constant C(1) depends on the excitation
laser wavelength 1. The most commonly used value is

C(7) ~4.4nm for 7=488nm [3]. Although this relation was
developed for measuring the size of crystalline sp? clusters
(L), it has been generally used to quantify the density of de-
fects in sp? carbons, including electron [7] and ion [8] bom-
bardment-induced defects in graphene.

In this work the ion bombardment technique is used to
gradually induce disorder in graphene and Raman spectros-
copy is applied to probe the evolution of disorder. This type
of study has been developed previously in graphite [2]. The
novelty about graphene is that, in this one-atom thick mate-
rial, the results are independent of both the penetration
depths for the incident light and ions. Our analysis leads us
to the formulation of a phenomenological model for the
quantification of disorder in graphene. This model is in con-
ceptual agreement with the amorphization trajectory pro-
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posed by Ferrari and Robertson for graphitic nano-crystallites
[5], which describes the evolution of the Raman-based disor-
der signature Ip/Ig when decreasing the crystallite sizes. On
the other hand, our results show that the Tuinstra-Koenig
relation [3] should not be applied for a quantitative analysis
of ion-induced defects in graphene. Finally, we also extract
the Raman relaxation length for the disorder-induced Raman
scattering process in graphene. A value that is one order of
magnitude lower than what has been published in the litera-
ture [9,10] was found.

2. Experiment

Scanning tunneling microscopy (STM) measurements can
provide an accurate measure of the defect density. However,
direct measure on graphene would require metallization of
the sample, which is expected to substantially change its
pristine properties by changing the effective Coulomb inter-
actions [11]. For this reason, we adopted a highly oriented
pyrolytic graphite (HOPG)-based calibration procedure, as de-
scribed below:.

Initially, consecutive Ar* ion bombardment, STM and Ra-
man spectroscopy experiments were performed on bulk
HOPG (ZYB grade, 20 x 20 x 2 mm, NT-MDT company). These
measurements will be used to calibrate the bombardment
procedure that is further applied in this work to the graphene
samples. STM imaging (with etched tungsten tips) and ion
bombardment experiments (with a partial argon pressure
lower than 2 x 107> mbar) were carried out in an OMICRON
VT-STM  ultra-high system (base pressure
5.0 x 10~* mbar) equipped with an ISE 5 Ion Source. The ion
beam incidence angle was 45° with respect to the normal
direction of sample’s surface. Low energy ions (90 eV) were
used to produce the structural defects. These low energy ions
have been experimentally confirmed to barely exceed the
threshold value for the displacement of surface C atoms,
thereby avoiding cascade effects [12,13]. The bombardment
ion doses span the typical values applied for ion implantation
studies [2]. We start with 10'* Ar* impacts per cm?, which cor-
responds to one defect per 4 x 10* C atoms, and we go up to
10" Ar*/cm?, the limit for full disorder in graphene.

Fig. 1a shows an STM image of the hexagonal honeycomb
lattice of the bulk HOPG top layer, prior to the bombardment
procedure. Figs. 1b and ¢ show that, up to 10* Ar*/cm?, the
ion bombardment-induced defects are isolated from each
other. Each defect causes a rather large disordered area in
the STM images (~1 nm radius, see the inset to Fig. 1b). Near
the 10" Ar*/cm? dose (Fig. 1d), the disordered areas start to
coalesce. Then the surface exhibits a mixture of ordered
and disordered regions (see inset to Fig. 1d). At the 10™* Ar*/
cm? dose (Fig. 1e) and above, the hexagonal crystalline pat-
tern can no longer be observed by probing the local density
of electronic states by STM. Analysis of the STM images at
each ion dose gives the defect density ¢ (or the corresponding
ion dose) by the direct counting of defects. From ¢ we can ex-
tract the average distance between defects, Lp = % For the
highest ion doses, when the defects start to coalesce, we con-
sider the defect density increases linearly with bombardment
time.

vacuum

Fig. 1 - STM images of the surface of a bulk HOPG sample
subjected to 90 eV Ar* ion bombardment. From (a-e) the
panels display results at zero, 10**, 10", 10*® and 10* Ar*/
cm? ion doses. Insets to (b) and (d) show the detailed atomic
structure of the defective areas at their respective ion doses.

For each ion bombardment dose, the bulk HOPG specimen
was cleaved in air, immediately inserted into the ultra high
vacuum chamber and further transferred to the Raman spec-
trometer. The micro-Raman scattering measurements were
performed with a Horiba Jobin-Ivon T 6400 triple-monochro-
mator equipped with a N, cooled charge coupled device
(CCD) detector. We apply the backscattering configuration,
using a 100x objective (~1pum? beam spot at the sample).
The excitation laser energy was 2.41 eV (514.5 nm). Low power
(0.25 mW at the microscope objective) was used to avoid heat-
induced sample damage or graphitization. To fully calibrate
the bombardment procedure that is further applied to the
graphene samples, ion bombardment and consecutive Raman
measurements on bulk HOPG were performed three times, for
up to eight different ion doses between 10** and 10%° Ar*/cm?.
The Raman response was measured at up to 7 locations with-
in the bulk HOPG specimen for each ion dose. Fig. 2 shows the
evolution of the bulk HOPG Raman spectra, where we chose
only one representative spectrum of each ion bombardment
dose displayed in Fig. 1. The spectra in Fig. 2 will be used in
this work for calibration of the graphene sample measure-
ments, as discussed in Section 3.1.



1594

CARBON 48 (2010) 1592-1597

05 T T
G
04
>
z |
Q
=
o
o}
N
g
S D 10"
= 16"
10"
11
pristine 10

0.0
1200

1400 1600
Raman shift (cm'w)

Fig. 2 - Evolution of the first-order Raman spectra of the
same bulk HOPG sample displayed in Fig. 1, measured after
each bombardment and STM imaging procedures. We use a
/=514 nm laser. The ion doses are displayed next to the
respective spectrum in units of Ar*/cm?. Each spectrum is
normalized to its respective G band and the results for each
sample are displaced vertically for clarity.

Finally, three different graphene samples (all single-layer,
tens of um in size) were prepared from mechanical exfoliation
of the same bulk HOPG specimen, and deposited onto a Si sub-
strate with a 300 nm layer of SiO,, following a nowadays
broadly used procedure [14]. No further cleaning or processing
was applied to the graphene samples to avoid changing its
pristine properties. Optical microscopy was used to map the
graphene sample location on the Si/SiO, substrate [14]. The
single-layer graphene samples were identified by both Raman
spectroscopy [15] and atomic force microscopy (AFM instru-
ment from JPK company, in the tapping mode under ambient
conditions). In one of the samples, a small HOPG flake (~50-
layers in thickness, as inferred from its AFM height) was found
nearby. The correlation between the ion bombardment-in-
duced effects on the Raman spectra of bulk HOPG (Fig. 2)
and of this ~50-layer HOPG confirms that the ion bombard-
ment calibration procedure developed for HOPG applies to
the single-layer graphene samples (more details are found in
Section 3.1). For the graphene experiments, the Si/SiO, sub-
strate Raman peak in the 950-1000 cm~* range was measured
and used to check the Raman intensity calibration.

3. Results and discussion
3.1. Raman spectroscopy results on ion bombarded
graphene

Fig. 3 shows the Raman spectra of graphene subjected to the
same ion dose bombardments shown in Figs. 1 and 2. From
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Fig. 3 - Evolution of the first-order Raman spectra of a mono-
layer graphene sample deposited on an SiO, substrate,
subjected to the same ion bombardment conditions as are
shown in Figs. 1 and 2, using a i =514 nm laser. The ion
doses are indicated next to the respective spectrum in units
of Ar*/cm?. The spectra in this figure are also displaced
vertically for clarity. A second disorder-induced peak around
~1620 cm ! (named the D’ band) also appears, but we do not
focus on this feature here.

the pristine sample to the lowest bombardment dose in
Fig. 3 (10" Ar*/cm?), the D band scattering process is acti-
vated, leading to the observation of a very small intensity D
peak, as compared to the G peak. By increasing the bombard-
ment dose, the intensity of the disorder peak increases. Above
10 Ar*/cm? the Raman peaks start to broaden significantly,
with no change in peak frequencies. This description is sim-
ilar to what has been observed for bulk HOPG (see Fig. 2),
although some details are different. Firstly, for HOPG a larger
G band is always observed due to the contribution from the
undisturbed under-layers. Secondly, for graphene, above
10" Ar*/cm? the spectra show a decreased intensity, indicat-
ing full amorphization or partial sputtering of the graphene
layer. For HOPG, above 10%° Ar*/cm? I/l saturates and no fur-
ther change is observed in the Raman spectra because of the
large number of layers to be amorphized and/or sputtered.
Thirdly and even more important, the quantitative develop-
ment of the Ip/Ig ratio for graphene and graphite are very dif-
ferent, as shown below.

The Ip/Ig values are here obtained by considering the peak
intensity at the fixed D- (1345 cm™?) and G-band (1585 cm ™)
frequencies. To quantify the development of disorder in
graphene, we plot the Ip/Ig data as a function of the average
distance between defects Lp, as shown in Fig. 4. The inset to
Fig. 4 stands for the HOPG-based ion dose calibration. The
Ip/Ig evolution for the ~50-layer HOPG (bullets) is compared
with the Ip/I; observed in the bulk HOPG (diamonds). The dif-
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ferences in absolute values depend on the light penetration
depth and on the number of layers. For this reason, the bulk
HOPG data in the inset to Fig. 4 had to be scaled by x3.5 to
fit the 50-layers HOPG values. However, the Ip/Ig values in-
crease and saturate at the same ion doses, showing that the
ion doses are the same and the calibration procedure was
accurate. Now moving to the main panel of Fig. 4, the Ip/Ig
has a non-monotonic dependence on Lp, increasing with
increasing Lp up to Lp~4nm, and then decreasing for
Lp >4 nm. Such behavior suggests the existence of two disor-
der-induced competing mechanisms contributing to the Ra-
man D band. These competing mechanisms are the basis
for our phenomenological model for the Lp dependence of
Ip/Ig that is developed in the next section.

3.2. Modeling the Ip/Ig vs. Lp dependence

We model the results in Fig. 4 considering that a single impact
of an ion on the graphene sheet causes modifications on two
length scales, here denoted by ra and rs (with ra > rs), which
are the radii of two circular areas measured from the impact
point (see Fig. 5). Within the shorter radius rs, structural dis-
order from the impact occurs, as shown in the inset to
Fig. 1b. We call this the structurally-disordered or S-region. For
distances larger than rs but shorter than r,, the lattice struc-
ture is preserved, but the proximity to a defect causes a mix-
ing of Bloch states near the K and K’ valleys of the graphene
Brillouin zone, thus causing a breaking of selection rules,
and leading to an enhancement of the D band. We call this
the activated or A-region. In qualitative terms, an electron-
hole excitation will only be able to “see” the structural defect
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Fig. 4 — The Ip/I; data points from three different mono-layer
graphene samples as a function of the average distance Lp
between defects, induced by the ion bombardment
procedure. We use intensity ratio rather than integrated
area ratio because, below Ly, ~ 5 nm, the G and D’ peaks
overlap. The solid line is a modeling of our data with Eq. (1).
The inset shows the Ip/Ig vs. Lp on a log scale for two
graphite samples: (i) a ~50-layer graphene sample found
near one of the three mono-layer graphene samples
(bullets); (ii) the bulk HOPG sample used for calibration
(diamonds). The bulk HOPG values are here scaled by (Ip/
Ig) X 3.5.

Fig. 5 - (a) Definition of the “activated” A-region (green) and
“structurally-disordered” S-region (red). The radii are
measured from the impact point which is chosen randomly
in our simulation. (b—e) shows 55 x 55 nm portions of the
graphene simulation cell, with snapshots of the structural
evolution of the graphene sheet for different defect
concentrations: (b) 10** Ar*/cm?; (c) 102 Ar*/cm?; (d) 10
Ar*/cm?; (e) 10'* Ar*/cm?, like in Fig. 1.

if it is created sufficiently close to it and if the excited electron
(or hole) lives long enough for the defective region to be
probed by Raman spectroscopy. If the Raman scattering pro-
cess occurs at distances larger than ¢ =r, — 15 from the defec-
tive region, the wavevector k is a good quantum number for
analyzing the scattering selection rules and those regions will
only contribute to the G band. Our phenomenological model
for the Ip/I; ratio is given by:

2 (Lo) = Cafallo) + Cefs(Lo), )

where f, and fs are simply the fractions of the A and S areas in
the sheet, respectively, with respect to the total area. The A-
regions will contribute most strongly to the D band, while
the S-regions will make less contribution to the D band due
to breakdown of the lattice structure itself.

We now describe the stochastic simulations (see Fig. Sb—e)
used to implement our phenomenological model for the Ip/Ig
ratio. The structurally-disordered (S) region is shown in red in
Fig. 5a and the activated (A) region is shown in green in
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Fig. 5a. We simulate the structural evolution of a graphene
sheet under ion bombardment by randomly choosing a se-
quence of impact positions on a (100 x 100 nm?) sheet. We de-
fine the following set of rules for each event: (1) Pristine
regions (white area in Fig. Sb-e) may turn into S (red) or A
(green), depending on the proximity to the impact point; (2)
Similarly, A-regions may turn into S (red); (3) S-regions always
remain S. Then, the initially pristine sheet evolves, as the
number of impacts increase, to be mostly activated, leading
to an increase of the D band. In sequence, the mostly struc-
turally-disordered regions become increasingly widespread,
leading to a decrease of the D band. Snapshots of this evolu-
tion are shown in Fig. 5b-e for the same concentrations as
Fig. 1b-e. Our stochastic simulations of the bombardment
process, with the impact points for the ions chosen at ran-
dom, combined with Eq. (1) with parameters Cu =4.56,
Cs=0.86, ra=3nm and rs=1nm, gives the full line curve in
Fig. 4, which is in excellent agreement with the experimental
results in this figure.

3.3. Discussion

The non-monotonic behavior can be understood by consider-
ing that, for low defect density (large Lp), the total area con-
tributing to scattering is proportional to the number of
defects, giving rise to a Ip/Ig = (102 + 2)/L2 dependence that
works well for Lp > 2rs. This result is based on geometry. If
we consider an edge (one-dimensional) defect, rather than a
point defect, as it is appropriate for crystallites of nanome-
ter-scale sizes L, [3,5], our model gives an Ip/Ig o< 1/L, depen-
dence, in agreement with the Tuinstra-Koenig relation [3].

Upon increasing the defect density, the activated regions
start to overlap and these regions eventually saturate. The D
band intensity then reaches a maximum. Further increase
in the defect density decreases the D band intensity because
the graphene sheet starts to be dominated by the structurally-
disordered areas.

The length scale rs = 1 nm, which defines the structurally-
disordered area, is in agreement with the size of the disor-
dered structures seen in the STM images (see inset to
Fig. 1b). This parameter should not be universal, but it is typ-
ical to our bombardment process. The Raman relaxation
length for the resonant Raman scattering in graphene for a la-
ser energy of 2.41eV is found to be /=714 — rs=2nm. This ¢
value is one order of magnitude smaller as compared with re-
ported values [9,10], and in better agreement with the
¢=4nm value estimated in [16,17]. The C4 parameter in Eq.
(1) is a measure of the maximum possible value of the Ip/I¢ ra-
tio in graphene. C, would occur in a hypothetical situation in
which K —K' wavevector mixing would be allowed every-
where, but no damage would be made to the hexagonal net-
work of carbon atoms. C, should then be defined by the
electron—-phonon matrix elements, and the value C, =4.56 is
in rough agreement with the ratio between electron-phonon
coupling for the optical phonons evaluated between the I
and K points [18]. The Cs parameter is the value of the Ip/Ig ra-
tio in the highly disordered limit, which has not yet been ad-
dressed theoretically.

Finally, Fig. 6 compares our results with the amorphization
trajectory proposed by Ferrari and Robertson [5] (see details in

the caption to Fig. 6). In general, our experimental data vali-
date the proposed trends. However, our model is quantita-
tively more accurate for describing the evolution of Ip/Ig
with Lp for ion-induced defects in graphene.

3.4. Rate equations for practical usage

For practical means, we can obtain an analytic expression for
Ip/Ig as a function of Lp = 6~ Y2 by solving the following rate
equations for the evolution of the S- and A-regions:

dSs  ,(Sr—Ss

d—me’s< s > (2)
dSa ., 5 (Sr—Ss—Sa

W_R(YA_YS) s (3)

where Ss, S4 and St denote the structurally disordered, acti-
vated and total areas of the sheet, respectively, and N is the
number of Ar* impacts. These equations are consistent with
the rules for the stochastic simulations described in Sec-
tion 3.2. In terms of the area fractions fs = Sa/St, fs=Ss/St
and o = N/Sy, these equations become

%:ﬂé(l —f5) @)
R 8

These simple rate equations can be solved analytically.
With the initial conditions fs=0 and fo=0 for ¢=0, and
expressing the results in terms Lp = ¢~ 2, the solutions are:

fs(Lp) = (1 — e™s/02) (6)
-1 —w2/lp2 _ p-n(r2 —12)/Lp2

fallp) = 57— 5 (e775/2% — e AT, 7)
A S

Finally, the entire regime (0 — Lp — oo) can be fitted using:

0 5 10 15 20 25
L, (nm)

Fig. 6 - Comparison of the Ip/I; data points from Fig. 4 with
the amorphization trajectory proposed by Ferrari and
Robertson [5]. The dashed, dotted and solid lines are given
by Ip/lg = 0.0055L2 (from Ref. [5]), In/Ig = 11/Lp (from Ref. [3]
with a 2.5 times larger proportionality constant to fit the
data) and Ip/Ig = 102/L3 (this work), respectively. The inset
shows the same plot in a log-log scale, but replacing the Ip/
Ig = 102/L2 relation by our full model, as given by Eq. (1)
(solid line).
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2 _ 42
In/lg = Ca~2—25 [exp(—nr2 /L) — exp(—n(r% — 12)/13)]
ra — 21§
+Cs[1 - exp(—~nr2/L3)] (8)

A fit of Eq. (5) to our data in Fig. 4 gives Cn=(4.2 +0.1),
Cs=(0.87 £0.05), 74 = (3.00 £ 0.03) nm and rs = (1.00 + 0.04) nm,
also in excellent agreement with experiment and consistent
with the parameters obtained within our computational
modeling.

5. Summary

We measured the effect of disorder in the Raman spectra of
graphene subjected to low energy Ar* ion bombardment,
sweeping across the two length scales that characterize ion-
induced lattice disorder (rs) and Raman scattering electron-
relaxation (¢ =ra — rs). Our model provides a method to quan-
tify the density of defects ¢ or, equivalently, the average dis-
tance between defects Lp = % in graphene. Before the
defects start to coalesce (Lp > 6 nm in our case), the expected
behavior occurs, i.e. Ip/lg = A/LL g, where A = (102 + 2) nm?
was found. When the defects start to coalesce there is a com-
petition between two disorder mechanisms, and Eq. (8) can be
used for quantitative analysis to determine the relative
importance of each mechanism. Our results allowed us to ex-
tract the Raman relaxation length ¢ for the disorder-induced
Raman scattering process in graphene. We found the value
¢=2nm, which is the value valid for our excitation laser
wavelength 1 =514 nm, but this value is expected to depend
on / [6,17]. The Ip/Ig results on HOPG are different from those
on mono-layer graphene, showing an increase and saturation
of Ip/Ig with decreasing Lp. It would be interesting to extend
this work to bilayer, trilayer graphene samples. At some point,
the evolution has to converge to the HOPG result, thus giving
important information about the penetration depth of ions
and light.

Finally, our phenomenological model can also be used to
obtain the Tuinstra-Koenig relation [3] Ip/Ig « 1/L,, by consid-
ering the crystallite border as an extended (one-dimensional)
defect structure, and by changing the crystallite size L,. To
use our results to obtain the constant C for the Tuinstra-Koe-
nig relation, one has to know rs. Since rs may change from
sample to sample, it is expected that different experiments
would give different proportionality constants for Ip/Ig = C/
L,, as already stated by Cuesta et al. [19]. Our results may
be useful to study the amorphous structure of the crystallite
borders.
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