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Environment-induced effects on the E2G G-band and A1′ 2D-band Raman spectral features of single-layer
graphene provide insights on the intrinsic and extrinsic dependences of the phonon energy and line width on
temperature. Graphene prepared via mechanical exfoliation in air exhibits a G-band line width that increases
with temperature between 298 and 573 K but shows an opposite trend after annealing under Ar. The opposing
temperature dependences are considered within the context of Kohn anomaly induced phonon softening and
broadening. The primary cause of the changes in the E2G phonon energy and the electron-phonon coupling
is attributed to ambient O2 shifting the Fermi level away from the Dirac point. Our results emphasize the
need to carefully consider the sample environment when investigating electronic and vibrational properties
of graphene.

Having one of the highest carrier mobilities ever reported,1,2

integration of single-layer graphene (SLG) in electronic devices
is of pronounced interest. Raman spectroscopy has proven to
be a key tool for characterization of SLG doping and the
vibrational band structure,3-7 which are arguably the most
important characteristics governing electronic transport; doping
determines the carrier type and concentration, and the phonon
band structure determines the vibrational modes that cause
carrier scattering. Though the response of graphene to various
gas atmospheres has been considered for sensor applications,8,9

there has been a limited number of studies addressing the effects
that an ambient air environment have on the Fermi level position
and phonon modes of this all-surface material.10-12 Carbon
nanotubes exhibit significant changes in electrical and optical
characteristics due to ambient air.13-17 These effects of the
ambient surrounding are important to consider since SLG would
undergo processing, such as lithography, for use in devices or
even be operated in contact with various materials (such as top
gate dielectrics for transistors or low-k material for interconnects)
that may compromise its supposed high performance.

Our Raman spectroscopy study elucidates the differences
between “air-altered” and “intrinsic” behavior of SLG on SiO2

substrates. By intrinsic, we refer to the behavior observed under
Ar atmosphere after minimizing the effects of ambient air by
thermal annealing under Ar. A primary cause of these discrep-
ancies is shown to be the effects of O2 from ambient air. With
this knowledge, we then proceed to investigate the temperature
dependence of the G-band (occurring at ∼1585 cm-1) and the
2D-band (∼2680 cm-1) peak frequencies and line widths of
intrinsic SLG. This information is valuable in understanding
electron-phonon coupling (EPC) and anharmonic phonon-

phonon interactions in graphene and is also useful for predicting
the performance of graphene-based electronic devices operating
at elevated temperatures.

Graphene samples were made via mechanical exfoliation of
highly oriented pyrolytic graphite on SiO2/Si substrates with
300 nm thick oxide.18,19 Raman spectra were acquired on a Jobin
Yvon LabRam HR 800 micro-Raman spectrometer with a 532
nm laser excitation and a 100× long working distance air
objective providing a spot size of ∼1 µm. Power at the objective
is ∼3 mW. In situ Raman measurements were carried out in an
airtight heating stage having an inlet and exhaust for gas flow.
All Ar annealing was carried out with a flow rate of 20 cm3/
min and heating and cooling rates of 10 K/min. Spectra were
collected 10 min after each temperature of interest was reached
(298, 373, 473, and 573 K). Unlike heating SLG under an O2-
rich atmosphere, which has been shown to lead to a large D-band
appearance and observable etch pits,11 our mild thermal treat-
ment under inert atmosphere does not create an observable
D-band.

Effects of an Ambient Environment on Single-Layer
Graphene. Figure 1 shows the Raman spectra and correspond-
ing fitting curves for the G- and 2D-bands of a SLG sample
(referred to from here on as sample S1) as prepared in air, after
Ar annealing at 573 K, and after subsequent exposure to O2

flow of 10 cm3/min for 5 min at 298 K. Fits are composed of
a single Lorentzian curve for both G- and 2D-bands, the latter
being evidence that S1 is SLG.20-22 Spectra for another sample
(S2, discussed later) are shown in Figure 3, which confirms that
it is SLG also. The inset of Figure 1 shows the absence of the
D-band (expected at ∼1340 cm-1).3 Even with an extended
collection time and averaging giving a signal-to-noise ratio of
∼60 or better for the 2D-band peak, no D-band is observed at
the same baseline noise level. None of the spectra taken for S1
and S2, independent of the temperature and sample environment,
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exhibit any detectable D-band, which is indicative of the quality
of our samples.

Ar annealing causes a downshift in the G-band peak position
(ωG) of ∼4 cm-1 and a fwhm (ΓG) increase of ∼11 cm-1, both
of which indicate that the Fermi level (EF) shifts toward the
charge-neutral Dirac point energy (Eo).3,4,23 We note that similar
spectral changes have been observed even under milder Ar
annealing temperatures of 393 K.12 Both graphene and metallic
carbon nanotubes are known to exhibit strong electron-phonon
coupling (EPC) as EF approaches Eo, causing the G-band to
broaden due to this additional scattering process.3-6,22 A
reduction in carrier concentration also causes the Fermi surface
wavevector, kF, to decrease and ωG to soften by the Kohn
anomaly condition q ) 2kF, with q being the wavevector of
phonons susceptible to EPC. Both behaviors are understood to
be symmetric about Eo (i.e., the values of ωG and ΓG are only
dependent on doping magnitude, not type).4 Recent electrical
measurements have shown that graphene transistors in ambient
air exhibit p-type doping.24 In fact, most, if not all, measurements
reported to date require an external gate potential to shift EF to
Eo.3,4 Raman, near-IR absorption, photoluminescence, and elec-
trical measurements and theoretical considerations of carbon
nanotubes have shown the same p-type doping effects, with O2

specifically being considered as the cause.16,25-32 Therefore, we

suspect the observed changes in the G-band upon Ar annealing
to arise from a reduction in p-type doping by thermal removal
of oxygen-containing species from SLG. The spectral progres-
sion of S1 after exposure to pure O2 supports this explanation
since opposite behaviors in ωG and ΓG (i.e., upshifting and
narrowing) are seen relative to Ar annealing.

Thermal desorption of other molecules could accompany the
removal of oxygen species when heating. Thus, the density of
adsorbed oxygen-containing groups (and therefore p-type dop-
ing) after pure O2 exposure may be greater since the surface is
“cleaned” by Ar annealing. The larger value of ωG under O2

with respect to that for as-prepared in air supports this idea.
Our spectrometer resolution of ∼0.5 cm-1 is not sufficient to
resolve the difference in ΓG between the two cases. The similar
values arise possibly because SLG under both conditions is
doped enough not to be significantly affected by the Kohn
anomaly induced broadening (ΓG values converge to ∼8 cm-1

for |EF - Eo| > ∼400 meV).4

The fwhm of the 2D-band (Γ2D) does not exhibit broadening
due to EPC because the associated phonons are too high in
energy.4 This explains the relatively small differences in Γ2D

observed under the three conditions. On the other hand, this
peak is still susceptible to frequency downshifts due to removal
of p-type doping, but unlike ωG, ω2D remains approximately
constant at 2682 cm-1. On the basis of the experimental report,
we expect ω2D to remain approximately constant between EF

- Eo values of -200 and +400 meV and then begin to decrease
with further n-type doping.4 EF - Eo values up to -200 meV
have been shown to be typical of air doping of carbon
nanotubes.33 This may explain why Ar annealing leaves ω2D

practically unchanged at ∼2682 cm-1 even though it does lead
to a Fermi level shift according to changes in the G-band. Only
upon pure O2 exposure after annealing does ω2D finally increase,
indicating that EF - Eo < -200 meV. This provides additional
evidence that Ar annealing may induce desorption of other
molecules in addition to oxygen-containing species, as men-
tioned above.

The details of the subsequent Ar annealing cycle of O2-
exposed S1 (Ar annealed and exposed to O2 prior to temperature
dependence measurements) as well those as of air-exposed
sample S2 (Ar annealed and exposed to air overnight prior to
temperature dependence measurements) are now discussed. The
values of ωG, ΓG, ω2D, and Γ2D during this annealing cycle are
shown in Figure 2 for both samples. G-band trends upon heating
are consistent with the removal of oxygen species causing a
loss in p-type doping, as considered above. An interesting point
to note is the difference in temperatures at which ωG and ΓG

(of both samples) begin to follow their cooling curves. This
may indicate that ΓG provides a more sensitive measurement
of doping. The ω2D does not show much difference between
heating and cooling cycles because of the range of EF - Eo

between ∼-200 and +400 meV, where it is nearly independent

Figure 1. G- and 2D-band behavior of single-layer graphene (sample
S1) as prepared, after Ar annealing, and after subsequent O2 exposure.
The middle spectrum labeled “Ar Ann.” corresponds to measurement
at room temperature (the same temperature as the other two spectra)
after Ar annealing at 573 K. The inset is of the D-band region showing
no peak intensity. Lorentzian fits are in gray within the actual data.
Peak positions, ω, and the full width at half-max, Γ, are indicated.

Figure 2. G-band and 2D-band peak frequencies (ωG, ω2D) and full
width at half-max values (ΓG, Γ2D) for the O2-exposed sample S1 and
the air exposed sample S2 during the first Ar annealing cycle after
doping. Initial data points prior to heating are taken under O2 for S1
and air for S2, while all others are under Ar. Forward arrows indicate
heating, and reverse arrows indicate cooling in (a), (b), and (d). The
line for ω2D is a guide to the eye.

Figure 3. Progression of the Raman spectrum with temperature while
cooling during the last Ar annealing cycle of sample S2. Lorentzian
fits to each peak are in gray within the actual data.
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of doping. Γ2D stays within ∼ 2 cm-1 while heating, which,
again, is because EPC does not affect Γ2D. Explanations of
intrinsic trends in ωG, ΓG, ω2D, and Γ2D observed during sample
cooling are considered below. The two critical points that Figure
2 relays are (1) that the ambient environment of SLG greatly
affects the sample doping level and must be taken into account
not only in Raman investigations but also in electrical and
optical studies where EPC and EF position dictate many
properties of interest and (2) that upon cooling, values of ωG,
ΓG, ω2D, and Γ2D all begin to converge, implying that SLG
becomes intrinsic after Ar annealing, independent of sample
history (excluding intentional harsh oxidative or other covalent
bond forming/breaking processes). This simple Ar annealing
approach may be used to eliminate large variations in doping
levels observed across as-prepared SLG samples.10

Intrinsic Behavior of Single-Layer Graphene Raman
Spectral Features with Temperature. With initial complica-
tions of the air environment on line widths and frequencies
defined, additional heating cycles under Ar were conducted to
study the response of G- and 2D-band peaks of intrinsic SLG
with temperature. The spectra for cooling during the very last
Ar annealing cycle of S2 are shown in Figure 3 as an example.
Figure 4 shows the dependence of ωG, ΓG, ω2D, and Γ2D on
temperature for S1 averaged over three sequential coolings (S2
shows the same behavior). Note that in Figure 1, ΓG ) 19.6
cm-1 for S1 after the first Ar annealing, while Figure 4b shows
that it should be closer to 25.5 cm-1. It is likely that S1 is not
intrinsic after just one heating and cooling cycle. Therefore,
only data taken after at least two complete cycles are considered
here, which seems to be enough to reach intrinsic behavior (i.e.,
overlapping data between cycles). The ωG(T) and ω2D(T) in
Figure 4 are fitted with linear relationships similar to Calizo et
al.34,35 (solid lines, black). A polynomial fit of ωG(T) is also
included (dashed line, blue), with fixed coefficients estimated
from the ab initio results of Bonini et al.36 For the linear fit of
ωG(T), our values of the slope and intercept are expectedly larger
than those of refs 34 and 35, owing to our investigation of
temperatures above room temperature rather than below. For
the polynomial fit, the only fitting parameter of ωG at T ) 0 K
and direct use of fixed coefficients for graphene given in footnote
31 of ref 36 give a reasonable agreement within ∼2 cm-1.

While Γ2D increases with increasing temperature, ΓG shows
an unusual decrease with temperature. ΓG(T) is determined by
the sum of contributions from electron-phonon (ΓG

e-p) and
phonon-phonon (ΓG

p-p) interaction terms. ΓG
p-p is expected

to vary by only ∼0.5 cm-1 across the temperature range
considered here36 and has been fixed to equal 2 cm-1 for the
subsequent analysis. ΓG

e-p is estimated following ref 36 as

ΓG
e-p(T)) {ΓG

e-p(T) 0)} × [f(- pω0

2kBT)- f( pω0

2kBT)] (1)

where

ΓG
e-p(T) 0))

√3a0
2p2

4M�2
〈DE2G

2 〉F

from ref 37, f(x) is the Fermi-Dirac distribution, a0 ) 2.46 Å
is the graphite lattice parameter, M is the mass of a carbon atom,
� ) 5.52 Å · eV is the calculated slope of the electron dispersion
at the K-point of the Brillouin zone, pω0 is the E2G phonon
energy, and 〈DE2G

2 〉F is the EPC matrix element for E2G phonons.
Thermal smearing of the electron energy distribution increasing
population above and decreasing population below the Dirac
point decreases ΓG

e-p (and therefore ΓG) with increasing tem-
perature, which is observed in Figure 4b.

Data in Figure 4b is fit using eq 1 plus a 2 cm-1 offset to
take ΓG

p-p into account. Here, pω0 is fixed at 196 meV for
simplicity since it only changes by ∼1.5 meV from 298 K to
573 K. Then, the only fitting parameter is ΓG

e-p(T ) 0), and
the best fit to the experimental data is obtained with ΓG

e-p

(T ) 0) ) 24.9 cm-1, which is about a factor of 2 larger than
the calculated value given in refs 36 and 37. We note that 〈DE2G

2 〉F

has been calculated by many groups6,37-43 and has been predicted
to have values as low as 8.5 eV2/Å2, giving ΓG

e-p(T ) 0) ) 2.1
cm-1, and as high as 86 eV2/Å2, giving ΓG

e-p (T ) 0) ) 20.7
cm-1. Given the amount of uncertainty in this value, in addition
to possible variations in �, we believe that our obtained fitting
parameter ΓG

e-p(T ) 0) ) 24.9 cm-1 is reasonable.
To summarize, we have described the p-type doping effect

that ambient O2 has on the Raman spectrum of air-exposed
single-layer graphene. The ability to remove these environmental
effects has allowed for the direct experimental observation of
the temperature-enhanced reduction of EPC in intrinsic graphene
due to electron energy smearing leading to a decreasing G-band
phonon mode line width with increasing temperature. Both
ambient air doping and the temperature effects on Raman spectra
have been explained within the context of the strong EPC near
the Dirac point.
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