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a b s t r a c t

Temperature-dependent Raman studies of anharmonic phonon-phonon processes in supported gra-
phene are presented. Different G peak position temperature dependencies for graphene on glass and
copper substrates were observed. Having calculated graphene-substrate total interaction energy taking
into account substrate-induced strain, we estimated E2g mode energy changes due to anharmonic
phonon-phonon interaction as the temperature decreases from room temperature to a value close to
absolute zero for both substrates. For graphene on glass, the obtained value was about 1.8 times greater
than the theoretical one for suspended graphene. For graphene on copper, the value was about 2.9 times
greater. This result demonstrates a strong substrate influence on anharmonic phonon-phonon processes
in graphene.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a promising material for a variety of applications
due to its unique physical properties [1]. Among them, one can
emphasize an unusually high thermal conductivity [2]. The latter
is known to be strongly affected by anharmonic phonon-phonon
scattering [3,4], which is important for genuine understanding
of thermal transport and other fundamental processes in
graphene.

For a number of applications, graphene layers on substrates are
needed. Graphene-substrate interfaces, in turn, affect physical
properties of graphene [5e10], thus making experimental study of
supported graphene layers relevant.

Raman spectroscopy is one of the most powerful tools for gra-
phene studies [11,12]. Particularly, analysis of G peak temperature
behavior is of great practical importance for determining graphene
phonon properties [13].

This paper presents the results of temperature-dependent
Raman studies and related analytical calculations performed to
establish the substrate influence on E2g anharmonic properties.
2. Experimental

Experimental graphene was obtained by atmospheric pressure
chemical vapor deposition (CVD).

Prior to the synthesis, copper substrate was electrochemically
polished in 1 M phosphoric acid solution for 5 min with operating
voltage of 2.3 V. Synthesis was performed in a tubular quartz
reactor with a diameter of 14 mm. During the preliminary treat-
ment, copper foil was annealed at 1050 �C for 60 min under the
following gas flow rates: hydrogene 150 cc/min, nitrogene 100 cc/
min. Synthesis was performed under the following conditions:
reactor temperature e 1050 �C, C10H22 flow rate of 30 mL/min, N2
carrier flow rate of 100 cc/min, synthesis time e 10 min. After the
hydrocarbon flow termination, the sample was cooled down to
room temperature at a rate of ~50 �C/min.

Graphene was transferred to glass by wet-chemical room-tem-
perature etching without polymer support in two steps. First, one
side (the one that was by reactor wall) of copper foil was treated for
3 min in a solution of H2NO3 and H2O mixed in a volume ratio of
1:3. Second, the copper foil was totally dissolved in awater solution
of FeCl3. Graphene film was washed several times in a bath with
distilled water prior to being placed onto glass.

Raman spectra were obtained with a confocal Raman spec-
trometer Nanofinder HE (LOTIS TII) with a spectral resolution better
than 3 cm�1 (~1.6 cm�1 for G peak and ~2.7 cm�1 for 2D peak). For
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Raman radiation excitation, a continuous solid-state laser with a
wavelength of 473 nm was used. Room-temperature Raman mea-
surements were carried out using laser power of 800 mW, laser spot
diameter being of 0.6 mm.

During low-temperature Ramanmeasurements, the sample was
studied in a vacuum (less than 5� 10�4 Pa) temperature-controlled
box. Laser power of 5.8 mW was used, laser spot diameter being of
about 1.5 mm. The measurements were performed in temperature
range from 20 to 294 K with a setting accuracy of ±0.05 K.

AFM measurements were performed using a Solver P47-PRO
SPM tool with Z-axis resolution of 0.02 nm.

3. Results and discussion

Fig. 1 demonstrates typical room-temperature Raman spectra
for graphene on copper and glass substrates. As seen, G and 2D
room-temperature Raman peak positions are upshifted for gra-
phene on copper. After transfer to glass substrate, the positions
changed by 21 cm�1 and 32 cm�1 for G and 2D peaks, respectively.
Since the new values were consistent with the literature data for
graphene [11,12], we consider doping shift contribution [14e16] to
the initially upshifted positions negligible comparing to shift
caused by substrate-induced strain [5,6].

In order to determine substrate surfaces roughness, AFM mea-
surements were performed for both copper and glass substrates
prepared for graphene synthesis and transfer after all preliminary
treatment. As seen from topographic images presented in Fig. 2,
both substrate surfaces demonstrate small height variations, cop-
per substrate being slightly more anisotropic for this parameter.

Surface topography parameters statistically obtained from the
AFM measurements are presented in Table 1. Both substrates
demonstrate sub-nanometer roughness Ra, the values of such order
being small enough (for example, the roughness range studied in
Ref. [17]) and quite close to each other. G peak temperature shift
measurements were repeatable for different substrate points, and
thus substrate surfaces roughness and anisotropy effects were not
considered to strongly affect the cstr value.

Fig. 3 presents G peak position temperature dependencies for
graphene on both substrates. For copper, a linear dependence with
a shift factor of cG exp¼�(5.4±0.4)$10�2 cm�1K�1 was observed. For
glass, G peak position remained unchanged throughout the entire
Fig. 1. Typical room-temperature Raman spectra for graphene on copper (top) and
glass (bottom) substrates. (A colour version of this figure can be viewed online.)
temperature range within the experimental error. Further, we take
cG exp z 0 cm�1K�1 for graphene on glass.

G peak position temperature shift can be explained by changes
in E2g phononmode energy due to (i) phonon-phonon contribution
[18,19] cph; (ii) electron-phonon contribution that changes by less
than 1 cm�1 in 0e800 K temperature range [19] and thus is negli-
gible; (iii) graphene thermal expansion contribution cV; (iv) gra-
phene deformation caused by thermal expansion coefficients
(TECs) difference for graphene and substrate cstr [20,21]. Thus,
phonon-phonon contribution cph can be estimated from the
following expression [20,21]:

cph ¼ cG exp � cV � cstr: (1)

It is important to note that similar analysis for wider tempera-
ture range (i.e. including high-temperature measurements) should
also take into account a dramatic change from hole to electron
electrostatic doping of graphene [22].

Thermal expansion contribution to the observed G peak tem-
perature shift can be described as [20]:

cV ¼ uð0Þ
T1 � T2
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where gE2g is a Grüneisen parameter for an optical phonon from the
center of Brillouin zone (in this paper value of gE2g ¼ 1:8 [23] was
used), aGðT 0Þ is a thermal expansion coefficient for graphene as a
function of temperature T0.

The influence of mechanical stress caused by difference in
thermal expansion coefficients for graphene and substrate can be
written as [24]:

cstr ¼
b

DT

ZT
294K

ðasubðT 0Þ � aGðT 0ÞÞdT 0; (3)

where b ¼ vuG/vε is a biaxial strain rate, ε is a relative deformation
(%), asubðT 0Þ and aGðT 0Þ are the thermal expansion coefficients as
functions of temperature T0 for substrate and graphene,
respectively.

At a room temperature, graphene thermal expansion coeffi-
cient is aG ~ �8$10�6 K [24]. Due to its negative value, atypical for
most materials, the amount of mechanical strain caused by TECs
difference for graphene and the substrate can't be negligible for a
wide variety of conventional substrates. Besides, aG is known to
depend on temperature, with this dependence being strongly
affected by the substrate, and therefore simply considering TECs
difference in order to obtain the amount of mechanical strain is
not enough. In particular, the case of a sufficiently strong inter-
action of graphene with the substrate is possible, wherein aG
value can be positive in the whole temperature range [8], leading
to contraction of graphene lattice rather than expansion, as the
temperature decreases. Thus, the correct calculation of cph using
(1e3) requires close examination of graphene-substrate interac-
tion in order to estimate its energy and to choose the correct
aGðT 0Þ dependencies [8].

In order to compare copper and glass interactionwith graphene,
an approach by Aitken and Huang [25] was used. The estimation
was carried out in the approximation of homogeneous substrate
and defect-free graphene-substrate interface.

Van-der-Waals interaction potential between graphene and



Fig. 2. AFM topographic images (2 � 2 mm) of copper (left) and glass (right) substrate surfaces prepared for graphene synthesis and transfer after all preliminary treatment. (A
colour version of this figure can be viewed online.)

Table 1
Average values obtained from AFM measurements and defining morphology of the
substrate surfaces.

Substrate Copper Glass

Arithmetic mean surface height z, nm 2.21 2.20
Arithmetic mean deviation of the roughness profile Ra, nm 0.46 0.51
Root mean square deviation of the roughness profile Rq, nm 0.62 0.68

Fig. 3. G peak position temperature dependencies for graphene on copper (top) and
glass (bottom) substrates. Squares represent experimental data with measurement
error indicated, lines show the linear approximation. (A colour version of this figure
can be viewed online.)
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substrate can be written as a function of graphene-substrate dis-
tance z [25,26]:

UvdW ðzÞ ¼ �G0

 
3h30
2z3

� h90
2z9

!
; (4)

where h0 is the equilibrium separation distance and G0 is the
adhesion energy per unit area. Here we take the values of G0 for
copper and glass 0.72 J/m2 [27] and 0.45 J/m2 [28], respectively.

The authors of [22] reported distance fluctuations present in the
graphene-substrate system. The amplitude decreased for lower
temperatures, and thus is expected to beminimal for values close to
absolute zero. The fluctuations should be taken into account when
considering average graphene-substrate distance during a similar
calculation for high temperatures.
Here we assume the average equilibrium separations h0 of

0.300 nm for glass substrate [29] and of 0.326 nm for copper sub-
strate [30]. The minimum value of UvdW corresponds to z ¼ h0, and
G0 corresponds to the energywell depth at h0. Parameters G0 and h0
are related to Lennard-Jones constants as

h0 ¼
�
2C2
5C1

�1
6

; (5)

G0 ¼ pC1rsrg
9h30

; (6)

where C1 and C2 are the repulsive and attractive interaction con-
stants, rs and rg are the numbers of atoms per unit volume of the
substrate and per unit area of graphene, respectively.

In the context of graphene-substrate interaction analysis,
substrate-induced strain can be taken into account in terms of
graphene corrugations caused by mechanical stresses induced.
Assuming a linear sinusoidal corrugation z(x) ¼ h0þAGsin(2px/l),
the total energy per unit area of graphene includes two terms. The
first term is van derWaals energy of corrugated graphene, obtained
integrating graphene-substrate interaction potential over a corru-
gation wavelength. The second term is the elastic strain energy.
Thus, the total energy can be expressed as [25]:
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where C is the two-dimensional in-plane elastic modulus, D is the
bending modulus for graphene. By minimizing the total energy
(setting vEtotal

vAG
¼ 0 and vEtotal

vl
¼ 0), equilibrium corrugation wave-

length l and amplitude AG can be determined for a known amount
of strain ε, leading to determination of Etotal.

Room-temperature biaxial strain in graphene on copper, having
emerged due to lattice mismatch or during the cooling stage of
sample preparation (the roughness was considered negligible
based on AFM results), can be obtained from G peak room-
temperature shift DuG with relation to the normal position using
the following expression [31]:
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ε ¼ � DuG

2u0
GgE2g

; (8)

where u0
G ¼ 1581 cm�1 is the normal G peak room-temperature

position. Due to normal positions of room-temperature Raman
peaks for glass substrate, a value of ε ¼ 0was used in calculation of
corresponding Etotal (294 K).

Since several processes influence G peak position temperature
shift, low-temperature biaxial strain was obtained by integration of
thermal expansion coefficients difference as in formula (3). For
copper, thermal expansion temperature dependence aCuðT 0Þ from
Ref. [32] was used. Since thermal expansion coefficient of glass we
used was very close to that of amorphous silicon, aSiðT 0Þ depen-
dence from Ref. [33] was chosen for our estimation. Since we did
not know yet which aGðT 0Þ dependence fromRef. [8] should be used
for our case, we performed Etotal calculation for all dependencies
presented there.

Calculated total interaction energy for copper was 0.83 J/m2, and
for glass Etotal value turned out to be 0.51 J/m2. According to
calculation results, the total interaction energy turned out to
change only in the third digit after the decimal point as the tem-
perature decreased from 294 K to a value close to absolute zero for
graphene on both substrates: Etotal (294 K) - Etotal (0 K)z 0.003 J/m2.
This change is out if the calculation accuracy. Moreover, Etotal value
does not substantially change in case of using any dependence from
Ref. [8], indicating that strain increase due to thermal expansion
coefficients mismatch does not strongly affect graphene-substrate
interaction energy within the utilized approach (but that does
not mean that the impact on cph is also negligible!). Thus, Etotal
defines aGðT 0Þ, but aGðT 0Þ does not have a strong impact on Etotal in
terms of taking into account the substrate-induced strain.

Calculated Etotal values allow to choose the correct temperature
dependencies for graphene thermal expansion coefficient.
Assuming that Etotal difference for both substrates is considered in
aGðT 0Þ dependencies and therefore in equations (2) and (3), cph can
be finally estimated from equations (1)e(3) using aGðT 0Þ de-
pendencies for our interaction energies from Ref. [8]. It turned out
that for both substrates graphene behavior is mostly substrate-
dominated at higher temperatures, and in that temperature range
graphene lattice contracts as the temperature decreases: the aGðT 0Þ
parameter becomes zero at about 190 K and 225 K for glass and
copper substrates, respectively. As the cooling continues, graphene
TEC becomes negative, leading to the lattice-dominated expansion
of the material.

Stronger graphene interaction with crystalline material e cop-
per e leads to more narrow temperature range in which aGðT 0Þ is
negative, comparing to amorphous glass. This leads to lower ab-
solute values of integrals in expressions (2) and (3), signifying that
graphene contracts less before it starts to expand as the tempera-
ture rises. For glass, cV and cstr terms have greater values enough to
nullify cph, resulting in the absence of experimentally measured
shift.

For graphene on glass substrate the obtained phonon-phonon
scattering term is cph ¼ �(4.9±0.6)$10�2 cm�1K�1. This value cor-
responds to E2g phonon mode energy changes (due to anharmonic
phonon-phonon scattering contribution) value of
DE z 1.77$10�3 eV (14.3 cm�1 shift) as the temperature decreases
from 294 K to a value close to absolute zero, this value being
approximately 1.8 times greater than that computed in Ref. [19]
without taking into account substrate influence.

For the case of copper substrate our estimations give
cph ¼ �(7.6±0.7)$10�2 cm�1K�1. It corresponds to
DE z 2.78$10�3 eV (22.4 cm�1 shift) as the temperature decreases
from 294 K to absolute zero limit. Obtained DE is about 2.9 times
greater than in Ref. [19].
The obtained difference of phonon-phonon scattering terms and

their discrepancy with calculations for free-standing graphene
demonstrate strong substrate influence on E2g phonon processes in
graphene within the utilized approach. The substrate possibly af-
fects the phase space of anharmonic phonon-phonon scattering,
changing its contribution to G peak temperature shift and its effect
on graphene thermal conductivity, which is dominated by phonon-
phonon interactions [34]. This result also demonstrates the
importance of further investigation of supported graphene anhar-
monic phonon properties.

4. Conclusion

During low-temperature Ramanmeasurements for graphene on
copper, a linear G peak position temperature dependence was
observed. For graphene on glass, G peak position remained un-
changed throughout the whole temperature range of 20e294 K
within the experimental error. In order to understand the differ-
ence in graphene interactions with glass and copper, maximumvan
der Waals interaction force and total interaction energy were
calculated taking into account graphene corrugations caused by
substrate-induced strain for both substrates.

Using the obtained values, E2g mode energy changes due to
anharmonic phonon-phonon interaction as the temperature de-
creases from 294 to a value close to absolute zero were estimated
for both substrates. The obtained value was about 1.8 times greater
than the theoretical one for graphene on glass and about 2.9 times
greater for graphene on copper. This result demonstrates strong
substrate influence on anharmonic phonon-phonon processes in
graphene.
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