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Abstract Linear G peak position temperature dependence

in Raman spectra of graphene synthesized by chemical

vapor deposition from decane on copper (220) with a shift

factor of -(5.4 ± 0.4) 9 10-2 cm-1K-1 was observed.

The obtained value substantially exceeds values previously

obtained for graphene by other authors, and was associated

with the substrate interaction effects.

1 Introduction

Raman spectroscopy has become one of the main methods

for both rapid detection of graphene or graphene structures

and determining their physical properties [1, 2]. It is a

versatile tool for studying graphene properties both on

metallic and dielectric substrates before and after transfer,

as well as for suspended graphene layers [2]. Particularly,

study of G peak temperature behavior can provide impor-

tant information about the phonon properties of graphene.

In [3] it was shown that using Raman spectroscopy, it is

possible to calculate thermal conductivity of suspended

graphene monolayer by determining the temperature shift

factor of the G peak position. The results obtained in [3]

were consistent with theoretical calculations and molecular

dynamics simulation [4].

Graphene layers transferred to various substrates are

needed for the nanoelectronics applications. Heat removal

during the nanoelectronic device operation is an important

problem, and graphene phonon properties are one of the

crucial factors determining this process. The substrates, in

turn, affect graphene properties [5–10], thus making the

experimental study of supported graphene layers relevant.

An explicit effect of the substrate is observed for graphene

on copper substrate: according to [5, 6], the room-tem-

perature Raman peak positions for graphene on copper

change with the substrate lattice orientation. Particularly,

for copper (220) lattice orientation G peak position was

reported considerably upshifted comparing to a number of

other orientations [11].

This paper presents the results of G peak position tem-

perature dependence experimental study by Raman spec-

troscopy of graphene on copper (220) substrate. Analysis

of this characteristic peak temperature behavior is of great

practical importance for determining the thermal properties

of graphene or graphene structures [3, 12].

2 Experimental

Copper lattice orientation was identified using the X-ray

diffraction (XRD) analysis employed with an Ultima IV

X-ray diffractometer operating in parallel beam configu-

ration and equipped with CuKa wavelength (0.15406 nm).

Graphene was obtained by atmospheric pressure chem-

ical vapor deposition (CVD). Prior to the synthesis, copper

substrate was electrochemically polished in 1 M phos-

phoric 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. Copper foil was pre-annealed at

1050 �C for 60 min under the following gas flow rates:
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hydrogen 150 cc/min, nitrogen 100 cc/min. Synthesis was

performed under the following conditions: reactor tem-

perature 1050 �C, C10H22 flow rate 30 lL/min, N2 carrier

flow rate 100 cc/min, synthesis time 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-temperature etching without polymer support in two

steps. First, one side of copper foil was treated for 3 min in

a solution of H2NO3 and H2O mixed in a volume ratio of

1:3. Then the copper foil was totally dissolved in a water

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 spectral resolution

of 3 cm-1 using a confocal Raman spectrometer Nano-

finder HE (LOTIS TII). For excitation of Raman radiation,

a continuous solid-state laser with a wavelength of 473 nm

was used. Room-temperature Raman measurements were

carried out using laser power of 800 lW, the diameter of

laser spot on the sample surface being about 0.6 lm.

During low-temperature Raman measurements, the

sample was studied in a vacuum (less than 5 9 10-4 Pa)

temperature-controlled box. Laser power of 5.8 mW was

used, the diameter of laser spot on the sample surface being

about 1.5 lm. The measurements were performed in tem-

perature range from 20 to 294 K with a setting accuracy

of ±0.05 K.

3 Results and discussion

Copper substrate X-ray diffraction spectra have shown a

single strong line on 2h * 74.1 deg that corresponds to

(220) lattice orientation according to JCPDS No. 04-0836.

Figure 1 demonstrates typical room-temperature Raman

spectra for graphene on copper and glass substrates. Rel-

atively low D peak in the spectra (ID/IG * 0.2) corre-

sponds to a low defectiveness of samples structure [1, 2].

The presence of single-layer graphene is indicated by I2D/

IG peaks intensity ratios together with 2D peaks full widths

at half-maximum (FWHMs) and their single Lorentzian

approximations [2, 13].

We consider that there was no copper oxide film

between graphene and substrate because it had been com-

pletely removed by hydrogen etching prior to the synthesis

[14], and none of the copper oxides Raman peaks [15, 16]

were observed in the experimental spectra of the present

work.

The measured room-temperature Raman peaks posi-

tions for graphene on copper are higher than the charac-

teristic values xG * 1583 cm-1, x2D * 2700 cm-1,

xD * 1350 cm-1 [1, 2]. This effect indicates the presence

of the substrate-induced strain, which is typical for gra-

phene synthesized on copper with a variety of lattice ori-

entations [5, 6]. According to [11] and our results, room-

temperature Raman peaks for graphene on copper (220)

substrate show a substantial shift, indicating that the sub-

strate of this particular lattice orientation introduces higher

strain than a number of other orientations [5, 6]. Presence

of the strain is also indicated by wrinkles on the sample

surface, which appear when the strain is released [5, 17]

and which are observed via optical microscopy (Fig. 2).

In order to verify the strain decrease after the wrinkles

appear in the material, linear Raman scans across an

individual wrinkle were performed in increments of

0.3 lm. Results show that the initial G and 2D peaks

positions are lower for the wrinkle area (Fig. 3), which

indicates at least partial strain release, confirming the idea

of shift effect strain nature.
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Fig. 1 Typical room-temperature Raman spectra for graphene on

copper (upper) and glass (lower) substrates. Insets 2D peaks

approximation with single Lorentz function

Fig. 2 Optical microscopy image (zoom 1009) of experimental

graphene. The wrinkles are clearly visible across the sample surface
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The typical FWHM(2D) values of 31–35 cm-1 in the

experimental spectra are different from the reported values

for graphene by 3–7 cm-1 [13], that is also assumed to be

caused by the strain [5, 6].

It is important to note that the room-temperature Raman

peak positions shift may also be attributed to the presence

of dopants in graphene [18–20]. However, to exclude the

possibility of this effect we transferred graphene to a glass

substrate, and its Raman peaks have shown positions

consistent with the literature data [1, 2]. Thus, we consider

the doping shift contribution negligible.

Figure 4 presents the experimental G peak position

temperature dependence. To determine the shift, we per-

formed peak approximation with a single Lorentz function

for each temperature point. G peak shift towards larger

position values with the temperature decrease was

observed for this temperature range. The resultant G peak

position (in cm-1) temperature dependence can be

approximated by a linear function.

G peak shift factor calculation for graphene on copper

(220) substrate by the linear approximation gives the value

of vG ¼ �ð5:4 � 0:4Þ � 10�2 cm�1K�1. Thereby, the

dependence of G peak on temperature can be written as

[12]

xGðTÞ ¼ xGð0Þ þ vGT; ð1Þ

where xGð0Þ ¼ ð1619:6 � 0:6Þ cm�1 is an extrapolated G

peak position at 0 K. In case of ideal graphene, this value

should be determined only by the chemical bonds param-

eters (including the substrate-induced strain influence). A

similar G peak position behavior was observed for various

carbon structures, for example, in [12, 21–26] (see

Table 1).

Values of xGð0Þ and vG obtained in this paper are of

significant difference from the results for graphene on

SiO2/Si substrate. Specifically, a value of vG obtained in

this work is about 3.4 times larger than the value obtained

for graphene on SiO2/Si in [12] and 1.5 times larger than

that in [22]. The value of xGð0Þ obtained for graphene on

copper is greater than the values for SiO2/Si substrates in

[12] by about 35 cm-1 and in [21, 22] by about 21 cm-1,

indicating a stronger copper substrate influence.

According to [27, 28], the observed G peak position

temperature dependence can be explained by a change in

the energy of E2g symmetry phonons due to: (i) phonon–

phonon processes contribution vT ; (ii) graphene thermal

expansion (contraction) vV ; (iii) graphene deformation

caused by the thermal expansion coefficients difference for

graphene and the substrate vstr. Thus, the observed effect is

expressed as [27, 28]:

vG ¼ vT þ vV þ vstr: ð2Þ

It is possible that substrate may directly influence pho-

non–phonon processes in graphene (and therefore vT term),

but we believe it is not possible to write an explicit

expression for this value [27, 28]. We assume that the

substrate has small effect on vT in the zero approximation,

not to be taken into account.

Thermal expansion contribution to the observed shift

can be described by the expression for E2g phonon fre-

quency as a function of temperature during the thermal

expansion of the crystal [27]:

xGðTÞ ¼ xð0Þ exp �3cE2g

ZT

0

aGðT 0ÞdT 0

0
@

1
A; ð3Þ

where cE2g
is a Grüneisen parameter for an optical phonon

from the center of Brillouin zone, aGðT 0Þ is a thermal
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Fig. 3 Linear Raman scan of G and 2D peak positions across an

individual wrinkle. Inset optical microscopy image (zoom 1009) of

graphene surface area containing an individual wrinkle (white line

shows the 3 lm Raman scan path) (Color figure online)
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Fig. 4 G peak position temperature dependence for graphene on

copper substrate in the temperature range from 20 to 294 K
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expansion coefficient for graphene as a function of tem-

perature T 0. Then the coefficient vV is written as:

vV ¼ xð0Þ
T1 � T2

exp �3cE2g

ZT1

0

aGðT 0ÞdT 0

0
@

1
A

2
4

� exp �3cE2g

ZT2

0

aGðT 0ÞdT 0

0
@

1
A
3
5 ð4Þ

Thus, the coefficient vV depends on both Grüneisen

parameter for doubly degenerate E2g phonon mode and

graphene thermal expansion coefficient. It should be noted

that even a small interaction with the substrate may

strongly affect phonon properties [7, 8].

Frequency change temperature coefficient for E2g pho-

non from the center of the Brillouin zone due to the

mechanical stress in graphene caused by the difference in

thermal expansion coefficients of the substrate and the

sample can be written as [29]:

vstr ¼
b
DT

ZT

294K

asubðT 0Þ � aGðT 0Þð ÞdT 0 ð5Þ

where b ¼ oxG=oe is a biaxial strain rate, e is a relative

deformation (%), asubðT 0Þ and aGðT 0Þ are the thermal

expansion coefficients as functions of temperature T 0 for

the copper substrate and graphene, respectively. Thus, from

(5) it can be seen that the value of the coefficient vstr is

strongly influenced by the substrate thermal expansion

coefficient.

The difference of vG and xGð0Þ obtained for copper and

Si/SiO2 substrates [12, 21, 22] could be related to the

volumetric coefficient of thermal expansion of copper

(aCu � 51 � 10�6 K�1 at a room temperature [30]), which is

considerably higher than that measured for silicon

(aSi � 2:6 � 10�6 K�1 at a room temperature [31]) and

silicon oxide (aSiO2
� 1:5 � 10�6 K�1 at a room temper-

ature [31]). According to formula (5), this causes a sig-

nificant difference in the values of vstr for various

substrates. For graphene, the coefficient of thermal

expansion is � � 8 � 10�6 K�1 at a room temperature

[29]. Its negative value can be explained by the negative

values of Grüneisen parameters at low temperatures, since

in this temperature range the majority of the optical modes

with positive values of Grüneisen parameters are not

excited [32].

Grüneisen parameter for graphene also depends on the

substrate material. This follows from the considerations of

additional chemical bonds availability and mechanical

stresses that affect the value of Grüneisen parameter for a

specific phonon branch, in particular for degenerate phonon

modes with E2g symmetry. In turn, b and e parameters are

themselves determined based on an analysis of the Raman

spectra [29]. Therefore, in our opinion one can speak of vstr
and vV values only qualitatively.

According to [12], the substrate should not affect value

of the temperature shift coefficient strongly, as G peak is

caused by the optical phonons with E2g symmetry from the

center of the Brillouin zone, related with the in-plane

vibrations. The vibrations coming out of the graphene

plane (ZO-phonons) have a frequency of about 861 cm-1

and are not related to the in-plane atomic motion that

determines G peak in the Raman spectrum [12].

However, the results of the present work indicate a

strong influence of the copper substrate on graphene

properties. The approach proposed in [12] neglects the

volume expansion coefficients difference for graphene and

the substrate contribution, and therefore it doesn’t explain

the strong dependence of the temperature shift coefficient

on the substrate material. Thus, we investigated the effect

Table 1 G peak temperature dependence coefficients for various carbon-based materials and the approximated xGð0Þ values

Material Laser

wavelength,

nm

Temperature

range, K

Heating (cooling)

method

vG, cm-1K-1 xG(0), cm-1 Reference

Graphene on Cu (220) 473 20–294 External -0.054 1619 This work

Graphene on SiO2/Si 488 83–373 External -0.016 1584 [12]

Graphene on SiO2/Si 633 298–560 External -0.028 1597.5 [21]

Graphene on SiO2/Si 532 298–573 External -0.035 1597.3 [22]

Graphene bilayer on SiO2/Si 488 113–373 External -0.015 1582 [12]

DWCNT 515, 482 180–320 Laser -0.022 – [23]

SWCNT 514 299–773 External -0.019 1599 [24]

HOPG 514.5 286–647 Laser -0.011 – [25]

Diamond 406.7 300–1900 External -0.012 1334 [26]
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of the substrate on phonon properties of graphene derived

from G peak temperature shift for copper, the influence of

which appears to be very strong.

4 Conclusion

Results of Raman study of graphene on copper (220) at

various temperatures are presented. At a room temperature,

an initial Raman peaks shift of about 20–30 cm-1 was

observed, and associated with the substrate-induced strain.

This fact was proved by studying the wrinkles on the

sample surface. G peak shift study in the Raman spectra of

graphene on copper (220) in the temperature range of 20–

294 K has shown a linear temperature dependence, which

was consistent with the available literature data. The

measured slope of xGðTÞ dependence has a value of

vG ¼ �ð5:4 � 0:4Þ � 10�2cm�1K�1, which is signifi-

cantly higher than the values obtained by other authors.

This fact was interpreted in terms of the volume expansion

coefficients difference for graphene and substrate material

influence on the Raman spectra of graphene structures.
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