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ABSTRACT

This work is devoted to the low-temperature Raman studies of a bright representative of 2D materials—graphene oxide (GO) film in the
range of 5-325 K. The performed analysis of the temperature evolution of the peak positions as well as linewidths of two Raman modes
D (~1300 cm™') and G (~1600 cm™") was described in terms of the anharmonic model. The temperature behavior of the G mode demon-
strated a slight deviation from the anharmonic model below ~50 K in contrast to the D mode, which could be explained by involving an
additional phonon decay channel. The analysis of the linewidth of the Raman modes showed that the distribution of defects in GO is inhomo-
geneous and surface functionalization effectively separates neighboring layers. The average value of the distance between defects and the defect
density was estimated. The obtained results can be useful for understanding phonon dynamics for the development of nanodevices based on
2D materials where confinement of propagation of phonon excitations plays a key role.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188838

. INTRODUCTION

The carbon low-dimensional materials are a new class that can
change the approach in the development and design of the novel
element base for advanced technologies and electronic devices. For
such materials, a number of requirements are put forward, which
are related to their homogeneity and the possibility to tune the
electrical properties and change the carrier density. Graphene is
a two-dimensional sp>-hybridized carbon monolayered nanoma-
terial with a “honeycomb” lattice structure. This structure has a
high tensile strength and a large surface area." The honeycomb
surface gives rise to many new physical effects that can find appli-
cations in areas such as quantum magnetism, electronics, etc.”” The
carbon 2D monolayer has a number of unique physical character-
istics, such as an extremely high surface/mass ratio, high thermal
conductivity (almost ten times higher than the thermal conductiv-
ity of copper), optical transparency in the visible range of about
~97%, high electronic mobility, etc.” Studying the properties of
graphene is relevant in view of many potential applications of this
material. Chemical modification of the graphene surface leads to
new interesting physicochemical properties. For example, oxida-
tion of the graphene surface with covalently linked different types

of oxygen-containing functional groups (epoxy, hydroxyl, carboxyl)
introducing sp® defects changes the optoelectronic properties of
graphene and gives rise to a bandgap between its valence and con-
duction bands with width depending on the number of defects on
the surface.” The modified graphene material is called graphene
oxide (GO). The linked oxygen-containing functional groups can
serve as anchors for the further multi-stage process of function-
alization of graphene. Thus, it is very important to certify the
individual components of nanohybrids for defects that can sig-
nificantly change the physical properties of nanohybrids through
the appearance of the inputting barrier limiting the wave prop-
agation. The low-temperature studies shed light on the quantum
effects suppressed due to thermal fluctuation at room temperature.
The low-temperature Raman study gives an understanding of the
phonon dynamics because the phonons play an essential role in ther-
mal conductivity and mechanical properties of materials, as well as
they can couple to other excitations that significantly expand the
field of their study.

The low-temperature dynamics of Raman spectra of graphene-
related materials has been studied before, but the comparison of
the obtained results is a nontrivial task since the investigated mate-
rials have different defect stages and surrounding, and the spectra
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were obtained in different temperature ranges.”'* It was found
that the substrate on which the material was deposited or grown
plays an essential role since the two-dimensional material is very
tightly bound to the substrate. In addition, the graphene family
includes nanomaterials with different amounts of oxidation groups
and defects that affect Raman spectra. Therefore, at present, the
expansion of low-temperature spectral experiments in this field is
necessary to obtain a complete picture of phonon dynamics in
graphene nanomaterials.

In this work, we focus on the Raman studies of phonon prop-
erties of the GO film in the range of 5-325 K. Previously, the
low-temperature vibrational properties of the GO films have not
been studied within this temperature range. The functionaliza-
tion of the graphene remains one of the most common methods
for its promotion in practical applications as well as a cost effec-
tive approach for producing single graphene layers. Identifying
all the associated factors that can affect the transport and ther-
mal properties of the GO material is an important task in the
development of electronic devices based on it. We have performed
the analysis of the temperature evolution of the two most intensive
Raman fingerprint bands: defect-induced forbidden D mode and the
G mode related to the C=C vibrations. The present bands are very

pubs.aip.org/aip/adv

sensitive to the structural distortion and inhomogeneities on the car-
bon surface. On analyzing temperature-dependent Raman spectra
of the GO films, we have revealed the shifts of Raman modes and
decrease in linewidths upon cooling that was discussed in terms of
phonon anharmonicity. The anomalous low-temperature dynam-
ics of the phonon bands was explained by involving an additional
phonon decay channel. The comparative analysis of Raman spec-
tra of graphene-related materials and the data taken within the
frameworks of the present work was performed.

1. DETAILS OF THE EXPERIMENT

The water-soluble graphene oxide was prepared using the mod-
ified Hummers method in accordance with the recently published
methodology in Ref. 13. The suspension of graphene oxide was pre-
cipitated on a fused quartz substrate and dried under hot air-drying
conditions at about 40 °C. The fused quartz has a low coefficient of
thermal expansion that may reduce the stress in the precipitated film
induced by the substrate. The performed analysis of Raman studies
of the graphene-related materials showed that the crystalline sub-
strate (mica, silicon, etc.) can stimulate the appearance of additional
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FIG. 1. (a) 3D AFM image of the GO layers adsorbed on freshly cleaved mica. (b) 2D AFM image of the GO layers adsorbed on freshly cleaved mica. (c) The cross-section
profile corresponds to the black line drawn in the image. The heights of the GO layers were measured between triangles.
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stress in the layered material and is of particular interest. How-
ever, the study of this effect was not within the aim of the present
work.

The Raman experiments were carried out with the 632.8 nm
(1.96 eV) laser excitation from a He-Ne laser in the 90°-polarized
configuration. The laser power per unit area of the film was less
than 0.7 mW/mm? to avoid the local overheating of the sample. The
scattered light was detected with a cooled CCD camera. The low-
temperature investigations were performed in an optical cryostat in
helium vapors.

The morphology of the GO surfaces was studied with Atomic
Force Microscopy (AFM). The aqueous suspensions of GO are used
to prepare samples for the AFM measurements. 7 ul of a dilute
(1:100) suspension is placed onto a freshly cleaved mica surface by
the spin coating method. The sample is then air-dried and analyzed
by AFM. AFM images of GO are obtained using a Nanoscope III
D3000 AFM (Digital Instruments, Santa Barbara, CA) operating in
the tapping mode.

Ill. RESULTS AND DISCUSSION
A. Nanoflakes of GO by AFM study

AFM experiments were performed to estimate the size of
the GO layers and to determine the average number of layers that
prevailed in our samples. Figure 1(a) shows the 3D AFM image of
the GO layers produced in the present study and adsorbed to freshly
cleaved mica. It can be seen in the figure that the separated layers
of the GO sample have different sizes located on top of the other.
Figure 1(b) shows a 2D AFM image. We have analyzed the height of
the precipitated GO layers along the black line. The thickness of the

Intensity (arb.units)

1200 1400 1600

Raman shift (cm™)

FIG. 2. The evolution of the temperature-dependent Raman spectra of GO. There
are intensive sharp plasma lines marked with asterisks from the He-Ne-laser in the
spectra. They were used for energy calibration of the spectrometer. The spectra
were fitted by a sum of the Lorentzian profiles. The magenta dashed line repre-
sents the total sum of a fitting, and the thin green lines represent the deconvolution
of the GO Raman spectrum taken at 325 K.

pubs.aip.org/aip/adv

GO layers was measured between the identical triangles presented
in the same color. The average thickness of the single GO layers is
about 0.87 nm as shown in the cross-session profile in Fig. 1(c). This
value indicates that on mica mainly GO monolayers are adsorbed
that agrees with the previous reports.'”'" The thickness value of
about 1.75 nm (taken between black triangles) indicates the overlap-
ping of two monolayers while the double layers can also be observed.
The height measurements performed at different locations indicate
that the GO layers have a uniform thickness (without any noticeable
wrinkles).

B. Low-temperature Raman studies of GO film

Figure 2 shows the evolution of the temperature-dependent
Raman spectra of GO from 5 to 325 K. Raman spectra observed in
the range of 1100-1700 cm ™' contain two intensive bands located
at about 1330 and 1600 cm™, the D and G bands, respectively.®
For a detailed analysis of the temperature evolution of the observed
phonon bands, the observed Raman spectra were fitted with a sum
of Lorentzians. The methodology of the GO Raman spectrum fitting
is quite diverse. The fitting of the band assigned to the tangen-
tial mode with two contours can be used for the estimation of the
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FIG. 3. The temperature dependence of the frequencies, FWHM, and intensity
of the defect-activated mode at 1330 cm~". The dashed red lines are a fit to
an anharmonic model.?2 The Bose corrected phonon intensity is a fit to /(T)
~ exp(—kgT/A).
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C/O atom ratio.'® In this fitting, the difference between the peak
positions of two bands increases with the growth of the C/O atom
ratio. We see no justifications for the fitting of the G-mode with
two contours: tangential mode has an almost symmetric shape.
Therefore, we have used the minimal number of Lorentzians for
the decomposition of the bands presented in Raman spectra. The
temperature behavior of the parameters of the D and G bands is
presented in Figs. 3 and 4. These figures show the temperature-
dependent evolution of the peaks at 1330 and 1600 cm ™, linewidths,
and their integral intensities. It should be noted that the linewidths of
the D and G-modes are larger in comparison to recently published
Raman data of graphene,'>'” which can be explained by the inho-
mogeneous distribution of the defects on the GO surface confining
the phonon propagation'®'” as well as the pressure/strain induced
by the neighboring layers in multilayered precipitation of the GO
layers.”’ Also, we suppose that the inhomogeneous defect distribu-
tion can produce a deformation of the GO surface, which in turn
would lead to the band broadening. As is known, to describe the
temperature evolution of the band peak and linewidth correctly,
we should take into account phonon-phonon and electron-phonon
interactions.”’ GO film has a low electric conductivity, and thus

1598}
- o
£ .
° Il
31591 00
S 0\0\
L 1504} -9
(@)
1592 jx . . .
O
- -
T D R4
s Pras
.~ 0
= O
oL 92t g
[ [
0 g
88 1 - 1 1 1
. 10[AAA A~ 188 K
= AN
3 AN
g NS
5 4
s 05} Sso
) Ax~
2 LA~
A
00 A 1 1 A
0 100 200 300
T,K

FIG. 4. The temperature dependence of the frequencies, full widths at the half
maximum (FWHM), and intensity of the modes at 1590 cm~". The dashed red
lines are a fit to an anharmonic model.2? The Bose corrected phonon intensity is a
fitto I(T) ~ exp(—kgT/A).
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the electron-phonon contribution is neglected in the linewidth of
observed Raman bands. Therefore, we will fit the experimental data
with the temperature behavior of the band peak and linewidth
using the model involving the phonon decay channel only. The
temperature-dependent peak energy is described in terms of the
simplified anharmonic model considering only three-phonon decay
processes”

o(T) = wo + A[1+2/(" - 1)], (1)

where wo is the harmonic frequency of the optical mode while
T approaches 0 K, x = hwo/(2ksT), h is the reduced Planck’s con-
stant, kg is Boltzmann’s constant, and A is a constant for the
three-phonon decay processes. In a similar manner to the fitting
peak positions with Eq. (1), the full width at half maximum (FWHM)
is described by

I(T) =To+B[1+2/(¢" - 1)], ()

where Ty is the FWHM at T = 0 and B is constant.”” As evident
from Figs. 3 and 4, the lattice anharmonicity provides a reasonable
description of the temperature dependence of the phonon frequen-
cies and FWHM of the G-mode (see the dashed red lines in Fig. 4).
The description of the temperature behavior of the D-mode is entan-
gled with the anharmonic model, i.e., it demonstrates reasonable
approximation from room temperatures down to about 50 K where
some deviation from the model is observed. We suppose that below
50 K the additional phonon decay channel appears.'” According to
Eq. (1), for a reasonable fitting of the experimental data presented
in Fig. 3, the parameters wp = 1339.9 cm™' and A = —2.00 for the
D mode, and wy = 1598.3 cm™' and A = —1.31 for the G mode
were used. The fitting of the temperature behavior of linewidths for
D and G modes by Eq. (2) was performed with the parameters
[p = 1122 cm™" and B = 3.52 for the D mode, and T = 88.4 cm™
and B = 2.24 for the G mode.

The fitting of the linear regions of the peak positions of the
G and D modes as well as FWHM of both bands in the range of
50-325 K gives the estimation of a temperature coefficient (TC).
The peak positions of the G and D modes exhibit negative linear
TC equal to —0.012 and —0.028 cm™'/K, respectively. The calcu-
lated TCs of the studied sample, in general terms, are comparable
to the TC values for graphene-related materials presented in Table 1.
However, the comparative analysis of our data and results reported
by other authors is not trivial because of different synthesis pro-
cesses of GO, possible difference in defects’ types and defect density,
temperature range within the measurements that were carried out,
and crystallite size.”””’ With detailed consideration of the data pre-
sented in Table I, we can conclude that taken TCs for GO studied
in the present work are close to TCs for rGO powder."” The func-
tionalization of the graphene surface may facilitate increasing the
interlayer spacing and decreasing stress induced by the neighboring
layers in the precipitated film. A similar effect was observed in low-
temperature studies of single-walled carbon nanotubes wrapped by
DNA'24,Z5

The linewidths of the D and G modes of our sample show posi-
tive TCs equal to 0.044 and 0.027 cm™'/K, respectively. The taken
values of TCs differ from recently published for exfoliated single
and few-layered graphene.'”'””** This behavior can be explained
by the fact that the layering of neighboring monolayers forms an
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TABLE I. The comparison of the calculated temperature coefficients (TCs) for graphene-related materials with the data taken in the present work.

Graphene-related material T,K TC, cm™'/K References
Unsupported vertical graphene 79-773 K TC (wg) = =0.020 cm™'/K 7
sheets were grown on (79-400 K); TC (wg) = —0.022 cm™'/K (400-773 K);
SiC substrates TC(Tg) demonstrates quasi-continuous behavior
in the temperature range of about 5-300 K

Few-layered graphene grown 80-500 K TC (wg) = -0.0257 cm™'/K 29
on the copper foil and fixed for the one-layered graphene; TC (wg) = —0.0189
on 4H-SiC substrate cm™!/K for the two-layered graphene
The mechanically exfoliated 77-318 K TC (wg) = —0.0156 cm™ /K for the defect-free 12
graphene on the Si {100} substrate 1-10 graphene layers; TC (wg) = —0.0252 cm™'/K for the
covered with an 89-nm SiO, defective 1-10 graphene layers after ion C+ bombardment;

TC (I'g) ~ 0 cm™ /K for the defect-free and defective set
Single-layered graphene prepared 77-673 K TC (wg) = —0.016 cm™'/K; TC (Tg) ~ 0 cm™'/K 26
by the mechanical exfoliation of
graphite and fixed on glass slides
rGO powder 173-723 K TC (wp) = —0.010 cm™}/K; TC (wg) = —0.009 cm™/K; 19

TC (I'p) = 0.005 cm™'/K; TC (I') » 0 cm™'/K

Graphene flakes micromechanically —190-200°C TC (wg) = —0.02519 cm™'/°C - 5.187 x 10°° em™!/°C? 27
cleaved of bulk graphite crystals for the graphene flakes with thickness of 16.5 nm;
and on SiO,/Si substrate with TC (wg) = —0.01745 cm™'/°C — 7.145 x 107® cm™!/°C?
SiO, thickness as 90 nm for the graphene flakes with thickness of 36.5 nm;

TC (Tg) = 2.533 x 10> cm™'/°C for the graphene flakes

with thickness of 16.5 nm; TC (I'g) = 3.604 x 10~ cm™!/°C
for the graphene flakes with thickness of 36.5 nm

GO powder dispersed in aqueous 5-325K TC (wp) = —0.018 cm™!/K; (50-325 K); The present work

suspension and precipitated
on a fused quartz

TC (wg) = —0.012 cm™ /K. (50-325 K);
TC (I'p) = 0.044 cm™'/K; (50-325 K);
TC (Tg) = 0.027 cm ™' /K. (50-325 K)

irregular and inhomogeneous layered 3D structure. The irregular-
ity and defectiveness of the formed structure inhibit the phonon
propagation along the stacking direction of the layered array of the
GO layers. This, in turn, reduces the phonon lifetime and results
in the broadening of the phonon bands. The significant difference
between TC (I'p) and TC (I'g) was estimated. A similar effect was
revealed when analyzing the Raman spectra of graphene.””

We examine now the temperature-dependent intensity of two
bands presented in Figs. 3 and 4. The Bose-corrected intensi-
ties of the phonon bands exhibit an exponential-like decay, I(T)
~ exp(—kpT/A), with increasing temperature.” In insulating mate-
rials, the phonon intensity I(T) is highly susceptible to changes in
the dielectric function concerning the displacement of the normal
mode. Thus, reaching a plateau in the intensity growth with the
temperature decrease indicates the dielectric function changes below
50-100 K in involving an additional phonon decay channel. The esti-
mation of the threshold value of the activation energy gap (4) of the
phonon decay channel from analysis of the intensities of the D and
G bands gave 161 and 188 K, respectively. The difference between

the two values is explained by the different nature of the origin of
the two modes.

C. Structural properties of graphene oxide
by Raman spectroscopy

The question targeting to evaluation of the defect degree of
nanomaterials is widely discussed in literature. The application of
Raman spectroscopy as a non-destructive technique to analyze the
structural defect of nanomaterial surface is widely used in prac-
tice. For example, for performing the evaluation of the defect
degree (Lp) of GO we have analyzed the Ip/Ig ratio, which corre-
sponds to the Raman peak intensity ratio of D- and G-modes.””""
The temperature-dependent variation of the Ip/Ig ratio is pre-
sented in Fig. 5. The performed analysis of the Ip/Ig ratio as a
function of temperature has revealed a weak dependence with an
average value of 1.32. The estimated value of the ratio is enough
high that could be explained by the high defectiveness of the
GO surface.
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FIG. 5. The temperature dependence of the Ip//; ratio. The data were fitted with
a linear function demonstrating a weak dependence on the temperature that gives
an average value of about 1.32.

The average distance between the defects (Lp) of the present
GO material was calculated according to Ref. 31, and its value is
dependent on the excitation laser wavelength (A1) (dimension is
presented in nanometers)

-1
Lp(nm)* = (1.8 £ 0.5) x 10”)@(%") . 3)
G

By substituting the values of A; and Ip/Ig into Eq. (3), we can
calculate an averaged Lp equal to about 15 nm. The defect density
(np) can be calculated using the following equation:”’

np(cm)”? = ((1805>10)(1) @)

A I

The defect density (np) calculated using Eq. (4) is equal to about
1.5 x 10" cm™ for the whole temperature range. The obtained
averaged values of Lp and np are in good accordance with the previ-
ously published studies for graphene-related materials, for example,
ILp ~ 12 nm and np ~ 23 x 10" cm™ for rGO;" Lp
~ 35.32-13.69 nm for pristine multilayer graphene and treated with
oxygen plasma, respectively;”> Lp changes from 21.8 to 42.9 nm for
the pristine graphene films to 15.8-18.2 nm for the nitrogen-doped
graphene.*”

The Ip/I¢ ratio also can be used for the estimation of the aver-
age size of effective in-plane crystallites or graphitic domains (L),
characterized by coherent phonon scattering™

560 1

Lo(nm) = Zr 770>
A

(5)

where E) is the excitation energy of the laser (in eV). The crystal-
lite size estimated by Eq. (5) gives L, equal to about 28 nm. A closer
look at the AFM image of the GO layers presented in Fig. 1(a) gives
grounds to speak that, on average, about 1000 graphitic domains
can be in the GO layer. Of course, this is an important remark
that should be used for development of the multifunctional ther-
mally and electrically conductive devices based on graphene oxide
material.

pubs.aip.org/aip/adv

IV. CONCLUSION

In this work, we have performed temperature-dependent
Raman analysis of the GO layers in the temperature range of
5-325 K. The performed analysis of the linewidths of the Raman
fingerprint D- and G-modes taken in the frequency range of
1100-1700 cm™ showed a significant broadening of the bands,
which was explained by a confinement of the phonon propaga-
tion. The temperature dependence of the peak positions as well
as linewidths of the G and D modes was described in terms of
the anharmonic model. The temperature behavior of the G mode
demonstrates a slight deviation from the anharmonic model below
50 K in contrast to the D mode, which could be explained by involv-
ing an additional phonon decay channel. The analysis of the Ip/Ig
ratio showed a high defect degree of the GO surface with the average
distance between defects equal to about 15 nm and the defect den-
sity - 1.5 x 10" cm™. The linear size of the graphene domain was
estimated at 28 nm. The activation energy gap (A) of the phonon
decay channel estimated from analysis of the intensities of the
D and G bands has values 161 and 188 K, respectively. The difference
between the two values is explained by the different nature of the ori-
gin of the two modes. The understanding of phonon dynamics plays
an important role in the study of carrier transferring in graphene
nanomaterials. The results of the present work can be used in the
development of electronic nanodevices.
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