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Abstract

Introduction. An incomplete list of the properties of graphene includes its high electrical and thermal conductivity,
strength, specific surface area (SSA) and optical light transmittance. Graphene is a very promising material for use in
micro- and nano-electronics applications. An additional advantage of graphene is the variety of means by which the ma-
terial may be obtained, allowing the creation of novel materials with useful physicochemical properties by appropriate
technological methods.

Objective. The study aims at investigating the influence of thermal reduction temperature on the physicochemical
properties of graphene oxide (GO) films.

Materials and methods. In the present work, GO films are obtained on the surface of a slide by means of its immersion in
a graphene oxide water dispersion (dip coating). Obtained samples are studied using scanning electron microscopy, Raman
spectroscopy and elemental CHN analysis methods. The resistance of the graphene sheet is measured using a four-point
probe method.

Results. A difference in the elemental content (C, H, N) in studied samples, along with an increase in graphene struc-
ture defectiveness and decreased sheet resistance, are found to be proportional to an increase in reduction tempera-
ture. A decrease in the thickness of GO films following heat treatment is also observed, which may be attributed to the
loss of with a functional GO groups during thermal reduction.

Conclusion. The research results demonstrate the possibility of obtaining carbon films from reduced graphene oxide
(RGO). Such graphene films demonstrate desired physicochemical properties for use in thin-film technologies. The
presented research is of potential use in understanding general issues relating to the acquisition and application of
GO and RGO.
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BIAVAHWME TEMNEPATYPbl TEPMNYECKOIO BOCCTAHOBJIEHUA
HA CTPYKTYPY U 3JTEKTPO®U3NYECKUE CBONCTBA
NNEHOK BOCCTAHOBJIEHHOIO OKCUAA TPAPEHA

AHHOTaumMA

BeedeHue. Bbicokas 31ekmponpo8odHOCMb, Menaonpo8odHoCMs, NPOYHOCMb, 6016WaS NAOWAOL NOBEPXHOCMU,
8bICOKULI KO3$uUYUeHM c8emonponyckaHus - 3mo AUl HenosHelli nepeyeHs ceolicme 2pageHa - Mamepuandad,
AB/1AIOU{E20CS BECOMA NEPCNEKMUBHbLIM C MOYKU 3peHUs NPUMeHEeHUsI 8 MUKPO- U HOHO3/1eKmpoHuUKe. Kpome moe2o,
K npeumyujecmsam 2papeHa MOXHO OMHeCmu 803MOMHOCMb €20 NOJyYeHUs PA3AUYHbLIMU Cnocobamu. 3mo nos-
80/1iem, UCNo/b3ys coomeemcmeayroujue mexHon02u4eckue npuemsl, c03008amMe MaMePUAnbl € 3000HHLIMU PU3U-
KO-XUMUYeCKUMU XapaKkmepucmukamu.

Llene pabomel. ViccnedosaHue cmeneHU 6AUSHUS meMnepamypsl MepMu4yeckozo0 80CCMAHOBAEHUA HA PU3UKO-
Xumuyeckue ceolicmea naeHok okcuda pageHa (OF).

Mamepuansl u memodsl. B onuceigaemoli pabome naeHku OF 6biAU NoAy4YeHsl HO NOBEPXHOCMU NPeoMemHO20
CmeK1a NnocpedCmeoM e2o No2PyHeHUS U u3snedeHuUsa U3 800HoU ducnepcuu okcuda zpageHa (dip coating). Mony-
YeHHbIe 06pa3ysl bblIU OXAPAKMEPU308AHLI MEMOOOM CKAHUpPYrowjeli 31eKmpPoHHOU MUKPOCKONUU, cnekmpockonuu
KOMBUHAYUOHHO20 paccessHUs ceema, 31emeHmHo20 CHN-aHanu3a. Y0ensHoe nogepxHOCMHOE 3/1eKmpu4eckoe co-
npomussieHue 66110 U3MePEHO 4emblpPex30HO08bIM MEMOOOM.

Pe3yaemamel. YcmaHos/1eHo omauque codepxicaHua snemeHmos (C, H, N) 8 uccredyemeix obpasyax, CHUXeHuUe
depekmHocmu 8 epageHosoli cmpykmype, a mMakxce yMeHslWeHue y0e/nbHO20 3/1eKmpu4ecko2o conpomusneHus
NPONOPYUOHALHO y8eauYeHU memMnepamypsl 80CCMAHOBAEHUSA. TaKx#e OBHApPY*EeHO yMeHbWeHUe MOAWUHSI
nneHok OF npu mepmuyeckoli 06pabomke, Ymo npPednooHUMeNbLHO C853aHO C nomepell PYHKYUOHAALHbIX 2pynn 8
Ol npu e20 mepmu4ecKkoM 80CCMAHO8/EHUU.

3aknaryeHue. Pe3ynemamel ucc1edo8aHull 0eMOHCMPUPYOM 803MONHOCMb NOAYYEHUSA yeNepOOHbLIX NAEHOK U3
80CCMAHOB/EHHO020 oKkcuda zpageHa (BOI) ¢ 3000HHBIMU GUIUKO-XUMUYECKUMU XapaKmepucmukamu, Komopele
Mo2ym Halmu npumeHeHue 8 MOHKON/AEHOYHbIX MmexHoso02usX. [lpedcmaeneHHsle Mamepuaasl Makxe moaym
6bIMb N0/IE3HbLI UCCIE008AMEAAM 8 BONPOCAX NOAYYeHUs U npumeHeHuUs O u BOF.

KntoueBble cnoBa: okcng rpadeHa, BOCCTaHOBNEHHbI OKCUA rpadeHa, TOHKOC/IOMHbIE MAeHKM

Ansa yntuposaHus: KopHunos J. HO. BinsiHne TemnepaTypbl TEPMUYECKOr0 BOCCTAHOBAEHUS Ha CTPYKTYPY U
anekTpodumlnyeckme CBOWCTBA MJIEHOK BOCCTAHOBAEHHOro okcuaa rpadeHa // W3B. By3oB Poccuw.
PagmnoanektpoHumka. 2019. T. 22, Ne 3. C. 88-96. doi: 10.32603/1993-8985-2019-22-3-88-96
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Introduction. An analysis of literature data re-
veals a significant number of works (Fig. 1) in the
materials science field of graphene-based films,
comprising a carbon atom monolayer material joined
by o- and n-bonds into a hexagonal two-dimensional
crystal lattice. INTEL considers graphene as one of
the possible foundations of future microelectronics
[1]. The significant research interest in graphene can
be explained in terms of the material’s unique, empir-

ically-confirmed properties. For example, a mono-
layer graphene has the largest possible specific sur-
face area (SSA) of 2640 m?/g and can withstand
high-density currents [2]. With a Young’s modulus of
1TPa, graphene is the strongest material known to
science, capable of undergoing significant defor-
mation without crystal lattice disordering [3]. Mono-
layer graphene is highly conductive with a thermal
conductivity of 5000 W/(m-°C) and a maximum car-
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Fig. 1. The number of publications in a graphene applications
field in thin-film technologies over a period from 2006 to
2018 (keywords search for "graphene films" by using the

EBSCO Discovery Service database)

rier mobility at a room temperature of

200 000 cm?/(V-s) [4]. The optical transmittance of

graphene is 97.7%. Various approaches for the pro-

duction of graphene include chemical vapour deposi-
tion on a metal substrate from a carbon-containing
gas mixture, direct graphite dispersion in various
solvents in the presence of surface-active agents (sur-
factants) and epitaxial growth of graphene on a silicon
carbide crystal face using thermal decomposition. An
additional approach consists in chemical solution-
based synthesis method, known as Hummers’ meth-
od, which consists in a graphite chemical oxidation
and its subsequent dispersion in the solution thus
allowing formation of oxidised graphene, consisting
of graphene flakes with oxygen-containing function-
al groups on the edges or inside the carbon network,
where further thermal or chemical treatment results
in recovery of graphene from graphene oxide (GO).

According to the International Organisation for

Standardisation (ISO) TS80004-13 dictionary [5],

graphene materials (graphene and related two-

dimensional (2D) materials) include: graphene taking
the form of a monolayer of carbon atoms; bilayer
graphene (2LG) consisting of two layers of carbon
atoms; trilayer graphene (3LG) consisting of three
layers of carbon atoms; few-layer graphene (FLG)
having three to ten layers of carbon atoms. This clas-

sification is in agreement with publications [6]-[8]

confirming the unique properties of graphene materi-

als when they consist of no more than 10 layers of
carbon atoms.

Consequently, a combination of graphene proper-
ties such as high strength, electrical and thermal con-
ductivity, elasticity, optical transmittance, large spe-
cific surface area, as well as the possibility of its
production using various technological methods in-
dicate graphene as a very promising material from a
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point of view of its application in micro- and nanoe-
lectronics. For example, it can be used to form electri-
cally conductive coatings on dielectric materials when
creating elements used in measuring circuits, detec-
tors, sensor panels, photoelectric converters, photode-
tectors, heating compositions, as well as when devel-
oping shielding and radio wave absorbing materials
and planar chemical current sources (CCS) [9]-[14].

The objective of the present work is to study the
influence of thermal reduction temperature on the
physicochemical properties of GO.

Materials and methods. In order to obtain GO
films via Hummers’ method, an aqueous dispersion
of GO flakes was used, having a concentration of
2.3 mg/ml, lateral size of 0.1-4 pum and thickness of
up to 1.5 nm. The results were characterised by mod-
ern physicochemical analysis methods [15] as report-
ed in previously published works [16]-[18]. The dis-
persion method used for obtaining GO was as fol-
lows: first, concentrated sulphuric acid was poured
into a glass beaker, then ammonium persulfate and
phosphorus pentoxide were added under stirring with
a magnetic stirrer. The resulting reaction mixture was
heated up to 80-85°C until the reagents were com-
pletely dissolved. Next, a natural graphite powder
(99.9%) was added into the beaker and the mixture
was kept at 80°C for 5 hours while stirring. Then,
distilled water was slowly poured into the mixture,
which had previously been cooled to room tempera-
ture. After that, the obtained precipitate was repeat-
edly filtered with a help of a fritted glass filter to
pH=7 followed by drying. The dried powder was
then transferred to a beaker containing sulphuric acid
that had been cooled in an ice bath. Then, potassium
permanganate was added under constant stirring. Af-
ter that, distilled water was added in a volume equal
to the reaction mixture volume keeping mixture tem-
perature below 40 °C. After some time, an equal vol-
ume of water was added together with a small
amount of 30% hydrogen peroxide. This stage is ac-
companied by the release of gaseous bubbles and the
suspension changing colour to yellow-brown. The
obtained solid precipitate was filtered with a large
amount of de-ionised water (DIW) and subjected to
drying. In order to obtain the GO dispersion, the ob-
tained powder was placed in a cylindrical beaker and
distilled water poured over it, followed by ultrasonic
treatment (frequency 20.4 kHz, specific power 0.1-1
W/cm?3) for 15 minutes. The resulting dispersion was
centrifuged for 10 min at 2000 rpm to remove large
and poorly oxidised particles.
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The films were obtained on the surface of a glass
slide by dipping the glass substrate into an aqueous
GO dispersion (dip-coating) followed by drying at a
temperature of 40-50 °C. In order to simplify the
handling of the studied objects, the film was not re-
moved from the glass.

Preparation and cleaning of glass substrates were
carried out in several stages, including the following
treatments:

— washing out the surfactants;

— cleaning with DIW;

— keeping in an aqueous solution of 20% NaOH
at room temperature for 20 minutes;

— cleaning with DIW;

—keeping in an aqueous solution of 5% HF at
room temperature for 5 minutes;

— cleaning with DIW;

— processing in an ultrasonic bath for 10 minutes;

— cleaning with DIW;

—air drying for 1 hour.

In order to study the dependencies of changes in
properties of GO film on thermal reduction condi-
tions, test samples were heated in a muffle furnace at
a heating rate of 2 °C/min up to 200, 300 and 400 °C
with a holding time of one hour after reaching each
predetermined temperature.

A morphology study of the film surface was car-
ried out using a Carl Zeiss SUPRA 40 scanning elec-
tron microscope (Germany). When receiving images
in secondary and backscattered electrons, the accel-
erating voltage was 1...10 kV.

0 5 10 15 20

I, um

A Raman scattering (RS) method was used to
study the atomic bond structure of the films with a
Renishaw inVia spectrometer (UK) having a laser
excitation wavelength of 514 nm. The spectrometer
was calibrated on a standard sample of monocrystal-
line silicon with a fundamental vibration mode of
520.5 cm™. The D, G, and D’ band shapes are de-
scribed by a Gaussian function.

The sheet resistance (Rg) of thin-film samples

was measured with an Elins P-30J potenti-
ostat/galvanostat (Russia) using a four-point probe
method in a cell with platinum-coated point contacts.
The distance between the contacts was 1.6 mm.

The thickness of the studied coatings was deter-
mined by atomic force microscopy (AFM) using a
NANOSCOPE Il scanning probe microscope
(USA). The dotted line shown in AFM images
(Fig. 2) indicates the studied region used to analyse
the surface relief profile. On the AFM images, the
locations of triangular markers correspond to the dot-
ted lines on the cross-section plots.

Elemental CHN analysis was performed using a
vario Micro cube automatic analyser (Germany). The
sample portion was 0.8...1 mg. The sample is burned
at a temperature of 950 °C. The CHN content is cal-
culated automatically by the instrument software.
The program considers predetermined calibration
coefficients for standard samples, as well as blank
run results and sample portion.

Results. The film samples obtained from the GO

o | |
0 7 14 21 28 35
b

I, um

Fig. 2. AFM images of the films and their cross-sections along the dotted lines: a — GO film;
b — RGO film after the heat treatment at 400 °C

91



MUKPO- 1 HAHO3EeKTPOHMKA
Micro and Nanoelectronics

dispersion for the purposes of the experiment had
thicknesses of no more than 37 nm (Fig. 2, a), as de-
termined by the AFM method. The thickness of the
films was unaffected by heating at temperatures of 200
and 300 °C; however, processing at 400 °C led to a
film thickness decrease not exceeding 19 nm (Fig. 2,
b), which is possibly due to a height decrease of GO
monolayer (0.9...1.2 nm) up to graphene (0.335 nm)
due to a thermal reduction and as a result of an oxy-
gen-containing functional groups loss, which is also
indicated by CHN analysis results allowing to observe a
carbon increase associated with decreasing of hydrogen
and presumably oxygen in the total mass [19]-{24]. In
addition, it is possible to note the dependence of a
films sheet resistance decrease with the thermal reduc-
tion temperature increase (see Table) from 75 kQ/o for
a sample of reduced GO (RGO) obtained at the ther-
mal reduction temperature of 200°C to 8 kQ/o for a
rGO sample obtained at the thermal reduction temper-
ature of 400°C.

By using scanning electron microscopy (SEM)
method it was found that studied samples have a
folded surface structure (Fig. 3) that remains un-

1 MKM
| — |

Physico-chemical characteristics of the films of GO and RGO

treq: | R, CHN- analysis
Sample

2C | YW| C,% [H, % |N, %
GO 45.97 | 3.25 | 0.65

RGO 200 200 | 75
RGO 300 300 | 9.5
RGO 400 400 | 8

7348 | 1.19 | 1.22
74.09 | 1.09 [1.39
7474 1 112 [ 1.79

changed regardless of heat treatment conditions.

The samples differences are confirmed by re-
search results obtained by Raman spectroscopy.
Fig. 4 shows Raman spectra of RGO films acquired
at different reduction temperatures. The main factor
characterising the graphene structures in studied
samples is a corresponding peaks presence in the
Raman spectra. For example, G-lines indicate oscil-
lations of the sp?-carbon bonds system (1560 cm™).
D-lines (1360 cm), while D+G-lines (2940 cm™)
indicate the formation of a defective structure, which
decreases in proportion to the thermal reduction tem-
perature increase that is evidenced by the absence of
a D+G-line in the Raman spectrum obtained at
400°C; here, unlike sample spectra obtained at lower
temperatures, a 2D-line (2690 cm™) is clearly ob-
served, consisting in a D-line overtone indicating a

d

Fig. 3. SEM micrographs of GO and RGO films surface structure: a — GO film; b — RGO film following heat treatment at 200 °C;
¢ — film following heat treatment at 300 °C; d — film following heat treatment at 400 °C
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Fig. 4. The results of GO and RGO films studies by using
Raman spectroscopy

small number of layers in this graphene structure
[25], [26]. According to the estimation of the 15 /1g
ratio, it can be observed that with an increase in the
thermal reduction temperature, the I/l ratio de-

creases, indicating an increase in the degree of struc-
ture ordering [27].

Thus, the resulting conductive RGO thin-films
having different hydrogen and oxygen contents can
be used to create planar chemical current sources
[28] (batteries and supercapacitors) having a high
charge density and energy as widely used as compo-
nents of ultra-dense surface-mount on printed circuit
boards for microelectromechanical system power
supply, memory blocks and various sensors.

Conductive RGO films can also be used as a
conductive base for a subsequent deposition of CCS
cathodes and anodes, which function as current leads
having minimal thickness and weight [29]. This is
very important when developing CCS having high
specific power-capacitance characteristics. In addi-
tion, using the RGO films on surfaces of traditional
current leads (copper and aluminium) of micro-

batteries and capacitors protects against corrosion by
preventing direct contact of a metal with electrolyte
decomposition products [30] formed during electro-
chemical cycling, thus reducing Faraday processes
and — consequently — self-discharge and CCS irre-
versible capacity loss. The use of GO films having
different degrees of reduction allows the creation ofg
bipolar electrodes of a lithium-ion battery [31], [32],
thus eliminating the necessity of cathode materials,
which, having a higher density than graphene, great-
ly increase the weight of CCS structures.
Conclusion. On the basis of conducted studies,
the dependency of changes in the physicochemical
properties of films, having thicknesses not exceeding
37 nm and obtained from GO dispersion by the dip-
coating method, on thermal reduction conditions is
established. During heat treatment at 400°C, a
change in the film thickness up to 19 nm is observed.
This is presumably associated with a decrease in the
thickness of GO monolayers due to loss of oxygen-
containing functional groups, while thermal reduc-
tion, which is confirmed by CHN analysis results and
Raman spectroscopy, additionally demonstrates a
decrease in graphene structure defectiveness as the
temperature of thermal reduction increases; this is
also indicated by the peak appearance in Raman
spectrum of a small number of graphene layers in a
sample obtained by the heat treatment at 400°C. A
decrease in the sheet resistance of the RGO films
from 75 kQ/o to 8 kQ/o is proportional to the in-
crease in reduction temperature. The results indicate
the possibility of using graphene to form electrically
conductive coatings on dielectric materials.
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