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Graphene is one of the most promising materials for application in electronics. It has been recently discovered
that on certain substrates graphene is characterized by a rather strong spin�orbit interaction, which is valuable to
spintronics applications. In this paper we present an application of a system for measuring of graphene's electrical
parameters. The idea of a measuring system originates from the measurements of the pyroelectric coe�cient of
ferroelectric samples. After a simple modi�cation the system can be used for various experiments related to the
determination of electric response of samples exposed to a temperature gradient. Test measurements of monolayer
graphene samples and their thermoelectric response are presented.
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1. Introduction

The world currently faces numerous challenges relat-
ing to alternative and renewable energy sources. Global
demand for the energy increases and at the same time
there is a growing concern about the in�uence of green-
house gases on the environment. High-e�ciency ther-
moelectric materials are an important group for power
generation devices that convert waste heat into electrical
energy. The conversion of waste heat into electrical en-
ergy seems to be very e�ective way to improve e�ciency
of energy production and develop alternative energy tech-
nologies reducing our dependence on traditional energy
sources. The commercial thermoelectric materials have a
relative low �gure of merit ZT of 1 and the average ther-
moelectric generators on the market have a conversion
e�ciency of approximately 5% [1].
Our theoretical researches and simulations performed

for graphene were very promising regarding e�ciency of
this material as heat to electricity converter [2].
It was our motivation to conduct practical measure-

ments of thermoelectric e�ect in graphene samples.
Graphene is a plane of carbon atoms [3]. It is the �rst
two-dimensional crystal widely explored in theory and
experiment. Discovered about one decade ago, it is still
one of the most important and promising material from
classical and spin electronics point of view [4�6]. High
interest in graphene is mostly due to its electronic prop-
erties [7]. Recently, special interest is related to phenom-
ena of thermoelectricity and thermal transport [8, 9].
The charge current induced by the temperature gradi-

ent is well known for semiconductors and called the See-
beck e�ect [10, 11]. The measurable value characterizing
thermoelectric properties of any material is the Seebeck
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coe�cient. For graphene it was theoretically calculated
as giant value equal to 30 mV/K [12].
Thermoelectric power and electrical conductivity in a

wide range of temperatures were studied in a graphene
device with a di�erent impurity concentration by Wang
and Shi [13]. The in�uence of strong impurity scattering
on the thermoelectric properties on graphene was consid-
ered theoretically using self-consistent t-matrix approach
by Lofwander and Fogelstrom [14]. The thermoelectric
properties of graphene in the presence of magnetic �eld
and external disorder describing by Dirac Hamiltonian
for low energy excitation was also considered [15, 16].
Electric and thermoelectric transport for the nonzero

value of the Rashba spin�orbit interaction was discussed
by Alomar and Sánchez [17]. Authors predicted that this
e�ect can be used for detection of nonhomogeneous spin�
orbit interactions. The e�ect of substrate in graphene
negatively in�uences and reduces the phonon thermal
conductivity, which is desirable feature in physics of
thermoelectric e�ects [18]. The heat �ux and electron�
phonon thermal conductance in disordered graphene
sheet was calculated using the Fermi golden rule by Wei
et al. [19].
From the presented calculations it follows that the

thermal conductance in graphene depends on disorder
and screening. It also re�ects the underlying chiral na-
ture of electrons in this material. Obtained theoretical
results are promising enough to undertake e�orts for ex-
perimental veri�cation [2].

2. Experiment

Measurements of thermoelectric current were per-
formed for graphene layers deposited on two di�erent
substrates � namely on SiC and SiO2 [20]. Monolayer
chemical vapor deposition (CVD) graphene grown on
copper foil and transferred onto conductive silicon sub-
strate (10 mm×10 mm) covered with 300 nm thermal sili-
con oxide layer was purchased at Nano Carbon Sp. z o.o.
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The Hall e�ect characterisation proved hole concentra-
tion n = +8.614 × 1012 cm−2, hole mobility µ =
1415 cm2/(V s) and sheet resistance R = 512 Ω/sq, all
measured in van der Pauw geometry with the four probe
needles placed in the four corners of the sample.

The second investigated sample was epitaxial mono-
layer graphene grown on the Si face of a semi-insulating
on-axis 4H-SiC (0001) (10 mm× 10 mm) substrate using
the epitaxial chemical vapor deposition method in a stan-
dard hot-wall CVD Aixtron VP508 reactor [21]. Prior to
growth, in situ etching of the SiC surface was carried
out in hydrogen atmosphere. The epitaxial CVD growth
of graphene was realized under dynamic �ow conditions
that simultaneously inhibit silicon atom sublimation and
promote the mass transport of propane molecules to
SiC substrate. The as grown sample was character-
ized by a Hall e�ect measurement (with the use of an
0.55T Ecopia HMS-3000 setup) in the van der Pauw ge-
ometry with the four golden probes placed in the corners
of the 10 mm × 10 mm substrate. Graphene was found
to exhibit electron concentration n = −9.08×1012 cm−2,
electron mobility µ = 571 cm2/(V s) and sheet resistance
RS = 1116 Ω/sq.

Block diagram of the measurement system setup is pre-
sented in Fig. 1a. Carbon back electrodes were applied
to the samples in order to limit the in�uence of electric
contacts placed in di�erent temperatures (T1, T2). Bot-
tom sides of the graphene samples (Fig. 1c) were covered
by thin layer of graphite. Such created thermopile min-
imized the thermoelectric input of copper electrodes of
sample applicator. Graphene samples were placed inside
the thermostatic unit with use of chosen sample applica-
tor. Two micro Peltiers cells were used for controlling the
temperature T1 and T2 of both sides of the investigated
sample. Application of micro Peltier cells made possible
independent cooling and heating of both sides of the sam-
ple. Thus the high temperature gradient ∇T inside the
sample could be obtained. Two temperature sensors were
mounted right under the surface of the heaters (very close
to the surface of the samples). Control of the tempera-
ture was realized by voltage and current manipulation
realized by the software and applied interfaces.

Cross-section of the sample holders is presented
in Fig. 1b. Cross-sections of the sample holder appli-
cators are given in Fig. 1c and d. Two di�erent sample
applicators were used to determine the in�uence of the
copper electrodes on thermoelectric response of the sam-
ples. After preliminary tests sample applicator presented
in Fig. 1c was chosen for further measurements.

Thermoelectric current j of the short circuited samples
was measured for temperature di�erence ∆T applied to
the samples. The variation of temperature is presented
in Fig. 2a,b. LAB-VIEW virtual interface was designed
and created in order to record, process and present mea-
surement data [22]. The thermoelectric current j was
measured in room temperature T = 300 K and air at-
mosphere. From simple theoretical approach the elec-
tric current in case of zero electric �eld E = 0 and

Fig. 1. (a) Block diagram of measuring system,
(b) cross section of the sample holder, (c) sample appli-
cator with compensated contact in�uence, (d) regular
sample applicator [22].

homogeneous chemical potential ∇µ = 0 can be written
as j = σα∇T and it is a linear function of ∇T , where
σ is the electron conductance and α the Seebeck coe�-
cient in graphene. We measured the di�usion thermoelec-
tric current induced by temperature gradient as function
of time t and temperature di�erence ∆T . The change
of temperature with time t for two di�erent graphene
samples, described above as SiC and SiO2, is presented
in Fig. 2a. Recording of ∆T was started from two di�er-
ent temperature levels for each sample.

Initial temperature for graphene on SiC was approxi-
mately ∆T ≈ 40 ◦C, while for G/SiO2 it was ∆T = 0.
The sign of ∆T was positive for T2 > T1 and negative
for the opposite. The sign of ∆T is positive for T2 > T1
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Fig. 2. (a) The di�erence of temperature ∆T as a func-
tion of time t. (b) Current j(µA) induced by temper-
ature di�erence ∆T as a function of time t. The red
color refers to monolayer graphene on 4H-SiC, whereas
the blue color to graphene on Si/SiO2.

and negative on the other case T2 < T1. For both pre-
sented samples the tendency in changes of ∆T sign with
time is similar. Time dependence of current response of
tested material to the temperature gradient can be ob-
served in Fig. 2b. The constant value of temperature
∆T ≈ 40 ◦C is manifested by constant electrical cur-
rent induced by these temperature conditions presented
in Fig. 2b. Note that the sign of current is related to
majority charge-free electron or hole.

Fig. 3. Thermoelectric current j as function of tem-
perature di�erence ∆T for this same samples presented
in Fig. 1.

The recorded values of thermoelectric current are pre-
sented in Fig. 3. Basically, as one can see, the increase
of ∆T parameter involves the increase of thermoelectric

current j, as shown in Fig. 2b. The recorded values
of thermoelectric current are presented in Fig. 3. Lin-
ear character of thermoelectric response of the measured
samples con�rms theoretical predictions for the semiclas-
sical Boltzmann approach [2].
Two di�erent plots of electric current vs. ∆T are pre-

sented in Fig. 3. Both currents are equal to zero j = 0
when ∆T = 0 which means that move of electrons is
thermally excited. We discuss two graphene samples in
which majority charge sign and concentration are dif-
ferent. Red squares in Fig. 3 represent the current j
for graphene on SiC substrate where electrons are re-
sponsible for conduction. Small concentration of free
electrons ne = −9.08 × 1012 cm−2 is manifested by
small angle of red curve. Opposite situation is shown
by blue circles which are associated with graphene on
Si/SiO2 where majority charge are holes of concentra-
tion np = +5.98× 1012 cm−2.

3. Conclusions

Graphene samples used in our experimental studies
were obtained with the use of two di�erent techniques,
namely epitaxial chemical vapor deposition on silicon car-
bide from a propane precursor and chemical vapor depo-
sition on copper foil from a propane precursor followed by
a transfer onto the target substrate through the PMMA-
mediated electrochemical delamination method. This
two materials are characterized by two di�erent conduc-
tion charges which can be clearly observed in Fig. 3 where
the same temperature gradient ∇T direction results in
opposite direction of measured thermoelectric current.
Current �ow was reversed in case of opposite direction
of temperature gradient. Electric current growth rate is
proportional and determined by charges concentration.
After the experiment recorded data, after processing,

were compared with theoretical simulation. Performed
measurements are in good agreement with model results
based on the Boltzmann kinetic equation [2]. These re-
sults are very promising for our future researches both
within theoretical and experimental researches.
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