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A B S T R A C T

Edge-oxidized graphene-dispersed Bi0.4Sb1.6Te3 (EOG/BST) thick films are fabricated by the hand-printing of
EOG/BST paste followed by a heat-treatment process. Fabricated EOG/BST thick films are approximately 200 μm
thick, and the EOGs in the film are dispersed rather than agglomerated but also appear to connect the separated
BST grains. A 2wt% EOG/BST thick film shows a maximum thermopower of 0.00206W/mK2, which is ap-
proximately 1.7 times higher than the output of 0.00133W/mK2 of BST film without EOG. The improved
thermopower stems from the EOG, which provides rapid carrier-transport and an increase in the electrical
conductivity of the BST film. It has been found that the edge-surface of EOG is chemically bonded with Bi, Te and
Sb via interfacial oxygen atoms and the perfect graphite (sp2) structure of the EOG facilitates rapid movement of
the carriers. The carrier mobility of 2 wt% EOG/BST film sample was improved by about 1.75 times without
sacrificing the carrier density compared to that of BST film. These results indicate a promising means of using
EOG to enhance the electrical properties of thermoelectric thick films, which can be utilized in active coolers and
in wearable power generators.

1. Introduction

Energy devices utilizing thermoelectric (TE) effects are considered
by many to be promising tools with which to recover wasted heat and
for precise temperature control given the reversible conversion between
thermal differences these devices offer and the fact that the electrical
energy they use is in a solid state [1]. The energy conversion perfor-
mance capabilities of TE materials can be determined by the di-
mensionless figure of merit, ZT (=α2σT/κ), where σ is the electrical
conductivity, α is the Seebeck coefficient, α2σ represents the thermo-
power, κ is the thermal conductivity and T is the absolute temperature
[2,3].

Bismuth telluride based alloys are well known materials for use in
practical applications due to their good ZT performance in the tem-
perature range of ambient temperature to 473 K when using various
types of TE modules, which are classified by their thicknesses, i.e., ei-
ther the bulk, thick-film or thin-film types. Given that the thickness of
the TE module directly improves the performance depending on the
maintenance of the temperature gradient (ΔT), designing and fabri-
cating TE materials with suitable thicknesses is important. That is, al-
though thin-film TE modules (tens of μm) appear to be useful in various

applications due to their size, thin TE elements are limited with regard
to maintaining a consistent ΔT value compared bulk elements with
thicknesses on the mm scale. Thus, recently, many researchers have
focused on the thick film types of TE modules with thicknesses in the
range of 100–500 μm for self-power generation or for application to
CPU coolers in mobile devices [4–6].

However, thick-film TE modules with performance capabilities
comparable to those of the bulk have rarely been developed given the
difficulty encountered when attempting to create sound thick-film
materials. The main reason for this originates from the paste-based
fabrication process of thick film. It is known that a large amount of
porosity arises with the imperfect densification of printed film using a
binder which evaporates after the heat treatment [7]. Furthermore,
organic binders are non-conductive and serve to mainly degrade the
electrical properties in the film despite the importance of electrical
conductivity [8].

To make a conductive TE paste, the first requirement is to resolve
the aforementioned problems. However, most research on the fabrica-
tion of TE films focus on improvements via a post-treatment and
changes of microstructures related to the paste process. For example,
Cho et al. introduced TE film fabricated by screen printing with a post-
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ionized defect-engineering process [9]. Son et al. reported that Sb2Te3
chalcogenidometalate acts as a sintering aid to increase the density
during sintering [10]. Thus, conductive TE materials for thick films
should be developed to enhance the thermopower (α2σ), which is a
representative property related to the power generation capability of
these modules.

Here, we introduce edge-oxidized graphene (EOG) to achieve high
electrical conductivity in thick film based on p-type bismuth telluride.
EOG is a two-dimensional material with relatively complete sp2 bonds
that brings about higher electrical conductivity by twofold than general
reduced graphene oxide [11]. In addition, improved electrical proper-
ties, especially with regard to thermopower levels, of thermoelectric
film can be anticipated when the EOGs are dispersed because the
functional group attached at the edge of the graphene allows suitable
dispersibility or chemical bonding with the p-type (Bi,Sb)2Te3 grains.

2. Experimental procedure

Raw materials of bismuth, antimony and tellurium (Materion Co.
Ltd, USA) were alloyed into Bi0.4Sb1.6Te3 (BST) powders by a high-
energy ball milling process (Fritsch Monomill, Pulverisette, Germany)
under 450 rpm for 11 hr. The BST powder was mixed into the paste
using an organic binder consisting of 1 wt% ethyl cellulose and α-ter-
pineol (Sigma Aldrich, USA). The EOG was then solutionized in distilled
water and was added to BST paste samples at five different contents of
0.4, 0.8, 1.2, 1.6 and 2.0 wt%. The EOG-dispersed BST (EOG/BST) paste
was then used to produce a film with a thickness of about 200 μm on an
alumina substrate through a hand-printing method, and a two-step heat
treatment was carried out to remove organic binders and to sinter the
films. The phases of the films were characterized by X-ray diffraction
(Rigaku, D/MAX 2500, Japan). The surface morphology of the powders
and films were analyzed by field emission scanning electron microscopy
(FE-SEM, MIRA3 LM, TESCAN, Czech Republic). To evaluate the

Fig. 1. (a) Schematic illustrations of the fabrication process of EOG/BST thick film using a paste printing process, (b) surface morphologies and (c) XRD patterns of all
of the thick films fabricated here.
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electrical properties of the fabricated TE films, a Hall measurement
system (Ecopia, Model AHT55T3, South Korea) and a Seebeck coeffi-
cient measurement system were utilized. The bonding between the EOG
and the BST matrix was characterized by XPS analysis (AXIS-SUPRA,
Kratos, UK).

3. Results and discussion

Fig. 1(a) presents schematic illustrations of the fabrication process
of an EOG/BST thick film sample, showing the confirmed thickness of
approximately 200 μm. Fig. 1(b) shows the in-plane surface morphol-
ogies of fabricated BST/EOG films with different contents of EOG. For
comparison, a BST film sample without EOG was fabricated by the same
process. In all of the films, most of the BST powders were connected to
each other while also being sintered by the heat treatment, although a
perfectly smooth surface was not revealed. Fig. 1(c) shows XRD pat-
terns of the fabricated films. This analysis indicates that the phases of
all fabricated BST films are in good agreement with JCPDS card No. 72-
1836, which corresponds to Bi0.4Sb1.6Te3. However, peaks for graphitic

structures were not observed due to the small amount of EOG in all of
the films. This implies that the composition of the BST matrix does not
change regardless of the addition of EOG and/or the use of a heat
treatment.

Fig. 2(a) shows that almost transparent EOG-like film presents on
the surface of BST grains which are partly sintered. On the other hand,
the location of the EOG-like film provides evidence of the connections
among separate BST grain, forming micron-scale empty space caused by
the porosity which arises when the organic binder is removed. How-
ever, the energy dispersive X-ray spectroscopy (EDS) results shown in
Fig. 2(b) indicate unclear differences in the distribution of the carbon
atoms. As shown in Fig. 2(c), (d) and (e), the line EDS outcome from
EOG-like film on A-B line indicates that carbon is uniformly distributed,
whereas only slight distributions of Bi, Sb and Te atoms on a-b line are
expected in empty space. Thus, the presence of EOG was confirmed by
EDS and the EOGs are continuously connected among the BST grains.

In order to determine how the state of the EOG on the surface of the
BST film, the binding energies for each atom in the EOG/BST films were
confirmed by an XPS analysis. Fig. 3(a) shows wide-scan results of the

Fig. 2. (a) Enlarged surface image of EOG/BST thick film showing EOG dispersed among BST grains, (b) area EDS results of the image in (a), (c) a SEM image
exhibiting EOG present between BST grains, (d) line EDS results on the A-B line and, (e) EDS results on the a-b line for the Bi, Sb, Te and C atoms.
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XPS analysis of the surface of the 2.0 wt% EOG/BST film sample. The
peaks of Bi, Te, Sb and C in the EOG/BST film are located at around
160, 580, 535 and 285 eV. Fig. 3(b) presents the narrow-scan result of
Bi in the 2.0 wt% EOG/BST film. The peaks for Bi 4f5/2 and Bi 4f7/2 are
located at 162.8 and 157.5 eV, respectively, and two peaks corre-
sponding to the binding energy of Bi2O3 at 164.3 and 159.1 eV were
revealed without any other peaks representing metallic impurities. As
shown in Fig. 3(c) and (d), peaks for not only Sb and Te but also for
Sb2O3 and TeO2 which are corresponding oxides of Sb and Te, were

identified in the results of the XPS analysis of Bi. Fig. 3(e) presents the
narrow-scan results of the XPS analysis of carbon on the surface of the
2.0 wt% EOG-BST film. The C 1s peak and the C-O-C peak were detected
at 284.5 and 285.8 eV, respectively, indicating that EOG exists in the
film [12]. These results mean that there is a high possibility of oxygen-
atom-mediated chemical bonding between the BST and the edges of the
EOGs. Given that Bi, Sb and Te are known to have high oxidation be-
haviors, oxygen-containing functional groups at the side edges of the
EOG can act as a feasible medium to form BST oxide at the EOG/BST

Fig. 3. XPS analysis results of the 2 wt% EOG/BST TE film: (a) wide-scan result of the film; (b–e) narrow-scan result for each instance of the peak deconvolution of
the elements and oxidized states for Bi, Sb, Te and C; and (f) a schematic depiction of the interfacial structure between the EOG and the BST grains.
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interface, as schematically illustrated in Fig. 3(f).
Fig. 4(a) shows the variation of the carrier density (n) and the

carrier mobility (μ) in the EOG/BST films as a function of the EOG
content. The value of n of approximately 1.5×1019 cm−3 of the BST
film remains nearly constant regardless of the addition of EOG. Inter-
estingly, the carrier mobility increases with an increase in the EOG
content. The carrier mobility of the 2.0 wt% EOG/BST film increased by
about 1.6 times, from 83 cm2/Vs to 133 cm2/Vs, as compared to that in
the BST film without EOG. Fig. 4(b) shows the changes of the electrical
conductivity and Seebeck coefficient with the addition of EOG in the
BST films at room temperature. Here, σ and α for a thermoelectric
material can be expressed using the following equations,

=σ neμ (1)
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where n, μ, kB, h, and m* are the carrier density, carrier mobility,
Boltzmann constant, Planck constant and effective mass, respectively
[2]. According to Fig. 4(b), the σ value of the 2 wt% EOG/BST film
sample increased to 3.40× 104 S/m compared to the value of

1.99×104 S/m for the BST film without EOG. However, the Seebeck
coefficients do not show significant changes, with values in the range of
230–258 μV/K. Fig. 4(c) shows a Pisarenko plot which indicates the
relationships between n and α as obtained from all of the samples [13].
According to these relationships, the effective masses of the samples are
similar even when EOG is added. That is, these outcomes reveal that
EOG does not cause a major enhancement of the Seebeck coefficient in
the TE films, though it leads to a major difference in μ to improve the
electrical conductivity. In addition, it should be noted that new paths
through which carriers move were added to the BST films with the
addition of EOG. Therefore, it is necessary to take into account the
probability of the following two factors when carriers move between
the grains; the grain-grain interface and the grain-EOG interface. Con-
sidering the σ and α values, thermopower of 0.00206W/mK2 is
achieved with the 2 wt% EOG/BST TE film, an increase of 1.6 times
with regard to the addition of EOG in the BST TE film, as shown in
Fig. 4(d). Furthermore, it can be proven that the increased thermo-
power is due to accelerated carrier movement through the chemically
connected EOG with BST grains, as illustrated in Fig. 4(e).

Fig. 4. Variations of (a) the carrier density and mobility, (b) electrical conductivity and Seebeck coefficient as a function of the EOG content, (c) Pisarenko plots
showing changes in the Seebeck coefficient with different carrier densities, and (d) power factors with an increase in the EOG contents (e) schematic depiction of BST
grains connected by EOG.
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4. Conclusion

Conductive BST paste using edge-oxidized graphene (EOG) was
synthesized and EOG/BST thick films with improved electrical con-
ductivity levels were fabricated. Due to the presence of EOG in the
films, it could be confirmed that carriers can pass rapidly along the
surface of the complete graphitic structure without stopping, even in
porous regions which are not fully densified. In addition, EOGs are
physically dispersed but also chemically bonded via interfacial oxygen
atoms, stemming from the function groups at the side edges of the EOG.
As a result, the mobility and electrical conductivity of the 2 wt% EOG/
BST TE films increased by 1.6 times and 1.79 times, respectively,
compared to films without EOG. The maximum thermopower reached
0.00206W/mK2, which is comparable to that in BST bulk material.
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