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ABSTRACT: Among the many extraordinary qualities of graphene, its
thermoelectric properties have attracted significant interest, for example,
in active cooling applications. Here, we report on the thermoelectric
transport properties of centimeter-sized monolayer CVD graphene,
electrostatically controlled by a high-capacity ionic gel. The power factor
reaches 7 and 5.4 mW m−1 K−2 for hole and electron conduction,
respectively, similar to earlier reports obtained for microdevices despite
our devices being over 2 orders of magnitude larger. On the basis of these
results, we propose nonvolatile ferroelectric polarization as a scalable
technology for graphene-based thermoelectric applications.
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Thermoelectric (TE) energy conversion is a fascinating
technology with immense application potential, spanning

from industrial waste heat regeneration to on-chip micro-
electronic cooling.1 This versatility is further combined with
additional advantages including a noiseless operation, low
maintenance, scalability, and long lifetime. Nonetheless,
thermoelectric devices are today still restricted to niche
applications, as available TE materials suffer from various
major shortcomings, including a high price, toxicity, and low
chemical stability.2

During the past decades, much effort has been spent on
finding new superior TE materials.3 The quality of a TE

material can be described by its figure-of-merit, zT S T2

=
ρκ ,

where S is the Seebeck coefficient, ρ the electrical resistivity, κ
the thermal conductivity, and T the absolute temperature. The
term including the electronic properties of zT is often called
the power factor, PF = S2/ρ. All the material properties that
contribute to zT are dependent on the charge carrier
concentration n of the material, and maximizing zT is therefore
a task of precisely manipulating n. For bulk materials, the
carrier concentration is usually changed by extrinsic chemical
doping, rendering material optimization tedious and resource-
intensive, as for each specific carrier concentration, at least one
sample needs to be synthesized and characterized.
Control of n can also be achieved via the field effect. Here,

an electric field is applied across an insulating dielectric,
inducing a conductive layer at the interface. By changing the
applied voltage, the carrier concentration of the sample can be
conveniently and reversibly changed and the corresponding

transport properties studied.4 As the applied electric field is
usually screened within a few nanometers, the applicability of
such electrostatic doping is mainly limited to very thin films.
By definition, two-dimensional (2D) materials with few atomic
layers are ideal for this technique. Consequently, electrostatic
doping is routinely used to study the transport properties of
various 2D materials.5 Nonetheless, combining TE measure-
ments with electrostatic doping is less common. Notwithstand-
ing, several experimental reports on the promising TE
performance of 2D-based devices can be found in the
literature.6,7 In particular, the TE properties of graphene, as
the archetypical 2D material representative, have been studied
extensively, not only as a probe to develop a fundamental
understanding of its electronic properties8−10 but also to target
practical applications like self-powered sensors.11,12 Most
studies on the TE properties of 2D materials are done on
microdevices built by using advanced microtechnological
fabrication techniques, while for practical applications, large,
homogeneous, and scalable samples are needed, so that the
generated energy or cooling power is sufficient. Therefore, in
this study, we have characterized the TE properties of large,
centimeter-scaled monolayer graphene devices prepared by
chemical vapor deposition (CVD). The carrier concentration is
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varied via electrostatic doping using a high capacitance ionic
gel, so that maximum TE performance in both the p- and n-
type regime can be reached with only small gate voltages, VG ≤
1.75 V. The obtained power factor (PF) is similar to earlier
results on microfabricated devices, and we discuss prospects
for practical applications of graphene-based thermoelectrics.
Large 1 × 1 cm2

field-effect devices have been fabricated by
using commercial monolayer CVD on quartz and a drop-
casted ionic gel as the gate dielectric. A sketch of the
experimental setup is shown in Figure 1a, complemented by
representative raw data in Figure 1b,c. Details on the chemicals
used and measurement procedure are given in the Supporting
Information, section S1.

The measured sheet resistance, the Seebeck coefficient, the
power factor PF = S2/ρ, and the Hall resistance as a function of
applied gate voltage VG are shown in Figure 2. To convert
sheet resistance into bulk resistivity ρ, we use a thickness of
monolayer graphene of 3.3 Å. Without any applied VG, the
sample has a Seebeck coefficient of +30 μV K−1 and a positive
Hall resistance, indicating p-type behavior due to adsorbed
atmospheric molecules and acceptor-type impurities intro-
duced by the CVD production process.13 With increasing VG,
the Fermi level rises toward the Dirac point, where the sheet
resistance reaches a maximum at VG = 0.75 V. The ratio

between minimum and maximum resistance is 8
R

R
S,max

S,min
≈ . The

resistance maximum is accompanied by a sign change of both
Seebeck coefficient and Hall resistance, in agreement with a
change from p-type to predominantly n-type conduction at
higher VG. Our measurements show a slight hysteresis upon VG
cycling, in agreement with earlier reports and explained by
charge carrier trapping at defects at the graphene−electrolyte
and graphene−substrate interfaces.14 These defect sites are
at least in partrelated to the presence of atmospheric
humidity, as can be seen from the measurements in controlled
atmospheres for a different sample (Figure S2).
The maximum Seebeck coefficient in the p-type region (+68

μV K−1) is larger than the absolute Seebeck value in the n-type
region (−58 μV K−1), resulting in a power factor, PF = S2/ρ,
which is slightly asymmetric in VG. The lower Seebeck
coefficient for electron charge carriers as compared to holes

has been observed earlier and attributed to their different
carrier mobility and effective density of states.8,15

To discuss the electronic properties in more detail, it is
helpful to convert the applied VG into the sheet carrier
concentration nS as described in section S2 of the Supporting
Information. The mobility is then calculated by μ = (RSnSe)

−1

and shown in Figure 3. The mobility of holes is higher than
that of electrons, in our case 800 and 600 cm2 V−1 s−1,
respectively, at a hole and electron concentration of 5 × 1012

cm−2. These mobility values obtained here are similar to earlier
reports for ionically gated CVD graphene,16 and the higher
mobility for holes compared to electrons explains the higher
Seebeck coefficient and thus the higher power factor in the p-
type region.
With the carrier concentration inferred from the Hall effect

measurements, we can also revisit the gating dynamics of our
sample. Figure S4 shows the sheet resistance and Seebeck
coefficient plotted against the extracted carrier concentration.
The small hysteresis visible in the original data with a
dynamically changing VG (Figure 2a−c) has disappeared,
indicating that the role of interfacial charge trapping upon
gating merely renormalizes the carrier concentration but leaves
the overall band structure and carrier scattering unchanged.
The maximum PF is obtained for a carrier concentration of 5 ×
1012 in both the p- and n-type regime.
Comparing the TE properties obtained here with earlier

reports, we find that our results for centimeter-scaled,
commercial graphene are similar to values reported for devices,
which were fabricated by sophisticated microfabrication
techniques (Table S1).
Therefore, in this context, we discuss the potential of

graphene in TE applications. Its peculiar band structure and
extremely high electrical conductivity causedespite its
moderate Seebeck coefficienta high PF at room temperature,
rivaling state-of-the-art thermoelectric materials. For compar-
ison, the PF of the most commercially used TE material Bi2Te3
is around 4.5 mW m−1 K−2.17 Notwithstanding, the thermo-
electric figure-of-merit of graphene is very low (≈0.0005 at 300
K, using an in-plane thermal conductivity of 4000 W K−1 m−1

for polycrystalline CVD graphene18). However, it has been
argued that the PF and not zT is most relevant for many
applications as (i) the thermal conduction will be largely
dominated by the substrate and gate structure and not the
graphene film itself,15 (ii) the power factor determines the
amount of heat, which can be pumped in active cooling
applications,19 and (iii) a large PF maximizes the power output
under infinite heat source conditions, often realized for
electronic cooling or industrial waste heat.20

The high PF of graphene-based thermoelectrics comes with
additional advantages like sample transparency, flexibility, and
established etching and patterning protocols, making them
attractive candidates for various thermoelectric applications.21

However, a significant obstacle that still exists is the absence of
scalable manufacturing routines for large-scale TE devices. For
example, Kanahashi et al. have estimated that at least 104 p−n
couples are needed to power simple Internet-of Things (IoT)
devices like sensors from body heat. In stark contrast,
experimentally demonstrated devices consist only of a few
pairs (<10),11,22,23 primarily due to the lack of efficient
methods to reliably control the charge carrier concentration of
graphene. Duan et al. have proposed a graphene-based device,
where the p- and n-type regions are electrostatically doped to
their maximum PF by lithographically patterned gate

Figure 1. (a) Schematic of the thermoelectric experimental setup. A
dielectric gel is drop-casted on a 1 cm2 large sample of monolayer
graphene on quartz and connected with thermocouples and four
current electrodes. (b) Raw data of a typical measurement of the
Seebeck coefficient. A microheater creates a temperature gradient
across the sample, and the corresponding voltage Utherm between the
thermocouples is recorded simultaneously. (c) The Seebeck
coefficient is obtained as a linear fit of the Cu-lead corrected Utherm
versus ΔT = T2 − T1.
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structures. They argued that such a structure could be used for
the active cooling of hot spots within integrated circuits, where
the thermoelectrically pumped heat could enhance the passive
cooling effect by at least 10%.24 However, we believe that the
fabrication and integration of a significant number of such gate
structures is increasingly complicated. In addition, metallic

electrodes would open an unwanted, parallel path for thermal
conduction, reducing overall efficiency.
Instead, we here suggest replacing the gate dielectric with a

ferroelectric material. It has earlier been shown that the
polarization of an adjacent ferroelectric material can electro-
statically control the carrier type, concentration, and thus the
conductance in graphene in a nonvolatile and reconfigurable
way.25 By moving a biased probe as the gate electrode across
the ferroelectric−graphene sample, a polarization pattern can
be written into the ferroelectric layer, leading to locally defined
regions within the graphene layer with defined carrier type and
concentration (Figure 4a).26 In particular, it is possible to
polarize certain regions so that the PF of graphene reaches its
maximum value for either p- or n-type conduction.
For example, thin (∼100 nm) layers of the organic

ferroelectric poly(vinylidene fluoride-co-trifluoroethylene P-
(VDF−TrFE) can be deposited on large areas by using spin-
coating.27 Their thickness combined with a low thermal
conductivity of P(VDF−TrFE)28 would minimize unwanted
heat conduction through the dielectric layer.
To demonstrate the principle, we fabricated a similar device

using 1 × 1 cm2 single-layer graphene on 90 nm SiO2 with a
spin-coated P(VDF−TrFE) film on top. Figure 4b shows the
poling characteristics of this device, with a reversible switch in
the ferroelectric polarization at ≈±100 V. This high voltage is
related to the relative thickness of our film (≈1 μm), and
fabrication parameters would need to be optimized to achieve
lower switching voltages for practical applications. More
importantly, the two polarization directions of the ferroelectric
layer correspond to two distinctly different, nonvolatile states
of electronic transport in the adjacent graphene layer: The

Figure 2. Experimental results for a single device. (a) Sheet resistance RS, (b) Seebeck coefficient S, (c) power factor PF = S2/ρ, and (d) Hall
resistance as a function of applied gate voltage VG. The sample changes from p- to n-type behavior at the Dirac point around VG = 0.75 V. The
observed hysteresis can be associated with trapped charges at the interface.

Figure 3. Extracted mobility using the data from Figure 2 as a
function of sheet carrier concentration nS. Black squares are a result
from the simple Drude formula μ = σ/(nSe), valid at large |nS|, while
green circles are calculated by differentiating σS with respect to nS,
valid at low |nS|. The red dashed line indicates an approximate overall
mobility interpolating the two regimes, as discussed in detail in
section S2.
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sheet resistance changes by more than 400% (Figure S5), also
reflected in the Hall resistance, changing from 60 to 290 Ω
(Figure 4c), corresponding to a change in nS from 38 × 1012 to
7 × 1012 cm−2. Unlike earlier reports in the literature,25,29 the
remanent polarization of our P(VDF−TrFE) film was not
strong enough to induce a change in the majority carrier type
from p- to n-type, although the onset of a p−n transition is
visible for the positively polarized state when an additional
voltage is applied at the back gate. However, a successful
demonstration of the proposed writable TE generator requires
further optimization of the VDF/TrFE ratio, deposition
parameters, and postdeposition curing temperature.
The advantages of such ferroelectrically controlled TE

devices include flexible device proportions, unconventional
geometry, small feature size, and reconfigurability. Potential
scalability limitations related to the finite writing speed of the
moving gate electrode were recently addressed by studies
demonstrating the optical control of ferroelectric polarization,
so that the required polarization patterns can be rapidly
created by illuminating only partial regions of the sample.30

In summary, we have characterized the thermoelectric
properties of centimeter-sized, macroscopic, single-layer CVD
graphene, electrostatically gated by an ionic gel. A large
variation of the sheet carrier concentration by 6 × 1013 cm−2

was observed by using a gate voltage of only 1.75 V. The
simultaneously measured Seebeck coefficient and sheet
resistance follow the typical behavior for CVD graphene
driven from its as-synthesized p-type state into the n-type
region. A large maximum power factor of 7 and 5.4 mW K−2

m−1 respectively for hole and electron conduction is observed
at room temperature, similar to values obtained for micro-
scopic devices fabricated from exfoliated graphene. We
propose doping by ferroelectric polarization as a viable
means for scalable fabrication of efficient nanoscale devices
for on-chip cooling purposes and demonstrate a ferroelectri-
cally controlled, nonvolatile, and reversible change in resistivity
by more than 400%.
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