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Fast and controllable cooling at nanoscales requires a combination
of highly efficient passive cooling and active cooling. Although
passive cooling in graphene-based devices is quite effective due to
graphene’s extraordinary heat conduction, active cooling has not
been considered feasible due to graphene’s low thermoelectric
power factor. Here, we show that the thermoelectric performance
of graphene can be significantly improved by using hexagonal
boron nitride (hBN) substrates instead of SiO,. We find the room
temperature efficiency of active cooling in the device, as gauged
by the power factor times temperature, reaches values as high as
10.35 W-m~"-K~", corresponding to more than doubling the high-
est reported room temperature bulk power factors, 5 W-m~"-K~",
in YbAI;, and quadrupling the best 2D power factor, 2.5 W-m~"-K~", in
MoS,. We further show that the Seebeck coefficient provides a
direct measure of substrate-induced random potential fluctuations
and that their significant reduction for hBN substrates enables fast
gate-controlled switching of the Seebeck coefficient polarity for
applications in integrated active cooling devices.
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s the size of the electronic components shrinks, larger power

densities are generated, resulting in local hot spots. The
small size of these hot spots and their inaccessibility make it
difficult to maintain a low and safe operating temperature (1).
Solid-state integrated active thermoelectric coolers could solve
the long-lasting electronic cooling problem (2, 3). These coolers
are designed to actively pump heat in its natural flow direction,
from the hot spots generated on the chip to the colder ambient
reservoir. In this mode of operation, active cooling assists passive
cooling, which is different from the refrigeration mode where
passive and active cooling oppose each other (4). In passive
cooling, heat is transported via the phonon channel, and the heat
flux is set by the thermal conductance of the cooler. In contrast,
active cooling uses the Peltier cooling to pump heat via the
electronic channel and can be controlled and tuned with applied
current. The performance of Peltier cooling is a function of the
thermoelectric power factor, PF =6S%, where o is the electrical
conductivity and S is the Seebeck coefficient. In this manuscript,
we also use the notation of PFT, referring to PF times temper-
ature 7, which has a more convenient unit of watts per meter
kelvin, the same as thermal conductivity. Unlike common ther-
moelectric applications, where the ability of a material to effi-
ciently produce thermoelectric power is measured by its
dimensionless figure of merit, ZT =6S?T/x (x is the thermal
conductivity), thermoelectric cooling does not require low ther-
mal conductivity. In fact, both the power factor and the thermal
conductivity should be large. Although there is no theoretical
limit on PF, the interplay between the Seebeck coefficient and
the electrical conductivity in highly doped bulk semiconductors,
has so far prevented the realization of very large thermoelectric
power factors (5-7).
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Single-layer graphene possesses extraordinary electronic and
thermal properties (8-12). In particular, its high mobility, which
due to the weak electron—phonon interaction persists up to room
temperature, can be orders of magnitude higher than in other 2D
thermoelectric materials, such as semiconducting transition
metal dichalcogenides (13-16). Theoretical and experimental
studies show that the Seebeck coefficient in graphene could
reach values comparable to that in bulk semiconductors by de-
creasing the carrier density (17-23). The combination of gra-
phene’s large mobility and competitive Seebeck coefficient result
in large power factor and large active cooling. At the same time,
graphene’s extremely large thermal conductivity also enables
efficient passive cooling (12). Furthermore, the ability to control
its carrier density by electrostatic gating rather than by chemical
doping imparts to graphene an important advantage over bulk
materials. Note that graphene owns low ZT because of its large
thermal conductivity, and therefore it is only suitable for appli-
cations such as electronic cooling, which is the focus of this work.

As a purely 2D material, the electronic properties of graphene
are strongly affected by its surroundings. Experiments demon-
strate that the commonly used SiO, substrate has surface charge
states and impurities that cause Coulomb scattering that limits
the mobility and introduce large potential fluctuations in
G/SiO, samples (24-26). The potential fluctuations induce elec-
tron-hole puddles (EHPs) in the vicinity of the charge-neutrality
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point (CNP) and prevent gating for lower carrier density (25).
Depositing graphene on hexagonal boron nitride (hBN) sub-
strates (G/hBN), which are relatively inert and free of surface
charge traps, produces samples with smaller potential fluctua-
tions and higher mobility than G/SiO, (27-29). Here, we report
on comparable measurements of the thermoelectric properties
for G/hBN and G/SiO, samples.

Fig. 14 shows a schematic of the apparatus for measuring the
electrical and thermal transport properties (Supporting Information).
Fig. 1B shows the gate voltage (V,) dependence of the Seebeck
coefficient, S(V;), measured in G/hBN and G/SiO, devices at 290 K.
In both devices, S(V,) is positive (negative) in the hole (electron)-
doped sector. Its absolute value increases with decreased doping,
reaches a peak value S, at gate voltage V/, before vanishing at the
CNP. We note that, in the G/hBN device, S, = 182 pV/K and V, =
—2.2 V define a much sharper peak than in the G/SiO, device,
where S, = 109 uV/K and V}, = —4.5 V. From the measured values
of S and the conductivity of the devices, we calculate the value of
PFT =S%T as a function of carrier density shown in Fig. 1C
(30). The PFT first increases with decreasing carrier density
when far from CNP, and then after reaching a peak value, it
drops rapidly to zero at the CNP. We find that the room tem-
perature peak value of PFT in the G/hBN device, 10.35 W-m ™K,
is almost twice that in the G/SiO, device, 6.16 W-m~-K~'. This
value is larger than the record value in bulk materials at room
temperature reported for YbAl; (~5 W-m™"K™"), and larger than
the value at room temperature in 2D materials reported for MoS,
(~2.5 Wm™K™") and WSe, (~1.2 W-m™K™') (30-33). As we
discuss later, the PFT value increases with temperature, and be-
cause it is not yet saturated at room temperature, even larger PFT
values are expected at higher temperatures.

We next use the linear Boltzmann equation in the relaxation time
approximation to relate the Seebeck coefficient to the experimentally
controlled quantities. Within this model, the response of the electrical

A

and thermal current densities, j and j,, to the electric field, E, and
temperature gradient, VT, are given by the following (17):

j=LYE+L2(-VT), (11
Jo=L*'E+L*(-VT), [2]
where L''=K©, [2=_(1/eT)KY, L*' =—(1/e)K\V,L?* =
K®@ /2T, and
+oo 0
K™ = / de(e—y)’"(—@fa—f))a(e) m=0,12. [3]

Here, e(k)=nvrk, vp is the Fermi velocity, u is the chemical
potential, fO(e)=1/(1+exp((e —u)/kgT)) is the equilibrium
Fermi-Dirac distribution function, and kg is the Boltzmann con-
stant. The differential conductivity is o(€) =e*vZ(D(€)z(€)/2),
where D(e) =2|e|/(zh*v%) is the density of states including the
fourfold degeneracy of graphene, vp=10® m-s™! is the Fermi
velocity (34), and z(e) is the relaxation time. The Seebeck co-
efficient is defined as §=L'2/L!, the electrical and thermal
conductivity are o =L!! and x = L?, respectively, and the Peltier
coefficient is TT=L2' /L1 (17, 35). Importantly, we note that the
Seebeck coefficient is controlled by the energy dependence of
the conductivity.

In Fig. 1D, we show the calculated carrier density dependence
of the Seebeck coefficient at 300 K in the presence of random
potential fluctuations (RPFs) induced by charge impurities
(Supporting Information). The calculation follows the model
proposed in ref. 17 and, for simplicity, considers only the
screened Coulomb scattering, which is known to be dominant in
this system at low carrier densities (15, 17, 36-38). We note that
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Fig. 1. Thermoelectric measurement of graphene at room temperature. (A) Optical micrograph of the graphene on hBN (G/hBN) device. (B) Measured
Seebeck coefficient in G/hBN and G/SiO, devices as a function of back gate at 290 K. (Inset) Measured resistance vs. V,, in both devices at 290 K. (C) Measured
PFT in both samples as a function of back gate at 290 K. (D) Simulation of carrier density dependence of the Seebeck coefficient at 300 K using the screened
Coulomb-scattering model for two values of the hBN thickness, d, and random potential fluctuations, Vgp, induced by charge impurities (Supporting In-
formation). The rectangular shadow corresponds to the EHP region in a sample with d = 10 nm and Vg = 40 meV.
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Fig. 2. Temperature dependence of the Seebeck coefficient and EHP region.
(A) Measured Seebeck coefficient in the G/hBN device as a function of back-
gate voltage and temperature. (B) Temperature dependence of peak positions
of the Seebeck coefficient (V) on the hole side for G/hBN (solid squares) and
G/SiO; (open squares) devices are shown together with the exponential fit
discussed in the text (solid lines). (C) Slope of polarity-switching effect, g, for
both devices (solid squares for G/hBN and open squares for G/SiO,). Values of V,,
and g in G/SiO, samples (open triangles) extracted from previous studies are also
shown. (D) Sketch of the proposed graphene-based active cooling device with
integrated n-type and p-type legs.

the monotonic increase of § with decreasing carrier density
peaks at the point where the Fermi energy enters the EHP re-
gion (17, 18). In this region (shadow area in Fig. 1D), both
electrons and holes are present, but because they contribute
oppositely to S, the value of S drops. Consequently, the narrower
the energy range of the EHP region, the higher the peak value of
S. There is, however, a limit to the magnitude of S that is set by
the temperature. When kg7 becomes comparable to the energy
scale of the RPF, the temperature starts controlling the value of
S,. The effect of inserting the hBN spacer, typically d ~ 10 nm, is
to increase the distance from the charge impurities in the SiO,
substrate, which not only reduces the magnitude of the RPF in
the graphene plane but also increases the electron-hole asym-
metry resulting in a larger value of S, (Supporting Information).
Again, there is a limit to this improvement. For infinitely large
separation, that is, no Coulomb scattering, thermally excited
phonons become the dominant mechanism that limits the value
of S. In the acoustic phonon-dominated regime, the Seebeck
coefficient at room temperature is expected to be smaller than
S =100 pV/K (17).

As discussed above, V), marks the boundary of the EHP region,
which depends on both the temperature and the extent of the
RPF. In the high-temperature limit, this region is dominated by
thermal excitations, whereas at low temperatures it is controlled
by the energy scale of the RPF. Currently, most measurements of
the EHP are carried out by scanning probe microscopy, which
are typically performed at low temperatures and over a scanning
range much smaller than the size of transport devices (28, 29,
39). Although the boundary of the EHP region can be estimated
from the gate dependence of the resistivity (27), V), provides a
more direct measure of the EHP region. In Fig. 24, showing the
back-gate dependence of S in the temperature range of 77-290 K,
we note that as the temperature decreases S, moves closer to
the CNP while at the same time its magnitude diminishes.

In the following discussion, we focus on the hole side because
the peaks on this side are clearer in the G/SiO, sample. The
temperature dependence of V), shown in Fig. 2B for both sam-
ples, follows an exponential function, V,(T)=a+b(e’T —1),

14274 | www.pnas.org/cgi/doi/10.1073/pnas.1615913113

where a, b, and « are fitting parameters. The intercept a at T =
0 provides access to the carrier density fluctuations (EHP region)
and to the magnitude of the RPF. From the data in Fig. 2B, we
find @ = 0.12 and 0.52 V for the G/hBN and G/SiO, samples,
respectively. This corresponds to carrier density fluctuations of
1.8 x 10" and 7.6 x 10'° cm™2, and to RPF energy scales of 21.8
and 45.4 meV for the G/hBN and G/SiO, samples, respectively.
Both values are comparable to previous results measured by
scanning tunneling microscopy at liquid-helium temperature
(29). A comparison with the temperature dependence of V),
extracted from previous studies shows that the hBN substrates
produce significantly narrower peaks in S(V;) corresponding to
the superior sample quality with a substantial reduction in the
range of the RPF.

Unlike the case of the voltage drop in electrical transport
measurements, which is insensitive to the sign of the carrier charge,
the Seebeck voltage reverses its sign when switching from hole
doping to electron doping. In the G/hBN sample, the polarity of S,
can be reversed with a relatively small gate voltage ~2Vp. We de-
fine f as the slope of the polarity-switching effect: f=S,/V),. A
comparison of g values in G/hBN and in G/SiO, samples in both
the present and earlier studies clearly shows that the switching
efficiency is substantially enhanced in G/hBN (Fig. 2C).

The bipolar nature of graphene, which allows smooth gating
between electron- and hole-doped sectors, together with the
large values of g, which facilitate switching the polarity of S,
extend a distinct advantage for on-chip thermoelectric cooling
applications. This can be seen in the thermoelectric active cooler
design shown in Fig. 2D, which can pump heat from the hot end
(Ty) to the cold end (7)) in a controlled and fast manner using
combined active and passive cooling effects. In this G/hBN-based
device, the p-n legs are arranged thermally in parallel and
electrically in series to maximize the active cooling (4). Its
structure is readily realized with lithographically patterned gates
because gating is more effective in 2D devices than in bulk de-
vices where charge carriers will accumulate near the interface.
Also, unlike the doping method, gating will not introduce extra
charge-scattering centers. At the optimal value of the applied
current, the active cooling power of the device iS Paeive =
PFTy - Ty/2 (4). On the other hand, the passive cooling power is
Ppassive =kAT, where k ~ 600 W-m~K~' is the thermal conduc-
tivity of graphene supported on a substrate at room temperature
(12). For Ty =330 K and AT =30 K, active cooling contributes
an additional 10% over the passive cooling. At higher temperatures,
as PFT increases and the thermal conductivity decreases, the con-
tribution of active cooling further increases.
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Fig. 3. Temperature dependence of the Seebeck coefficient and PFT at
fixed carrier density. (A) Measured Seebeck coefficient in G/hBN
(n=-0.2x 10" cm~2, solid squares) and G/SiO, (n1=-0.3x10'> cm~2, open
squares) devices are plotted together with the theoretical values (solid lines)
calculated by using the screened Coulomb-scattering model discussed in the
text. Dashed lines serve as guides to emphasize the nonlinear behavior.
(B) Measured PFT (same density as in A; solid and open squares) from both
devices are compared with theoretical values (solid lines).
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The temperature dependence S(7') at a fixed back-gate voltage
for both samples is shown in Fig. 34. The corresponding carrier
density in G/hBN and G/SiO, is —0.2 x 10'? and —0.3 x 1012 cm™2,
respectively. We note that, for both devices studied here, S(T')
does not follow the linear dependence (dashed lines) expected
from Mott’s equation (40). To understand this result, we must
take into account the screened Coulomb scattering, which plays
an important role in both samples. In the G/SiO, sample,
screened Coulomb scattering is the dominant mechanism as in-
dicated by the linear dependence of the conductivity on carrier
density (27, 41, 42). In the G/hBN samples, Coulomb scattering
is also dominant at low carrier density, but at higher densities it
crosses over to short-range impurity scattering (Supporting In-
formation) (27). Therefore, to present a meaningful comparison
between the two samples, we choose a carrier density smaller than
the crossover point for the G/hBN sample. Using the screened
Coulomb scattering model in the linear response theory to calculate
S(T) and with only one fitting parameter (Supporting Information),
we obtain the solid lines in Fig. 34, which show good agreement with
the measured quadratic 7 dependence of the S(T) curves (17).
Similarly, the temperature dependence of the measured and calcu-
lated PFT are shown in Fig. 3B. In the calculation, inelastic electron—
phonon interaction is not included because the screened Coulomb
scattering is dominant in this temperature range as indicated by the
energy scale of the RPF. However, electron-phonon scattering could
become important when the temperature yields a kg7 that is much
higher than the energy of RPF as in the case for hBN-encapsulated
graphene devices (43).

In summary, we have shown that S, in G/hBN device reaches
twice the value measured in G/SiO, device and its peak PFT
value of 10.35 W-m™!.K~! significantly exceeds previously
reported records in both 2D and 3D thermoelectric materials.
We demonstrate that the peak of the S(V,) curves provides a
direct measure of the RPF and substrate quality through the
width of the EHP region. In particular, we find a fourfold re-
duction of the RPF in G/hBN, compared with G/SiO, samples.
We further show that the bipolar switching slope is significantly
larger in the G/hBN devices, which makes it possible to integrate
all-in-one graphene p-type and n-type devices. The study
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demonstrates the advantage of using graphene in thermoelectric
applications especially in electronic cooling where large thermal
conductivity (passive cooling) and large thermoelectric power
factor (active cooling) are needed simultaneously.

Methods

Graphene on hBN samples are fabricated using the poly(methyl methacry-
late) (PMMA)-based dry transfer method (44). hBN is exfoliated on a 300-nm
SiO,/Si substrate. The hBN thickness is measured by atomic-force microscopy
(AFM). Single-layer graphene is prepared on a PMMA membrane. It could be
identified by optical microscopy through the color contrast and after the
transfer by AFM and Raman measurements. In the case of G/SiO,, the gra-
phene flake is directly exfoliated on the SiO, surface. Electrodes on the
graphene sample serve as voltage probes and thermometers measuring the
local temperature at the two ends of graphene flake. A strip of gold wire
next to the sample is used as a heater. Fig. 1A shows the optical micrograph
of a typical sample. To induce a uniform temperature gradient across the
sample, the size of the heater (400 um) is much larger than the size of the
graphene flake (typically 20 pm x 10 pm) and thermometers (40 pm). Ther-
mometers and heater are defined by standard electron beam lithography.
Cr/Au (3/45-nm) layers are deposited using electron beam evaporation. All of
the samples are annealed in forming gas (H,/Ar) at 230 °C over 12 h to
remove resist residue before measurements.

The temperature is measured through the four-probe resistance of the
thermometers with resolution smaller than 0.01 K. By powering up the
heater, a temperature gradient AT is generated along the sample (Fig. 1A).
The thermally induced voltage AV is measured by the voltage probes at the
two ends of the sample. The Seebeck coefficient is then calculated using
the following: S=—-AV/AT. AT < T is required to make the measurement in
the linear response regime. All of the measurements are carried out in
vacuum (P~ 10-% Pa) over a temperature range of 77-300 K.

Associated Content. Supporting Information includes the following: device
characterization, Seebeck measurement, summary of recently reported PFT
in 2D materials, nonlinear dependence on temperature, results from other
G/hBN samples, thermal conductivity and thermoelectric figure of merit, and
calculation details.
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