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We have fabricated bilayer-graphene double layers separated by a thin (∼ 20 nm) boron nitride layer and
performed Coulomb drag and counterﬂow thermoelectric transport measurements. The measured Coulomb drag
resistivity is nearly three orders smaller in magnitude than the intralayer resistivities. The counterﬂow Seebeck
coeﬃcient is found to be well approximated by the diﬀerence between Seebeck coeﬃcients of individual layers
and exhibit a peak in the regime where two layers have opposite sign of charge carriers. The measured maximum
counterﬂow power factor is ∼ 700 μW/K2cm at room temperature, promising high power output per mass for
lightweight thermoelectric applications. Our devices open a possibility for exploring the novel regime of thermoelectrics with tunable interactions between n-type and p-type channels based on graphene and other twodimensional materials and their heterostructures.

1. Introduction
Graphene and boron nitride (BN) based heterostructures have attracted intense attention in recent years [1–5]. With the ﬂake transfer
technique [6,7,1,2] that enables convenient stacking of a large variety
of two-dimensional layered materials, high quality samples of graphene/BN/graphene (where the BN thickness can be as thin as down to
∼ 1 nm [8]) and other heterostructures have been fabricated to study
the interlayer interactions. For example, strong Coulomb drag [8–10]
and tunable metal-insulator transition [11] have been observed. Vertical ﬁeld-eﬀect transistor [12] and resonant tunneling [13,14] using
atomically thin barriers have been demonstrated, promising for applications in logic and high-frequency devices. The electron-hole symmetry allows each layer of graphene to be populated with electrons or
holes using gates, which is usually diﬃcult to achieve in traditional
semiconductor quantum wells [15]. In the regime where one graphene
layer is p-type while the other is n-type, the intriguing exciton condensation [16] has been predicted, though the predicted transition
temperature spans a wide range [17–26]. A recent proposal suggests
that in bilayer-graphene (BLG) double layers, the transition temperature could be well above liquid helium temperatures at zero magnetic
ﬁeld [25]. This novel phase transition can be detected by performing
counterﬂow transport (with equal magnitude and opposite direction of
⁎

current in two layers), Coulomb drag and other measurements [16,27].
An anomalous negative Coulomb drag is observed in BLG double layers
[9,10], which is diﬀerent from the drag in monolayer graphene double
layers [28,8]. Signatures of exciton superﬂuid have been recently observed in BLG in magnetic ﬁeld with much higher transition temperature than that in double quantum wells [29,30,16]. In addition, thermoelectric transport is a powerful tool for studying not only the single
particle transport [31], but also strongly correlated systems [32,33] and
macroscopic quantum coherence [34–36] such as exciton condensation.
Thermoelectric transport might also be relevant to understanding the
drag measurements in BLG double layers [9]. Nevertheless, no counterﬂow thermoelectric transport measurements have been performed.
As another motivation for the current work, high eﬃciency thermoelectric modules have been pursued for decades to improve solidstate thermoelectric generators and Peltier refrigerators. Due to often
conﬂicting parameters, producing such modules requires careful material and structural engineering [37]. High thermoelectric eﬃciency in
low dimensional and nano-materials has been demonstrated, particularly for “electron-crystal-phonon-glass” systems that have high electrical conductivity and low thermal conductivity [38,37]. These traditional approaches focus on engineering the properties of a given
material to enhance the thermoelectric ﬁgure of merit ZT =
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Fig. 1. Optical image (a) of the graphene device
(heater lines, temperature sensors and top gate are
labeled in a), the corresponding SEM image (b), the
schematics of cross section (c, heaters and sensors
are not shown) and the three dimensional schematics
of the graphene/BN/graphene stacking with metal
contacts, heaters and sensor lines (purple for graphene, yellow for metal and transparent cyan for
BN). The length of the scale bar in (a) is 5 μm.

where σ is electrical conductivity, S is Seebeck coeﬃcient, κ is thermal
conductivity and T is temperature. Traditional thermoelectric units
consist of two spatially separated and oppositely doped (p-type and ntype) semiconductor channel materials. The typical size of the channel
materials and their separation are macroscopic, and their mutual interaction is negligible. In nanoscale thermoelectric devices, if the two
channels are brought suﬃciently close together, in principle the Coulomb interaction between the charge carriers in the two channels can
become notable. It remains unknown how such interaction may aﬀect
the thermoelectric transport properties. Such a previous unexplored
regime in thermoelectric devices may be studied in closely separated
double layer systems, such as graphene/BN/graphene.
In this paper, Coulomb drag resistivity (which arises from the interlayer interaction) and counterﬂow Seebeck coeﬃcient are measured
in two BLG layers separated by a thin BN layer shown in Fig. 1. The
Coulomb drag resistivity and Seebeck coeﬃcient in each BLG layer
show the expected sign when the carrier type in each layer is changed.
In our current devices, the counterﬂow Seebeck coeﬃcient can be well
approximated by the sum of Seebeck coeﬃcients from the individual
layers, suggesting that the eﬀect of the interlayer interaction on the
counterﬂow thermoelectric transport is negligibly small (although the
interlayer interaction is suﬃcient to give a measurable Coulomb drag
signal). The magnitude of counterﬂow Seebeck coeﬃcient and the
calculated counterﬂow power factor increase with temperature. We
provide a quantitative analysis about the thermoelectric performance in
the counterﬂow regime. The maximum power factor at room temperature can be ∼ 700 μW/K2cm, exceeding that of the good thermoelectric material Bi2Te3 at least by a factor of 5 [39]. Such a high power
factor could be useful in thermoelectric applications, even though ZT
value is small due to high thermal conductivity of graphene. The possible impact of Coulomb drag on the counterﬂow Seebeck coeﬃcient,
though small in our samples, can be enhanced in devices with smaller
separation between the two channels and could open new possibilities
in developing high ZT thermoelectric materials and structures.

2. Methods
The measured graphene device in Fig. 1a-b consists of two BLG
layers separated by a thin BN layer (∼ 20 nm thick). They have isolated
metal contacts, as shown by the schematics in Fig. 1c-d. The bilayer
nature of graphene is conﬁrmed by Raman spectroscopy and quantum
Hall measurement. This layered structure is sitting on a local BN dielectric on SiO2 (300 nm)/silicon substrate and is covered by the top
gate BN dielectric and metal. To fabricate the sample, the bottom BN
layer is exfoliated onto the SiO2/silicon substrate. The other graphene
and BN layers are subsequently transfered using a home-built ﬂake
transfer stage with an alignment precision of few micrometers. We
employ the ﬂake transfer recipe [2] based on the sacriﬁcial poly(methyl
methacrylate) (PMMA) ﬁlm coated on supporting polyvinyl alcohol
(PVA) layer. After transferring each graphene layer, the device is annealed in H2(5%)/Ar(95%) at ambient pressure to remove the residual
polymers. However PMMA residuals cannot be completely eliminated
[40] and exist at the interfaces of graphene and BN. They can still
slightly shift the charge neutral point and induce intralayer carrier
scatterings where the interlayer scattering from polymer residual may
be weak due to large thickness (∼ 20 nm thick) of the spacer BN layer.
Oxygen plasma etching then deﬁnes the Hall bar conﬁguration, followed by electron beam lithography and metalization (10 nm Ti and
70 nm Au). The metal lines for the heater and temperature sensor are
fabricated together with the metal contacts for the top graphene layer.
The device is then covered by the top BN dielectric followed by the top
gate metal deposition. The device is ﬁnally bonded onto a chip carrier
and measured in cryostats. Except the study of temperature dependence, all the other measurements are carried out at room temperature.
The electrical connection to measure the counterﬂow Seebeck
coeﬃcient is shown in Fig. 2 where the counterﬂow Seebeck coeﬃcient
is speciﬁcally determined from the voltage VS measured between two
layers at the right end while they are connected at the left. The lateral
temperature diﬀerence (ΔT ) of ∼ 1 K [41] is established between two
ends in each graphene layer. The top and bottom gate voltages Vtg and
Vbg can control the carrier densities of the corresponding graphene
layers, e.g., the top layer of p-type and the bottom layer of n-type here
43
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point where ρd is close to zero. The solid line in Fig. 3d is corresponding
to the horizontal cut in Fig. 3c at Vbg = −10 V . The labels (x, y) in
Fig. 3c and d where x and y can be either n or p indicate that the charge
carriers of the top BLG is of x-type while that of the bottom BLG is of ytype. Though the shape of the color map is not symmetrical (probably
due to charge inhomogeneity), the sign of ρd is correct, i.e, positive for
opposite type of charge carriers in both BLG layers (x ≠ y) and negative
for same type of charge carriers (x = y). Note that the regions of positive ρd located at the top left and bottom right quadrants are connected across the charge neutral point in both BLG layers, similar to the
measurement of Coulomb drag between two single layer graphene
(SLG) layers in Ref. [8]. For another sample of BLG double layers, the
color map of Coulomb drag resistivity (see Fig. S2 in the Supplementary
material) exhibits diﬀerent behavior around the charge neutral point in
both BLG layers but similar to another reported result for SLG double
layers [28]. The color map of ρd at temperature of 240 K and 200 K can
be found in Fig. S1 in the Supplementary material. Recent measurements of Coulomb drag in BLG double layers show anomalous negative
drag when the carriers in both layers are of the same type at temperatures below ∼ 200 K [10] and 10 K [9]. In our sample no such
negative drag is observed for temperatures above 200 K. The drag resistivity is too small to allow reliable measurement of Coulomb drag
signals.
The blue solid lines in Fig. 4a[b] are the measured Seebeck coeﬃcient Stop[bot] of the top [bottom] BLG layer tuned by the top [bottom]
gate voltage Vtg[bg] while the bottom [top] BLG layer is electrically
ﬂoating. The green dashed lines are calculated from the Mott formula

Fig. 2. Schematics of counterﬂow Seebeck coeﬃcient measurement. The arrows
and
for the charge carrier symbols
and
denote the moving carriers driven by the
temperature gradient created by the heater with the velocity v labeled below the arrows.
The arrows
and
represent the counterﬂow electrical currents with magnitude of ICF (zero at open circuit). The counterﬂow Seebeck voltage VS is positive where
the top (bottom) layer is p-type (n-type).

are indicated by the red ﬁlling of the parabolic band structures and the
charge symbols and .
A low frequency alternating (AC) heating current of a few milliampere in amplitude is applied across the heater line and the counterﬂow Seebeck voltage VS (voltage drop from the top to bottom layer
measured at the right ends) is then detected using a lock-in ampliﬁer at
the second harmonic (with 90° phase shift). The heater and temperature
sensors are calibrated [42] to calculate the established (RMS) temperature diﬀerence ΔT [41] and convert the Seebeck voltage VS to
Seebeck coeﬃcient SCF = VS/ΔT . The sign of SCF is negative when the
top and bottom graphene layers are p- and n-type respectively. During
measuring VS , the resistances of both graphene layers are simultaneously measured using another two lock-in ampliﬁers at diﬀerent lockin frequencies. The frequencies for the three lock-in ampliﬁers are
varied to ensure that the measured VS and resistances are insensitive to
such variations, indicating independent thermoelectric and resistance
response signals in each graphene layer.

S=

π 2kB2 T dρ dVg
,
3eρ dVg dEF

where e is the elementary charge, kB is the Boltzmann

constant, Vg is the gate voltage, ρ is the intralayer resistivity, and EF is
the Fermi level [44]. The Vg vs. EF relation can be obtained by evalu1

ating the energy dispersion E (k ) = ± 2 γ1 [ 1 + 4v F2 ℏ2k 2/ γ12 − 1] (+ for
conduction band and - for valence band) of BLG at the Fermi wave
vector kF = πCg |Vg − VD |/ e , where the Fermi velocity is v F = 106 m/s,
γ1 = 0.39 eV, Cg is the gate capacitance and VD is the gate voltage at the
charge neutral point [45]. Note that the wiggles in the green dashed
lines are due to the numerical computation of dρ from the solid purple
dVg

lines in Fig. 3a and b.
The color map of counterﬂow Seebeck coeﬃcient SCF (=VS/ΔT ) vs.
Vtg and Vbg at room temperature is shown in Fig. 4c (temperature dependence of SCF can be found in Fig. S3 in the Supplementary material).
Four quadrants of this color map are separated by white areas near zero
gate voltages. Large magnitude of negative [positive] SCF appears in the
top left [bottom right] quadrant when the top and bottom graphene
layers are p- and n-type [n- and p-type] respectively. In this regime
where two graphene layers have diﬀerent carrier types, we found that
the magnitude of SCF is simply the sum of the magnitude of Seebeck
coeﬃcient in each individual layer. We do not ﬁnd any noticeable interlayer interaction eﬀects on SCF due to the weak Coulomb drag in our
samples ( ρd is nearly three orders of magnitude smaller than ρt or ρ b ).
The magnitude of SCF in the other two quadrants is smaller or even
close to zero since the signs of Seebeck coeﬃcient in both layers are
same and they tend to cancel each other. The above discussion can be
represented by the formula SCF = Sbot − Stop which is demonstrated in
Fig. 4d-e. For example in Fig. 4d, the solid blue line is from the horizontal cut in Fig. 4c while the dashed green line is calculated from
Sbot − Stop where Sbot is the constant value taken at the red point in
Fig. 4b for Vbg = 45V and Stop is the solid blue curve in Fig. 4a. These
two lines are close to each other, validating the above formula. The
small discrepancy may come from the incomplete gating screening of
BLG layers, resulting in small variation of the carrier density of the top
[bottom] BLG when Vbg [Vtg] is changed and Vtg [Vbg ] is ﬁxed. The horizontal lines of zero SCF in Fig. 4d-e separate them into red (positive
SCF ) and cyan (negative SCF ) areas. Note that the lines of SCF vs. gate
voltage cross zero twice, which is not possible for an isolated and
homogeneous single layer of BLG. This explains that the top right and

3. Results
The tunneling resistance between two graphene layers is measured
to be larger than 10 GΩ, an indication of good electrical isolation between them. The color maps of intralayer resistivities ρt and ρ b as
functions of Vbg and Vtg for the top and bottom BLG are shown in Fig. 3a
and b respectively. The solid purple line in Fig. 3a[b] is ρt (plotted on
the right axis) vs. Vtg [ρ b (plotted on the top axis) vs. Vbg ] when Vbg = 0
[Vtg = 0]. It is obvious that the resistivity of the top [bottom] BLG layer
cannot be eﬀectively tuned by the bottom [top] gate voltage due to the
strong screening by the bottom [top] BLG layer. The charge neutral
point for the top [bottom] BLG layer slightly decreases as Vbg [Vtg ] increases, due to the incomplete screening from the other graphene layer.
The charge neutral points for both graphene layers are very close to
zero gate voltage, since both graphene layers are sandwiched between
two BN layers, resulting in reduced charge doping of the BLG layers.
The color map of Coulomb drag resistivity ρd = Vd/(Id Nsq ) vs. Vtg and
Vbg is shown in Fig. 3c, where the current Id is applied on the drive layer
while the voltage Vd is measured on the drag layer and Nsq is the ratio of
the length along which Id is applied to the width of the graphene
channel. The sign of ρd is deﬁned to be positive when Vd has the same
sign as the voltage drop in the drive layer when the drag layer has zero
current. Various procedures (e.g., swapping the drag and drive layers,
changing the grounding positions and varying the lock-in frequencies)
are carried out to ensure the physical Coulomb drag signal is detected
[43]. The Coulomb drag resistivity is measured at a low frequency of
f = 2.7 Hz. The out-of-phase component of ρd is at least one order of
magnitude smaller than the in-phase component except around Dirac
44
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Fig. 3. Color maps (a-c) of intralayer resistivities (a)
ρt for top BLG, (b) ρ b for bottom BLG and Coulomb
drag resistivity (c) ρd vs. Vtg and Vbg , and (d) ρd vs. Vtg
when Vbg = −10 V . The purple line in (a) [(b)] is ρt
vs. Vtg [ρ b vs. Vbg ] when Vbg = 0 [Vtg = 0 ] with the ρt
[ ρ b ] plotted at right [top]. Note that (d) is corresponding to the horizontal cut in (c). The vertical
blue dashed line in (d) divides it into red and cyan
regions indicating p- and n-type of top BLG. The labels (x, y) in (c) and (d) indicate the x[y]-type of
charge carriers for top [bottom] BLG, where x and y
can be n or p.

nanostructures [53–69], usually by reducing the thermal conductivity
with various methods. The high value of power factor is still promising
in electricity generation at special circumstances, e.g., when space is
constrained and high eﬃciency is not needed. The maximum output
power for the thermoelectric module with NT serially connected (see
Fig. S5 in the Supplementary material) units is Qm = Pmax NT t ΔT 2/4Nsq
at the impedance match [70] where the load resistance equals to the
internal resistance (=NT (ρt + ρ b ) Nsq ) of the module, where Nsq is the
ratio of the length L (the length of graphene is measured along the
direction of temperature gradient) to the width W and Pmax ∼ 700 μW/
K2cm. The expression of Qm indicates that the eﬀective power factor
( = NT Pmax ) of NT serially connected units is proportional to NT, useful
for building high output voltage thermoelectric modules. For large NT,
the internal resistance of the module will be proportionally large and
the power delivery capability will be limited when the load resistance is
a constant. This issue can be resolved by reducing Nsq . The values of NT
and Nsq can be optimally chosen for any speciﬁc load resistance and
power requirement.
For ΔT = 50 K (e.g., the average temperature diﬀerence between
the hot and cold spots in the modern CPUs), Qm = 2.9 W for
1/ Nsq = NT = 10000 . Such serially connected thermopower generator
has a thermal conductance of G = 2κNT t / Nsq = 201 W/K for
κ = 1500 W/m K (G will be larger if the heat conduction channels
through the insulating materials between graphene layers and the other
supporting/gating materials are included), useful for applications of
fast heat dissipation while generating electricity energy. Due to the low
mass density of graphene, the power output per mass is as high as
∼ 1.1 × 109 W/kg (the total graphene area is ∼ 20 μm2) without including the mass of the insulating materials between graphene layers. It
is still an extremely large number even when the mass of those insulating materials are included. For example, inserting a 3 nm thick of
BN layer between graphene layers is good enough to avoid leakage
between graphene layers. The mass density of BN is about 4.5 times

bottom left quadrants in Fig. 4c are composed of regions with diﬀerent
sign of SCF and the boundaries of white line segments with zero SCF .
The power factor in the counterﬂow thermoelectric transport re2
gime is deﬁned as P = SCF
/[(ρt + ρ b ) t ], where the BLG thickness t ( =
0.67 nm) is introduced to allow convenient comparison of our measured results with the other experiments and calculations. Its color map
is shown in Fig. 4f. Note that the gate voltages corresponding to the
maximum of P are diﬀerent from that of the magnitude of SCF since the
BLG resistivity is strongly dependent on the gate voltages. Here the
extrinsic resistance mainly from the metal-graphene contacts is ignored,
because it is material and process dependent and can be one order
smaller than the graphene resistances after special contact treatment
[46]. The maximum power factor is Pmax ∼ 700 μW/K2cm. A very recent
work has obtained similar power factor in graphene/BN devices [47].
The positive and negative peak values of SCF vs. temperature are
shown in Fig. 5a. The magnitudes of both peaks decrease with temperature. The maximum power factor Pmax in the two regimes of opposite carrier types for the two graphene layers (solid red [dashed blue]
line for top layer of n-type [p-type] and bottom layer of p-type [n-type])
vs. temperature is shown in Fig. 5b. These two lines show similar trend
and manifest the symmetry between the two regimes. It is expected that
Pmax will increase further as temperature increases above room temperature. Note that the peak values of SCF and Pmax are both achieved in
(p, n) and (n, p) regions, but the corresponding gate voltages are different.
4. Discussion
Although graphene has high Seebeck coeﬃcient and electrical
conductivity [49,50], hence high power factor, its ZT is small due to its
high thermal conductivity [51,52]. While small ZT materials are not
good candidates for thermoelectric applications, signiﬁcant eﬀort has
been devoted to enhancing the ZT of graphene and related
45
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Fig. 4. Seebeck coeﬃcient of top (a) and bottom (b) BLG layers (the green dashed lines are calculated Seebeck coeﬃcients from Mott formula) vs. Vtg and Vbg respectively, color map (c) of
counterﬂow Seebeck coeﬃcient SCF vs. Vtg and Vbg , (d) SCF vs. Vtg for Vbg = 45 V , (e) SCF vs. Vbg for Vtg = 3 V and color map (f) of power factor P vs. Vtg and Vbg . The solid blue line in (a)
[(b)] is measured within the top [bottom] layer, which is connected to the bottom [top] layer as in Fig. 2 (there is no observable change in the results if two layers are disconnected). The
solid blue line (measured data) in (d) [(e)] is from the horizontal [vertical] cut in (c). The dashed green line in (d) [(e)] is calculated from Sbot − Stop where Sbot [Stop] is the constant value
at Vbg = 45 V marked by the red dot in (b) [at Vtg = 3 V marked by the green dot in (a)] while Stop [Sbot ] is the solid blue line in (a) [(b)]. The red [cyan] area in (d) and (e) represents the
positive [negative] value of SCF .

suggested that the formation of excitons composed of electron-hole
pairs where the electrons and holes reside in diﬀerent layers will possibly lead to high ZT structures [73–75].

larger than that of graphene, thus the power output per mass is reduced
to ∼ 2.4 × 108 W/kg . The mass of the other materials such as the gate
metal (can be replaced by graphene or become not needed by doping
graphene chemically for example) and interconnects (could be replaced
by graphene) is not considered here. Such high power per mass makes
graphene promising in light weight thermoelectric applications [71].
The intralayer resistivities may be aﬀected by the interlayer
Coulomb drag [72], which will aﬀect the power factor. As seen from
Fig. 3c, the maximum magnitude of ρd is about 2.5 Ω, much smaller
than the resistivity of each graphene layer. Therefore, such Coulomb
drag eﬀect can be neglected in the counterﬂow thermoelectric transport
measured here. It may become important when ρd is large, especially
when it is close to the intralayer resistivities. Large Coulomb drag resistivity is an indication of strong interlayer interactions. It has been

5. Conclusion
In conclusion, Coulomb drag and counterﬂow thermoelectric
transport measurements are performed in layered structures of BN/
BLG/BN/BLG/BN. The magnitude of the counterﬂow Seebeck coeﬃcient exhibits a peak in the regime where two graphene layers have
opposite sign of charge carriers. The maximum power factor is about
700μ W/K2cm at room temperature. A quantitative analysis indicates
that graphene can be useful for light weight thermoelectric systems.
The counterﬂow Seebeck coeﬃcient and power factor decrease with
Fig. 5. Positive and negative peaks of SCF (a) and the maximum
power factor (b) Pmax vs. temperature. The error bars (type A
standard uncertainties [48]) in (a) mainly come from the calibration for the temperature sensors. The positive/negative peaks
in SCF and positive peaks in P are taken from the corresponding
color maps showing their dependence on Vtg and Vbg at various
temperatures.
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temperature from 300 K to 50 K. The measured interlayer Coulomb
drag resistivity is small ( < 3 Ω) compared to the intralayer resistivity,
making negligible impact of Coulomb drag on the counterﬂow thermoelectric transport in the present structures. However, further reducing the separation between two BLG layers may shed light on the interplay between Coulomb drag and counterﬂow thermoelectric
transport.
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