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ABSTRACT: The spatially resolved thermoelectric power is
studied on epitaxial graphene on SiC with direct correspond-
ence to graphene atomic structures by a scanning tunneling
microscopy (STM) method. A thermovoltage arises from a
temperature gradient between the STM tip and the sample,
and variations of thermovoltage are distinguished at defects
and boundaries with atomic resolution. The epitaxial graphene
has a high thermoelectric power of 42 μV/K with a big change
(9.6 μV/K) at the monolayer−bilayer boundary. Long-wavelength oscillations are revealed in thermopower maps which
correspond to the Friedel oscillations of electronic density of states associated with the intravalley scattering in graphene. On the
same terrace of a graphene layer, thermopower distributions show domain structures that can be attributed to the modifications
of local electronic structures induced by microscopic distortions (wrinkles) of graphene sheet on the SiC substrate. The
thermoelectric power, the electronic structure, the carrier concentration, and their interplay are analyzed on the level of individual
defects and boundaries in graphene.
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Graphene, a single layer of graphite, has outstanding
electronic and transport properties associated with its

unique band structures. The symmetry of the graphene
honeycomb lattice is a key element for determining graphene’s
electronic properties.1 However, defects and boundaries2−6 can
break the sublattice symmetry and are thought to play a major
role in the electronic scattering processes in the graphene
sheets.7−9 Extensive electrical transport studies have been
performed to understand the defect scattering in graphene.9−12

Compared with electrical transport, the thermoelectric proper-
ties provide complementary information to the electronic
structures and the details of electron scattering. In particular,
thermoelectric power is of great interest due to its extreme
sensitivity to the particle−hole asymmetry of a system.13

Measurement of the thermoelectric power of graphene can thus
elucidate details of the electronic structure of the ambipolar
nature of graphene that cannot be probed by conductance
measurements alone. Indeed, the thermoelectric properties of
this two-dimensional material have recently been extensively
studied for revealing the intrinsic properties of Dirac electrons
and elucidating effects of defects on its unique electronic
structures.13−19 In those studies, thermoelectric measurements
are usually carried out with a technique developed by Kim et
al.20 In this technique, a local heater made of a metal line
produces a temperature difference ΔT between the two ends of
a sample, which gives rise to a thermoelectric voltage Vth

measured by electrodes defined by standard electron beam
lithography and nanofabrication process. The thermopower is
obtained as the ratio of Vth to ΔT across a sample. As a versatile
technique for direct measurements of thermoelectric parame-

ters, this method however lacks the spatial resolution for
probing the variations of thermoelectric properties across a
sample surface, which can be the key for revealing the
inhomogeneities and defect scattering effects in thermoelectric
materials.
An alternative way to study the thermoelectric properties is

to measure the thermovoltage Vth between a tunneling tip and a
sample caused by a ΔT across the tunneling barrier of a
scanning tunneling microscope (STM). This method was first
applied by Williams and Wickramasinghe21 for MoS2, and
Möller et al.22−25 extended it to a wide variety of applications.
The thermovoltage is very sensitive to the local density of
electronic states and the chemical potential variations. In
particular, a thermoelectric power profile was measured across
semiconductor interfaces,26 molecular junctions,27 and metallic
domain boundaries23−25 in nanoscopic resolution. Here we use
the STM to examine the thermovoltage distributions down to
atomic scale in single and bilayer graphene films epitaxially
grown on the silicon terminated SiC surface. We report on
quantitative values for the thermoelectric power difference
across boundaries defined by graphene thickness change and
demonstrate how local structural defects can profoundly change
the thermoelectric power. The relationships between structure
and thermoelectric properties are evaluated at the atomic scale.
The measurement of thermovoltage with STM can be

understood in the following way. As the STM tip and sample
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come within tunneling range, their electronic states become
strongly coupled, and their chemical potentials tend to equalize
by two-way electron tunneling across the gap. If there is a
temperature gradient in the tunneling junction and the sample
surface is conductive enough, a thermovoltage will be set up
across the tip−sample junction. Stovneng and Lipavsky ́28
showed that, if the local density of states varies approximately
linearly as a function of energy around the Fermi level and the
involved voltage is small compared to kT, the thermovoltage
can be approximated by
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where k is the Boltzmann’s constant, ℏ is Planck’s constant, m is
the electron mass, and ϕ is the work function, Tt and Ts are the
temperatures of tip and sample, ρt and ρs(x,y) are the density of
electronic states at the Fermi level, E is the energy, and z is the
tip−sample distance. The thermovoltage is given by the sum of
the logarithmic derivatives of the electronic density of states of
the tip and sample and a third term containing the gap width
and the work function. The corresponding thermopower S can
be obtained by

π ρ ρ

ϕ

=
−

= +
∂

∂
+

∂
∂

+
ℏ

⎛
⎝⎜

⎞
⎠⎟

S
V

T T
k
e

T T
E

x y

E

z m

6
( )

ln ln ( , )

2

th

t s

2 2

0
t s

t s

(2)

Experimentally, the thermovoltage is measured at the open
loop condition by a technique similar to the scanning tunneling
potentiometry.29,30 Figure 1a shows a schematic diagram of the
method to measure thermovoltage and topography simulta-
neously. The feedback loop for distance regulation makes use of
an ac modulation of the bias voltage leading to an ac
component of the tunneling current proportional to the
tunneling conductance. Using an appropriate demodulation, it

can be used for the adjustment of the distance between the tip
and the sample. With a modified Nanonis controlling
electronics, we can also benefit from the thermal noise of the
tunneling junction providing an internal “modulation” with
white noise. The power spectral density of this current noise is
proportional to the tunneling conductance; hence it has the
same exponential dependence on the distance between tip and
sample and can be used instead of the tunneling current itself in
the feedback loop for z control.24 As explained by Möller et
al.,23,25 the advantage of this technique is the absence of a
“false” signal due to capacitive cross-talk which is always present
when using an external modulation. A second feedback loop
can be used to adjust the bias voltage such that the dc
component of the tunneling current becomes zero. The
required offset voltage corresponds to the thermovoltage of
the tunneling barrier. In the variable temperature STM
(Omicron VT-STM), the sample can be heated or cooled by
several hundred Kelvin while the tip is maintained at room
temperature. Since in vacuum the thermal coupling between tip
and sample is negligible compared to the thermal conductance
of tip and sample,31 the temperature difference is constant
during the experiment; that is, it does not vary while scanning.
First, we measure the thermovoltage on monolayer graphene

grown on a SiC (0001) substrate.32,33 Figure 1b shows the
STM image of the monolayer graphene measured at 130 K,
where graphene surface is dominated by the (6 × 6) periodicity
coming from the buffer layer but atomic structures of
honeycomb lattice can still be resolved. Figure 1c is the
thermovoltage distribution map acquired simultaneously with
the topography. An averaged thermovoltage Vth is obtained to
be about 7.12 mV with a temperature gradient ΔT = 168.5 K.
The corresponding thermopower S = 42 μV/K. In comparison,
depending on the carrier concentrations, thermopower values
of graphene have been reported to reach 80 μV/K13,14,34 as
measured with conventional microfabricated heater and
thermometer electrodes, much higher than the value in a 2D
GaAs/AlGaAs heterojunction. Note that the sign of thermo-
power in STM measurement corresponds to the logarithmic
derivatives of the electronic density of states as explained in eq
2. Interestingly, the buffer layer interference has a smaller
influence on the thermovoltage than it does on the topography.
Atomic resolution thermovoltage distribution is observed,
which is due to the strong contribution of the sample local
density of states (LDOS) to the thermovoltage. A large
temperature difference increases the factor of (Tt

2 − Ts
2) in eq

1, thus amplifying the thermovoltage, but the origin of the
atomic resolution is believed to be the sample LDOS term
itself.
We then examine the thermovoltage profiles across a

graphene boundary, defined by changes in layer thickness and
substrate steps in epitaxial graphene. Figure 2a shows the STM
image of a boundary between monolayer (ML) and bilayer
(BL) graphene. As a result of graphitization of SiC (0001) in
the epitaxial graphene growth process, a ML−BL boundary
almost always coincides with an underlying substrate step.6

STM images on both sides of the step show that the lattice
structure of graphene surface remains unchanged across the
boundary, namely, a carpet-like growth mode covering the
substrate step and terraces. Figure 2b is a schematic structure of
the boundary, where on the left side is a ML graphene and on
the right is a BL graphene. The buffer layer, namely, the 6√3 ×
6√3)R30° reconstructed layer, is depressed by three SiC
substrate layers on the BL side. Figure 2c shows the measured

Figure 1. Simultaneous structure and thermovoltage measurement
with an STM at the atomic resolution on epitaxial graphene on SiC.
(a) Schematic diagram of measurement technique. Atomic resolution
images of topography (b) and thermovoltage (c) for the epitaxial
graphene acquired simultaneously at 130 K (image size: 7.5 nm × 7.5
nm). The temperature at STM tip is 298.5 K, with ΔT = 168.5 K.

Nano Letters Letter

dx.doi.org/10.1021/nl401473j | Nano Lett. XXXX, XXX, XXX−XXXB



height profile of the ML−BL boundary, where the upper
terrace is ∼4.0 Å higher than the lower terrace, in good
agreement with the expectation of subtracting the interlayer
spacing of two graphene sheets (3.3 Å) from the three
interlayer spacings of SiC (3 × 2.5 Å).35,36 Figure 2d shows the
thermovoltage profile across the boundary measured when the
sample temperature is 310 K, while the tip remains at room
temperature (298.5 K) with ΔT = −11.5 K. A higher
thermovoltage is seen on the lower terrace of BL graphene
than on upper terrace of the ML, showing a thermopower
difference of 9.6 μV/K across the boundary. Note that
temperatures used in this measurement are largely different
from those in Figure 1c; however the corresponding ratios of
Vth/(Tt

2 − Ts
2) equal to 0.098 μV K−2 for ΔT = 168.5 K and

0.041 μV K−2 for ΔT = −11.5 K, respectively; thus the (Tt
2 −

Ts
2) factor in eq 1 holds reasonably well if considering the

many approximations used in deriving the equation.
In comparison, we find the thermovoltage vanishes when the

sample is measured at the same temperature as the tip. The
inset of Figure 2d shows the measurements on the same ML-
BL boundary at room temperature (298.5 K) with ΔT = 0 K,
where the averaged Vth is nearly zero and remains essentially
unchanged (within ±5 μV) across the boundary. These results
thus confirm that the thermovoltage measured with STM does
not come from the cross-talk of STM image and it directly
reflects the thermoelectric response associated with the
electronic density of states in the material.
Thermovoltage distribution is very sensitive to defect

scattering. In Figure 3, a ML−BL boundary is shown with
topography (Figure 3a) and thermovoltage (Figure 3b)
measured at 130 K (ΔT = 168.5 K). The line profiles (Figure
3c) show that the thermovoltage of ML is higher than that of
BL, though the ML terrace is lower in height. Also, the
thermovoltage displays a strong upturn at the transition region
(∼10 nm) of the boundary. This is well consistent with our
observation of a Fermi level shift toward the Dirac point near

the step edges.4 Indeed, as proposed by Low et al.,6 the carrier
concentration can vary at the step edge due to increased
distance and suppressed interactions between graphene and
SiC. The Fermi level shift changes the local density of states
and thus the thermovoltage at the step edge. Away from the
step edge where the carrier concentrations are believed to be
the same on both sides of the boundary, the thermovoltage
distributions correspond to the variations of the density of
states on both terraces.
Moreover, the thermovoltage map shows some wavy

structures near the step edge and point defect-like dark spots
on terraces, features that are not obvious in the corresponding
STM image. As shown in Figure 3d, the wavy structure has a
clear oscillatory nature with a period of 6.4 nm near the step
edge. The largest modulation is found on the BL terrace near
the step edge, and a closer look reveals that it is also present in
the topography image. This observation of long-wavelength
oscillations resembles the findings on BL graphene on SiC by
Rutter et al.,37 corresponding to the Friedel oscillations
associated to the intravalley scattering processes in graphene.
A faster decay of the oscillations than in Fermi liquids is direct
consequence of the chiral nature of the quasiparticles in
graphene.38 Interestingly, the long-wavelength Friedel oscil-
lations are not obvious on the ML graphene due to the
suppression of intravalley scattering.39

Strikingly, we find an unusual domain structure in the
thermovoltage map that extends over the ML−BL graphene
boundary. Figure 4a shows the large scale topography of a ML-
BL graphene boundary at 130 K with a clear terrace structure.
However, the corresponding thermovoltage image (Figure 4b)
displays irregular domains that intersect with the graphene
boundary. The three-dimensional contour images in Figure 4c
and d clearly demonstrate the difference between topography
and thermovoltage across the boundary. The topography
contour shows the BL on the left side of the boundary is
higher than the ML on the right. The thermovoltage image,
however, shows a lower Vth on the BL side than the ML side,
and on each side of the boundary there exist domains going
over the step boundary. The clear modifications of thermovolt-
age indicate dramatic changes in the LDOS even on the same
graphene terrace. To examine the LDOS variations, we map in
Figure 4e the tunneling dI/dV spectroscopy data measured by
STS, where a direct correspondence can be identified between
the thermovoltage and dI/dV in terms of domain structures. A
few individual dI/dV curves are displayed in Figure 4f, where

Figure 2. Structure and thermovoltage at a ML-BL graphene boundary
measured at Ts = 310 K. (a) STM image of the ML-BL junction (80
nm × 80 nm). (b) Schematic structure of the ML-BL boundary. Top
graphene layer (blue line) seamlessly covered terrace step like a carpet.
Red line on BL terrace indicates the second graphene layer underneath
the top layer. (c) Averaged z height profile across the step. (d)
Averaged thermovoltage line profile across the boundary with ΔT =
−11.5 K. The vertical red dashed line indicates the location of
boundary. Inset: Thermovoltage across the ML−BL boundary at Ts =
298.5 K and ΔT = 0 K.

Figure 3. Thermovoltage across a ML−BL graphene boundary. STM
image (a) and thermovoltage image (b) of the boundary measured at
Ts = 130 K. (c) The z profile (black) and Vth profile (blue) measured
simultaneously at the boundary along the line in a. (d) Zoomed-in Vth
profile along the dashed line in (b) showing the oscillations.
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region 2 shows a clear local minimum at Dirac energy as well as
higher conductivity than regions 1 and 3.
A further evaluation of the domain structures is displayed in

Figure 4g with the line profiles both for the height and
thermovoltage along the same line on the BL terrace. A small
protrusion (2−3 Å) is seen in z profile at domain boundaries.
The region 2 displays higher dI/dV and lower z height and vice
versa at region 1 and 3. Since the domain structure occurs
locally regardless of the step boundary, we believe it comes
from the structure distortions in the graphene layer that can
form by the mismatch of the thermal expansion coefficient
between graphene and SiC. Due to the negative thermal
expansion coefficient of graphene,40 graphene expands during
the cooling process from growth temperature, which can create
wrinkles with long-range microscopic corrugations and lead to
local detachment of graphene sheet from the underneath buffer
layer, as schematically shown in Figure 4h. The detached region
has much weaker interactions with the buffer layer. The wrinkle
can collapse back to the substrate, but chemical bonds to the
buffer layer are broken. Thus the topography does not show
much z change except at the domain edges, but the electronic
density of states is significantly modified in the collapsed
wrinkle region. In the collapsed wrinkle regions 1 and 3, due to
the reduced charge transfer from buffer layer the Dirac point

minimum merges with the zero bias minimum.4 This is why the
Dirac point can be seen in STS for region 2 but not for regions
1 and 3. The wrinkles go across the step edge and lead to the
domains with different electronic properties and thermopower
values.
In summary, we have measured the spatial distributions of

thermovoltage that is induced by a temperature difference
between tip and sample by using an STM on an epitaxial
graphene on SiC. The thermovoltage has a direct correspond-
ence to the electronic density of states, and defects and
boundaries show clear impact to the thermoelectric response. A
thermopower jump is observed at the monolayer and bilayer
graphene boundary, and the thermopower is modified by
Friedel oscillations of the charge density in graphene. Besides
the change at the ML−BL graphene boundary, the thermo-
power also provides spectroscopy maps which reveal domain
structures induced by collapsed graphene wrinkles that not
obvious in STM images. The thermopower distribution
measurement with STM thus allows probing the electronic,
thermoelectric, and structural properties down to the individual
defect level.

Methods. STM Measurements. A summary of our
experimental methods were published in a recent report.4 In
brief, our experiments used an Omicron VT STM controlled by

Figure 4. Thermovoltage domains induced by structural wrinkles on epitaxial graphene. Simultaneously acquired topography (a) and thermovoltage
image (b) at Ts = 130 K. According to the measurements on the flat region of the same terrace structure (not shown here), the left and right side
terraces are BL and ML, respectively. 3D contours of topography (c) and thermovoltage (d) for the region indicated by the square in a. (e)
Tunneling dI/dV spectroscopy map at +500 mV for the region indicated in a. (f) Area-averaged dI/dV spectroscopy on different domains. (g) Line
profile of the z and Vth along a line indicated in a. There is a height difference (1−2 Å) between domains despite the same terrace. Also, the arrows
indicate the z hump (2−3 Å) between domains. (h) Schematic diagrams for the wrinkled graphene layers. The thermal expansions create wrinkles on
graphene layer, and the wrinkled region collapses back to the buffer layer due to van der Waals interaction leaving bumps at the wrinkle edges.
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electronics from Nanonis with a base pressure of 3 × 10−11

Torr and electrochemically etched tungsten tips. Two feedback
loops have been used to separate signals from topography and
thermovoltage. The feedback loop for distance regulation
makes use of the thermal noise of the tunneling junction for the
adjustment of the distance between the tip and the sample. A
second feedback loop can be used to adjust the bias voltage
such that the dc component of the tunneling current becomes
zero. The required offset voltage corresponds to the
thermovoltage of the tunneling barrier. As a result, both
topography and thermovoltage can be measured simultaneously
at the same sample location.
Graphene Growth on SiC. The graphite heater consists of a

bow-tie shaped graphite plate with 1 mm thickness and narrow
neck measuring about 14 mm wide and 20 mm long. A 1 cm ×
1 cm sample rests on this narrow strip and is heated by currents
of typically 200 Å passed through the strip. Water-cooled
copper clamps and electrical feedthroughs supply the current,
and the heater is contained in an ultrahigh-vacuum chamber.
The SiC graphene growth procedure starts with hydrogen
etching at 1620 °C for 3 min followed by the graphene growth
at 1590 °C for 30 min in 1 atm argon environment. The
graphene samples were grown on the Si face of 4H-SiC. The Si
face of SiC allows for more controlled growth of the graphene
thickness than the C face due to the fact that the Si face initially
forms a C-rich buffer layer that acts as a template for the
graphene formation as the Si is sublimed from the surface.
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