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Abstract

Studying local variations in the Seebeck coefficient of materials is important for understanding and
optimizing their thermoelectric properties, yet most thermoelectric measurements are global over
a whole device or material, thus overlooking spatial divergences in the signal and the role of local
variation and internal structure. Such variations can be caused by local defects, metallic contacts or
interfaces that often substantially influence thermoelectric properties, especially in two
dimensional materials. Here, we demonstrate scanning thermal gate microscopy, a non-destructive
method to obtain high resolution 2-dimensional maps of the thermovoltage, to study graphene
samples. We demonstrate the efficiency of this newly developed method by measuring local Seebeck
coefficient in a graphene ribbon and in a junction between single-layer and bilayer graphene.

Increasing the efficiency of thermoelectric materials is
necessary to enable devices that could scavenge waste
heat and convert it into useful electrical energy. This is
particularly true as current bulk thermoelectric gen-
erators lack the required conversion capability to be
competitive with everyday heat engines such as stand-
ard combustion engines [1]. In addition, knowledge
about the thermoelectric properties of materials and
devices can reveal fundamental physical characterist-
ics [2] or be used to design novel temperature sensors
[3] and increase device efficiency in e.g. photo-
voltaic/thermoelectric hybrid structures [4]. While
global thermoelectric measurements, that is measur-
ing the voltage drop over a sample in response to an
applied temperature gradient, are common, they can-
not reveal the local variations of the thermoelectric
properties in the sample.

Yet, it has been shown that metal contacts [5],
defects and other localized effects [6, 7] can impact
the local thermoelectric characteristics drastically.
Thus, it is important to apply a method to study
such local characteristics in materials and devices but
only few attempts have been made as of today. Here
we demonstrate scanning thermal gate microscopy
(STGM), a novel non-destructive method to readily
probe the local thermoelectric properties of devices
made of 2D and thin film materials with few tens
of nm lateral resolution. Similar to an atomic force
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microscope, this technique allows the repeated meas-
urement of the local thermovoltage response without
impacting the device structure or changing the trans-
port properties. Local mapping has been reported
using SThM techniques previously, yet these tech-
niques require an electrical contact between a con-
ducting SThM tip and the sample thus adding a major
variability in thermoelectric measurements [8,9].Ina
previous report we described a measurement to probe
the AC Peltier, Joule and thermovoltage of 2D mater-
ials. However, the new STGM method presented in
the current manuscript has several key advantages
compared to our previous approach: by employing
a direct DC heating approach to only measure the
thermovoltage, STGM enables a higher resolution,
exclude phase driven effects and, essentially, makes it
possible to quantitatively estimate the Seebeck coef-
ficient through deconvolution. Furthermore, other
than the previous method, the technique presen-
ted in this work does not require the use of mul-
tiple lock-in amplifiers (and therefore avoids the cor-
responding long integration times), which substan-
tially increases the achievable scanning speed and
makes the method readily applicable for any SThM
setup. Another attempt at the local measurement
of thermoelectric effects was made via photocurrent
measurements, including for devices similar to those
studied here [10, 11]. However, laser spot sizes tend to
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be in the ym range, the temperature increase caused
by the laser can typically only be simulated with
finite element analysis and the technique is inherently
measuring a mix of photo thermoelectric and photo-
voltaic effects [12, 13].

Local scanning methods can necessarily only
probe the surface of materials, making two dimen-
sional (2D) materials an ideal test bed for local-
ized thermoelectric measurements. In addition, 2D
materials allow to readily tune their electronic prop-
erties via a back-gate, have an inherent control over
their layer thickness and exhibit an ordered crystalline
structure. 2D materials are also particularly prom-
ising as they have the potential to be integrated on
a wafer scale basis [14, 15] or to be incorporated
into current CMOS technology [16]. Graphene is the
most-studied material out of the 2D family, and its
thermoelectric properties can be influenced by gating
[17, 18], local charge carrier fluctuations [19], intro-
duction of nanoparticles [20] or increased scattering
at the edges [21]. Yet, the thermoelectric properties
of graphene have mostly been studied globally or in
combination with photocurrent measurements.

In this study we demonstrate STGM for multiple
graphene devices, imaging local thermoelectric phe-
nomena at varying carrier concentrations. We first
image a rectangular graphene strip as a function of
gate voltage and secondly a more complex single-
layer/bilayer graphene (SLG/BLG) junction device.
Using STGM, we are able to resolve the impact
of metallic contacts, changes in layer thickness and
internal strain in the graphene and can quantify the
length scales involved with changes in the Seebeck
coefficient due to different causes. While the novel
method is applied to graphene devices here, it is gen-
erally suitable for any 2D or thin film device structure.

1. Results and discussion

Our devices are made from exfoliated SLG and BLG
top contacted by Ti-Au contacts on a Si/SiO, chip
that serves as a global back gate (see methods for fab-
rication details). The measurements are performed
employing a Scanning Thermal Microscope (SThM)
setup, effectively an atomic force microscope (AFM)
with a microfabricated resistor incorporated on the
cantilever of the AFM probe close to the tip [22].
When applying a high DC or AC voltage to the res-
istor the tip can be heated up by tens of Kelvin
above the ambient SThM temperature and used as a
local heat source. As this heat source is scanned over
the sample with nanometer precision, the position
dependent open-circuit voltage drop on the device is
recorded (see figure 1(a) for the measurement schem-
atic) and in equilibrium no current is flowing in the
sample. STGM effectively presents a three terminal
probing technique where heat from the STGM tip
modifies the potential voltage drop across the two
electrical terminals, producing a 2D nanoscale map
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of the thermoelectric response. Crucially, STGM does
not require an electrical contact between the tip and
the probed sample to measure the local thermoelec-
tric response.

For a given Seebeck coefficient S(x) and a temper-
ature increase caused by the tip T'(x), the tip position
dependent thermovoltage in x-direction can be writ-
ten as (see SI)

Vin(xr) = —/XRS(x)MdX~ (1)

L Ox

Here xr denotes the position of the tip, x; and x; the
position of the left and right contact and W
the position dependent derivative of the temperat-
ure profile caused by the hot tip. Assuming that T(x)
is a symmetric function, equation (1) shows that
Vin reflects the local variations (asymmetry) of S(x)
around xr within a length scale given by the thermal
resistances of the sample. For a SLG/BLG junction for
example, where symmetry is broken by the SLG/BLG
step, we observe a positive thermovoltage signal at the
junction when measuring the voltage drop at the SLG
contact with the BLG contact grounded as shown in
figure 1(b). The adjacent additional signal caused by
the contacts will be discussed later. This positive ther-
movoltage signal can be explained by two different
Seebeck coefficients in the SLG and BLG area of the
device, respectively, due to the different energy dis-
persion at low energies as previously reported [11].
Assuming a device where two materials with differ-
ent Seebeck coefficients S; and S, are connected, we
can calculate the expected thermovoltage signal by
convoluting S(x) with dT/dx as shown in equation
(1). The difference in Seebeck coefficient AS =S, —
S1 =2 pV/Kis displayed in figure 1(c). Here the tem-
perature distribution is assumed to have a Gaussian
shape (see [23] and SI) and we convolute each line
of the Seebeck map with the temperature distribu-
tion to obtain the thermovoltage map. As can be seen
in figure 1(d), the resulting thermovoltage signal is
positive along the position of the junction where the
BLG changes to SLG, reproducing the experiment-
ally observed results well. We note that the width of
the thermovoltage peak in the thermovoltage map is
given by the length scale on which the change in See-
beck coefficient from S; to S, happens, and the width
of the temperature distribution (see SI). As discussed
later, it is possible to extract the width of the tem-
perature distribution from the thermovoltage maps,
which yields information about the band bending
when changing the graphene thickness.

1.1. Rectangular graphene device

We first measure the gate dependent local thermo-
electric signal of a graphene rectangle (see figure 2).
The charge neutrality point of the sample is at a
back gate voltage of around V, =28 V, as inferred
from the gate dependent measurement of the two-
terminal channel resistance (see figure 2(c)). Thus,
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Figure 1. (a) Schematic of the STGM measurement setup. (b) Examplatory thermovoltage map of a SLG/BLG junction. The
thermovoltage is measured between the source (S) and drain (D) contact with the other two contacts left floating (F). The dashed
black lines indicate the position of the graphene flake and the black drawn through line the gold contacts. (c) Simulated Seebeck
signal going from S to Sy, resulting in AS =2 pV/K. The inset shows a line trace through the Seebeck map with the position of
the cut indicated by the dashed line. (d) Calculated thermovoltage map. The thermovoltage map was obtained by convoluting the
Seebeck map in c) with the temperature distribution dT(x) (see SI). The inset shows a line trace through the thermovoltage map

with the position of the cut indicated by the dashed line.

the graphene is strongly p-doped at V; = 0 V, which
is due to the interaction of the SiO, substrate sur-
face charges with the graphene as reported previously
[24, 25]. An STGM thermovoltage map with an excess
tip apex-temperature of Ty, ~ 53 K (where the tip-
apex temperature is defined with respect to the micro-
scope stage and when the tip is in contact with the
sample surface) is recorded at three back gate voltages:
for a p-doped graphene channel at —15V, close to
the Dirac point at 28V and for an n-doped graphene
channel at 45V (figure 2(a), left to right). In the p-
doped regime, a thermovoltage on the order of 30 uV
is generated across the device when the hot tip heats
up the areas around the electrical contacts, where
the polarity of the induced thermovoltage is negative

3

(positive) when the source (drain) is locally heated
up. As before, the source is defined as the contact kept
on ground during the measurement. Only very little
to no thermovoltage drop is observed when the tip
is scanned over the graphene channel. At low carrier
concentrations around the Dirac point, a seemingly
chaotic distribution of thermovoltage signal of chan-
ging polarity appears in the graphene channel. In the
n-doped regime, the signal along the graphene strip is
again reduced. A larger voltage build up (compared to
that in the channel) is observed when the source and
drain contacts are heated up, with opposite polarity
compared to the p-doped case.

The chaotic signal observed close to the Dirac
point is attributed to charge puddles inside the
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Figure 2. (a) Thermovoltage maps at three different gate voltages. The insets show the same map at a sensitivity of Vi, -10 to 10
w1V and all scale bars denote 5 pm. The dashed black lines indicate the position of the graphene flake and the black drawn through
line the gold contacts. (b) Schematic showing the energy distribution in graphene relative to the Fermi energy band bending at
the gold covered graphene to the graphene channel interface for a p-doped (left) and n-doped (right) graphene channel and at the
charge neutrality point, or CNP (middle). (c) Gatetrace of the device, showing the CNP point around 28V. The dashed lines
indicate the three gate voltages at which the above maps were recorded.

Vg (V)

graphene channel, which locally vary the energy
dependent position of the charge neutrality point and
are commonly observed for graphene on SiO; sub-
strates (see figure 2(b)) [19, 26]. This leads to sharp
local variations in S(x) which in turn influences the
thermovoltage signal. We note that the signal from the
charge puddles dominates the map at the charge neut-
rality point. This is due to the high sensitivity of the
magnitude and sign of the Seebeck coefficient on the
carrier density around the Dirac point [17, 19], result-
ing in large differences in S(x) over the short distances
associated with charge puddles.

It is important to note, that a change in the
thermal spreading resistance of the sample and the
tip-sample interface thermal resistance, which is
dominated by the thermal conductivity of the meas-
ured surface, strongly influences the tip-apex temper-
ature. This is particularly relevant when the hot tip is
in contact with the Au electrodes since the thermal
conductivity of Au is two orders of magnitude lar-
ger than that of SiO,/graphene on SiO,. This leads to
a reduction of the excess tip-apex temperature from
Tiip = 53 K to Tyjp ~ 1.5 K when the tip is in contact
with Au compared to SiO,/graphene [27].

In the following we discuss the origin of the
observed thermovoltage signals. When the hot tip
heats up the left or right electrical contact, the
measured thermovoltage drop corresponds to the
sum of the thermoelectric voltage build-up of the
graphene under the Au contacts and the graphene
channel. This signal will later be used to estimate the
(global) Seebeck coefficient of the graphene channel
with respect to the graphene underneath the contact
[5].

The origin of thermoelectric signals is the prefer-
ence of charge carriers to diffuse from hot regions in
a material towards colder regions. The driving force
for this process is proportional to the temperature
difference AT and the entropy the system gains per
diffusing carrier. The latter is highest if a carrier dif-
fuses towards regions of higher DOS. This, depend-
ing on the source/drain configuration and the major-
ity carriers in the sample, results in the build up of a
positive or negative thermovoltage under open circuit
conditions.

Graphene underneath the gold contacts is shiel-
ded from the electric field created by a gate voltage,
such that its carrier concentration is not affected
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Figure 3. (a) Thermovoltage maps at six different gate voltages for a SLG and BLG graphene flake. The source and drain contacts
are indicated by S and D respectively and the positions of the line traces analysed later are indicated by the green dashed line in the
top left and the pink dashed line in the bottom left image. The dashed black lines indicate the position of the graphene flake and
the black drawn through line the gold contacts. All scale bars denote 5 um. (b) Linecut indicated in the top left panel in (a) by the
orange dotted line (orange dots) and a sigmoidal Boltzman curve fit (black dotted line). (c) Derivative of the fit in (b).

when a Vj is applied. For a gate voltage V, =45V,
where the graphene channel is highly n-doped (see
figure 2(a) right) the DOS at the Fermi energy is larger
in the channel than in the graphene underneath the
gold contact (see figure 2(b) right), meaning electrons
will diffuse from the contact area into the graphene
channel. This results in a positive (negative) thermo-
voltage build up at the drain (source) contact. While
the DOS in the channel is still larger in the channel
than in the graphene underneath the gold contact for
a p-doped sample (see figure 2(b) left), the majority
carriers are now holes, resulting in a negative (posit-
ive) thermovoltage build up at the drain (source) con-
tact.

1.2. Single-layer/Bilayer junction

In the following, we apply STGM to a second type of
graphene device, a junction formed between SLG and
BLG (similar to the device and measurement shown
in figure 1(b)). Shown in figure 3, the sample consists
of a graphene flake that has both a single-layer and a
bilayer section and is contacted by four gold contacts.

The two contacts labelled source (S) and drain (D) are
used for measuring the thermovoltage drop, while the
other contacts are left floating (F).

In figure 3, in accordance with the previous meas-
urement of the graphene rectangle, a thermovoltage
signal on the contacts is observed, which switches
polarity as the gate voltage is swept over the charge
neutrality point. The gate dependent thermovoltage
maps highlight the impact of the contacts on the
graphene sample.

The two passive, floating contacts show bi-polar
signals, reversing polarity as the gate voltage is
increased. This is because the floating contacts loc-
ally dope the graphene and pin the carrier density,
an effect that has previously been observed in scan-
ning photocurrent microscopy measurements [28].
In addition, the Fermi level pinning from the contacts
leads to a strongly non-homogenous change of the
carrier density within the sample. Rather than occur-
ring simultaneously over the whole sample area, the
change is gradual, starting from the SLG/BLG junc-
tion and wandering out towards the contacts as can
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be seen for higher gate voltages (right side of figure
3 and further images in the SI). Furthermore, STGM
allows us to image the gate screening due to a second
layer of graphene on top of the SLG channel. While
a multitude of charge puddles appear around the
charge neutrality point for gate voltages V, = 10/12.5
V on the SLG side, the BLG area of the sample shows
hardly any. This is attributed to the electric field cre-
ated by surface dipoles in the oxide being screened
by the bottom layer and consequently not affecting
charge carriers in the top layer, as previously indir-
ectly observed [29, 30]. In addition, this observation
provides evidence that the two graphene layers are
thermally largely decoupled [31]. Assuming charge
puddles are present in the bottom layer as they are in
the SLG area, any temperature differential caused by
the tip should cause a thermovoltage signal, which is
not observed in our experiment.

Furthermore, we observe thermovoltage signals
along straight lines (one example is highlighted by
a pink dashed line in the bottom left panel of figure
3(a)) which are not visible in the height topography
AFM maps (see SI). This signal could be attributed to
local strain in the graphene layer or wrinkles, induced
by the deposition of the contacts or the annealing step
(see experimental section). Strain has been shown
to alter the band structure [32] and Seebeck coeffi-
cient in graphene as well as displaying a Peltier effect
[33]. Notably, at all gate voltages a strong thermo-
voltage signal is observed when heating up the inter-
face between SLG and BLG as reported in scanning
photocurrent measurements [10, 11]. The signal is
changing from negative to positive as the gate voltage
is increased. Both the wrinkle and the SLG/BLG junc-
tion signal follow a non-linear gate dependence.

The change in the sign at the SLG/BLG interface
with changing majority carrier concentration (here
both the SLG and BLG area of the sample is assumed
to be p-doped (n-doped) for low (high) gate voltages
respectively) implies that there is a change in the See-
beck coefficient difference AS = Sg1 g — Sprg.

As discussed above, diffusion of carriers is driven
by a gain in entropy, and carriers diffuse from regions
of low DOS into regions of high DOS. Due to the
parabolic dispersion relation in BLG compared to the
linear one in SLG around the charge neutrality point,
the DOS in BLG is higher than in SLG [34, 35]. This
leads to a positive (negative) thermovoltage build-
up for electron (hole) doped graphene when meas-
uring the voltage at the drain contact with respect to
the source [11]. This development is shown in fig-
ure 4(a) where line traces along the green dotted line
in figure 3(a) through the junction at different gate
voltages are displayed. Figure 4(b), top, shows close
ups of the position dependent thermovoltage signal
for a high p-doped (V; = —10V) and n-doped (V; =
25 V) sample. For p-doped (n-doped) graphene, the
signal dips (peaks) at the interface between SLG and
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BLG. Such a dip (peak) observed for the highly p-
doped (n-doped) sample, respectively, is predicted by
the model presented in figure 1 and can be attrib-
uted to a step-wise change in the Seebeck coefficient
between the SLG and BLG areas.

However, at gate voltages close to the charge neut-
rality point of the sample (V, = 10/12.5 V) the ther-
movoltage exhibits a bipolar signal not compatible
with a Seebeck coefficient changing from S to S,. A
similar bipolar signal at V; = 10 V is found around
wrinkles as shown for an exemplary linecut in fig-
ure 4(c). Rather than indicating a transition from one
Seebeck coefficient value to another, a bipolar signal
implies a drop/peak of the Seebeck coefficient (see
SI for simulations similar to the ones shown in fig-
ure 1). For the wrinkles, the sudden spatial change
in the Seebeck coefficient can be explained by local
strain, which is the origin of the fold or wrinkle form-
ation in the first place. It has been predicted that
local strain in graphene can alter its Seebeck coeffi-
cient with the magnitude of this effect being largest
around the charge neutrality point [36]. As a result,
wrinkles in graphene exhibit a bipolar and promin-
ent signal around the CNP. At higher doping, the
change in the Seebeck coefficient is not as large and
only leads to a small AS. While this describes the sig-
nal at the wrinkles, the nature of the bipolar ther-
movoltage displayed at the SLG/BLG junction is less
clear. The bipolar thermovoltage could be a combin-
ation of the signal from charge puddles and the junc-
tion or be attributed to local symmetry breaking and
disorder at the edges of the BLG which locally influ-
ences the Seebeck coefficient.

As explained above, the magnitude of the local
thermovoltage signal measured by STGM is given by a
convolution of a temperature difference with a given
spatial Seebeck coefficient distribution. Thus it is pos-
sible to extract the length scales the Seebeck coeffi-
cient is changing on associated with the different ori-
gins of the signals. We note that the spatial distri-
bution in the thermovoltage signals is directly influ-
enced by two factors: the shape and height of the tem-
perature profile distribution created by the STGM tip
and the local changes of the Seebeck coefficient. In
order to determine the width of the temperature dis-
tribution created by the STGM tip, we fit the step in
the thermovoltage signal at the graphene flake edge
with a sigmoidal Boltzmann curve f(x) = y; + (y1 —
9,)/(1+e5+) (see orange dashed line in the top
left panel in figure 3(a) and (SI) [37]. This fit gives
Ax =~ 60nm, suggesting a lateral resolution of 2Ax =
120nm. From this fit we can also extract a width of
the Gaussian temperature distribution of lyr ~ 1 um
(see SI).

By comparing Igr to the length scales observed
in the experiment for the thermovoltage signal, Iy >
3 um (see figure 4(b) and (c)), it becomes clear that
the width of the signal can not be explained by
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Figure 4. (a) Linetraces through the SLG/BLG junction device extracted from the previously measured thermovoltage maps for
different gate voltages. The linetraces are offset by -20 11V each for clarity. (b) Linetrace through the SLG/BLG junction at

Vg = —10 Vand V; = 25V showing a dip/peak (top) and at V; = 10 V showing a bipolar signal (bottom). (c) Linecut through
the thermovoltage signal of a wrinkle in the SLG/BLG sample. The grey shaded area indicates the width of the signal.

limited spatial resolution. Since the thermovoltage
signal measured is a convolution of S and dT, the sig-
nal width is approximately given by the sum of l4r
and I (the length scale associated with changes in
the Seebeck coefficient), making it possible to extract
Is. The signal width can then be used to quantify the
band bending at the transition between SLG to BLG
(similarly to the depletion region width in a semi-
conductor p-n junction that is determined by doping
levels and applied voltage). Applying this to the line
traces shown in figure 4(a) which show Iy ~ 3 ym, we
can extract the length scale of the Seebeck coefficient
transition when moving from SLG to BLG, giving Is ~
2 pm for both a p-doped and an n-doped sample.
We note that our results suggest that s depends on
the carrier density: by lowering the carrier density
we find that I decreases to Is~ 1 um at V,=5
V (see figure 4(a) and (SI). It is worth to mention
that, although the length scales on which the See-
beck coefficient changes around the SLG/BLG junc-
tion and a wrinkle are similar, the underlying mech-
anism for this length scale is different (see figure 4(b)
top and (c)). While s around the junction depends
on charge carrier density, Is for wrinkles in graphene
is expected to depend more on the elastic properties of
graphene. Thus, the above analysis suggests that even

for an atomically sharp step between two 2D mater-
ials, the Seebeck coefficient changes gradually on a
length scale of micrometers.

1.3. Estimating the Seebeck coefficient
Following equation (1), the local thermovoltage is a
convolution of the local variation of the Seebeck coef-
ficient and the temperature gradient induced by the
STGM tip. Therefore, it is possible to extract the local
Seebeck coefficient variations from a measurement
of the local thermovoltage by deconvolution. We test
this idea by making the following assumptions: 1) we
assume a Gaussian distribution of the temperature
profile induced by the heated tip, with o~ 100nm
as extracted from the sigmoidal Boltzmann curve fit
(see SI). 2) we assume a constant thermal spread-
ing resistance and therefore a constant tip apex- tem-
perature. The error making this assumption is low if
only the graphene channel is investigated and contact
areas are neglected. 3) the thermovoltage is measured
between two sample contacts in the x-direction and
therefore contributions in the y-direction can be neg-
lected (here we rotate the thermovoltage maps before
performing the deconvolution).

From equation (1) we know that Vi, is the
convolution of S and the position dependent
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derivative of the temperature profile caused by the
hot tip T'(xr), i.e. Vin(2r) = (S* T")(xr). Using the
temperature distribution T(xr), and thereby T’ (xr),
we can then deconvolute equation (1) and obtain an
estimate of the Seebeck coefficient distribution along
the sample, S(x) (see SI). Using a regularized filter
in combination with a constraint least-square restor-
ation algorithm to perform the 1D deconvolution,
a quasi two-dimensional temperature distribution
is line-by-line deconvoluted with the thermovoltage
map to produce the Seebeck map (see methods and
SD).

As the tip is moved over the sample, the centre of
its two-dimensional temperature distribution moves
as well. Then, at every point of the thermovoltage
map, a complete deconvolution of each line in
the temperature distribution with the thermovoltage
image gives a point in the deconvolution image.

The resulting deconvolution is shown in figure
5(a). First, we note that the signal on and around
the contacts is not accurate as we assumed a con-
stant excess temperature of the tip-sample contact
(of Typ = 53K) for the deconvolution. This is not
given on the Au contacts where the tip-sample con-
tact temperature drops substantially as discussed
earlier. Therefore, the areas of the Au contacts, which
effectively show the difference in Seebeck coefficients
between gold and graphene [38], do not necessar-
ily have the right magnitude (see discussion below).
The graphene channel in between the contacts how-
ever, satisfies assumption 2 and displays the expec-
ted change in the Seebeck coefficient from positive
to negative with increasing gate voltage [17]. In addi-
tion, large local variations of the magnitude and sign
of the local Seebeck coefficient are observed around
the Dirac point (see figure 5). These give rise to the
thermovoltage signal shown in figure 2(a).

In order to evaluate the deconvolution method
presented in this work, we can compare its result
to the Seebeck coefficient of the graphene channel
obtained via two additional methods: 1) using the
gate dependent conductance data of the device and
the Mott formula to estimate S(V,) [17] and 2) estim-
ating the temperature drop AT over the whole sample
when the STGM tip heats up one electrical contact,
and use S = —Vy, /AT. For case 1, the Mott formula
is given by

AT 1 dG dV,

2
3] GdV, dE I @

where e is the electron charge, G the electrical con-
ductance, kg the Boltzman constant and T the operat-
ing temperature (see SI). The gate dependent Seebeck
coefficient of the rectangular sample can then be cal-
culated using the gatetrace from figure 2(c) with the
results of this calculation shown in figure 5(b). The
calculated Seebeck coefficient overall first increases,
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changes sign when crossing the charge neutrality
point, further decreases, and subsequently increases
towards zero again. We observe maximum and min-
imum values of the Seebeck coefficient around S =
30-40 pV/K and S = —40 to —50 pV/K, respectively.

Then, for method 2), we divide the average ther-
movoltage value on the contacts in figure 2(a) by the
assumed temperature difference between the contacts
(=~ 1.5K as discussed) giving S = 5.92 £+ 3.2 uV/K and
S =-4.19 £ 1.49 puV/K for the Seebeck coefficient at
low and high gate voltage respectively. The distribu-
tion of values of Vi, on the contacts is plotted in a
bar graph and fitted with a multi peaked Gaussian to
determine the most likely event with the error then
given by the width of the Gaussian (see SI).

Lastly, the Seebeck coefficient obtained via the
deconvolution is extracted from the graphene chan-
nel in the maps of the spatial distribution of the See-
beck coefficient in figure 5(a). Again, the values of
S in the channel are found by fitting the distribu-
tion with a multi peaked Gaussian to determine the
most likely event with the error then given by the
width of the Gaussian (see SI). This gives S = 44.94
+ 543 puV/K and S = -42.91 £+ 9.4 uV/K for the
p-doped and n-doped channel respectively. The res-
ult of the three different methods to obtain the See-
beck coefficient in the sample are shown in figure
5(b). The values found for all methods are qualitat-
ively on the same order of magnitude, considering
the assumptions necessary and are in accordance with
previously reported global thermovoltage measure-
ments in graphene. In addition, all methods find the
same trend of a reversal in sign when changing major-
ity carriers as expected for graphene [17]. Method 2),
that is the Seebeck coefficient estimated via the ther-
movoltage drop, quantitatively differs most likely due
to the large error in determining the temperature dif-
ference across the device from heating up one contact.
While this makes it difficult to quantify the Seebeck
coefficient precisely, this is a well-known obstacle in
every thermoelectric measurement and all estimates
for the Seebeck coefficient presented here are consist-
ent.

The deconvolution can also be applied to the
more complex thermovoltage maps of the SLG/BLG
sample (figure 5(c)). Here, artefacts introduced by
the changing tip-sample thermal resistance are clearly
visible in the contact area. However, trends predicted
by theory like the change in the Seebeck coefficient
of the SLG area Sg g with respect to the BLG area
SpLg are visible, with Sg; g < Spig at Vg =—10Vand
Ssig > Spig at Vg =25V [11]. In addition, again,
a high local variation of Sgi¢ with changing polar-
ity can be seen around the charge neutrality point,
caused by charge puddles. While the calculated See-
beck coefficients around 500 1V/K may seem high for
a graphene channel, we note that these are local vari-
ations due to local effects rather than representations
of the global Seebeck coefficient.
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Figure 5. (a) Deconvolution of the thermovoltage maps of the rectangular graphene strip device. The insets show the same map at
a sensitivity of S —20 to 20 pV/K. (b) Gatetrace of the rectangular device (black line), Seebeck coefficient calculated from
equation (2) (red line), Seebeck coefficient estimated from the thermovoltage maps (semitransparent diamonds) and the Seebeck
coefficient extracted out of the deconvolution in a) (crosses). (c) Deconvolution of the thermovoltage maps of the SLG/BLG
junction device. All scale bars denote 5 ym. The dashed black lines show the position of the graphene flake and the black drawn

2. Conclusions

To summarize, we have developed STGM, a method
to probe the local thermoelectric properties of
two-dimensional and thin-film devices on a nano-
meter scale. This method allowed us to observe

the thermoelectric fingerprint of charge puddles in
graphene, resolve effects in our sample such as Fermi
level pinning by the metallic contacts leading to non-
homogenous carrier concentration distribution and
reveal how the local carrier concentration changes
when a gate voltage is applied. Furthermore, we find

9



10P Publishing

2D Mater. 7 (2020) 041004

that strain strongly impacts the local Seebeck coef-
ficient in SLG and multilayer graphene sheets. The
STGM method developed in this paper further allows
us to obtain the local Seebeck coefficient through
deconvolution. We find good qualitative agreement
between values obtained by deconvolution and the-
ory.

STGM is a valuable tool for future research on
two-dimensional materials especially to noninvas-
ively study planar junctions and the influence of local
defects or metal contacts on the thermoelectric prop-
erties of the sample. This could provide important
insights leading to new strategies to increase the effi-
ciency of thermoelectric devices. In addition, further
research into the thermoelectric signals in 2D materi-
als will help to limit thermoelectric noise in electronic
devices. STGM is not restricted to 2D materials but
could also be applied to study the local thermoelec-
tric properties around single molecule junctions or
quantum dot devices [39-41].

3. Experimental

Device Fabrication. The devices were fabricated by
exfoliating HOPG on top of a standard Si/SiO, chip
with a 300 nm oxide layer. Subsequently, if required,
the graphene was patterned employing standard
electron-beam lithography and then etched using
oxygen plasma. Then, Inm Ti/50nm Au contacts were
deposited on top of the graphene and the final devices
were annealed at 350 degree Celsius under a forming
gas atmosphere for 30 min.

Scanning Thermal Gate Measurements. The
SThM is located in a high vacuum environment, pro-
hibiting parasitic heat transfer as well as the form-
ation of a water meniscus between the tip and the
sample to achieve a better thermal resolution [42, 43].
In our measurements, the spatial resolution is limited
by the size of the tip-sample contact, which is on the
order of tens of nanometers.

For the STGM measurements, the SThM tip is
heated up by applying a high AC voltage of Vieer =
4 V,, at a frequency of 91 kHz for the thermal
conductance measurements with a 4V DC offset to
the temperature sensor. This causes Joule heating,
which results in an SThM tip excess temperature of
Tip ~= 53 K at the interface with graphene on the
SiO,/Si substrate (see Supporting Information). This
local heat source is then scanned over the sample
while the global voltage drop Vi, over the two con-
tacts is measured with a SRS650 low-noise preamp-
lifier and a SR560 high-impedance voltage preampli-
fier. The thermovoltage measurements do not require
electrical contact between the tip and the sample,
and thereby eliminate linked uncertainty, as well as
requirements on the strength of the electrical tip-
sample contact [44]. The SThM can also be used in a
passive tip configuration with the temperature of the
sample modified via cooling (heating) of the stage.
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We calibrate the electrical power applied to the
tip resistor as a function of temperature on a heated
stage inside a high-vacuum chamber as described
elsewhere [27, 45]. Crucially, here the tip apex tem-
perature is a fraction of the cantilever temperature
depending on the thermal conductivity of the mater-
ial in contact (see SI for more details).

To account for the possible influence of strain in
the graphene induced by the SThM tip on the ther-
moelectric response we have varied the force exer-
ted by the tip on the sample by changing the set
point of the STGM. No change of the thermoelec-
tric response with decreasing or increasing force was
observed (unless the set point was chosen such that
the tip did not contact the sample anymore), sug-
gesting that the contact strain does not have an out-
sized effect on the measurements. Offsets introduced
by the amplifier are accounted for by subtracting the
background signal far away from the sample from the
whole map.

Deconvolution. The Deconvolution is performed
using a regularized filter algorithm rather than one
based on the more straight forward polynomial divi-
sion, as the latter can become numerically unstable
for large denominator coefficients. The filter used is a
constrained least-squares filter, which aims to minim-
ize the difference between the ideal and the restored
image while keeping the high frequency and thereby
noise component to a minimum [46, 47]. The point-
spread function used for deconvolution is the deriv-
ative of the Gaussian temperature distribution (fig-
ure 3(c) and (SI), and a Laplacian operator is used as
the regularization operator to retain image smooth-
ness.
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