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Single-Material Graphene Thermocouples

Achim Harzheim,* Fabian Kénemann, Bernd Gotsmann, Herre van der Zant,

and Pascal Gehring*

On-chip temperature sensing on a micro- to nanometer scale is becoming
more desirable as the complexity of nanodevices keeps increasing and

their downscaling continues. The continuation of this trend makes thermal
probing and management more and more challenging. This highlights the
need for scalable and reliable temperature sensors, which have the potential
to be incorporated into current and future device structures. Here, it is shown
that U-shaped graphene stripes consisting of one wide and one narrow leg
form a single material thermocouple that can function as a self-powering
temperature sensor. It is found that the graphene thermocouples increase in

Thermocouples are another tempera-
ture monitoring option, which is widely
used if sensing is required due to their
simplicity and reliability.’! Thermocou-
ples are relatively easy to fabricate and
are self-powered making them an ideal
candidate for low-cost thermometry, since
their signal stems from intrinsic mate-
rial properties, they tend to have only
minimal variations in sensitivity. As the
name suggests, a thermocouple, in the

sensitivity with a decrease in leg width, due to a change in the Seebeck coef-
ficient, which is in agreement with previous findings and report a maximum

sensitivity of AS =~ 39 pV K.

1. Introduction

Complex electronic devices and circuits rely on thermal sensors
incorporated into the structure to give input to the power and
thermal management system.?l In order to avoid hot spots,
built-in temperature sensors are distributed along critical points
to monitor the temperature and provide feedback to the control
system.>¥ This allows for the redistribution of the thermal load
through spot cooling or load distribution, for example, among
different computing cores, enabling a longer device lifetime
and saving energy. Ideally, these temperature sensors need to
have a small footprint, high accuracy, consume a minimum
amount of power and be compatible with established nano-
fabrication techniques. Today, resistors or diodes are often used
for on-chip temperature sensing, with diodes providing a high
sensitivity. However, since p-n junction diodes are made from
doped semiconductors they can be subject to fluctuations in the
doping and have to be calibrated individually.
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classical sense, is typically a combination
of two materials (often metals) with dif-
ferent Seebeck coefficients S = — AV/AT,
which are joined at the sensing end.l
Then a temperature difference between
the sensing end at Ty, and the meas-
uring end at Tj,.,s leads to the buildup of a thermovoltage via
the Seebeck effect:

Vth = _[(Sl _SZ)(Tsense _Tmeas )] (1)

where Vy, refers to the thermovoltage drop across the two leads
at the measuring end and S; and S, are the Seebeck coefficients
of the two materials used. Depending on the desired working
temperature range and the required sensitivity different mate-
rial combinations are used. A multitude of different types of
thermocouples has been developed, covering a wide range of
temperatures and work environments.”% Typically, in order
to achieve on-chip thermometry with conventional thermocou-
ples, two separate fabrication runs are required.

It has previously been shown that it is possible to produce a
single-material thermocouple by varying the width of thin gold
stripes!''!?l and other metals.'¥l The proposed mechanism is
that reducing the width of the gold stripes changes the Seebeck
coefficient due to increased scattering at the grain boundaries
and structural defects. However, the sensitivity of all-metal ther-
mocouples is only on the order of 1 u V K! and they tend to
have a large footprint of tens of um in width and hundreds of
pUm in length, which is too big for nanoelectronic applications.
In addition, their thickness on the order of 100 nm makes it
challenging to integrate them vertically in nanoelectronic
devices. Here, we report the fabrication of 2D thermocouples
made out of single layer graphene. To this end, we make use of
our recent discovery that similar to metals, the Seebeck coeffi-
cient in graphene can be influenced by geometrical constraint,
which changes the mean free path locally.'™ The advantage of
using graphene compared to previous approaches is its high
bulk Seebeck coefficient™ and its long electron mean free
path even at room temperature.'®! This allows for the fabrica-
tion of highly sensitive thermocouples with the possibility of
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wafer-scale integration, as current research efforts are directed
at the use of graphene in 2D van der Waals structures using
wafer-scale fabrication methods.”18]

2. Results and Discussion

The graphene thermocouples are fabricated by patterning a
U-shape into CVD-grown graphene consisting of a wide and a
narrow leg. To test the functionality of the thermocouples, an
on-chip microheater is used to increase the temperature of the
sensing end of the thermocouple (see Figure 1a). We fabricate
both long (L; = 4.3 um) and short (L, = 2.5 pm) thermocouples
and vary the width of the narrow leg w from 1 um to 0.2 pm
while keeping the width of the wide leg constant at wy = 1.5 pm.
The sensing end of the thermocouple where the wide and
narrow legs meet is located 700 nm from the heater.

We use a scanning thermal microscope (SThM) to calibrate
the heater and quantify the temperature distribution along the
device. To this end we performed an SThM measurement of
the device structure at different heater currents and obtain a
temperature profile map of the device (see Figure 1b). We used

Figure 1. a) Schematic depiction of the device structure. b) Tempera-
ture distribution of a typical operating device measured using SThM at a
heater power of 6.4 mW. The white dashed lines indicate the position of
the graphene thermocouples and the black dashed line indicates the line
cut shown in (c). c) Temperature profile line extracted from (b) in pink
and the fit along the substrate (blue dashed line).
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Figure 2. a) Optical microscope image of a typical device showing the
measurement configuration. The graphene thermocouples next to the
heater are highlighted by the black dotted lines and the scale bar denotes
10 um. b—c) Thermovoltage response of a short device with w = 0.2 um
to heater power, the blow-up below shows the same measurement with
higher integration time where the grey dashed line indicates the min-
imum temperature sensitivity.

a method that eliminates the influence of fluctuations in the
tip sample thermal resistance.'2% This enabled us to develop
a model for the temperature gradient along the substrate and
subsequently calculate the temperature difference AT = T,oq —
Tineas (see Figure 1c and Supporting Information).

In order to quantify the sensitivity of the thermocouple, the
heater is excited with a sinusoidal current at a frequency fand
the thermovoltage response of the thermocouple is recorded at
a frequency 2f between the wide and narrow leg (see Figure 2a).
For the purpose of this paper, all signals reported are the phase
independent root-mean-square (RMS) values though the ther-
movoltage signal is mainly present at a phase of 90° with
respect to the excitation.?!] Since we aim to determine the peak
value of the thermovoltage response, the measured RMS signal
is multiplied by a factor of v/2. The resistance of the devices is
extracted from a DC [V trace, with all measured devices exhib-
iting a linear behavior (see Supporting Information). Measure-
ments are performed at room temperature and in a vacuum
environment to prevent parasitic heat transfer due to conduc-
tion and convection.

As is shown in Figure 2b, for the best performing device
geometry, which is a short junction with a narrow leg width of
w = 0.2 um (see analysis below), the junction responds linearly
to the heater power P. Assuming that the temperature differ-
ence is proportional to the heater power, the observed behavior
is in agreement with the Joule-Lenz law which predicts a quad-
ratic relation between the heating power P and the applied cur-
rent I, AT = Tyepge — Tineas & P = I? R. A higher heater power will
induce a higher temperature difference AT which results in a
higher thermovoltage signal, see Equation (1). Using the SThM
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calibration allows us to convert the heater power P into a corre-
sponding temperature drop AT on the junction, which we show
as a top x-axis in Figure 2b.

A clear increase in the thermovoltage signal is seen for rela-
tively small temperature differences of a few mK. For a longer
integration time (10 s compared to 1 s for Figure 2b) it is pos-
sible to push the response threshold to an even smaller tem-
perature difference of AT = 400 UK (see Figure 2c grey dashed
line) highlighting the excellent sensing abilities of the graphene
thermocouples: a maximum sensitivity of AS = 39 u V K is
reached for a width of w=0.2 um and a length of L, = 2.5 um.

The origin of the signal can be explained by a change in
the Seebeck coefficient (S,, to S,) when varying the leg width
from wy = 1.5 um to a narrower width w.' This change in the
Seebeck coefficient is due to the increased influence of scat-
tering from the edges on the mean free path as the width of
the channel is reduced. As scattering is more prominent in the
narrow channel the mean free path decreases. Here, the defect
potentials responsible for the scattering stems from irregu-
larities at the edges in the graphene devices, introduced by the
oxygen plasma etching necessary to pattern the devices as well
as atmospheric contamination.

Following a previously developed theory for CVD graphene
in the diffusive transport regimel!¥l it is then possible to arrive
at a width dependent expression for the mean free path

w=sfree (Ef | :

where |, is the bulk mean free path and ¢, and n are numerical
coefficients specifying the transport mode and the influence
of scattering on the mean free path. We can then combine
Equation (2) with the Mott formula for the Seebeck coefficient
7’kiT 1 dR(e)
2¢ R(e) de
dependent resistance in graphene. While the Seebeck coeffi-
cient of graphene can deviate from the Mott formula at high
temperatures, the Mott formula gives a good indication of the
signal and has been shown to reproduce the trend in experi-
mental data correctly.™ Using the Mott formula results in
an expression for the width dependent Seebeck coefficient in
graphene

—

given by S=- |z, Where R(e) is the energy

21,2
Sz—ﬂk—BT[1+nUM—(n—1)U:| (3)
26}:@ lo
Here, U=M|g:SF is the exponent of any power law
dIn(e)

dependence of the electron mean free path on energy and

" is the Fermi energy with the Fermi velocity
8s8v
vg = 10° m 57, the spin and valley degeneracy g, = g, = 2 and

€ = hVF

n = 10! m~2 being the carrier density.?2l Equation (3) pre-
dicts a decrease in thermopower as the width of the gra-
phene channel is reduced. This means that the difference AS
between S, and S,, (see Figure 1a) is expected to be largest for
narrow w. The Seebeck coefficient difference AS can thus be
expressed as
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Figure 3. a) Mean AS signal as a function of the narrow leg width w for
long Ly = 4.3 um (red dots) and short L, = 2.5 um (blue dots) devices
respectively. The grey dots indicate single device measurements for the
long (red outline) and short devices (blue outline) respectively and the
error bars indicate the standard deviation with respect to these single
measurements. The green dashed line is the fit using Equation (4). For
the short length devices, the widths w = 0.9 um and w = 0.8 um could
not be measured due to a fabrication error. b) Average device resist-
ance for the short (blue dots) and long (red dots) devices as a function
of the narrow leg width w, where the errorbars indicate the standard
deviation.

AS=S, —S,= 4

3¢eee lO

_ w’ksTnU [l(wo)—l(w) :|

Usually the Seebeck coefficient S is temperature dependent,
however for the small temperature gradients used in our study
we can assume that S,(Tiense) = Su(Tmeas) and similarly for S,,,.

The width dependence of both the AS signal and the resist-
ance for over 110 devices with differing widths w from 1 to
0.2 um is shown in Figure 3 for the two different device lengths
L; and L,. The thermovoltage was recorded at a heater power
of P = 1.3 mW for all devices. This corresponds to a tem-
perature difference between the sensing end and the meas-
uring end of ATy, = 14.3 £ 2.17 mK for the short devices and
ATjgng = 22.35 £ 2.97 mK for the long devices. As the narrow
leg width decreases, the mean AS increases, in accordance
with Equation (4), which predicts that a lower mean free path
in the narrow leg will lead to a higher Seebeck difference AS
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(Figure 3a). Similarly, the resistance of both the long and short
devices increases with decreasing width w (Figure 3b).

The increase in resistance (of Figure 3b) can be explained by
the same formalism used to describe the thermoelectric proper-
ties of the system, where the CVD graphene on SiO, is treated
as a diffusive conductor.?3] In the diffusive transport regime,
the conductance is proportional to the electron mean free
path, o o< .. Since o o 1/R we then expect I, e< 1/R, meaning
an increase in resistance for a smaller electron mean free path.
This can be seen in Figure 3b where a narrowing leg width w
reduces the mean free path due to scattering along the rough
edges resulting in a higher resistance R.

As the mean free path is the crucial factor in determining
the resistance and equally the determining factor for AS (see
Equation (4)), a decrease in the resistance should simultane-
ously show up as a decrease in the AS signal and vice versa.
This is evident in Figure 3a,b for the long devices, where small
variations in the device resistance when changing w from 0.5 to
0.4 um are directly reflected in corresponding variations of the
AS signal.

Both the long, L; = 4.3 um, and the short, L, = 2.5 um,
devices show a similar trend of an increasing AS signal with
a decreasing channel width (Figure 3a). The AS signal for both
device lengths can be fitted using Equation (4), accounting for
the different AT and using the same fitting parameters for both
lengths (see Figure 3a black dashed line). We find ¢, = 0.96,
lp =248 nm, n = 1.08 and U = 0.99, which is similar to previ-
ously found values from measurements of the thermopower
width dependence in CVD grown graphene. The U value
of =1 points toward long-range Coulomb interaction being
the determining factor in the mean free path, consistent with
scattering centres along the graphene edges.?#?°! Differences
in signal strength between the long and short devices, as well
as for individual devices (see Figure 3a), can be attributed to
the unpredictable nature of the defects in the narrow graphene
legs, ultimately determining the size of S,,. In addition, effects
steming from grain boundaries or singlelayer/bilayer junctions
could contribute to the sample-to-sample variation observed in
our experiments (and quantified by the error bars in Figure 3a).
This leads to a relatively high standard deviation for the AS sig-
nals in the graphene thermocouples, however we note that the
Seebeck response of the short and long devices are within one
standard deviation of each other.

It should be noted that the critical dimensions of the gra-
phene thermocouples are w, and w. Ideally w, should be larger
than the mean-free path in the graphene to avoid influence from
edge scattering, while w should be as small as possible to maxi-
mize edge scattering. The minimum size of w = 0.2 um in this
study is due to limitations in our fabrication process. Further-
more, an avenue to achieve more sensitive thermocouples is to
increase the “bulk” value S of graphene, which can be achieved by
oxygen plasma treatment of graphene,?®! operating in the hydro-
dynamic regime,”’! encapsulating graphene in hBNI28] as well
as changing the carrier concentration and band structure through
gating '] Another possible path is to use exfoliated graphene
which has a higher electron mean free path and therefore a higher
Seebeck coefficient than CVD grown graphenel*” and in addition
exhibits less defects than CVD graphene, making it easier con-
trollable. However, similar to most of the other enhancement
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approaches mentioned above, the drawbacks are limited scala-
bility of the graphene thermocouples due to a progressively more
complex fabrication process. Nonetheless, an improved control
over the edge configuration in graphene and therefore edge scat-
tering and the mean free path is needed and further advances as
well as more sophisticated fabrication methods should enable the
creation of reproducible and well-defined thermocouples.?32

3. Conclusion

In summary, we developed a single material thermocouple con-
sisting of a U-shaped graphene structure with a narrow and a
wide leg joined at the temperature sensing end. The behavior
of the thermocouple is well modeled by a previously developed
theory on the dependence of the thermoelectric properties of
graphene on its geometry. Furthermore, we demonstrated a
higher sensitivity than in previously reported single mate-
rial thermocouples by well over an order of magnitude at a
footprint of only a few micrometers in width and length. The
devices presented in this study thus could be used to facilitate
cheap and easy to fabricate on-chip thermometry while being
compatible with van der Waals heterostructures, current MOS-
FETs and future graphene circuits. In addition, due to the bio-
inert nature of graphene,33 as well as the small footprint and
sub-millikelvin sensitivity of the graphene thermocouples they
lend themselves to the increasingly relevant task of tempera-
ture probing of cells and other living systems.[33%]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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