
Chin. Phys. B Vol. 20, No. 10 (2011) 107301

Measuring thermoelectric property

of nano-heterostructure∗

Lu Hong-Liang(´ù�), Zhang Chen-Dong(Ü�Å), Cai Jin-Ming(é7²), Gao Min(p ¯),
Zou Qiang(q r), Guo Hai-Ming(H°²), and Gao Hong-Jun(põ�)†

Beijing National Laboratory for Condensed Matter Physics and Institute of Physics,

Chinese Academy of Sciences, Beijing 100190, China

(Received 6 May 2011; revised manuscript received 20 May 2011)

A method of measuring the thermoelectric power of nano-heterostructures based on four-probe scanning tunneling

microscopy is presented. The process is composed of the in-situ fabrication of a tungsten–indium tip, the precise control

of the tip-sample contact and the identification of thermoelectric potential. When the temperature of the substrate is

elevated, while that of the tip is kept at room temperature, a thermoelectric potential occurs and can be detected by a

current–voltage measurement. As an example of its application, the method is demonstrated to be effective to measure

the thermoelectric power in several systems. A Seebeck coefficient of tens of µV/K is obtained in graphene epitaxially

grown on Ru (0001) substrate and the thermoelectric potential polarity of this system is found to be the reverse of that

of bare Ru (0001) substrate.
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1. Introduction

Nanoscale heterostructures have aroused much in-
terest, owing to their promising applications in field-
effect transistors, photodetectors, photodiodes, so-
lar cells, catalysts[1,2] and refrigerators.[3] Many re-
searchers have focused on the electron transport prop-
erties at their interfaces. When the temperatures on
the two sides of an interface differ, thermoelectric volt-
age and current occur. Such nanosystems, if they
each have a high thermoelectric figure of merit ZT

(ZT = S2σT/κ, where S is Seebeck coefficient, σ

the electrical conductivity, κ the thermal conductiv-
ity and T the absolute temperature), are very desir-
able for a wide range of applications such as nano-
generators or energy harvesting,[4,5] nano-coolers,[5]

and gas sensing.[6] How to measure the thermoelec-
tric properties of nanostructures undoubtedly plays a
key role in developing nanomaterials and nanostruc-
tures with high ZT . In the general method of mea-
suring the Seebeck coefficient in nanosystems, a heater
is located near the device to generate a temperature
gradient, two resistors are utilized to monitor the tem-
perature differences at two points on the nanodevices

and then the thermoelectric voltage is measured by
a voltmeter.[7,8] However, this method is not applica-
ble for ultra thin nano-heterostructures because the
temperature measurement is very difficult. The draw-
back of the existing method for thermoelectric prop-
erty measurement has become a bottleneck in the de-
velopment of nanomaterials with high ZT .

Graphene is a promising candidate for thermo-
electric devices since a giant thermoelectric effect,[4]

high thermal conductivity,[9] and a variety of other
novel properties[10,11] have been demonstrated. How-
ever, most thermoelectric investigations have concen-
trated on the in-plane characteristics of graphene-
based systems,[12] while little work has been done on
heterostructures incorporating graphene. Recent suc-
cessful preparations of epitaxially grown graphene on
transition metal surfaces[13−17] have made it possi-
ble to study metal/graphene heterostructures, partic-
ularly their peculiar electronic structures and fantastic
interfacial properties.

In this paper, we present our developed approach
to using ultrahigh vacuum (UHV) 4-probe scanning
tunneling microscopy (STM) to measure the thermo-
electric properties in nano-heterostructures. The pro-
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cess is composed of the in-situ fabrication of tungsten–
indium (W–In) tips, the precise control of the tip and
the identification of thermoelectric potential. When
there is a temperature difference between a substrate
and a tip on it, a thermoelectric potential occurs and
can be detected by the current–voltage (I–V ) curves.
Graphene on a transition metal system is taken as an
example to verify the validity of this method. The
agreement between experimental results and theoret-
ical calculations indicates that this method is appli-
cable for thermoelectric property characterization in
nanostructures.

2. Experimental details

2.1.UHV four-probe STM system

Thermoelectric properties were measured using
an Omicron UHV 4-probe STM system.[18,19] The
base pressure was better than 2×10−8 Pa. An in-
tegrated scanning electron microscope (SEM) with a
resolution of 20 nm was used to monitor the W–In
tip preparation and to locate the features of interest

on a sample. Each of the four probes could be posi-
tioned independently. The movement of each probe
was controlled by a combination of a step motor and
a piezo tube. The former allowed it to move three-
dimensionally in a range of 10 mm×10 mm×5 mm;
and the latter was responsible for the precise position
in a range of 4 µm×4 µm×2.5 µm within an accuracy
of 0.1 nm. Also, the sample stage could be moved in
the X–Y plane, driven by a piezo creeper. The tem-
perature of the sample stage could be varied within a
range from 30 K to 500 K through liquid He or liquid
N2 cooling and an electrical heater.

In order to identify the thermoelectric potential,
I–V curves were measured using a Keithley 4200-
SCS Semiconductor Characterization System (Keith-
ley 4200SCS). It is equipped with three independent
source-measure units (SMUs) as well as their pream-
plifiers and capable of measuring a voltage down to
1 µV and a current lower than 1 fA. The Keithley
4200SCS is suited for the electrical measurement of
nanostructures because it has a high input impedance,
accurate current and voltage sources, and a high res-
olution.

Fig. 1. Schematics showing the W–In tip preparation process ((a)–(c)) and SEM images of the W–In tips

((d)–(g)). (a) W tip ready for dipping, (b) W tip dipped in melted In droplet, (c) W tip withdrawn and coated

with In, (d) four W–In tips ready for use, (e) the end of one W–In tip, coated with an In layer, (f) enlarged

SEM image of a W–In tip, (g) a W–In tip in contact with a hot sample with deformation observable.

2.2. In-situ preparation of W In tips

In order to make a soft tip-sample contact and
prevent thin nanostructures from being damaged, it
is necessary to prepare a special soft tip for measur-
ing thermoelectric properties with a 4-probe STM. In-

dium is a desirable material for coating an STM tip
because it is soft and electrically conductive with a
low melting point. W tips were first prepared by a
standard DC chemical etching method[20] immediately
followed by transferring the tips to the UHV chamber
to prevent oxidation. A drop of indium was melted in
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the sample stage by electrical heating to 430 K. Then
one W tip was dipped into the melted indium drop
(Figs. 1(a) and 1(b)). A few seconds later, the W tip
was drawn back and an indium layer formed at the end
(Fig. 1(c)). Figures 1(d) and 1(e) show SEM images
of as-prepared W–In tips. The surface of the W–In
tip is clean due to its preparation in UHV, which is
essential for the following measurement. Figures 1(f)
and 1(g) display the W–In tips before and after con-
tact with a hot sample surface. The deformation of
W–In tips guarantees that the sample surface will not
be damaged during measurement.

2.3.Preparation of monolayer graphene/

Ru (0001) sample

A Ru (0001) crystal was cleaned in an UHV cham-
ber using cycles of 0.6-keV Ar+ sputtering followed by
being annealed to a high temperature. A high quality
monolayer graphene was fabricated by thermal decom-
position of the hydrocarbon, ethylene on Ru (0001)
metal substrate at high temperature. The amount of
exposure was 100 Langmuir, sufficient for the forma-
tion of one layer of graphene. The detailed process is
described elsewhere.[14,15,21] The perfect crystallinity
of a graphene/Ru sample was confirmed by low energy
electron diffraction (LEED) and STM before thermo-
electric property measurement. Auger electron spec-
troscopy (AES) was used to analyse the chemical com-
position, and a sharp peak for carbon at 272 eV con-
firmed that carbon was present on the substrate.

2.4.Thermoelectric property measure-

ment

Thermoelectric potential was obtained by mea-
suring the I–V curves of the nanodevice system while
the W–In tip and substrate were kept at different tem-
peratures as shown in Fig. 2. After positioning the tip
in the desired region with navigation of SEM, it can
be brought onto the surface automatically by STM
until the tunneling state is reached. Afterward we
withdrew the tip by a step and switched the system
to electrical measurement mode, at which time the
voltage bias was applied to the tip with the Keithley
4200SCS. Then the tip was again brought onto the
surface manually and slowly, and meanwhile the cur-
rent was monitored. When a current was detected,
we stopped approaching and began to measure I–V

curves. A series of I–V curves was measured while

the tip kept good contact with the sample.

Fig. 2. Schematic diagram of the experimental setup for

measuring I–V curves of graphene/Ru.

In addition, we can measure I–V curves using
STM instead of the Keithley 4200SCS after engage-
ment of the W–In tip. In the tunneling state, the
feedback loop was turned off. Without withdrawing
the tip, we applied a voltage to the tip and moni-
tored the current through a preamplifier. We brought
the tip onto the sample surface in steps of 1 Å∼10 Å
(1 Å=0.1 nm) until a current was detected. Then I–V

spectra were measured immediately. The thermoelec-
tric potential can be derived from the I–V curves.
One advantage of using STM to measure I–V curves
is that there is no need to withdraw the tip, thereby
making the measurement simplified. The limitation is
that the smallest voltage step for I–V curve data ac-
quisition is 0.25 mV, which is not sufficient to measure
a small thermoelectric potential.

The temperature gradient was generated by heat-
ing the sample stage to a temperature preset by a
Lakeshore 331 temperature controller. Because we
measured the I–V curves immediately after the tip
had contacted the sample surface, it was reasonable
to believe that temperature difference was distributed
mainly between the tip and the substrate. It was also
observed that the offset voltage became smaller and
smaller while the tip remained in contact, indicating
that the temperature difference between tip and sub-
strate became smaller. The Seebeck coefficient can
be obtained by the equation S = U/∆T . Here, S,
U , and ∆T are the Seebeck coefficient, thermoelectric
potential, and temperature difference, respectively.

The lateral dimension of nanostructures to be
measured is limited only by SEM resolution and tip
radius. In our system, SEM resolution is better than
20 nm and W–In tip with tip radius less than 1 µm
can be prepared, which indicates that thermoelectric
properties of submicron devices could be measured in
this method.
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3. Results and discussion

Figure 3(a) shows a series of I–V curves from
the Ru (0001) surface captured with the Keithley
4200SCS when the substrate temperature was in-
creased to 450 K. Note that the slopes of these I–
V curves are different, indicating that electrical resis-
tance varies with the degree of contact between tip
and substrate. However, all the curves show the same
offset voltage when the current equals zero (they inter-
sect the x axis at the same point), indicating a con-
stant thermoelectric potential during each measure-
ment. We define the thermoelectric potential point-
ing up as being positive in the setup of Fig. 2, i.e.
the electron current (opposite to the electric current)
driven by the temperature difference flows from the
tip to the substrate. In this case, we can obtain a
negative current at zero applied voltage, thus the cur-
rent flows from the tip into Keithley 4200SCS. If we
want to obtain zero current, we need to apply an op-
posite voltage equal to the thermoelectric potential.
Therefore, the thermoelectric potential measured in
the system is equal to the offset voltage on the x axis.
From Fig. 3(a) a thermoelectric potential of −4 mV
can be obtained for bare Ru (0001) substrate at 450 K.

We measured the thermoelectric potential of the
samples from room temperature to high temperature
(about 460 K). After each measurement for a group of
I–V curves at a temperature, the W–In tip was with-
drawn to prevent it from being heated up. When the
sample temperature was increased to the next setpoint
value, we approached the W–In tip again. Figure
3(b) shows the temperature-dependent thermoelectric
potential of a W–In tip on monolayer graphene/Ru
(0001), and for comparison, bare Ru (0001) substrate
and highly oriented pyrolytic graphite (HOPG) were
also investigated. The thermoelectric potential is neg-
ative on bare Ru (0001), and its magnitude increases
linearly with temperature increasing. The Seebeck co-
efficient is about −27 µV/K, which is comparable to
that of commercial thermocouples. The thermoelec-
tric potential of HOPG is also negative but rather
smaller, with a Seebeck coefficient of −5 µV/K. In the
cases of Ru and HOPG substrates, when the substrate
temperature is increased, electrons diffuse from hot
substrate to cold W–In tips, so that a negative thermo-
electric potential is generated. However, thermoelec-
tric potential is positive in graphene/Ru (0001), and
the corresponding Seebeck coefficient is 20 µV/K. The
polarity of thermoelectric potential of graphene/Ru
(0001) is reversed to that of Ru (0001), indicating a
potential application of graphene materials as thermo-

electric devices.

Fig. 3. (a) A series of I–V curves on bare Ru substrate

obtained at 450 K with Keithley 4200SCS. All the curves

intersect with the voltage axis at about −4.0 mV, indicat-

ing a stable thermoelectric potential; (b) experimentally

obtained temperature-dependent thermoelectric potential

of bare Ru (0001), monolayer graphene/Ru (0001), HOPG

and the simulated result of graphene/Ru (0001).

The above results indicate that mono-
layer graphene plays a very important role
in tuning the thermoelectric potential of this
metal(tip)/graphene/metal(substrate) heterostruc-
ture. We investigated the atomic and the electronic
structures of a graphene monolayer on Ru (0001)
by using first-principles calculations and found that
monolayer graphene can form periodical Moiré pat-
terns with great corrugations on Ru (0001)[15,22]

Specifically, the vertical difference between the high-
est and the lowest regions is more than 2 Å. Charge
transfer between graphene and Ru leads to various
carrier types in different regions of graphene, p-type
in higher region and n-type in lower region. As is
known, the electronic structure can influence the
thermoelectric property greatly in semimetals[23] and
semiconductors.[24] The thermoelectric potential po-
larity or electron flow direction depends on the carrier
type, and different carrier types (n- or p-type) will
generate reverse thermoelectric potential.[5] Leyo et
al.[25] studied the local thermoelectric power of semi-
conductor nanoscale heterostructure and found that
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in their system the carriers passing through the junc-
tion could be electrons and holes which determined
the direction of thermoelectric power.

However, in our system, the carriers in two metal
electrodes are always electrons. In order to explain
how the carrier type in the central region determines
the direction of thermoelectric power, we calculated
the electron transmission coefficient and thermopoten-
tial in a model of metal/graphene/metal heterostruc-
ture by using the Landauer–Butticker formula. The
model is composed of two metallic electrodes with a
single layer of graphite (graphene) in between. The
temperature of one electrode is fixed at room tem-
perature (300 K), while the other is kept at a higher
temperature. The transmission coefficient T (E) and
thermopotential were calculated with different carrier
types of graphene and substrate temperatures (see our
previous work for the calculation details[26]). It was
found that in spite of metal electrodes, the carrier type
of graphene determines the electron motion direction
driven by the difference in temperature between the
two electrodes. The electron current is along the ther-
mal gradient direction for n-type graphene and against
the thermal gradient direction for p-type graphene.
Therefore for the graphene/Ru (0001) system, when
the tip approaches the sample surface gently so that
it only contacts the higher part (p-type) of graphene,
a positive thermoelectric potential is obtained. The
calculated thermoelectric potential of graphene/Ru is
shown in Fig. 3(b), which is in good agreement with
our experimental result.

Using this method, we also investigated the inter-
facial thermoelectric properties of monolayer graphene
on Pt (111) and Ni (111) systems, which exhibited
different graphene-substrate interactions and oppo-
site carrier types of graphene. The results satis-
factorily verified the predictions of our theoretical
calculations[21,26] and confirmed the applicability of
this method in measuring thermoelectric properties of
nano-heterostructures.

4. Conclusions

We developed an experimental approach to mea-
suring the Seebeck coefficient of nano-heterostructures
by using a UHV four-probe STM system. With an in-
situ elaborated tip in soft contact with the substrate
at an elevated temperature, the thermoelectric poten-
tial is detected by measuring I–V curves. The ap-
plication of this method to a monolayer graphene/Ru
(0001) heterostructure shows a Seebeck coefficient of
20 µV/K and the thermoelectric potential polarity is
found to be the reverse of that on bare Ru substrate.
The results indicate that this method is helpful for

investigating the thermoelectric properties of nano-
heterostructures.
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