
Abstract:

1. Introduction
The introduction of nanometer-scale structures into

thermoelectric materials has been expected to lead to
breakthroughs for enhancing the thermoelectric figure-
of-merit [1]-[4]. A number of researchers are engaged in
characterizing nanometer-scale thermoelectric materials
[5]-[8]. However, it is very difficult to measure the ther-
moelectric characteristics of these materials because of
the very small dimensions. External disturbances such as
lead-wire contact essential to the conventional thermo-
electric-motive force (TEMF) measurement affect accu-
rate evaluation. Recently, probe microscopy techniques
have attracted significant attention for the thermoelec-
tric characterization of nanometer-scale materials [9],
[10]. In these techniques, a probe is contacted with the
sample surface and thermoelectric characterization is
performed on the basis of the vertical temperature dif-
ference (i.e. normal to the sample surface). Therefore,
contact of the metallic probe with the sample surface
cannot be avoided, and specially-customized equipment
is needed.

We propose a new technique using Kelvin-probe force
microscopy (KFM) for Seebeck coefficient measurement.
Using this technique, it is possible to obtain the work-
function difference between the cantilever and the sam-
ple, that is, the Fermi energy of the sample relative to
that of the cantilever metal. Consequently, TEMF can be
obtained from the Fermi energies at the high- and low-
temperature regions. This allows for evaluation of the
Seebeck coefficient of the sample. One of the crucial
advantages to be emphasized of this technique is that
the cantilever never touches the sample surface during
the measurement. Therefore, the TEMF measurement is
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not perturbed by external factors such as the metallic
probe and the lead wire. Another advantage is that we
can use commercial KFM equipment by adjustments of the
sample holder. In the present report, we demonstrate the
use of KFM for the measurement of the Seebeck coeffi-
cient of a bulk Si wafer and show that KFM can be a power-
ful tool for characterizing the Seebeck coefficient of na-
nometer-scale materials.

Figure 1 shows a schematic of the experimental setup.
Two Cu plates were placed side by side with a gap of
4 mm. A resistive heater was attached to one of the Cu
plates. An n-type Si wafer, with an impurity concentra-
tion of 1x10 cm-3 cut to a size of 5 x10 mm , was brid-
ged over these Cu plates and attached using conductive
Ag-paste. By heating one side of the sample, a tempe-
rature difference is produced in a plane parallel to the
sample surface. Two K-type thermocouples were directly
attached to the sample surface. Time evolution of the
surface potential was measured by KFM equipment (Seiko
Instruments Inc. SPI 3800N) and monitored by a digital
multimeter (HIOKI HiLOGGER 8430), simultaneous with
temperature measurement at the high- and low-tempe-
rature regions on the sample surface. The KFM cantilever
was made of Si coated with Au. Surface-potential measu-
rements were carried out in a vacuum chamber (Seiko Ins-
truments Inc. SPA-300HV) with a pressure of 2.5x10 Pa.
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Fig. 1. Schematic diagram of the apparatus for Seebeck
coefficient measurements by KFM.

3. Results and Discussions
The time evolution of the surface potential in the

high-temperature region and of the temperature at the
high- and low-temperature regions on the n-type Si wafer
are shown in Figs. 2(a) and 2(b), respectively. Unfor-
tunately, the KFM measurement could not sufficiently
follow the time evolution of the surface potential due to
overflow in the z-gain during the elevation of the tem-
perature. In this study, therefore, we heated the sample
step-by-step and measured the surface potential only at
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each stable-temperature region. During the elevation of
the temperature, the cantilever was kept away from the
sample. By this procedure, a pulse-like signal was obtai-
ned for the surface potential and staircase-shaped curves
were obtained for the temperature time-evolution, as
shown in Fig. 2. Similarly, the surface potential at the
low-temperature region was also obtained. It is seen in
Fig. 2(a) that the surface potential is relatively stable
during the KFM detection. However, the surface potential
has a finite value even during the measurement break.
This is likely due to parasitic potential originating from
the equipment, which needs to be subtracted from the
surface-potential signal.

Moreover, the influence of the Schottky contact at the
type Si/Ag paste interface must also be taken into

account. Figures 3(a) and 3(b) show schematic energy-
band diagrams of our KFM measurement setup. Before the
application of a voltage to remove the Coulomb force
between the cantilever and the sample surface ( ),
our setup has the band diagram shown in Fig. 3(a)
wherein all the Fermi energies of the Cu plate, the Ag
paste, the Si and the Au coating the Si cantilever are
identical. Hence, the Si band bends at the surface and the
bottom, and the vacuum level slopes between the canti-
lever and the sample, representing the existence of the
Coulomb force. After applying , the vacuum level
becomes flat (no Coulomb force), and there is an energy
difference between the Fermi energies of the
cantilever and the Ag paste. The potential difference

consists of voltage drops at vacuum ( Si) and the Si
bottom ( ). Since a Fermi energy difference between
the cantilever and the sample Si is necessary for

Fig. 2. Time evolution of (a) surface potential at the hith-
temperature region and (b) tempera-tures at the high- and
low-temperature regions on an n-type Si wafer.
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evaluation of the TEMF, the additional potential must
be removed from the detected surface potential .

For this purpose, an equivalent circuit, shown in Fig.
3(c), is assumed for the band diagram of Fig. 3(b), where
two capacitors are connected in series. In this circuit, two
equations,

(1)

(2)

are valid, where and are the capacitance of va
cuum and additional capacitors, respectively. These are
expressed as [11]

(3)

(4)

where is the gap distance between the cantilever and
the sample, and ND the impurity concentration in Si,
and Si are the dielectric constant in vacuum and Si, and

is the built-in potential at the -type Si/Ag interface,
which is expressed by

, (5)

where and are the electron affinity of Si and the
work function of Ag, respectively. The surface potential

is obtained by the equation

, (6)
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Fig. 3. Energy bands of the KFM measurement setup (a)
before and (b) after application of a voltage to remove the
Coulomb force between the cantilever and the sample sur-
face , and (c) simple equivalent circuit of the band
diagram with .
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in this study stands on a lot of assumptions. This makes
the validity of the resultant value doubtful, especially in
nanometer-scale measurements. We have to measure the
Seebeck coefficient for samples with Ohmic contact in
future.
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where is the work function of Au. The theoretical
for T=0K (T=297K) is calculated using Eq. (6) to be -
1.016V for N =1x10 cm since the system is in thermal
equilibrium under this condition. Then, assuming that the
vacuum gap d=9 nm, and are estimated to be -
0.219 and -1.235V, respectively. Here, the potential
difference between the measured and calculated KFM
values for T=0K is likely to be due to a background
potential originating from the measurement equip
ment. Therefore, the corrected KFM value can be defined
as unless the background potential
strongly depends on the temperature.

From Eqs. (1)-(6), the true surface potential of Si is
represented as:

(7)

which is shown in Fig. 4 for the high- and low-tempe-
rature regions ( and ) as a function of tempe-
rature difference. The surface-potential difference bet-
ween these temperature regions is found to increase with
increasing temperature difference, indicating that the
TEMF can indeed be measured. Since the values of the
surface potentials appear to lie on straight lines, the See-
beck coefficient is constant in this temperature range.
From the gradients of these straight lines, the Seebeck
coefficient was estimated to be

=0.71±0.08 mV/K, which is close to the value
measured by a conventional method of S=0.89 mV/K [12].
This result indicates that the KFM technique indeed has
the ability to evaluate the Seebeck coefficient.

We have developed a new technique using KFM for
measuring the Seebeck coefficient of nanometer-scale
thermoelectric materials. In our present experiment, the
Seebeck coefficient of an -type Si wafer was estimated
to be S=0.71±0.08 mV/K, which is close to that obtained
by a conventional method. This indicates that the See-
beck coefficient can indeed be measured by KFM with no
contact between the probe and the sample, leading to
realization of accurate Seebeck-coefficient measurement
for nanometer-scale materials.

However, some problems also come significant. The
severest point is that the Seebeck coefficient evaluation

e

V

f

V =V f

S= V/ T=(
)/ T

n

� �

�

�

�

� �

� �

� � � �

� �

Au Si

add KFM

bg

KFM KFM bg bg

KSi KSi

KSi

KSi

D
18 -3

-

�

H L

H

L

Fig. 4. Surface potentials at the high- and low-temperature
regions on the n-type Si wafer as a function of temperature
difference.
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