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Abstract We present the behavior of the thermoelectric
response in a nanoscale tungsten-constantan (Cu 58%,
Ni 42%) thermocouple (TC). The TC is tip-section typed
and fabricated by the stepping method. The thermal elec-
tromotive force (emf) showed nearly linear behavior ver-
sus temperature over the range from 0 to 100°C. For the
thermocouples with contact radius below 300 nm, the See-
beck coefficient decreased with the size of thermocouples
turning smaller. According to the theory based on the free-
electron model, the size-dependence thermal electric re-
sponse may be ascribed to the change of electronic property
in nanoscale.

1 Introduction

Temperature, derived from other thermodynamic parameters
such as heat, energy, heat capacity and etc. [1, 2], has very
important significance in the biomedical field. The cellular
activity is greatly influenced by temperature and cells can
only remain effective in narrow limits of temperature. En-
zyme systems show different efficiency as temperature vary-
ing within a narrow range. Also, lesions of normal cells can
be reflected from tiny change of temperature. Thermocou-
ples, which were based on Seebeck effect, have been exten-
sively used to measure the temperature. With the increasing
research interests on single-cell and sub-cell, the size of TC
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is turning into nanoscale. However, there have been few re-
ports on the investigation of thermoelectric response of TCs
in nanometer scale.

In this article we present the experimental results of
size-dependent thermal electromotive force (emf) in the tip-
section structured thermocouples. We made tip-section ther-
mocouples of different sizes by control of contact area. The
experimental results show that the Seebeck coefficient is de-
pendent on the contact radius of tip, meaning that the size
effect exists in a nanoscale heterojunction. The sharp W
tip, fabricated by the electrochemical etching method was
moved to a Cu—Ni alloy section under the precise control of
PI system (E-710, PI Co, Germany). The PI system can real-
ize the minimum incremental motion of subnanometer and
the minimum responding time of one microsecond. Accu-
rate gap-spacing can be indicated by the signal transduction
between the tip and substrate.

A temperature between two points in a conductor or
semiconductor results in a voltage difference between these
two points. This phenomenon is called the Seebeck ef-
fect [3]. The thermoelectric voltage developed per unit tem-
perature difference in a conductor is called the Seebeck co-
efficient. According to Mott and Jones, the Seebeck coef-
ficient of a pure metal (bulk) is given by the free-electron
model as

Sh 72 k2T dlnl 4 0
B=73 e IInE ) p_, ’

where / is the mean path of carriers, E is the electron en-
ergy, ¢ is the Fermi energy, k is the Boltzmann constant and
T is the absolute temperature. According to (1), as the Fermi
energy and the electron energy is constant in a macroscopic
solid, Seebeck coefficient is affected only by the type of con-
ductor together with the temperature. It is normally consid-
ered as a constant in a specified range of temperature.
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Fig. 1 SEM images showing a sharp W tip. (a) 1,000 x magnification. (b) 5,000 x magnification. The inset: 300,000 x magnification

However, a size effect had been found in the thin-film
thermocouples [4-7]. For a pure metal film, the electronic
thermopower was proved to be inverse proportional to the
film thickness ¢. This result indicated the existence of a size
effect in thin film. Compared with the thin-film typed ther-
mocouple, the tip-section typed thermocouple has more re-
ality in the practical biomedical applications. However, the
research of size effect in the tip-section typed thermocouple
has not been reported.

2 Experimental procedures
2.1 Preparation of nanoscale W tips

The W tip was prepared from a tungsten wire (0.30 mm
diameter, 99.95%), electrochemically etched using a drop-
off technique developed by Bryant et al. [8, 9]. 3 M NaOH
was chosen as the etchant solution. When the solution level
was above the end of W wire, the etch current consider-
ably reduced. We designed a detection circuit, which used
the change of current at drop-off point as a relay to stop the
electrochemical etching. The circuit had a minimum cut-off
time of about 500 ns. This guaranteed sharpness of the tips.
Figure 1 showed a typical SEM image of W tip. The ap-
proximate radius of curvature (ROC) for the tip shown was
20 nm. The corresponding cone angle was 12°. By the statis-
tic of more than 40 tips, the average ROC was 20 +4 nm and
the average cone angle was 12 &+ 2°.

2.2 Preparation of W—CuNi heterojunction

The constantan cross-section was immobilized on a three-
dimension micro-positioning platform, used as the cathode.
Meanwhile, the W tip was fixed to a piezo-driven nano-
positioner with an L-mould linkage mechanism and con-
nected with the power source. The tip was used as the anode
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and examined via a charged coupled device (CCD) micro-
scope (NCC320A type).

The whole contact process (Fig. 2, part B) was exe-
cuted in a Bakelite tube (5 mm in diameter and 40 mm in
length). Constantan substrate and tungsten tip were adjusted
in a common plane by regulating the micro-positioning plat-
form. Before the stepping process started, W probe was held
coaxially in a Bakelite tube (0.5 mm in diameter and 20 mm
in length), 20 um away from CuNi alloy surface. The tip can
move at an adjustable speed from 20 nm/step to 100 nm/step
with the control of PI system. Before every stepping, am-
meter detected the loop current and fed back. If the result
was below 10 pA, PI system received a “yes” and the step-
ping process continued. The detection was repeated in every
50 microsecond until the tip contacted the plane (once the
contact finished, the current would be about 5 mA). After
the tip and the section contacted, the adhesive was dripped
into the Bakelite tube and the position of the probe was ulti-
mately fixed.

2.3 Measurement of Seebeck coefficient

The thermocouples were calibrated in the temperature range
of 0-100°C. The temperature of the heating system was
measured with an indicator (Type-K thermocouple). The
emf was measured with a digital multimeter (HP model
34410A). The reference thermojunction was immersed in a
large reservoir filled with crushed ice during the measuring
process. The thermocouple connection was made with ex-
tension wires of the same material.

3 Results and discussions
In order to study the size effect of thermocouples, we set

different stepping distances (from 20 nm to 100 nm) to con-
trol the size of junction. In the moment that the W tip only
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Fig. 2 The schematic diagram
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for connection of a
thermocouple to reveal the hot
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reference temperature and the
voltage difference of the couple.
The block inset is the
experimental setup of W—CuNi
heterojunction, working as the
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Fig. 3 Current and resistance of thermocouple vs. contact radius of W
tip—CuNi section

just contacts the Cu/Ni alloy section, the resistance is to gen-
erate a leap from approximate infinity to a finite value. We
set this point as start-point, meaning the contact area is too
small to be neglected. Then the tip was driven to proceed as
50 nm/step or 100 nm/step. Because the tip is very sharp and
the hardness of the tip is much larger than that of the Cu/Ni
alloy, the tip will extrude the section to form a conical-
shaped contact area. We can define the bottom radius of
the conical-shaped contact area as the contact radius. Be-
cause the conical angle of the tip is 12° (cos(6°) = 0.994),
the bottom radius of the conical-shaped contact area is ap-
proximately one tenth of the stepping distance. Thus, the
contact radius can be estimated by calculating the recorded
stepping distances. The variations of current and resistance
with contact radius were shown in Fig. 3. As expected, the
resistance increased with the junction size decreasing. In this

Constantan + | Voltmeter

cold junction

Part B: Hot junction

ice bath

way, the value of resistance can indicate the contact status of
W probe.

The thermal emf versus temperature of thermocouples
with different dimensions was shown in Fig. 4a. In the tem-
perature range of 0—-100°C, the nearly linear curves can be
observed in all cases. The slope of the plots shown in Fig. 4a
equals the Seebeck coefficient. The Seebeck coefficient S as
a function of the contact radius r was also showed in the
inset. The continuous line was the best fit to the experimen-
tal results. Figure 4b showed the Seebeck coefficient of one
thermocouple during heating and cooling process. No de-
tectable hysteresis in these measurements was discerned.

The bulk value of S for these two metals is 36 pV/°C.
As the decrease of junction size, S reduces to 30 uV/°C,
16.7% lower than the expected value. The experimental re-
sults indicate that the Seebeck coefficient has an obvious de-
crease as the size of thermocouples turned smaller. It can be
seen that S is approximately constant when the contact ra-
dius is larger than 300 nm, reaching a maximum value at
§=36.2uV/°C.

In fact, the bands of solid are centered about atomic en-
ergy levels, with the width of the band related to the strength
of the nearest-neighbor interactions, and the Fermi level
can be considered continuous. However, at small sizes, the
Fermi level lies between two bands and it may become dis-
crete [10]. Also, it is realized that in any material, substantial
variation of fundamental electrical properties with reduced
size will be observed when the electronic energy level spac-
ing exceeds the temperature [10]. When the size of crystal
is lower than the mean path of carriers in bulk solid (usually
higher than 200 nm), the electron mean free path may be
affected by the size of crystal [11].
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Fig. 4 (a) Characteristic curves of emf vs. temperature, for three dif-
ferent size thermocouples compared with a bulk thermocouple. To-
gether with the Seebeck coefficient S as a function of the contact ra-
dius. (b) Heating and cooling curves showing the absence of hysteresis
over two cycles

In our experiments, the size-dependent thermoelectric re-
sponse should be ascribed to the variety of mean free path.
The CuNi section is macroscopic and the nanoscaled effects
result from the tip size. The emerging point of size effect is
300 nm, which approximates the critical size of mean free
path of carriers. For the materials with size above 100 nm,
the Fermi energy may be still constant. Due to the geometric
refinement, the mean free path will become smaller than that
in the macroscopic materials. Thus the Seebeck coefficient
becomes smaller, and S decreases with the tip size turning
smaller.
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4 Conclusions

The thermocouple in tip-section structure may be used to
probe the small heat fluxes in microcosmic conditions, even
in a single cell. We fabricated the tip-section typed TC and
the contact area of TC can be adjusted. The thermoelectric
response of tip-section structured thermocouples showed
size-dependent effects when the size is below 300 nm.
Moreover, the output thermal emf versus temperature keeps
nearly linear from O to 100°C like bulk behavior. We think
the preliminary results will be valuable for the research of
temperature measurement in single-cellular or sub-cellular
scale.
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