
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 6
:2

1:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Benchmark char
aDepartment of Mechanical Engineering, Kyu

E-mail: takamatsu@mech.kyushu-u.ac.jp
bNational Lab for Infrared Physics, Shangh

Academy of Sciences, Shanghai 200083, Peo

mail.sitp.ac.cn
cDepartment of Engineering Mechanics, Tsin

Republic of China. E-mail: x-zhang@tsinghu

† Electronic supplementary information (
nanowires, SEM images of CdS nanowire a
of H-type sensor and 2D thermal analysis

‡ Equally contributed authors.

Cite this: RSC Adv., 2017, 7, 25298

Received 6th March 2017
Accepted 1st May 2017

DOI: 10.1039/c7ra02734f

rsc.li/rsc-advances

25298 | RSC Adv., 2017, 7, 25298–2530
acterization of the thermoelectric
properties of individual single-crystalline CdS
nanowires by a H-type sensor†

Haidong Wang, ‡a Dingshan Zheng,‡b Xing Zhang,*c Hiroshi Takamatsu *a

and Weida Hu*b

A precision H-type sensor method has been developed to measure the thermoelectric performance of

individual single-crystalline CdS nanowires for the first time. A nanomanipulation probe was used to

directly pick up an individual nanowire from the array and place it on the sensor. Our method is

generally applicable to any nanowire synthesized in either array or powder form. By simply changing the

external electrical circuits, the Seebeck coefficient, thermal conductivity, and electrical conductivity have

been measured on the same nanowire sample to ensure high accuracy and reliability. CdS nanowires

have a large Seebeck coefficient over 300 mV K�1 due to their wide band gap, while their thermal

conductivity is only one-tenth of that of the bulk material owing to the significant phonon-surface

scattering. The figure of merit, ZT, of the CdS nanowire is 0.01 at 320 K, which is larger by two orders of

magnitude than the value for a Bi2S3 nanowire, showing a trend of rapid increase above 300 K.
1. Introduction

The rapidly increasing global demand for clean energy har-
vesting has led to an intense interest in thermoelectric mate-
rials that interconvert heat and electrical energy without the use
of a heat engine or any moving parts.1–3 However, applications
of thermoelectrics are still quite limited due to their low energy
conversion efficiency.4,5 According to the dimensionless gure
of merit of thermoelectric materials, ZT ¼ S2sT/l, where S, T, s,
and l are the Seebeck coefficient, temperature, electrical
conductivity, and thermal conductivity, respectively, a high
thermoelectric efficiency can be achieved for a material with
large S, high s, and low l. However, maximizing ZT is quite
challenging because S, s, and l are coupled to each other so that
an increase in one parameter oen has an adverse effect on
another parameter.4,6 In recent years, a signicant break-
through has been made in maximizing ZT by reducing the
geometry of the sample from three-dimensional bulk structures
to one-dimensional nanowires.7–9 Meanwhile, a variety of
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nanostructures such as superlattices,9 nanocomposites,10 and
quantum dots11 have been created to increase ZT. The physical
mechanisms can be understood based on two features. First,
low-dimensional materials exhibit sharp peaks in the density of
electronic states, indicating high thermopower.12–14 Second, the
characteristic size of a low-dimensional material can be one or
more orders of magnitude smaller than the mean free path of
the phonons but is larger than that of the electrons and holes.7

Because phonons are the main heat carriers for most semi-
conductors, it is possible to reduce the thermal conductivity of
the nanostructured system while preserving its bulk-like elec-
tronic structures.7

Evaluation of the thermoelectric performance of an indi-
vidual nanowire is important and essential for understanding
the basic mechanisms and for the development of efficient
thermoelectric devices. However, this is quite challenging
because of the two following problems: (1) the thermoelectric
properties of a nanowire are highly sensitive to its geometric
size, crystalline structure, doping level, etc., with signicant
differences between the individual nanomaterials.15 The best
strategy is to measure all three parameters involved in the ZT
formula, namely the Seebeck coefficient, and electrical and
thermal conductivities, using the same individual nanowire.
Unfortunately, currently the method that meets this purpose is
quite limited.6,15 (2) Sample preparation is difficult for the
chemical vapor deposition (CVD) grown nanowire arrays. The
nanowires in arrays cannot be separated and picked up by
dispersing the samples on a copper grid. The nanowires are
easily contaminated or damaged during the common ultrasonic
dispersion process. It is therefore considerably difficult to
This journal is © The Royal Society of Chemistry 2017
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suspend an individual nanowire for characterization of its
thermoelectric parameters.

Themethod that has a potential to be used for measuring the
thermoelectric properties of individual nanowire is only that
uses suspended microdevices.16,17 While the four-terminal
sensing technique greatly improves the measurement accu-
racy, the micro-fabrication process is quite complicated. In the
previous work, we used a T-type sensor method to measure the
thermoelectric properties of an individual Bi2S3 nanowire.15 The
length, width, and thickness of the suspended nanolm sensor
were about 10 mm, 600 nm, and 40 nm, respectively, much
smaller than the geometric size of the commonly used micro-
devices. This was the reason why the suspended nanolm
sensor had an ultra-high thermal sensitivity. For measuring the
thermoelectric power, however, two sensors that respectively
work as a Joule heater and a thermometer are needed.6 The T-
type method had only one sensor and thus it made us use
a complex AC heating/DC detecting scheme.15 In addition, our
previous method is not applicable to nanowires grown in arrays,
but only to those in the powder form.

In this report, we have developed the method from the T-type
sensor to the H-type sensor, where a nanowire sample bridges
two suspended nanolm sensors, forming a letter “H”. The
measurement accuracy and reliability have been much
improved. Using the H-type sensor, the thermoelectric perfor-
mance of an individual single-crystalline cadmium sulde (CdS)
nanowire is reported for the rst time. CdS nanowires have
attracted intense attention for use in transistors, solar cells,
photo detectors, light-emitting diodes, thermoelectric materials,
and other applications because of their direct wide band gap of
2.4 eV.18–20 However, to our knowledge, no thermoelectric prop-
erties has been reported on the CdS nanowires. Here, we picked
up a single CdS nanowire directly from the arrays using a nano-
manipulation probe, and measured the intrinsic properties of
as-grown CdS nanowire without contamination or damage.

2. Experiment

High quality single-crystalline CdS nanowire arrays were
synthesized on a silicon substrate using the solid-source cata-
lytic CVD method.21 More details about the synthesis of the CdS
nanowires can be found in the ESI.† The optical and scanning
electron microscope (SEM) images of the CdS nanowire arrays
are shown in Fig. 1.

By using different synthesis methods, semiconductor nano-
wires can be prepared in different forms such as powders,
bundles, and arrays. To prepare the nanowires in the powder
form, an ultrasonic dispersion method is usually used to
separate a single nanowire on a copper grid. However, this
method is not applicable for the nanowire arrays because the
nanowire can be easily contaminated or damaged during the
dispersion process. Here we successfully picked up an indi-
vidual CdS nanowire from the arrays by using a microprobe as
shown in Fig. 1(d). The nanowire was attached to the probe tip
by the Coulomb force. This is a direct and non-destructive
method that can be applied to any semiconductor nanowire
array. Additional SEM images are presented in the ESI.†
This journal is © The Royal Society of Chemistry 2017
Fig. 2 shows the high-resolution transmission electron
microscope (TEM) image, selected area electron diffraction
(SAED) pattern, and energy dispersive X-ray (EDX) spectrum of
the prepared CdS nanowire. The results clearly conrm the pure
Cd and S chemical composition and the high quality single-
crystalline structure. The observed lattice spacing is 0.322 nm,
corresponding to the (002) plane. In the nanowire length
direction vertical to the (002) plane, the layered crystal structure
suppresses the heat conduction and leads to lower thermal
conductivity. In contrast to the bulk material, the phonon
scattering at the surface of the nanowire is greatly enhanced
and is expected to signicantly decrease the thermal
conductivity.

Fig. 3(a) shows the top SEM image of the suspended H-type
sensor with the CdS nanowire. In the beginning, two nanolm
sensors (8 nm Ti/40 nm Pt) and an electrode pad were fabricated
by using the standard electron beam lithography and physical
vapor deposition methods. Then, the sensors were completely
suspended aer the removal of the SiO2 layer by buffered
hydrouoric acid and etching of the silicon by CF4 plasma. The
etched depth was about 1.2 mm. Additional SEM images and
details regarding the fabrication process can be found in the ESI.†

Next, we picked up an individual CdS nanowire (Fig. 1(d))
and placed it on the H-type sensor using a tungsten microprobe
installed on a nanomanipulator from Kleindiek Nanotechnik.
To reduce the electrical and thermal contact resistances
between the nanowire and the sensor/electrode pad, Pt was
deposited at four contact points using the electron beam
induced deposition (EBID) method. All nanomanipulations,
EBID processing, and thermoelectric measurements were
carried out in a FEI Versa 3D™ dual-beam system (see ESI†).

Fig. 3(b–d) show three measurement schemes for the
thermal conductivity l, electrical conductivity s, and Seebeck
coefficient S of the same nanowire, respectively. In the l

measurement, two sensors were used as the Joule heater and
the precise resistance thermometer, respectively. The electrical
resistance of each sensor was measured by using two high-
precision digital multimeters (Keithley 2002). The temperature
rise of the sensor was linearly proportional to its resistance
change. The temperature coefficient of the resistance and the
thermal conductivity of the sensor were carefully calibrated
beforehand. A detailed description of the calibration process
can be found in ref. 22. In the experiment, a relatively large
temperature rise (�18 K) was generated at the sensor used as
the heater. Due to the heat conduction through the nanowire,
a small temperature rise was measured at the other sensor that
was larger for the nanowires with the higher thermal conduc-
tivity values. l of the individual CdS nanowire was extracted
from the results of 2D thermal analysis (see the ESI†). In
contrast to our previous T-type method, the H-type sensor
shows a much higher thermal sensitivity because the tempera-
ture response of one sensor can be detected simultaneously
with the electrical heating of the other sensor. Meanwhile, the
estimated temperature resolution of the nanolm sensor was
less than 0.01 K.23 The H-type sensor provides a suitable
approach for the measurement of a thermoelectric nano-
material with a low thermal conductivity.
RSC Adv., 2017, 7, 25298–25304 | 25299
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Fig. 1 Optical and SEM images of CdS nanowires. (a) Optical image of the synthesized CdS nanowire arrays on the substrate. (b) Top SEM image
of CdS nanowire arrays. (c) Cross-sectional SEM image of CdS nanowire arrays. (d) An individual CdS nanowire picked up by a tungsten
microprobe.

Fig. 2 High-resolution TEM image, SAED pattern, and EDX spectrum of a single CdS nanowire. (a) TEM image of a single separated CdS
nanowire. (b) 0.322 nm lattice spacing displayed in the high-resolution TEM image. (c) Single-crystalline structure proved by SAED pattern. (d)
Chemical characterization of the CdS nanowire by the EDX spectrum.
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In the s measurement, the four-terminal sensing technique
was applied to the suspended nanowire. A current As was fed to
the nanowire sample through two small electrode pads in the
middle (Fig. 3(c)) and two sensors were connected to the mul-
timeter for measuring the voltage drop Vs across the sample.
Then, the electrical conductivity was determined as s ¼ 4AsL/
25300 | RSC Adv., 2017, 7, 25298–25304
(Vspd
2), where L ¼ 3.05 mm and d ¼ 125 nm were respectively

the length and diameter of the nanowire obtained from the
SEM image.

In the Smeasurement, one sensor was heated by an electrical
current, and the temperature rise DT was measured through the
resistance change of the sensor. Due to the temperature
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM image of H-type sensor with CdS nanowire. (a) Top view of suspended H-type sensor and CdS nanowire. (b) Measurement of the
thermal conductivity l. V1, V2, A1, and A2 are the electrical voltages and currents of two sensors. (c) Measurement of the electrical conductivity s.
Vs and As are the voltage and current of the nanowire sample. (d) Measurement of the Seebeck coefficient S. Vtp is the thermal potential of the
nanowire sample.
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difference across the nanowire, a thermoelectric potential Vtp
was generated in the CdS nanowire and was measured by
a high-precision multimeter (Fig. 3(d)). The Seebeck coefficient
was determined as S ¼ |Vtp/DT|. All measurements were carried
out in high vacuum (<10�4 Pa). The heat losses from the
nanowire and the sensor to the environment through the
interactions with the rareed gas or thermal radiation can be
safely neglected.15 By simply changing the measurement
schemes, all three thermoelectric parameters can be measured
in situ on the same nanowire sample, greatly improving the
accuracy and reliability of the experimental data. The detailed
uncertainty analysis for the thermal conductivity, electrical
conductivity and Seebeck coefficient is given in the ESI.†
3. Results and discussion

Fig. 4 shows the results of the electrical measurement of CdS
nanowire.

Our long-term goal is to fabricate efficient thermoelectric
devices at room temperature. The temperature range of current
work is from 0 �C to 46 �C, with the temperature controlled
using a Peltier heating/cooling stage installed inside the high
vacuum chamber. As illustrated in Fig. 4, the current of nano-
wire has a linear relationship with the bias-voltage aer 500mV.
The electrical resistance of nanowire was calculated from the I–
V curve from 500 mV to 1000 mV. A negative temperature
dependence of the resistivity of CdS nanowire is found in
Fig. 4(c), which indicates that the CdS nanowire exhibits
a typical semiconductor electrical behavior. The measured
resistivity obeys the standard Arrhenius relation:15
This journal is © The Royal Society of Chemistry 2017
rðTÞ ¼ r0 exp

�
E0

kBT

�
; (1)

where r is the resistivity, kB is the Boltzmann constant, E0 is the
activation energy and r0 is the pre-exponential factor. The
results of linear tting of the data to eqn (1) are shown in
Fig. 4(c). The determined activation energy E0 is 0.155 eV, less
than one-tenth of the direct CdS band gap. E0 represents the
minimum amount of energy that is required to participate in
the charge transport. The relatively small activation energy of
the CdS nanowire means that more thermally excited charge
carriers will contribute to the electrical conduction. These
carriers play a dominant role in determining the electrical
conductivity of the sample.

Based on the result shown in Fig. 4, the charge mobility of
the CdS nanowire was calculated using the following formula:24

m ¼ 1

neR
¼ 1

CVgR
; (2)

where m, n, e, R, C, and Vg are the charge mobility, gate-induced
carrier concentration, elementary charge, electrical resistance,
gate capacitance and gate voltage, respectively. Here, the nano-
wire capacitance was estimated using a parallel plate capacitor
model in vacuum, with C ¼ 30/d, where 30 is the vacuum
permittivity and d is the distance between the nanowire and the
silicon substrate. The calculated mobility increased with
increasing temperature and reached the maximum value of
�4000 cm2 V�1 s�1, which is one order of magnitude higher than
the intrinsic mobility of CdS crystal platelet, 400 to 620 cm2 V�1

s�1.25 Such signicant increment in charge mobility is due to the
perfect single-crystalline structure of the nanowire (Fig. 2), where
RSC Adv., 2017, 7, 25298–25304 | 25301
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Fig. 4 Current vs. voltage characteristic curve (a) and electrical conductivity (b) of the CdS nanowire at different temperatures. (c) shows the
linear relationship between ln(r) and the inverse temperature. The electrical measurements were carried out from 271 to 319 K, where a Peltier
heating/cooling stage was used to control the temperature. The results indicate that the electrical conductivity of the nanowire increases with
increasing temperature.

Fig. 5 Measured thermal conductivity of CdS nanowire. Red circles
are the measured thermal conductivity values of the single-crystalline
CdS nanowire with 5% uncertainty. The red line is the experimental
data from literature.28 In addition, the data reported for some other
thermoelectric nanowires are also shown in the figure: Si (NW)
nanowire with 10 or 20 nm diameter,7 SnTe nanowire,6 Bi2S3 nano-
wire,15 Sb2Se3 nanowire and bulk,27 Bi nanowire17 and Ge nanowire.16
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the neutral and ionized impurities areminimized.26 In contrast to
the other conventional thermoelectric materials, such as Bi2S3,15

the CdS nanowire has much higher electrical conductivity.
The measured thermal conductivities of the individual CdS

nanowire and some other thermoelectric nanowires have been
summarized in the Fig. 5.6,7,15–17,27,28 Our experimental result is
in good agreement with the data measured using the optical
Raman method (red line in Fig. 5).28 Due to the signicant
phonon-surface scattering effect, the thermal conductivity of
CdS nanowire is only about one-tenth of that for the bulk
material.29 With the rapid development of measurement tech-
niques,30–32 this dramatic reduction in the thermal conductivity
of the nanowire is commonly observed in the semiconductor
nanowires.6,7,15 As illustrated in Fig. 5, the thermal conductivi-
ties of the different types of semiconductor nanowires are in the
0–5 W m�1 K�1 range. For the nanowire with a smaller diam-
eter, the thermal conductivity can be further suppressed. The
thermal conductivity of the single-crystalline CdS nanowire is
about twice as large as that of the Bi2S3, Ge and Bi nanowires,
probably due to its perfect lattice structure and smaller impurity
content (see Fig. 2). For a thinner nanowire with a higher
doping concentration, the thermal conductivity could be
decreased further.

Fig. 6 shows the measured ZT and Seebeck coefficient of the
single-crystalline CdS nanowire. The Seebeck coefficient of the
CdS nanowire is almost constant within the 260–330 K
temperature range. The ZT value of the CdS nanowire shows
a signicant increase with increasing temperature from 300 K to
320 K. This rapid increase in ZT is due to the signicantly
25302 | RSC Adv., 2017, 7, 25298–25304
enhanced electrical conductivity. The CdS nanowire ZT is
around 0.003 at 300 K, which is two orders of magnitude larger
than that of the single-crystalline Bi2S3 nanowire,15 and one
order of magnitude smaller than that of the SnTe nanowire.6

Among three kinds of thermoelectric nanowires, Bi2S3, CdS
and SnTe, the electrical conductivity varies from 100 S m�1 of
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Figure of merit and Seebeck coefficient of the individual single-
crystalline CdS nanowire as a function of temperature.
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Bi2S3 to 6 � 105 S m�1 of SnTe at room temperature.6 The
thermal conductivity of nanowire varies from 2.3 W m�1 K�1 of
Bi2S3 to 4.7 W m�1 K�1 of CdS. The Seebeck coefficient varies
from 50 mV K�1 of SnTe to 300 mV K�1 of CdS. It is clear that the
electrical conductivity of nanowire plays the most important
role in achieving high ZT values. Doping the semiconductor
nanowire with other atoms could be an efficient way to increase
ZT value, because the doped nanowire may have higher charge
carrier concentration and lower thermal conductivity.

4. Conclusions

In this report, a novel H-type sensor was developed to measure
the electrical conductivity, thermal conductivity and Seebeck
coefficient of the same individual CdS nanowire. Compared to
our previous T-type sensor or other microdevice methods, the
H-type sensor method offers a high-precision four-terminal
sensing measurement and ultra-high thermal sensitivity due
to its suspended nanoscale structure. In this work, an indi-
vidual nanowire was directly picked up from the arrays and
connected to the sensor without contamination or damage
caused by the conventional ultrasonic dispersion process. The
CdS nanowire ZT value was about 0.003 at room temperature,
smaller than the values obtained for the SnTe or Si nanowires.
This was mostly due to the limited electrical conductivity.
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