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Abstract

In this work, a technique based on optical heating and electrical thermal
sensing (OHETYS) is developed to characterize the thermophysical properties
of one-dimensional micro/nanoscale conductive and non-conductive wires.
In this method, the to-be-measured thin wire is suspended over two
electrodes and is irradiated with a periodically modulated laser beam. The
laser beam induces a periodical temperature variation in the wire/tube,
which will lead to a periodical change in its electrical resistance. A dc
current is applied to the sample, and the resulting periodical voltage
variation over the wire is measured and used to extract the thermophysical
properties of the wire/tube. A 25.4 yum thick platinum wire is used as the
reference sample to verify this technique. Sound agreement is obtained
between the measured thermal conductivity and the reference value.
Applying the OHETS technique, the thermal diffusivity of conductive
single-wall carbon nanotube (SWCNT) bundles and non-conductive human
hair and cloth fibres are measured. For non-conductive wires, a thin (~nm)
metallic film is coated at the outside of the wire for electrical thermal
sensing. The measured thermal diffusivities for three different SWCNT
bundles are 2.98 x 107 m2s™!,4.41 x 10> m?s ! and 6.64 x 10> m%s~!.
These values are much less than the thermal diffusivity of graphite in the
layer direction. For human hair and microscale cloth fibres, our experiments

show that their thermal diffusivities are at the level of 10~°m

271

1. Introduction

In recent years, due to the demand for developing reliable
microelectromechanical systems (MEMS) and nanoelec-
tromechanical systems (NEMS), characterizing the thermo-
physical properties of different materials at micro/nanoscales
has received considerable attention. In the past, transient
thermoreflectance (TTR) [1], 3w [2], photothermal deflec-
tion (PTD) [3] and photoacoustic (PA) [4] methods have
been well developed to measure the thermal properties of
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thin films. For investigation of the thermophysical proper-
ties of one-dimensional micron/nanostructures, limited exper-
imental approaches have been developed. At present, the 3w
method [5,6] and microfabricated devices method [7,8] are the
main measurement techniques to obtain thermophysical prop-
erties of materials in such low dimensions and small scales.
Because the thermophysical properties of carbon
nanotubes (CNTs) are of fundamental interest and play a
critical role in controlling the performance and stability
of CNT devices [9], a large number of theoretical and
experimental investigations have been conducted to understand
the thermophysical properties of CNTs. The experimental
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studies of thermophysical properties of CNTs have increased
with the advances in nanotube synthesis. For single-wall
carbon nanotube (SWCNT) bundles, Hone er al [10, 11] by
using a comparative method conducted a series of experiments
to measure the thermal conductivity. They reported that the
thermal conductivity increased smoothly with temperature
increasing from 10 to 400 K. At room temperature, thermal
conductivity of 35 and 218 Wm~! K~! were obtained for
different SWCNTSs samples in their work. Later, a comparative
steady-state method was used to study SWCNT filled with
Cg¢o by Vavro et al [12]. Their result showed that at
room temperature the thermal conductivity of SWCNTs filled
with Cgyp was ~15Wm~'K~!. Recently, one-dimensional
SWCNT bundles and individual SWCNTSs were investigated
by Shi et al [8] and Yu et al [13]. In their work, a suspended
microfabricated device was employed. At room temperature,
thermal conductivities of ~3 and ~150Wm~'K~! for
SWCNT bundles of 148 and 10 nm diameters were reported in
the work of Shi ef al [8]. In the work of Yu et al [13], a much
larger value of ~3000 W m~! K~! was reported. For a multi-
wall carbon nanotube (MWCNT), Xie et al [14], Yi et al [15]
and Lu et al [5] studied the thermal conductivity of MWCNT
bundles by employing the 3w method. A conventional laser-
flash method was used by Zhang et al [16] to measure the
thermal conductivity of MWCNT bulk material. Recently,
thermal conductivity of individual MWCNTSs was investigated
by a microfabricated suspended device (Kim et al [7]), non-
contact photothermal experiment (Wang et al [17]), 3o method
(Choi et al [18]) and a temperature sensing scanned microscope
probe (Brown et al [19]).

For the techniques reviewed above, the 3w method
provides a compelling means of characterizing the thermal
conductivity of CNTs with sound accuracy. On the other
hand, this technique requires that the sample is conductive
and endowed with linear /-V behaviour in the applied
ac voltage range. Meanwhile, CNTs have both metallic
and semiconducting properties, depending on their chirality
indexes (n, m). A layer in the MWCNT will have metallic
conduction when the difference between the two indexes
(n and m) is divisible by three (Dresselhaus et al [9]).
Otherwise, the layer will be semiconducting, leading to a non-
linear /-V relationship. As aresult, the 3w technique can only
be applied to metallic CNTs.

Motivated to solve the problem described above, in this
paper, a technique based on optical heating and electrical
thermal sensing (OHETS) and the associated analytical
solution for investigating the thermophysical properties of
one-dimensional micro/nanostructures are developed. This
technique can be applied to both conductive and non-
conductive materials. By employing a modulated laser beam
as the heating source and detecting the periodic resistance
change in the sample, the thermophysical properties of 1D
single conductive wires/tubes can be extracted. For non-
conductive wires/tubes, a thin Au film is coated at the outside
of the wire for transient electrical thermal sensing. To test
this technique, thermal conductivity measurement of platinum
wire specimens is performed. By applying this technique, the
thermal diffusivities of three different SWCNT bundles, human
hair and cloth fibres are measured successfully. In section 2,
the experimental principle and physical model development are
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Figure 1. Schematic of the experimental principle for the OHETS
technique.

presented. The experimental details and results are discussed
in section 3.

2. Experimental principle and physical model
development

2.1. Experimental principle

In the OHETS experiment, the to-be-measured wire is
suspended between two copper electrodes. The wire is
irradiated with a periodically modulated laser beam as shown
in figure 1. The laser spot is large enough to cover the entire
wire and a portion of the bases. Upon periodical laser heating,
the wire will experience a periodical temperature change with
time. As a result, the resistance of the wire will change with
time periodically. In the experiment, the dimensions of the
bases are much larger than the diameter of the wire, ensuring
that the temperature change of the bases directly from the laser
heating is much smaller in comparison with that of the wire.
In addition, the electrical resistances of the electrode bases are
much smaller than that of the wire. As a result, the resistance
variation of the bases due to laser irradiation will be negligible
compared with that of the thin wire.

In order to detect the resistance variation of the wire, a
dc current is passed through the wire. The dc current and
the periodical resistance variation of the wire will produce
a periodical voltage variation over the wire with the same
frequency of the modulated laser beam. The heat conduction
along the thin wire strongly affects the temperature variation
along the wire which will be probed by measuring the voltage
variation. The phase shift of the voltage variation relative to
the laser beam can be used to determine the thermophysical
properties of the sample. In the experiment, a series of
frequencies is chosen to measure the phase shift and conduct
the fitting. The modulation frequency of the laser irradiating
the wire will be carefully selected to make the thermal diffusion
length © = /20/w («: thermal diffusivity of the wire; w:
modulation frequency) much larger than the wire diameter D.
As a result, it is physically reasonable to assume that the wire
has a uniform temperature distribution in its cross-section.
Consequently, only the heat transfer along the axial direction
of the wire needs to be considered.

2.2. Physical mode development

The heat transfer of interest will be divided into two parts:
one part is the heat transfer along the wire (z direction as
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shown in figure 1), and the other part is the heat transfer in
the bases. Solutions to these two parts will be combined using
the boundary conditions at the interface (z = 0) between the
wire and the base. In the experiment, the laser heating power
has the form of I = Iy(1 + cos(wt))/2. For the heat transfer
in the wire along the axial direction, the governing equation,
in the complex form, is

*T

0 T .
Aeerl) _ T oo + o, M)
072
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where Qo = E/LS, L and S are the length and cross-sectional
area of the wire, respectively. E is the laser beam energy
absorbed by the wire. p, ¢, and k are the density, specific heat
and thermal conductivity of the wire, respectively. It needs to
be pointed out that in equation (1) the laser beam is assumed
uniform over the wire. In fact, there is a distribution of the
laser beam along the axial direction of the wire. The effect of
the non-uniformity of the laser beam is discussed in the next
section.

The solution to the above thermal diffusion equation
consists of three parts: the transient component 7; that reflects
the temperature increase at the early stage of laser heating,
the final temperature elevation 7, due to the laser heating,
and the steady transient component 7 that varies with time
periodically. Therefore, we have T = T; + T, + TS. In the
OHETS experiment, the lock-in amplifier only picks up the
component that periodically varies with time. Therefore, only
Ts needs to be evaluated. 7, results from the periodical source
term Qo - exp(iwt) in equation (1). When only this source
term is considered, the solution to equation (1) is in the form
of T, = fe’. Substituting this expression in equation (1), it
is not difficult to find that the solution € has the form of

7Q9 + Cle*/ZZ + Cze‘ﬁz
pcpiw

6 = ) 2

where A = pc, -iw/ k. To simplify the derivation expression,
we take B = Qo/(pcpiw). At z = 0, the wire temperature is
assumed to be Tye!®’. Consequently, C; and C, are solved as
Cy = (Ty — B)(1 +eYAL) and C, = (T, — B)(1 +e~YAL).
After solving the 3D heat transfer equation in the electrode
base and combining the solution with equation (2), we have

U B(1+U,)
0= 3)
U1(1+U2) —1
U B
= @)
Ui(1+Us) — 1

Uy = kvVA-(1—eY20) /{(1+eVAL) 12k, iy +/ADTE (5)

Uy = Ry - 2kp(ry " + v/ Ay), (©6)

where Ay = pycppiw/ky. pv, ¢pp and k;, are the density,
specific heat and thermal conductivity of the electrode base,
respectively. Ry is the thermal contact resistance between the
wire and the base, and rg is the radius of the wire. Details
of the derivation procedure to obtain equations (3)—(6) can be
found in [6] on the 3w experiment of single wires.
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Figure 2. Measured energy distribution of the laser beam used in
our experiment. In the experiment, the laser beam spot is magnified
to about 10 mm in diameter.
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Figure 3. Hypothetical energy distribution of the laser beam used in
the calculation.

We are interested in the average temperature () of the
wire. By integrating equation (2) along the wire, we can find
0 as

- 1 L2 27 1
6= —/ 0dz = B + —[—(cleﬁu2 — Cye VAL
L/2 Jo L|lJA

1
+ﬁ(Cz - Cl)]- (N

The average temperature variation T (in complex form) along
the wire is calculated as

~S — éeiwt — éoei(wt+¢)’ (8)

where 0, and ¢ are the amplitude and phase of 0, respectively.
It is noticed that only the real part of Ty is the solution to
the original equation (equation (1)). Therefore, we only use

the real part of i‘s (6 cos(wt + ¢)] to get the w voltage across
the wire. Finally, as the product of 6y cos(wt + ¢) and the dc
current /, the w voltage across the wire is

- dR
Vo =6 - d—TI -cos(wt + ¢@). )

2.3. Effect of non-uniformity of the laser beam

In equation (1) as discussed above, the laser beam is assumed
uniform over the entire wire while in practical situations there
is a non-uniform distribution. Figure 2 shows the intensity
profile of the diode laser beam (A = 809nm) used in our
experiment. It is clear that the laser beam has a Gaussian
distribution. In order to find out to what extent the phase shift
of the w signal is affected by the non-uniformity of the laser
beam, the energy distribution of the laser beam is assumed
linear from z = 0 to z = L/2 as shown in figure 3. This
linear distribution is not intended to recover the real laser beam
distribution, but to simplify the situation to understand the
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effect of the non-uniformity of the laser beam. The laser energy
distribution shown in figure 3 has 50% difference between the
laser energy at the end and middle of the wire. This provides
an extreme situation while in our experiment the laser energy
distribution over the wire will be more uniform, especially for
short wires irradiated with a large laser beam spot. Therefore,
the effect of the non-uniformity of laser beam distribution in
real experiments will be much less than the one discussed
below. Considering the laser energy distribution shown in
figure 3, the governing equation of the heat transfer along the
wire is expressed as

2
W) (T guteoston + 11 % (1+2).

ot 972 o

Following the similar derivation discussed in 2.2, we can find

Qo z/L-0Qo
= 4H= =

" CSC\/XZ + Cee™ AZ.
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Using the boundary conditions to determine the constants in
equation (11) and integrating equation (11) from O to L /2, the
average temperature variation over the wire is

- 1 L2 5 27 1
9:—/ 0dz =B+ = | —(CseVAL
L2 J, 47T Ll VA

e %(Cﬁ - ] (12)
where
Cs = [(To = BIWA VA2 = B/L)/(/Ae VA2
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Co=To-B-C (14)

Ty = (B - kv/A(e™ VAL — eVALI2) (VAL 1 = VALI2)
—k - B[1 — 1/(eVAL? 4 e VAL [ —2ky /(U + 1)
X (1/ro+ VAD) +k - VAETVA2 — VAL (AL
+e VAL -1 (15)

Other coefficients in equations (13-15) are the same as
those defined before. To explore how the non-uniform
energy distribution influences the phase shift of the w signal,
calculation is made for a Pt wire that has the same dimensions
as that used in our experiment for calibration and validation
purposes. The properties of the wire and the electrode
bases (copper) are summarized in table 1 [20, 21]. The
thermal contact resistance takes a small value of 1.0 x
107" m? K~! W~!. The laser energy absorbed by unit volume
of the platinum wire (Qg) is fixed to be 3.584 x 10’ Wm™3,
which is estimated based on our experimental result. The
phase shift of the voltage variation over the wire with and
without considering the non-uniformity of the laser energy
distribution is calculated and shown in figure 4. It is seen that
at low frequencies, the non-uniformity of the laser beam has a
negligible effect on the phase shift of the voltage variation. At
high frequencies, a difference of about one degree is induced by
the non-uniformity of the laser beam. For higher frequencies,
our extended calculations show that the phase shift difference
induced by the non-uniformity of the laser beam will become
smaller and negligible. It needs to be pointed out that in

Table 1. Properties of the platinum wire and copper (300 K) [21]
used in the calculation.

Platinum wire Copper

Length (mm) 6.35 —
Density (kg m™) 2.145 x 10*  8.933 x 10°
Specific heat Jkg~! K1) 133 385
Electrical resistivity® 0.1086 x 1076 —
(ohmm)
Temperature coefficient of 0.003 927 —
resistance o* (ohm K1)
Thermal conductivity* (Wm~' K~!) 71.6 401

* These properties are from [20]. At 300 K, the electrical resistivity
of copper is 0.106 x 107¢/[1 + (293.15 — 273.15)] x 0.003927 x
[1+ (300 — 273.15) x 0.003927] = 0.1086 x 10~ ohm m.
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Figure 4. Phase shift of the voltage variation over a Pt wire with
and without considering non-uniform energy distribution.

the experiment, the low frequency signals play a major role
in data fitting to determine the thermophysical properties of
the material. The fitting results will be less sensitive to the
phase shift at high frequencies. It is conclusive that the
non-uniformity of the laser beam distribution in the OHETS
experiment can be neglected. Our experimental results using
Pt wires also confirm this point, and will be discussed in
section 3.

When considering radiation heat loss from the wire
surface, a new term — D Leo (T* — T2 ) /(w D*L/4) should
be added to the right side of equation (1), where ¢, o
are the thermal emissivity and Stefan—Boltzmann constant,
respectively. Ty, is the surrounding temperature. As stated
before, T = T+ T, + fs, in steady-state 7y = 0,s0 T = T.+ fs.
Because 7, < T, to the first order approximation, we have
T* = T* +4T? - T,. Only the transient part 47> - T, will
affect the periodical temperature variation (7;). Following the
similar derivation in 2.2, we only have to replace pc), - iw with
pcp-iw+16e0 T2/ D in the solution developed for equation (1).
The radiation effect depends on the ratio of 16ec TS3 /D over
pcp - iw, which is detailed in [6] on the 3w experiment
of single wires.
this experiment, it is estimated that the radiation effect is
negligible.

Based on the experimental conditions in
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Figure 5. Schematic set-up for the OHETS experiment.
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Figure 6. System time delay induced by the equipment used in the
OHETS experiment.

3. Experimental details and results

3.1. Experimental set-up

Figure 5 shows the diagram of the OHETS experimental setup.
An infrared diode laser (A = 809 nm) is used in the experiment
and is modulated by a function generator. The laser beam
passes through a collimator and is directed by a focal lens to
the to-be-measured wire. A dc voltage is applied to the thin
wire. A large resistor is connected in the circuit to control the
current and to satisfy the impedance requirement (over 50 €2)
of the dc power supply. A digital lock-in amplifier is used to
pick up the w signal over the thin wire, and a synchronizing
signal from the same function generator is used as the lock-in
amplifier’s reference. In order to minimize the influence from
air convection, the thin wire is housed in a vacuum chamber
where the pressure is maintained at a level of 1 x 1073 Torr. A
computer is used to control the experiment for automatic data
acquisition.

3.2. System calibration

In the OHETS experiment, the phase shift of the voltage
variation over the wire is the parameter to measure and be used
for data fitting. On the other hand, the measurement result will
inevitably include some time delay induced by the equipment
used in the experiment. This system time delay is calibrated
by measuring the phase shift between the modulated laser
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Table 2. Details of experimental conditions for the Pt wire and three
SWCNT samples characterized in the experiment.

Ptwire CNT1 CNT2 CNT3

635 6.35
443.0 392.0

6.35
1.35

6.35
90.0

Length (mm)
Resistance of
sample (ohm)
DC voltage (V)
Laser power (W)

1.80 0.3 0.3 0.3
1.60 4.0 0.8 0.8

Resistance of the 99.52  99.48 9948 99.48
resistor (ohm)
Paier (degree) 0.5 1.0 2.3 1.5
T e O B e S m——
L3 ]
65 F .
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o =70 E ¢  Experimental E
s ]
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Figure 7. Phase shift as a function of the modulation frequency for
the platinum wire.

beam and the synchronizing signal of the function generator.
In this calibration, a photodiode, whose response time (sub-
nanosecond) is far smaller than the period of the modulation
signals, is chosen to detect the modulated laser beam. The
measured phase shift is shown in figure 6. As shown in
figure 6, this system time delay (¢, ) is not negligible. The real
phase shift between the thermal variation and the modulated
laser beam is calculated as @Pmea — @cal, Where P, is the raw
measurement data for the voltage variation over the wire.

In order to verify this characterization technique and the
theoretical model developed in section 2, a 25.4 um thick and
6.35 mm long platinum wire is measured. The experimental
conditions, such as the applied laser power, dc voltage, and
the resistor are listed in table 2. The visible size of the
laser spot is around 10mm. Figure 7 shows the fitting
result in comparison with the experimental data. In the least
square data fitting, the phase shift difference between the
experimental data and fitting result is calculated as ¢gir =

V17 X7 @ = G0, where j, ¢; and ¢ipeo; denote the
number of experimental frequencies, experimental phase shift
and fitting result, respectively. Figure 8 shows how sensitive
the fitting result is with respect to the phase shift. As shown
in figure 8, the minimum ¢girr is found to be 0.3°. In the
experiment, the uncertainty of the measured phase shift is
less 0.5°. Based on this criterion, if ¢g = 0.5° is chosen
as the experimental uncertainty, the thermal conductivity k is
found to be 71.4*%7, Wm~! K1, close to the literature value
of 7.6 Wm~! K~! [21].
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Figure 9. The measured phase shift versus the fitting results for the
three SWCNT bundles. : theoretical calculation; - - - - - - :
experimental data.

3.3. Thermal characterization of SWCNT bundles

In this section, bundles consisting of SWCNTSs are measured
using the established OHETS technique and the developed
solution. Centimetres long ropes of well-aligned SWCNTSs
were synthesized using an H,/Ar arc discharge method. The
synthesis process is described in detail in the work of Liu et al
[22]. In brief, Ar and H; gases were introduced into a vacuum
chamber as buffer gases. The cathode was a graphite rod with
the tip sharpened, and the anode was a graphite cylinder with
holes filled by evenly dispersed graphite powder, Fe-Ni—Co
catalyst, and a sulfur-containing growth promoter. An angle
between the axes of the two electrodes was set as 30-50°.
When an electric arc is initiated, the SWCNT strands can be
obtained on the collectors installed in the reaction chamber.
In the experiment, the SWCNT bundle is connected
between two copper electrodes using silver paste. Table 2
shows the length and resistance of the three SWCNT bundles

k (W/mK)

p ¢, (105 J/m3K)

Figure 10. Thermal conductivity versus p - ¢, for the first SWCNT
bundle.

measured in the experiment. The laser power, dc voltage
and resistor used in the experiment are also summarized in
table 2. The typical thickness/diameter of the SWCNT bundles
is measured to be around 100 um. Under this condition,
the effect of radiation heat loss from the bundle surface will
have a negligible effect on the measured w signals [6]. The
thermal conductivity of the SWCNT bundle becomes difficult
to determine based on the experimental data due to the lack of
data about the density and specific heat of the SWCNT bundles.
Instead, the thermal diffusivity of the sample is characterized
based on the phase shift of the w signal.

Figures 9(a)—(c) show the fitted phase shift versus the
experimental data for the three samples in which the SWCNTs
have sound alignment along the wire axis. For the three
samples measured in the experiment, different values of p - ¢,,
are used to fit the thermal conductivity. Although a large
number of thermal conductivity and p - ¢, combinations can
fit the experimental data well, their ratio-thermal diffusivity
remains at a certain value for each sample. Their thermal
diffusivities are fitted to be 2.987%% x 1075 m*s~!, 4.41*4% x
1079 m?s! and 6.64*%% x 10> m?s~!, respectively. For
different samples, ¢gir is fixed at different value shown in
table 2, which can both guarantee best agreement between
experiment and theoretical model and a large number of
thermal conductivity and p - ¢, combinations. Figure 10 shows
combinations of the thermal conductivity and p - ¢, for the
first SWCNTs bundle which has the thermal diffusivity of
2.98’:%'32 x 1073 m?s~!. For this sample, when gz is less
than 1.0°, the p - ¢, and k combination will be recorded and
plotted in figure 10. It is evident that the k ~ p - ¢, curve is
a linear line within the experimental uncertainty, confirming
that there is only one thermal diffusivity to fit the experimental
result. Based on the obtained experimental results, the thermal
diffusivity of the three samples is in the same order. The
difference among them is probably attributed to different
alignment of the tube bundles and tube—tube interaction. The
average value of the thermal diffusivity of above stated three
different SWCNT samples is around 4.68 x 107> m?s~!.
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Figure 11. The measured phase shift versus the fitting results for
human hair. ——: theoretical calculation; - - - - - - : experimental data.

3.4. Thermal characterization of human hair and cloth fibre
with coated Au film for electrical thermal sensing

For non-conductive wires, the OHETS technique cannot be
directly applied since no electrical thermal sensing is feasible.
To sense the periodical temperature variation in the wire, one
side of the wire is coated with a very thin (~2nm) Au film.
The modulation frequency (w) of the laser is carefully selected
to make the thermal diffusion length u© = /2a/w in the wire
(e: thermal diffusivity of the wire) much larger than the wire
diameter D. As a result, it is physically reasonable assuming
that the wire has a uniform temperature distribution over its
cross-section. Therefore, the temperature of the metallic
coating represents that of the wire. For human hair, the sample
was coated in the sputter coating machine first. The measured
samples were cut from the coated hair and connected between
two Cu electrodes using silver paste. After connection was
made, hair 1 (2.718 mm long) has a resistance of 218 ohms;
hair 2 (4.013mm long) has a resistance of 512ohms. A
resistor (1k€2) was connected in series with the hair samples
and a laser energy of 1.9 W was used to run the measurement
for each sample. For the dc voltage, 0.3V was applied on
hair 1 and the resistor and 0.2 V was applied on hair 2 and the
resistor. Figure 11 displays the measured phase shift and the
data fitting result for the human hair. Our experiment shows
that the thermal diffusivity of the two human hair samples is
1.94 x 107°m?s~! and 4.13 x 1079 m2s~! for hair 1 and 2,
respectively. The thermal diffusivity difference between these
two samples probably is due to the different growing positions
of the hair on the head and different growing period, although
the two hair samples are from the same person, a 25-year old
male graduate student in our department.

For the cloth fibres- poly (ethylene terephthalate) studied
in this work, the SEM picture of one fibre with coated Au
film is shown in figure 12. This is only a sample for the SEM
test, not the one measured to obtain the thermal diffusivity as
shown in figure 13. For the sample preparation, the cloth fibre
with a diameter of 10 um was carefully suspended between
two Cu electrodes about 1.727 mm apart. Silver paste was
used to strengthen the mechanical contact. After the bridge
was made, the sample was put in a sputter coating machine
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Figure 13. The measured phase shift versus the fitting results for the
cloth fibre.

to coat a very thin Au film (~nm) on one side of the cloth
fibre. Again, the silver paste was applied on the edges of Cu
electrodes to improve the electrical contact between the coated
fibre and electrodes. After the Au film was coated, the bridge
has a resistance of about 400 2. A resistor of 1k was put in
series with this bridge and a 0.04 V dc voltage was applied on
the bridge and resistor. For laser heating, the maximum output
(4.0 W) of our diode laser was used. Based on phase shift
fitting, the thermal diffusivity of the cloth fibre is determined
as 1.89 x 107°m? s~!. The phase shift fitting result is shown
in figure 13.

3.5. Discussion about the experiment

During the measurement, the temperature of the sample will
increase. To calculate or measure the exact temperature rise
becomes difficult due to the small size of the sample and lack
of knowledge about the thermal conductivity of the sample
and laser beam absorption. On the other hand, some first order
estimation can still be done to give a general idea. For example,
in our experiment, the estimated average temperature increase
of the platinum wire due to electrical and laser heating is 11 °C.
Our estimation is based on one-dimensional heat transfer in the
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wire and the experimental conditions used in the measurement.
All the electrical heating and an assumed 10% laser beam
absorption is considered to obtain this average temperature
increase. For other materials measured in this work, the lack
of precise properties places difficulty on the estimation. Our
estimation suggests that their temperature rise is not beyond
50°C.

In the measurement of non-conductive wires, the effect of
Au coating should be considered. The thermal conductance
(G¢) of the thin film coating is defined as

Gt = A¢ks/L, (16)

where k¢ , Ay are the thermal conductivity and cross-sectional
area of the film, respectively. It is noted that k¢ can be much
different from the bulk material’s value due to the unique
structure and small thickness of the thin film coating. In
addition, the cross-sectional area (A¢) of the thin film cannot
be directly calculated using Ay = A, — Ay, where A, and
Ay, are the cross-sectional area of wire with and without Au
coating. This is because A, and A, could be close to each
other attributed to the nanometre-order thickness of the thin
film coating. As a result, Ay = A. — Ay, could induce
large uncertainty in evaluating the cross-sectional area of the
thin film.

In our work, Gy is evaluated using the Wiedemann—Franz
Law, which relates the thermal conductivity (k) of metal to its
electrical conductivity (o) as Lyowen, = k/(0T). The Lorenz
number Ly qen, for Au has weak dependence on temperature:
2.35 x 107 WQK™2 at 0°C and 2.40 x 108 WQK™? at
100 °C [23]. Based on the Wiedemann—Franz Law, the thermal
conductance of the thin film coating can be readily calculated
based on the measured electrical resistance of the wire as

Gf = LLorenzT/R- (17)

In the experiment, the measured thermal diffusivity (o) is the
combined contribution from the wire and Au coating, which
can be expressed as

__ kA =B +kp
pcpy(1 = B) + prep B’

e (18)
where pr and ¢, ¢ are the density and specific heat of the Au
coating. B = Ag/A. is the cross-sectional area ratio of Au
coating. Since B < 1, we have prc, 8 < pc,(1 — B) and
1 — B = 1. Equation (18) can be simplified as

_ k+kep

Ol .
pCy

(19)

Considering equations (16) and (17) and 8 = A/ A, we can
getkeS = (Lirorenz:T/R)-L/Ay,. Sothereal thermal diffusivity
of the wire («) is calculated as

_ LLorenz -T-L

. 20
R-Ay-p-cp (20)

a=ae
Following this amendment and using the density and specific
heat [24] of polyester (p = 1.368 x 10°kgm~3, ¢, =
1.2 x 103 Jkg~' K1), the thermal diffusivity of the measured

cloth fibre is calculated as 1.65 x 107®m?s~!. For human
hair, we find that the Au coating has a negligible effect.

It needs to be pointed out that the resistance (R) used in
equation (20) has some contribution from contact electrical
resistance at the ends of the wire. The real electrical resistance
of the Au coating will be smaller than the value measured in
the experiment. Therefore, it is anticipated the real thermal
diffusivity of the cloth fibre will be smaller than the value
reported above. To further reduce the effect of the Au
coating on the measured thermal diffusivity, a very thin coating
(meaning large electrical resistance) is preferred.

In the experiment, the temperature increase of the wire
will change its diameter and length. Considering the fact that
the thermal expansion coefficient of materials usually is in
the order of 1073 °C~!, the moderate temperature increase
(less than 50 °C) of the wire will result in a less than 0.1%
change in its diameter and length. In phase shift fitting, the
diameter of the wire is not critical, and has a negligible effect.
In the solution developed in this work, the length (L) of the
wire appears in the form of L/+/a/w. Due to the combined
electrical and optical heating, the induced uncertainty in the
fitted thermal diffusivity will be less than 0.2%. Therefore,
it is conclusive that the heating-induced size change of the
sample will have a negligible effect on the fitting result. In
the experiment, the accuracy for length measurement usually
is high, in the order of 5% or better. Therefore, the uncertainty
of the fitted thermal diffusivity due to length measurement will
be less than 10%.

4. Conclusion

In this work, a technique based on OHETS was developed
to characterize the thermal transport in one-dimensional
micro/nanostructures. The effect of the non-uniformity of the
laser beam irradiating the wire was studied to confirm that
the non-uniformity of the laser beam had a negligible effect
on the measured phase shift for micro-thick wires. Applying
this technique, the thermal conductivity of a platinum wire
was measured to be 71.4 Wm~! K~!, agreeing well with the
reference value. We have measured the thermal diffusivity
of SWCNT bundles of different thicknesses. The average
thermal diffusivity for the three SWCNT samples was 4.68 x
107> m? s~!, which is much smaller than that of graphite in the
layer direction. Applying the OHETS technique, the thermal
diffusivities of microscale non-conductive wires (human hair
and cloth fibre) were also characterized successfully.
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