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A novel transient technique is developed to measure the thermal diffusivity of one-dimensional
microscale wires. In this technique, a pulsed nanosecond laser is used to quickly heat the wire.
After laser heating, the wire temperature decays slowly. Such temperature decay is sensed and
used to determine the thermal diffusivity of the wire. A 25.4 ym thin Pt wire is characterized to
verify this technique. The thermal diffusivity of multi-wall carbon nanotube bundles is measured.
Based on the measurement result and the inside structure, the thermal diffusivity of individual
carbon nanotubes is estimated.
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1. Introduction mechanical strength enhancement, novel chemical

One-dimensional micro/nanoscale functional mate- ~ and optical sensing, as well as thermal-electrical

rials have attracted growing interest and are and chemical-electrical energy conversion. Among
expected to find broader applications in areas like  these 1D structures, the carbon nanotube is
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the most popular, due to its highly efficient con-
ducting of current and heat, remarkable mechanical
strength, and even working as the carrier of elec-
tron spins. Knowledge of thermal transport in these
micro/nanoscale structures is becoming indispens-
able for future applications since the temperature
and thermal response of materials strongly affect
their mechanical, optical, and electrical properties.
Characterization of the thermophysical properties
of micro/nanoscale 1D structures is very challenging
due to the great difficulty faced in extremely local-
ized heating and thermal sensing. A large number of
experimental, theoretical, and numerical techniques
have been developed to characterize the thermo-
physical properties of micro/nanoscale wires/tubes,
like the 3w method,” 3 the microfabricated device
method,*® molecular dynamics simulation,® and
theoretical estimation.” Recent studies in our group
have led to the development of novel techniques for
measuring the thermophysical properties of indi-
vidual 1D micro/nanoscale structures. To date,
an optical heating and electrical thermal sensing
(OHETS) technique,® !0 transient electrothermal
(TET) technique,'’"'? and transient photo-electro-
thermal (TPET) technique'® have been devel-
oped to measure the thermophysical properties of
wires/tubes at micro/nanoscales. The OHETS tech-
nique requires relatively long measurement time
(usually several hours) and suffers from low sig-
nal level (1V), which is also encountered in the 3w
method.! 3 For the other two transient techniques,
TET and TPET, limited by the slow rising time of
the thermal excitation source (~ 2 us for current in
TET'2? and ~ 10 us for the laser in TPET!?), both
techniques make it difficult to measure short wires
with relatively high thermal diffusivity. For such
samples, the time of heat transfer taken to reach
the steady state will be short and comparable to
the rising time of the electrical current/laser beam,
thereby making the experiment difficult to conduct.

In this paper, a pulsed laser-assisted ther-
mal relaxation (PLTR) technique is developed to
overcome the drawbacks of the OHETS, TET
and TPET techniques while providing compa-
rable fast conducting of experiments and high
signal/noise ratio. To test this new technique,
thermal diffusivity measurement of platinum (Pt)
wire is conducted first. By applying this tech-
nique, the thermal diffusivities of two types of
multi-wall carbon nanotube (MWCNT') bundles are
measured.

2. Theoretical Developments of the
Technique

2.1. Experimental principle

In the PLTR technique, the to-be-measured wire is
suspended over two copper electrodes. Silver paste
is placed at the wire/electrode contacts to enhance
the mechanical and electrical connection. When
running the experiment, a nanosecond laser pulse
is used to irradiate the sample wire uniformly to
induce a sudden temperature increase. Right after
the pulsed heating, the temperature of the wire will
gradually go down. Such temperature relaxation is
strongly determined by the sample’s thermal diffu-
sivity and length. For instance, for a given length, if
the wire has a larger thermal diffusivity, it will take
shorter time for the temperature to go down and
reach its steady state. From this temperature relax-
ation history, the thermal diffusivity of the wire can
be determined. In order to probe its temperature
evolution, a small DC current is fed through the
wire for the reason that the temperature change
will correspondingly lead to a resistance change. As
a result, the voltage over the wire will change and
will be recorded and used to extract the thermal
diffusivity of the wire.

2.2. Physical model development

In our experiment, the length of the wire is signifi-
cantly greater than its diameter, which will simplify
the heat transfer mode to one dimensional (in the
axial direction of the wire). In the 1D heat trans-
fer equation, the thermal energy generation term is
4 = 41 + G2, where ¢ is the DC current heating and
g2 the laser pulse heating. Since we are only inter-
ested in the temperature evolution caused by the
pulsed laser heating, its governing equation can be
described as:
d(pcyTa) k82T2
ot 0x2
with homogeneous boundary conditions and initial
conditions, Th(zx = 0,t) = Th(x = L,t) = 0 and
To(x,t = 0) = 0. Here T only represents the
temperature variation induced by the pulsed laser
heating. The pulsed laser heating source can be
simplified as

o q,
q2 0,

Here At is the laser pulse width, and we assume
the laser intensity is constant during At. Since the
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laser heating time (~ 1079 s) is significantly smaller
than the characteristic time of heat transfer in the
sample, the above assumption will have a negligi-
ble effect on the accuracy of the solution. The solu-
tion to the partial differential equation described
by Eq. (1) can be obtained from the integral of the
Green’s function. The average temperature of the
wire Th(t) for the time ¢ larger than At is

_ 8qL? exp[—(2m — 1)?72at/L?]

Th(t
() kmd — (2m —1)4

x {exp[(2m — 1)?7%aAt/L* -1}, (3)
After normalizing as T5 = [T2(t) — T2,min)/ (T2, max —
T min)s (T2min 18 0 and T5 max is the maximum tem-
perature rise of the sample calculated as ¢At/pc,),
the normalized temperature relaxation simplified
using Taylor expansions can be written as
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Equation (4) shows that for any kind of mate-
rial of arbitrary length, the normalized temperature
relaxation follows the same shape with respect to
the Fourier number Fo(= at/L?).

2.3. Methods to determine the
thermal diffusivity

Figure 1 shows a typical normalized temperature
relaxation curve as an example to discuss the two
data analysis methods for determining the sample’s
thermal diffusivity. The first method is based on a
characteristic point on the temperature relaxation
curve. It is seen from Eq. (4) that the normalized
temperature is only a function of the Fourier num-
ber Fo = at/L?. Therefore, one single point on the
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Fig. 1. The normalized temperature versus the theoretical
fitting for the Pt wire using both data analysis methods.
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T5-t curve can be used to determine the thermal
diffusivity of the wire directly. The best character-
istic point should have the property that both the
y-axis (normalized temperature) and z-axis (time)
have very high sensitivity to a small change in Aa.
That is to say, we need the product of ATy and At
to have a maximum value when the thermal diffu-
sivity changes by Ac«, where ATy = 915 /0o - A
and At = 0t/0a - Aa. In order to get the maximum
sensitivity, the term 0T /0o - 0t/Oc should reach
its maximum value. It is not difficult to find that
OTy /0 - 0t /O = OT JOFo - L? - Fo? /.

Using numerical methods and Eq. (4), we find
the best characteristic point corresponds to the nor-
malized temperature 75 of 0.1097. The correspond-
ing Fourier number is 0.2026, as shown in Fig. 1.
When using the characteristic point method, once
the characteristic time (At.) is identified from the
T5—t curve when the normalized temperature goes
down to 0.1097, the thermal diffusivity of the sam-
ple can be calculated as o = 0.2026 x L?/At,.. In
order to better determine the characteristic point
from the obtained experimental data, a small set of
data points around the characteristic point is used
with linear fitting to determine the characteristic
point.

The second method to determine the thermal
diffusivity of the sample is based on global data fit-
ting of the temperature relaxation curve. In this
method, the normalized temperature decrease is
calculated using Eq. (4) by using different trial val-
ues of thermal diffusivity. The trial value giving the
best fit (least square) of the experimental data is
taken as the sample’s thermal diffusivity.

It needs to be pointed out that the solution
developed above is not dependent on the inside
structure of the wires/tubes. The only assump-
tion is that the heat diffusion equation can still
be applied to the sample in the axial direction.
When the sample length is small (comparable to
the phonon mean free path), the ballistic feature of
heat transfer will become more important. In such a
situation, the thermal diffusivity determined using
Eq. (4) represents an effective value describing the
heat transfer capability of the sample.

3. Experimental Details and Results

3.1. Experimental setup and

calibration

In the experiment, a current source (KEITHLEY
6221) is used to provide a constant DC current
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through the sample. An Nd:YAG laser operated
in periodical pulse mode is used to heat the sam-
ple. The pulse width of the laser (7ns) is much
shorter than the characteristic time At. for the
measured samples. A high speed digital oscilloscope
(TDS7054) with a proper offset is used to capture
the fine change of the voltage over the sample. In
order to minimize the influence of air convection,
the wire is housed in a vacuum at 1 x 10~3 Torr.

To verify the PLTR technique and the theoreti-
cal model developed in this work, a 25.4 pm thick Pt
wire is measured first. During the experiments, two
different pulse energies are used to heat the sample
and record the experimental data. The experimen-
tal conditions are all listed in Table 1.

Both data analysis methods are used to deter-
mine the thermal diffusivity. By using the least
squares fitting method, the thermal diffusivity
based on the two sets of data is fitted to be
2.53x1075 and 2.50x 1075 m?s™!, respectively, close
to the value in the literature of 2.51 x 1075 m?s~!
(at 300 K).!* The characteristic point method also
gives close thermal diffusivity 2.47 x 107> and 2.56 x
107° m?s~!, respectively. Figure 1 shows the fitting
results for Data 1 using both data analysis meth-
ods. Sound agreement is observed between the fit-
ting results and the experimental data for global
data fitting.

To further understand the experiment, we take
Data 1 of the Pt wire as an example to estimate the
temperature rise after pulsed laser heating. Based
on the measured voltage rise AV over the sample,
the average temperature increase can be estimated
using the equation AV/V = AT, where ¢ is the
temperature coefficient of resistance for Pt and V'
is the voltage across the Pt wire when feeding the

Table 1. Details of experimental conditions for the Pt wire.
Data 1 Data 2

Length (mm) 3.513

Diameter (pum) 25.4

Resistance at room 0.791
temperature (£2)

DC current (mA) 30

Voltage of the wire when feeding 29.12 29.01
the current (mV)

Voltage increase by laser 1.795 1.026
pulse heating (mV)

Thermal diffusivity characteristic 2.47 2.56
point (107° m2s™1)

Thermal diffusivity least squares 2.53 2.50

fitting (10° m?s™ 1)

current I (before laser heating). In the experiment,
AV is 1.795mV and V is 29.12mV. Taking ¢ as
3.927x 1073 K1, the overall average temperature
increase is calculated to be 15.7°C. In order to have
sound signals in the PLTR technique, a temperature
increase of tens of degrees is required. For this level
of temperature increase, the R-T relation for most
metals can be treated as linear with sound accu-
racy. For example, Pt has a constant temperature
coefficient of resistance (3.927 x 1073 K~!) within
the temperature range of 0-100°C.'® The non-linear
feature in the R—T relation will induce some second-
order negligible uncertainty in final data processing.

3.2. Measurement of multi-wall

carbon nanotube bundles

In this section, two types of MWCNT bundles, fab-
ricated at the Oak Bridge National Laboratory,
are measured. Scanning electron microscopy (SEM)
study of the samples shows that there are MWCNTs
with diameters from 30 to 50 nm inside the bundle.
The alignment of the MWCNT's does not follow the
axial direction of the bundle as shown in Fig. 2 (type
2 MWCNT).

The typical diameters of the MWCNT bundles
are 200 pum and 30 um for type 1 and type 2, respec-
tively. Since the diameter of the type 1 MWCNT
bundle is too thick, it will take a relatively long
time to make the temperature uniform in the cross-
section of the bundle after pulsed laser heating of
one side of the bundle. As a result, the heat transfer
will become two-dimensional. To measure the type
1 MWCNT bundle, a thinner bundle (~ 20 um) is
peeled off it to conduct the measurement.

In the experiment, the MWCNT bundles are
connected between two copper electrodes using
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Fig. 2. SEM picture showing the CNT alignment inside the
type 2 MWCNT bundle.



silver paste as shown in Fig. 3. Table 2 shows
the length, resistance and other parameters of the
MWCNT bundles measured in the experiment.
When conducting experiments, it is observed that
the temperature coefficient of resistance for the
MWCNT bundles is negative, just like graphite

AccV Spot Magn Det WD Exp F——— 200 um
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Fig. 3. SEM pictures of the two types of MWCNT bundles
[(a) for type 1 and (b) for type 2] measured in the experiment.

Table 2. Details of experimental conditions and results for
MWCNT bundles.
Data 1 Data 2
Length (pum) 566.4 800.9
Diameter (pum) 23.3 29.7
DC current (mA) 0.2 0.1
Voltage of the wire when feeding 53.5 57.2
the current (mV)
Voltage increase by laser —0.96 —-1.07
pulse heating (mV)
Thermal diffusivity characteristic 1.09 1.42
point (107° m?s~1)
Thermal diffusivity least squares 1.05 1.50

fitting (10~° m2s™1)
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fibers. For the first type of bundle, the thermal diffu-
sivity is fitted to be 1.09x 107° and 1.05x 107> m? /s
using the characteristic point and least squares fit-
ting methods, respectively. For the second type of
bundle, the fitted thermal diffusivity is 1.42 x 107°
and 1.50 x 107°m?/s by using the two methods.
The sample is measured several times to check
the repeatability of the technique. A measurement
uncertainty of about 6.5% is observed. In order to
check the reliability of measured thermal diffusiv-
ity for the two types of MWCNT bundles, the TET
technique is used to measure the thermal diffusivity
as well. For the type 1 MWCNT bundle, the TET
measurement is conducted at the same time as the
PLTR technique and the measured average thermal
diffusivity is 1.05 x 107°> m?/s, which further veri-
fies the reliability of the PLTR technique and the
thermal diffusivity obtained from the PLTR tech-
nique. The average thermal diffusivity measured
using the TET technique for the type 2 MWCNT
bundle is 1.18 x 107° m? /s, which is conducted one
day after PLTR measurement and is slightly smaller
than the value obtained from the PLTR technique.
This is probably due to the extra vacuum pump-
ing which leads to slight structural change, like
the CNTs breaking inside. Furthermore, the TET
technique is employed again to measure the intact
(unpeeled) type 1 MWCNT bundle with a diameter
around 200 pm. The measured thermal diffusivity is
2.78 x 1075 m? /s, which is more than twice the ther-
mal diffusivity of the peeled bundle. Through this
measurement, we can see that the peeling process
can ruin the inside structure of the bundle.

The random alignment of CNTs in the bun-
dle has a significant contribution to the measured
low thermal diffusivity. Based on the alignment
shown in Fig. 2, some first order estimation can
be conducted to evaluate the real thermal diffu-
sivity of single MWCNTs. Two typical MWCNTs
are picked and analyzed. One is between point A
and B as shown in Fig. 2. The length between
A and B is 1.125um in the axial direction. But
the real length of the MWCNT from A to B is
3.542 pm, shown by the black curve in the figure.
As the thermal diffusivity («) is proportional to
the square of length (L?) in data processing, the
thermal diffusivity of this single MWCNT is esti-
mated to be 1.45 x 107 m?/s, which is about ten
times the thermal diffusivity of the MWCNT bun-
dle (1.46 x 10~5m? /s for type 2). Similarly, taking
the MWCNT between C and D for analysis, the
direct length between C and D is 2.583 um while
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the MWCNT measures about 6.389 um from C to
D. The thermal diffusivity of this single MWCNT is
estimated to be 8.93 x 107°m?/s. For more curved
CNTs (many are shown in Fig. 2), their thermal dif-
fusivities will be much larger than 8.93 x 107° m?/s.
Our estimation concludes that the real thermal dif-
fusivity of MWCNTs should be about ten times the
measured value. Considering the effect of the ther-
mal contact resistance between CN'T's, the real ther-
mal diffusivity of single MWCNTs could be even
higher.

The thermal diffusivity of MWCNTSs obtained
in this paper is at the temperature level of 10—
20 degrees above the ambient temperature (298 K).
According to work done by Fujii et al,'® the
thermal conductivity of CNTs in this tempera-
ture range has a weak dependence on tempera-
ture. While this paper focusses on the development
of a novel technique for thermal characterization
of micro/nanoscale wires/tubes, the next step in
our research will be to investigate the temperature
dependence of thermal diffusivity of MWCNT bun-
dles within a large temperature range. Such knowl-
edge will be critical for thermal design of functional
materials in thermally hostile environments.

4. Conclusion

In this paper, a fast transient technique was devel-
oped to characterize the thermophysical properties
of microscale wires/tubes. Two methods were devel-
oped for data analysis to obtain the thermal dif-
fusivity of the sample. Employing this technique,
the thermal diffusivity of Pt wires was measured.
The measured results agreed well with the reference
value. Our uncertainty analysis showed the exper-
iment had an uncertainty better than 10%. The
thermal diffusivity of MWCNT bundles was mea-
sured and the average value was 1.07 x 107° and

1.46 x 1075 m? /s for type 1 and type 2, respectively.
The real thermal diffusivity of individual MWCNTs
based on alignment analysis was estimated around
1.18 x 107*m?/s.
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