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Most conventional Raman thermometry for thermal properties measurement is on steady-state basis,
which utilizes either Joule heating effect or two lasers configurations coupled with increased complexity
of system or measurement uncertainty. In this work, a new comprehensive approach including both
transient and steady-state Raman method is proposed for thermal properties measurement of micro/
nanowires. The transient method employs a modulated (pulsed) laser for transient heating and Raman
excitation, and is termed time-domain differential Raman. The average elevated temperature during the
transient heating period is probed simultaneously based on Raman thermometry. Thermal diffusivity can
be readily determined by fitting normalized temperature rise against heating time with a transient heat
conduction model. On the other hand, thermal conductivity can be obtained in the steady-state mea-
surement by adjusting modulation settings. To verify this method, a carbon nanotube (CNT) fiber is
measured with the thermal diffusivity of 14741'8%8 x 10-5 m?/s and the thermal conductivity of 34.3f8:j‘l
W/m K. The relatively low thermal transport values stem from numerous CNT-glue matrix and CNT—CNT
thermal contact resistances. Compared with the conventional steady-state Raman method, the transient
method requires no detailed laser absorption value and no temperature coefficient calibration. It can be

easily applied to study transient thermal transport in materials.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, Raman spectroscopy has been widely employed
for temperature probing/mapping and thermal properties mea-
surement [1—4]. Raman scattering is an inelastic scattering gener-
ated in laser—material interaction, and is temperature dependent
in terms of peak intensity, peak shift, and peak width (full width at
half maximum, FWHM) [5]. Therefore, Raman signals arising from
temperature variation can be used to measure thermal properties
of materials, such as in the studies of carbon nanotubes (CNTs) [6,7],
graphene [8—10], silicon [11] and other nano-materials [12,13]. For
example, Zhang's group developed a non-contact T-type Raman
spectroscopy method for the simultaneous measurement of micro/
nano fibers' laser absorption and thermal conductivity [14]. Bee-
chem et al. used micro-Raman spectroscopy to simultaneously map
the complete temperature and biaxial stress distributions of a
functioning polysilicon microheater [15]. Recently, they reported a
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comprehensive investigation of error and uncertainty in Raman
thermal conductivity measurements based on numerical simula-
tion [16]. In another work, Yue et al. investigated the thermal
response of a Si substrate under tip-induced near-field laser heating
using Raman spectroscopy, and for the first time achieve the res-
olution down to sub-10 nm [17].

Most optical thermometry techniques for thermal diffusivity
determination are transient methods, such as laser flash method
and time-domain thermoreflectance (TDTR, or pump-probe)
method etc [18—22]. The thermal diffusivity, which is based on
transient heat transfer model, is usually obtained in these optical
thermal characterizations. Different from abovementioned optical
thermometry, Raman thermometry works as a steady-state mea-
surement tool since the continuous probe laser is employed and a
relative long integration is required for a sound Raman signal.
Steady-state heat transfer models are introduced for thermal
transport description and precise measurement of heat flux is
needed to calculate thermal conductivity of the material. In Yue
et al.’s works [2,23], a steady-state electro-Raman-thermal (SERT)
technique was developed to characterize thermal transport in



102 C. Li et al. / Carbon 103 (2016) 101-108

micro/nanoscale materials. In this method, the middle-point tem-
perature of a microwire was recorded using Raman spectroscopy
when the sample was heated by electric current. Thermal con-
ductivity was derived from the relationship between the middle-
point temperature and the Joule heating energy. However, the
electrical/thermal contact resistance at sample-electrode conjunc-
tions, and additional heating effect from the probing laser would
contribute to unexpected measurement errors. Moreover, the
electric circuit and electrodes are difficult to design for micro/
nanoscale materials. Besides electrical heating, laser heating was
employed to induce temperature difference for steady-state Raman
spectroscopy measurements [3,24—26]. This method eliminates the
fabrication difficulties in electrical heating method and the highly
focused laser spot shows great advantages in thermal probing at
extremely small scales. But we need the precise calculation of laser
absorption for calculating thermal conductivity. This requires the
knowledge of the specific laser absorbance at certain wavelengths
for the measured materials, which is usually unknown for novel
materials [7].

Therefore, developing an optical method which is capable of
measuring both thermal conductivity (steady-state thermal char-
acterization) and thermal diffusivity (transient thermal character-
ization) is necessary and significant. Conventional Raman
thermometry are based on continuous laser for heating and tem-
perature probing, which gives us an idea that if using pulsed laser
instead for Raman signal excitation, transient Raman thermometry
could be possible [27,28]. Furthermore, if the excitation laser is
adjustable from continuity to pulse, both steady-state measure-
ment and transient characterization based on Raman thermometry
can be achieved. Recently, it was reported that a time-domain
differential Raman (TD-Raman) thermometry was developed by
modulating the excitation laser and probing transient Raman
scattering during the pulsed heating circle [29]. In this work, the
thermal diffusivity of a silicon cantilever was measured to validate
the measurement capacity. However, most industrial materials do
not have such a good crystalline structure as single crystalline sil-
icon. The lower Raman excitation efficiency due to their less crys-
talline structure would increase the difficulty of the TD-Raman
measurement. For example, the carbon nanotubes fiber (CNT fiber),
which is a scale-up material from single CNTs, presents exceptional
macroscopic properties. It has wide applications and is of great
interest to explore its thermal properties [30—33]. In this work, we
use TD-Raman method to measure the thermal diffusivity of CNT
fiber, and combine the steady-state Raman method to study its
thermal properties comprehensively. Most importantly, we expand
the application of the recently developed transient Raman method
[29], and achieve both transient measurement and steady-state
thermal characterization based on Raman thermometry at the
same experimental configuration.

2. Experimental principle and details
2.1. Experimental principle

Fig. 1 illustrates the schematic setup of this Raman thermal
characterization. A sample is suspended between two heat sinks
in a vacuum chamber (to minimize heat convection effect). The
heat sinks have large heat capacity and high thermal conductivity,
ensuring the ends of the sample stay at room temperature. This
approach contains transient and steady-state measurements
which share the same configuration. For transient measurement, a
continuous wave laser is modulated with an electric-optical
modulator to generate square-wave pulse laser with variable
laser-on durations. It is then focused on the middle point of the
sample. The pulse laser consists of an excitation period (te)

followed by a thermal relaxation period (t;). When the pulse laser
is on in the excitation period, the sample is heated and its tem-
perature rises. During this period, the spectrometer's shutter
opens and Raman scattering is accumulatively collected. The
collected Raman signal is an integration of instant temperature
information over the heating period. The thermal relaxation
period is long enough and allows the sample to cool down to the
ambient temperature before the next excitation cycle starts. Suf-
ficient “heating and cooling” cycles are repeated (by adjusting
integration time) to obtain a sound Raman spectrum signal for
temperature measurement.

The physical model of this transient Raman technique is pre-
sented in Fig. 2a. In the experiment, the laser spot can cover the
whole sample in the diameter direction. As the length of the sample
is much longer than the diameter, a one-dimensional (1-D) model
is established for interpreting the heat transport along the sample
with the governing equation as
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where p and ¢, is the density and the specific heat of the sample,
respectively. § is the temperature rise, k is thermal conductivity, x is
the distance away from the heat sink, qg is the heat generation per
unit volume induced by the laser heating. Considering the sym-
metry, we take half of the sample to discuss thermal conduction in
the sample, as shown in Fig. 2a. Combined with the boundary
conditions, the spatially averaged temperature rise in the heated
region can be expressed as [29].
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where « is the thermal diffusivity of the sample, L is the length of
the sample. The coordinates of x; and x; are shown in Fig. 2a. Fig. 2b
and c shows three selected experimental Raman spectra of the CNT
fiber sample under different excitation times (t.) in one “heating
and cooling” cycle. As excitation time is increased, the Raman peaks
(D band and G band in Fig. 2c) shift to shorter wavenumber di-
rection. This shift is attributed to the temperature rise at the
heating point with t. increasing. The Raman intensity also increases
because of the longer excitation time and so as the scattering
collection time. The average temperature rise in the heated region
can be obtained from the measurement Raman signal. The thermal
diffusivity of the sample can be fitted from the normalized tem-
perature rise against heating time as
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For the steady-state measurement, a continuous wave laser
directly irradiates on the middle point of the sample and heat
dissipates from center to the heat sinks. When the sample reaches
the steady state, the average temperature within laser irradiation
region can be expressed as [34].
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Fig. 1. The schematic of the TD-Raman method for thermal characterization of CNT fiber. A continuous wave laser is modulated with an electric-optical modulator to output a
square pulse laser and focused on the middle point of the sample for both heating and Raman excitation. Raman signal is recorded by a Raman spectrometer for temperature

measurement. (A colour version of this figure can be viewed online.)
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where Q is absorbed laser energy (Q = 2qomrrg), Tp is room tem-
perature, s and rp are the radius of the sample and the laser spot,
respectively. Thermal conductivity of the sample can be readily
derived by measuring the average temperature of the heated region
with Raman spectroscopy. This novel Raman method features
noncontact, non-destructive and high spatial resolution in both
transient and steady-state thermal properties measurements and
the absorbed laser energy is not needed for measuring thermal
diffusivity with TD-Raman method.

2.2. Experimental details

The CNT fiber sample used in this work was purchased from
Nanjing JCNANO Company prepared by a floating catalyst method.
In the measurement, the CNT fiber is suspended between two
aluminum heat sinks with both ends connected by silver paste. The
conjunctions are carefully examined to make sure thermal contact
resistance can be ignored. The sample is placed on a micro-stage in
a vacuum chamber with the atmosphere pressure under 10~> Torr
to eliminate heat convection. Fig. 3a presents the sample placed on
a micro-stage with a length of 2 mm Fig. 3b and c are the scanning
electron microscopy (SEM) images of the CNT fiber. Fig. 3b shows
the surface morphology and Fig. 3c shows the inner structure at the
break point under stretching. It is shown that the CNT fiber consists
of thousands of individual CNTs which twist tightly. The diameter
(D = 2rg) of the CNT fiber is determined to be 36 um averaged from
multiple measurements. The high ratio of length to diameter means
that the 1-D model is applicable in this case according to previous
theoretical analysis.

Fig. 3d presents a typical Raman spectrum of the CNT fiber
sample: strong Raman signal with three identified peaks about
~1350 cm~!, ~1580 cm~! and ~2700 cm~' can be identified
explicitly, corresponding to the D band (disorder), G band
(graphite) and 2D band (second-order harmonic). Intensity ratio of
G band and 2D band reveals that the composite CNT fiber consists

of multiwall CNTs with a high weight fraction [35—37]. The strong-
disorder-induced D-band intensity means that this CNT fiber con-
tains high intrinsic defects of CNTs. Considering the rugged surface
of the CNT fiber (as shown in Fig. 3b), the thermal expansion and
the focal levels of the optical path will affect the peak intensity. Also
the peak width variation is sometime too week for temperature
measurement [27,29]. In this work, Raman peak shift is used for
temperature determination.

A calibration experiment is first conducted to determine tem-
perature coefficient of the peak shift. Raman spectrum is recorded
with the sample being heated from 14.4 °C to 123 °C. Gaussian
function is used to fit the Raman spectrum and get the peak posi-
tion of the same CNT fiber sample. Previous studies have shown
that Raman shift is in a linear relationship with temperature for an
individual CNT within a small temperature range [6,38]. In our
experiment, the CNT fiber comprises of single CNTs, thus the rela-
tionship between Raman peak position and the corresponding
temperature can be regarded as linear within the temperature
range of our experiment. Through linear-fitting, the temperature
dependence coefficient for the CNT fiber is obtained.

In the transient measurement, the electric-optical modulator is
turned on. The continuous laser is modulated to generate variable
square-wave pulse laser and then focused on the middle of the
sample. The laser spot is determined to be circular with a radius (rg)
of 50 um using the general knife-edge method. Different from
previous work [29], the duty ratio (te/(te + t;)) of the square-wave
pulse laser is set to be 5% for all measurements. The duration of
the heating period in one cycle is adjusted from 5 ms to 340 ms by
changing the modulation frequency, e.g. 10 Hz for 5 ms heating
(te = duty/frequency). The characteristic time of the heat transport
along the sample can be estimated as 0.81%/a. [29,39], where ! is
half length of the sample (I = L/2). With the referenced thermal
diffusivity of 1.51 x 10~ m?/s at 39 °C [40], the characteristic time
of the CNT fiber is about 53.6 ms. The shortest thermal relaxation
time for the case of 5 ms heating experiments is 95 ms (t; = to/duty-
te). It ensures that the sample can be cool down to room temper-
ature within every “cooling” cycle. Much longer relaxation time for
the measurements of longer heating time ensures that there is no
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Fig. 2. (a) Physical model used for transient Raman measurement. The corresponding coordinates are marked in the physical model. (b) Three selected square pulse lasers of
different excitation time (t.) for both heating and Raman excitation measurement. (c) The corresponding Raman spectrum of the CNT fiber sample for one “heating and cooling”
cycle. The Raman peaks shift to shorter wavelengths and the Raman intensity increase as the excitation time is increased. (A colour version of this figure can be viewed online.)

heat accumulated in every single cycle for all different heating
experiments. For steady-state measurement, the continuous laser
is focused on the middle point of the sample. The absorbed irra-
diating laser energy on the sample is 13.75 mW. This small energy
input can produce enough temperature rise in the sample for the
thermal conductivity measurement but not damage the sample.
The Raman signal integration time is set to be 300 s for all the
measurements.

3. Results and discussions
3.1. Thermal characterization results of CNT fiber

Fig. 4ais the schematic illustration of the temperature rise when
sample is irradiated by the square-wave pulse laser in the transient
measurement. During the excitation period, the temperature in-
creases quickly when the laser is on. The average temperature of
this period is measured using G band peak position. Fig. 4b shows
the G-band peak shift against the excitation time. It decreases
quickly at the beginning of the laser heating time, meaning that the
temperature increases rapidly before the heat transfers to the
electrodes. As the heating time is increased, the shift variation

slows down until being a constant for the sample reaches the
steady state. Noticing the good linearity between the peak shift and
temperature, the normalized temperature rise of the CNT fiber can
be obtained from

Ws — Wo

where w(t) is the peak shift at different heating time, wp and ws are
the peak shift of the sample measured at room temperature and
steady state, respectively. Fig. 4c shows the relationship between
the normalized temperature increase and the heating time. The
thermal diffusivity of 1.74*033 x 10-> m?/s is obtained by using
the least square fitting method with Eq. (4) by transient Raman
method. Using this measured thermal diffusivity to obtain the real
characteristic time of 46.6 ms confirms that indeed there is no heat
accumulated for all different heating experiments.

The TET (transient electrothermal) technique, which is a well-
developed method and has been employed in many characteriza-
tions [39,41,42] is used to verify the measurement results of the
new method in this work. In TET technique, the sample is sus-
pended between two electrodes and heated by a step current as
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Fig. 3. (a) The sample image of CNT fiber with ends adhered between two aluminum heat sinks. The length of the measured sample is 2 mm. (b—c) The SEM images of the CNT fiber.
It shows the surface morphology and the inner structure at the break point respectively. (d) The Raman spectra of CNT fiber sample, strong Raman signal with three identified peaks
about ~1350 cm ™!, ~1580 cm ™' and ~2700 cm~". Intensity of G band and 2D band reveals that the composite CNT fiber is consisted of high volume MWCNTs. The strong intensity of
D band means that CNTs have high defect level. (A colour version of this figure can be viewed online.)

shown in Fig. 5a. The thermal diffusivity can be fitted from the
transient process of temperature rising using

% 1—exp [(—Zm - 1)27r2at/L2]
™ i (2m - 1)*

(6)

More details for the principle about this technique can be found
in Guo et al.'s work [39]. In the measurement, a step current of
22 mA is applied to the same CNT fiber. The temperature rise of the
sample is extracted from the resistance change by measuring
voltage with a data acquisition card (NI USB-6009). To reduce the
measurement errors, three experiments were taken for averaging.
Fig. 5b shows the experimental data and best fitting curve for the
normalized temperature rise based on Eq. (6). Thermal diffusivity of
the CNT fiber measured by TET method is determined to be
1.76*398 x 10> m?[s, which is in good agreement with the value
(1 ‘74”:8:28 x 103 m?/s) measured by the transient Raman method.
A slight difference may be caused by the different temperatures of
the sample during measurements, which would affect the thermal
property [41].

Thermal conductivity of the CNT fiber can be obtained in the
steady-state measurement. Fig. 6a shows the relationship between
the Raman shift of G band and the corresponding temperature. The
temperature dependence coefficient is fitted to be —0.0486 cm™!/
°C. Fig. 6b indicates the Raman spectrum of the sample and how
double-peak fitting (red solid line) results in peak positions. Two
Raman peaks of D band and G band can be obtained as
1346.15 cm~! and 1578.34 cm™ . The average temperature on the
irradiated middle point of the sample can be decided according to

the calibration experiment of G band peak position. The deter-
mined thermal conductivity of the CNT fiber is 34.3*3% W/m K
according to Eq. (4). As thermal diffusivity is defined as « = k/pc),
combining with the thermal diffusivity measured by the transient
method, an important parameter of pc, is determined to be 1965 K]/
m° K. This value, also termed volumetric heat capacity (VHC), is the
amount of heat needed to raise the temperature of per unit volume
by 1 °C, describing the ability of the CNT fiber to store internal
energy while undergoing a given temperature change. In the pre-
vious work, Xie et al. reported that the VHC (pc,) of multiwalled
carbon nanotube arrays was about 1170 kj/m° K [43], which is in the
same order with our value.

The very low thermal conductivity of CNT fiber in comparison
with individual CNT arises from CNT—CNT thermal contacts resis-
tance, which has been evidenced in our previously studies [40,42].
Mechanical stretching and temperature rise can decrease the con-
tact resistance and thus increase the thermal conductivity. Since
temperature is an important factor which could significantly affect
thermal property of the material, it is important to know the
temperature of sample during measurement. The steady state
temperature rise AT can be calculated with the steady state heat
conduction equation q = kAA4T/l. Taking the half of the sample for
analysis, as shown in Fig. 2a, heat flux q equals to half of the
absorbed laser energy (Q/2), k is the thermal conductivity
measured by steady-state method (34.3”:8:2 W/m K), A is the cross-
section area of the sample and [ is half length of the sample. The
steady state temperature rise of the middle point of the sample is
about 200 °C. It is in good agreement with the thermal conductivity
of the same CNT fiber sample measured by steady-state Joule-
heating and Raman mapping in our previous work (34 W/m K in
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Fig. 4. (a) The schematic illustration of temperature rise when the sample is irradiated
by the square pulse laser. The temperature of sample rises quickly when the laser is on
and the sample is cooled down to the room temperature in the thermal relaxation
period. (b) The peak shift to the steady sate against the heating time. (c) The
normalized temperature rise and the fitting curve for measuring the thermal diffu-
sivity of CNT fiber. (A colour version of this figure can be viewed online.)

temperature of 195 °C) [40], considering different experimental
conditions.

3.2. Uncertainty analysis of measurement results

The uncertainty of measurement results mainly stems from two
parts: heat loss from the sample surface and errors of
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Fig. 5. (a) Schematic of the TET technique and experimental setup. (b) The experi-
mental data and best fitting curve for the normalized temperature rise in TET method.
The thermal diffusivity of the CNT fiber is determined as 1.74733 x 10~ m?/s. (A
colour version of this figure can be viewed online.)

measurement. Heat loss is caused by thermal radiation and con-
vection. Due to very low pressure (1073 Torr) in the vacuum
chamber, the heat convection of the sample surface can be
neglected. The thermal radiation induced heat loss from the sample
surface in the transient method can be evaluated using the equa-
tion 16¢0T3L%/(pc,Dm?) [44]. Where ¢ is the effective emissivity of
the sample (taking ¢ = 1 for the maximum calculation), ¢ is the
Stefan—Boltzmann constant, D is the diameter of the CNT fiber
sample. The radiation effective thermal diffusivity is then deter-
mined to be ~1.63 x 10~/ m?/s. This causes only about 1% deviation
in the transient Raman measurement. In our measurement,
aluminum-foil was used to cover the vacuum chamber to ensure
that the measurement uncertainty from radiation heat loss can be
ignored. Another measurement uncertainty mainly comes from the
dislocation of middle point measurement. This will cause errors for
L, x; and x, in Eq. (3). Assuming the laser heating point is 10%
deviated from the middle point of the sample. Re-fitting with Eq.
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(3), we get a new thermal diffusivity as 1.74f8j%g x 10-5 m?/s. The
error is within 0.3%. In fact, the micro-stage has a high lateral res-
olution of 1 pm, compared with the sample length of 2 mm, the
possible dislocation is far less than the assumed one. Therefore the
small middle point deviation in measurement does not cause large
errors.

In addition, this new Raman method does not use Joule heating
thus no electrical setup is needed. In the transient measurement, a
pulse laser is used for both heating and Raman excitation mea-
surement. The absorbed energy and the slope in Raman signal
calibration experiment is not necessary in the fitting process for
thermal diffusivity measurement. It only requires the sample have
good linear relationship between Raman shift and temperature
which can be achieved by controlling the measurement within a
small temperature range. Besides the well-developed steady state
Raman-based methods' advantages, this new method can be used
to measure the thermal diffusivity directly, and fasten measure-
ment process. This method shows great superiority especially in
micro/nano thermal probing. Since this technique is based on
Raman scattering which is non-elastic scattering and the signal is
very weak. Therefore, time-domain differential Raman method can
but only applied on Raman-active materials. If to-be-measured

material is not Raman-active, it is suggested to coat additional
layer of Raman-active materials as the temperature indicator for
implementation of this technique. And of course the measurement
uncertainty introduced from the coating material needs to be well
controlled.

In current work, the CNT fiber sample is used to examine this
method's capability. It is worth to note that this new method is also
suitable for measuring bulk material and interface materials. For
bulk materials, we can use semi-infinite thermal model for
describing the transient thermal transport. For interface measure-
ment, e.g., the monolayer material interface, which requires high
temperature sensitivity, ultra-fast laser can be used for transient
Raman excitation and probing, which could be an excellent direc-
tion to make attempt.

4. Conclusion

In summary, a comprehensive approach combining steady-state
and transient Raman thermometry is employed to measure the
thermophysical properties of CNT fiber. The thermal diffusivity of
1.747520 x 10> m?/s was determined by fitting the normalized
temperature rise against heating time with transient measurement
by adjusting modulation settings. Thermal conductivity of 34.375%
W/m K was obtained in the steady-state laser heating measure-
ment. The relatively low measured thermal conductivity is attrib-
uted to numerous CNT-glue matrix and CNT—CNT thermal contact
resistance. Compared with steady-state Raman method, the tran-
sient method does not require the detailed laser absorption value
and additional temperature calibration experiment. Furthermore,
the comprehensive Raman thermometry based on a single laser
features simple configuration and fast thermal characterization for
the self-heating and self-probing characteristics. The successful
measurement of a composite CNT fiber proves that transient Raman
method has powerful measurement ability and can be expanded
for further applications.
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