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The transient electrothermal (TET) technique was developed and has been widely used for measuring the thermal
diffusivity of fiber- and film-like materials at the micro/nanoscale. Upon step-current heating, the measured
voltage-time (V-t) of the sample usually follows a sole increasing or decreasing trend, depending on the tem-
perature coefficient of its electrical resistivity (r = dp./dT, p.: electrical resistivity, T: temperature). Past
physical mode for the V-t profile is based on an assumption that 67 is constant during TET measurement, which
applies to a large variety of materials. However, for semiconductive materials, r depends on the charge carrier
density and scattering time, and both vary with temperature. Therefore, 61 has very strong nonlinear change with
temperature, sometimes changes sign during TET measurement. This leads to abnormal V-t profiles that have
never been addressed well, thereby making TET measurement not applicable for such scenarios. In this work, a
new physical model is developed to consider the strong nonlinear relation between p, and T to the third order.
Our numerical modeling firmly proves the validity of this new model. Thin films of graphene (GreF) and single-
walled carbon nanotube (SWCNTs) mat are measured using the TET technique over a wide temperature range:
84.5-690.9 K for the GreF, and 12-290 K for the SWCNT film. At a specific temperature for each sample, a
semiconductive-to-metallic transition comes about and manifests in the resistance-temperature response, hence
leading to abnormal TET signals. These TET signals are perfectly fitted using our nonlinear 67 ~ T model to
determine a. Intriguingly, the determined « of the GreF for the transition phase follows the overall a~T trend,
confirming the robustness of the model. The obtained a~T trend is interpreted well using the thermal reffusivity
theory and structure deterioration under temperature change. This work significantly extends the capability of
TET to semiconductors for « measurement. Also, the new methodology developed for obtaining « at zero tem-
perature rise significantly improves the measurement control and accuracy.

1. Introduction has proved to be a powerful and reliable one for both conductive and

nonconductive micro/nanoscale wires or films. Fig. 1a shows the sche-

One-dimensional (1D) micro/nanoscale materials hold significant
importance across various fields due to their unique properties and
versatile applications [1-4]. Thermal design, endurance, and stability of
the systems depend critically on the thermophysical properties of 1D
micro/nanostructures, particularly thermal conductivity (k) and ther-
mal diffusivity (). These thermophysical properties can be measured
using a variety of either steady-state or transient techniques [5]. From
among the transient ones, the transient electrothermal (TET) technique
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matic of the TET technique. During the TET measurement, a step DC
current is applied through the sample, which changes the resistance of
the sample. This resistance change is reflected as voltage-time change,
which is then used to fit to obtain the @ of the sample. Not only does the
TET technique offer fast and easy implementation [6], but it also pro-
vides well-defined heating over the tested sample. Moreover, the TET
technique has been validated and used to characterize a wide variety of
materials including polyester fibers and platinum wires [7], carbon and
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graphene microfibers [8-11], carbon nanotubes [12-14], graphene
paper [15], SiC microwires [16], carbon nanocoils [17], gas diffusion
layers of fuel cells [18], polypropylene separator of lithium-ion batteries
[19], etc. The dimensions of these samples along with their measured «
values, are summarized in Table 1. Details of the TET technique will be
discussed in Section 2.

For most materials, the TET signal (voltage vs. time) is in the form of
either pure monotonic increasing or decreasing, depending on their
temperature coefficient of resistivity (01 = dp./dT, pe: electrical re-
sistivity, T: temperature). For a small temperature rise during TET
measurement, 0 can be treated as constant. However, it turns out that
for some materials, such as semiconductors, this transient response de-
viates significantly from that pure form of evolution and turns into
abnormal forms. Fig. 1b shows the typical normal TET signals, whether
pure increasing (6t > 0) or pure decreasing (67 < 0) along with an
abnormal one. It should be noted that the form of abnormality can vary
for different materials and conditions. The physical reason of this ab-
normality is that Ot is not a constant during TET measurement, rather it
changes significantly, or even changes sign.

For graphene paper, Xie et al. [20] reported a transition from a pure
increasing TET profile to a pure decreasing one within the 290-70 K
temperature range. They reported a combined trend in single TET sig-
nals for the 245-210 K temperature range. The fitting of normal TET
signals (whether pure increasing or decreasing) was done using a
function in the form of T* =1 — 0.99exp( — 9.911 x at /L?), while the
abnormal ones were fitted using a new mathematical model in the form
of T* = afexp(— 9.911 x a1t /L?)] + b[exp(— 9.911 x at /L?)] +c.
Here T* is the normalized temperature rise, a is thermal diffusivity, t is
time, and L is the sample length. Although this two-exponential function
model was used for their data processing of abnormal TET signals, the
results seemed to be somehow arbitrary, and a physical connection be-
tween a; and ap lacks. These abnormal TET signals have not been
explained in the past, and they have emerged more due to some special
physics behind them.

As stated earlier, for normal TET signals that the resistance (R)
change of the sample brings about that transient voltage behavior, it is
considered that the change in R linearly correlates with T change during
step heating, and the corresponding signals are processed accordingly.
The abnormal TET signals might imply other physics relationships be-
tween R change and T in the sample, and no physics has been established
so far to fit abnormal TET signals to determine a. The R-T relation could
be nonlinear for semiconductive materials, changing from positive to
negative for the 01 (or vice versa). The transition in 07 sign can be
explained by the fact that 87 (dp./dT) is a function of both dn/dT and dz/
dT [9] as p, = m/(ne*r), where m is the electron mass, n the number
density of conduction electrons, and 7 the characteristic electron scat-
tering time. An increase in sample temperature will excite more
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Table 1
Characteristics of some micro/nanoscale samples studied via TET.

Sample Diameter/ Length Aeff@ ~ 290 K
thickness (um) (um) (mm?s71)
Polyester fiber [7] ~10.0 ~590-680 ~ 0.52-0.66
Platinum wire [7] 25.4 ~5000 25.3-27.8
Graphene fiber [8] 28.2 1959 0.74
Carbon fiber [9] 55.2 ~2000 1.32
Carbon nanotube (CNT) 222-280 2370-2770 13.2-29.6
bundles [14]
Graphene paper [15] 12.3 1660 0.99
SiC microwires [16] 34.29 1495 2.89
The gas diffusion layer of 100 3752 5.3
fuel cells [18]
Polypropylene separator 25 2900 0.66

[19]

electrons to the conduction band, thereby increasing n. [9] 7 is deter-
mined by scattering by defects and impurities and scattering by “pho-
nons”, or lattice vibrations. While the scattering rate by defects and
impurities have negligible effect of temperatures, the temperature in-
crease will increase the population of phonons that are involved in
electron scattering. Therefore, it is expected dr/dT is negative. The
combined effects of these terms (i.e., dn/dT and dz/dT) in a T range in
semiconductive materials not only lead to a sign transition in 6, but also
lead to abnormal TET signals at some temperatures when 07 changes its
sign during TET measurement.

In this work, we devise a theory to consider the nonlinear R-T rela-
tion in 1D semiconductive materials for the measured V-t curve for data
processing. This theory is rigorously validated by numerical modeling
and characterization and is then used to determine the « of thin films
made of graphene (GreF) and single-walled carbon nanotube (SWCNT)
over a very large T range. The development of this physical model
significantly extends the capability of the TET technique to measure a of
semiconductive materials from the microscale down to the nanoscale.

2. Nonlinear R-T response: theoretical development
2.1. Physics development

The TET technique, developed by our lab in 2007 [7], has proven to
be highly effective in accurately measuring the in-plane a of materials in
the form of fibers or films. In this method, the sample is suspended over a
trench and secured with silver paste to the electrodes, establishing
robust electrical and thermal connections between the sample and
electrodes (Fig. la). The measurement process involves inducing a
transient voltage rise over the sample through Joule heating using a step
DC current (Ip). The resulting transient T variation, represented by the

(b)

—— Normal TET signal (Positive ¢,)

—— Abnormal TET signal
—— Normal TET signal (Negative ¢,)

Oscilloscope ’

t(s)

Fig. 1. (a) The schematic of the TET technique. (b) Demonstration of normal (pure increasing or decreasing) and abnormal TET signals (V-t). Abnormal signals can be

of different varieties in shape.
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voltage rise or drop over the sample, is then utilized to determine a.
Given the high length-to-thickness ratio of the sample, it is reasonable to
assume one-dimensional heat conduction along the sample. The tran-
sient heat conduction along the sample’s length (i.e., along the x-axis) is
governed by the below equation [7]:

d(Tpc,) 9 (, 0T\ .
o ox (k ax) +a )

where p, cp, and k are the density, specific heat, and thermal conduc-
tivity of the sample, respectively. t is time, and ¢ in Wm™> denotes the
equivalent volumetric heating generated by the electrical current.
Solving Eq. (1) using the integral of Green’s function results in the T
variation along the sample’s length, which can be represented as [7]:

t L

T(x,t) = To+ QOGxndX’dT, 2

k

where Gx;1 is the Green’s function given as:

LZm lexp

—m’rla(t—1) /L*] x sm(mn%)sin(mn%). 3

GXll X t|X T

The normalized transient average temperature rise over a sample of
length L is [7]:
rlat / LZ]

In Eq. (4), t can be normalized using the Fourier number as Fo = at/
L% Upon step heating during the TET measurement, the sample’s tem-
perature rise will bring about changes in its resistance, then leading to a
transient voltage change across the sample, which finally reaches a
steady state. For normal TET signals (R has a linear relation with T),
taking Ap, = OrAT, it can be deduced that the electrical resistance
change (AR) of the sample is linearly related to the average temperature
rise (AT) of the sample as: AR = 6;$AT, where = L/A with A as the
cross-sectional area of the sample. A simplified form of the average
temperature rise of the sample has been developed in our recent work
[12]:

T =

96 .1 —exp| —(2m — 1
L e

i m=1 (zm - 1)

(€3]

AT = a; + azexp( — 7°Fo). )

where a; and a; are just coefficients. For normal TET signals, due to the
linear correlation between resistance and temperature, AR and AV also
follow the same expression as Eq. (5). To demonstrate this, considering a
sample with an arbitrary length of 0.7 mm, the temperature evolution of
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25 locations (equally distanced) of the sample is calculated using Eq. (2).
For this calculation, qg, a, and k take 1 x 10° Wm_3, 2 x 107° m? s_l,
and 40 Wm ! K™}, respectively. The results of temperature rise vs. Fo for
selected locations (based on the existing symmetry) are shown in Fig. 2a.
Note that & = x/L, where x is the location on the sample, and its starting
point is the contact point with the electrode.

The average temperature rise of the sample is calculated based on the
temperature rises of different locations and is shown to the left axis of
Fig. 3a. This figure also shows the fitting of the average temperature rise
of the sample using Eq. (5). As can be seen, this fitting looks very good
with fitted values of 0.999 and —0.988 for a; and a,. Note that the fitted
value of aj is almost equal to the steady state value of AT, and that of ay
is nearly the negative of the steady state value for AT.

For abnormal TET signals, here we detail the work to relate the
measured AV and the temperature rise. Since AR nonlinearly correlates
with the temperature rise of the sample, for sound accuracy, the elec-
trical resistivity can be assumed to correlate with the temperature
change as: Ap, = aAT+ b(AT)?. Integrating this equation over the
whole sample’s length, the total electrical resistance change can be

obtained as AR = ﬁ[aﬁ + b(AT)?|. Using the calculated temperature

rise of different locations on the sample, the average squared tempera-
ture rise of the sample is computed and shown in Fig. 3a. Note that the
temperature rise of each location is first squared, and then the average
value is obtained. To fit this profile, we design a function as

(AT)* = by + byexp( — 7°Fo) + byexp( — 27%Fo0). (6)

The design of Eq. (6) is based on Eq. (5), for which we proved that the
coefficient of Fo is —n° [8]. This conclusion can be extended to the
temperature rise of any local point of the sample. To elaborate more on
this point, we calculate In(AT;—AT) in a Fo range for different locations
of the sample studied above, whose local temperature rises are already
shown in Fig. 2a. Here AT; is the steady state temperature rise. Fig. 2b
shows that all the In(AT;—AT) for different locations tend to become
linear after a very small initial nonlinearity Very interestingly, the slope
of all linear profiles vs. Fo is —n%. So, by simply squaring the local

temperature rise, it can be concluded that (AT) will have the terms of
exp( — #2Fo) and exp( — 27%Fo), thereby leading to the expression of Eq.

(6). The result of the fitting for theoretically calculated (AT)? using Eq.
(6) is shown in Fig. 3a. As can be seen, the fitting looks excellent, and the
fitted values for (AT)2 parameters are 1.25, —2.49, and 1.24 for by, by,
and b3, respectively. Consequently, since we assume that Ap, = aAT +
b(AT)?, the final AR is related to Fo as:

AR = d; + dyexp(—n*Fo) + dsexp(—27°Fo) @
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Fig. 2. (a) Temperature evolution of different locations (¢ = x/L) of the sample calculated using the solution of the TET [Eq. (2)]. (b) Natural of steady-state
temperature rise subtracted by the temperature rise with Fo for different selected locations, the slope of which is used to support the model development.
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Fig. 3. (a) The average (left axis), average squared (1st right axis), and average cubed (2nd right axis) temperature rise of the sample calculated based on the
temperature rises of different locations. The figure also includes their fitting curves (solid lines) using the corresponding functions. (b) Generated average resistance
variation with time (dots) for a given 1D sample using numerical modeling, considering different b values based on the relation Ap, = aAT + b(AT)? in the model.
The fitting results of these R-t responses using Eq. (7) are illustrated as solid lines. Note that an offset of +0.4 and +0.2 Q is applied to the b = —0.2 and —0.22 graphs

for better representation.

The voltage change of the sample with time can be described using
the same function as Eq. (7). Such formula can be used to fit the
measured V~t data to determine a. For a stronger nonlinear relation
between Ap, and AT, a third-order polynomial relation can be used as

Ap, = aAT + b(AT)? + ¢(AT)>. For (AT)?, it can be expressed as

e

(AT =¢; + caexp( — 7°Fo) + csexp( — 27°Fo) + csexp( — 37°Fo).
(8)

The theoretical calculation and the fitting results are shown in
Fig. 3a. The fitted parameters are calculated to be ¢c; = 1.67, co = —5.05,
c3 = 5.08, and c4 = —1.71. As a result, the resistance change can be
expressed as

AR = g + gexp( — 7°Fo) + gsexp( — 27°Fo) + gsexp( — 3n%Fo).  (9)

These functions are achieved using the combination of the functions

introduced for AT, (AT)?, and (AT)®. The coefficients “g” are related to
the resistance change with temperature and could vary sample to sam-
ple. Finally, the measured V~t result can be fitted using an expression in
the form of:

V = fi + foexp( — 7°Fo) + fsexp( — 27°Fo) + fsexp( — 3x*Fo) (10)

to determine a. Eq. (10) is based on Eq. (9) considering the fact that: V =
Iy-AR + Vy. Vy is the voltage at the beginning of the step current. So, the
relationship between the coefficients in Eqs. (10) and (9) are f; = Vo +
Io-&1, and f; = Iy-g; (=2, 3, 4). These coefficients (i.e., f1, f2, etc.) can be
obtained from fitting the experimental data (TET signal).

2.2. Validation of the theory based on numerical TET experiment

In this section, we will prove the validity of the theory developed
above. Here, we first use a numerical program to calculate the R-t
response of a sample under a nonlinear R-T relation upon step DC cur-
rent heating. In this TET numerical experiment, the heat conduction
within the sample subjected to step Joule heating is solved. This
modeling has the ability of a comprehensive consideration of spatial
property (i.e., k, pcp, and 6r) distribution along the sample’s length. But
here, we consider the properties to be constant along the sample’s
length, except 1. The modeling is based on the finite volume method
utilizing an implicit algorithm. The time step is set at 0.2 ms, and the
mesh size is 1 pm. The TriDiagonal Matrix Algorithm (TDMA) is applied
to solve the equations. It should be mentioned that the calculated
resistance change (response) in the model takes into account the rise in
temperature at each point. The model sample’s L, k, and pcp are 1 mm, 3
Wm™! K, and 1.5 x 10° Jm~3 K7, respectively. The sample’s

diameter is considered to be 28 ym and the unit heating power is
calculated to be 1.0 x 102 Wm™3. Moreover, as the R-T relationship is
considered to be nonlinear [Ap, = aAT + b(AT)?], the value of a is 1,
and three different values of —0.2, —0.22, and —0.25 are chosen for b.
These values are deliberately chosen to generate different abnormal
responses commonly observed in experiments, which will be discussed
in the next sections. Additionally, the choice of 2nd order nonlinearity is
based on its higher likelihood of existence in real-world scenarios over a
small temperature range. The generated R-t responses for different b
values are shown as dots in Fig. 3b. It should be noted that corre-
sponding graphs for the b = —0.2 and —0.22 are offset by +0.4 and 0.2
Q for the sake of visualization. These profiles are then fitted using Eq.
(7), in which Fo has been replaced with at/L? [i.e., AR = d; + dyexp(—
7*at /L?) + dsexp(— 2n%at /L?)] to obtain di, do, and ds, and a. The
fitting results are shown as solid lines in Fig. 3b. Sound fitting has been
achieved, and the fitted values for the parameters are given in Table 2.

In our modeling, « of the sample is 2 mm? s~! [k/pcp, = 3/(1.5 x
10%)]. Interestingly, the fitted values for « using the defined function are
either the same or very close to the value used in the modeling, with only
0.5 % error. This firmly confirms the validity of the developed physical
model for abnormal TET signals. In following next sections, we will
process experimental data fitting using the two- and three-exponential
functions to not only achieve the best fitting but also unravel the
order of the R-T relationship.

3. Thermal diffusivity measurement of semiconductive
graphene film

In this section, we discuss the TET experiments done on the graphene
film (GreF) provided by our partner. The GreF is typically manufactured
through a process involving layer-by-layer stacking of graphene oxide
sheets, followed by subsequent reduction and graphitization [21]. To
conduct TET measurements, the film is precision-cut into narrow strips,
becoming 210 pm wide, 14.55 mm long, and 30 pm thick. The strip is
then suspended between two aluminum electrodes, which also act as
heat sinks for the sample. Copper pieces, serving as clamps and secured
with screws, are employed to enhance the contact between the sample

Table 2
Fitted parameters for the simulated R-t response.
# Case d; ds ds a (mm3s™ 1)
1 b=-02 0.930 0.955 —1.869 2.01
2 b=-0.22 0.746 1.327 —2.057 2.01
3 b=-0.25 0.470 1.882 —2.336 2.00
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and the electrodes, minimizing both electrical and thermal contact
resistance. The method of using copper pieces as clamps instead of silver
paste has also proved very reliable for securing good electrical and
thermal contacts between the sample and the electrodes, especially for
thick and porous samples. Our group has had such experience in the past
in sample preparation [22]. Subsequently, the sample base is affixed to
the heating/cooling head within a vacuum chamber. The TET mea-
surements are done in a temperature range between 84.5 and 690.9 K,
and the voltage change history of the sample is recorded. All the TET
tests are done under vacuum condition (~10’3 Pa). Fig. 4a and b show
the top and side view SEM images of the GreF sample, respectively, to
show how the sample looks like under higher resolutions. This could
help understand the physical structure behind its moderate thermal
diffusivity. As can be seen, surface wrinkles formed during the
compression process following graphitization [21]. It is important to
note that based on Fig. 4b, taken from the cross-section of the GreF,
wrinkles can be found in the deep structure in addition to the sample
surfaces. Additionally, Fig. 4b illustrates the relatively loose and porous

International Journal of Heat and Mass Transfer 233 (2024) 126012

stacking of layers of the GreF structure.

Starting from 84.5 K, the TET voltage signal shows a sole decreasing
trend. These signals can be fitted using the single exponential function
[i.e., only the first exponential term in Eq. (10)], and the fitted a values
are given in Fig. 5d as blue symbols. A decreasing trend is observed for
the a with increased T, changing from 1.57 x 10 > m? s ™! at 84.5 K to
around 2.70 x 10~* m? s! at 503 K. When T reaches ~530 K, the TET
signal starts to exhibit an abnormal profile until ~630 K. Within this
temperature range (i.e., 530-630 K), a semiconductive-to-metallic
transition comes up as the TET voltage signals turn from a pure
decreasing form at < 530 K to a pure increasing trend after ~630 K. This
transition indicates a switch in 67 sign from negative to positive. This can
be explained using Fig. Se, in which the resistance variation with tem-
perature is given. The resistance at each temperature is calculated using
the applied current and the final induced voltage in the sample. The
resistance has a downward relation with temperature (semiconducting
behavior) and then an upward one (metallic behavior). Magnifying the
transition region (the inset in Fig. 5e) shows that a clear transition comes

Fig. 4. The GreF sample’s SEM images from the (a) top and (b) side views under 2000 x and 5000 x magnifications, respectively, revealing wrinkles on the sample’s
surface and its porous structure, respectively. The SEM images of the SWCNT film under (c) 15000 x and (d) 50000 x magnifications show the sample’s curly
morphology. (e) The optical image of the SWCNT thin film showing the length of the suspended part. (f) The side view SEM image of the SWCNT film under 5000 x is
used to measure the sample’s thickness.
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Fig. 5. TET signals of the GreF sample in the transition range along with their fittings using two-exponential function at (a) T = 602, (b) 584.4, and (c) 560.6 K. (d)
Thermal diffusivity variation of the GreF sample with temperature calculated using either single or two-exponential functions. The inset emphasizes the inappro-
priateness of using the single exponential function for the transition range. (e) Resistance vs. temperature change for the GreF. The inset emphasizes the 0y sign

change within the transition region from semiconducting to metallic behavior.

about, leading to the transition in signal from decreasing to increasing.
The mechanism and physics behind this transition were explained from
the viewpoint of carrier transport and scattering mechanism in the
Introduction, elaborating on the competition between carrier mobility
and carrier density, which is the key to 1 determination.

Fig. 5a-c show some TET signals (T = 602, 584.4, and 560.6 K) taken
from the GreF sample in the transition range. For T = 560.6 K (Fig. 5¢),
for instance, the signal experiences a downward part following a rising
part until reaching the steady state. This trend is quite like the signal at T
= 584.4 K (Fig. 5b) with a more initial descending part. This initial
decreasing part has almost faded at T = 602 K (Fig. 5a). The main point
about this transition range is that due to the complexity of their TET
signals, the thermal diffusivity could not be obtained using the single
exponential function [21]. Using the single exponential function, neither
the quality of the fittings is good, nor the obtained a values follow the
main trend. This deviation from the main trend is emphasized using the
inset in Fig. 5d for T = 532-631.8 K. This clearly shows that the TET
signals of these temperatures cannot be fitted using the single expo-
nential function. So, the two-exponential function [i.e., the first two
exponential terms in Eq. (10)] is used here to fit these abnormal signals.
Based on Fig. 5a—c, the fittings look excellent for the signals of T = 602,
584.4, and 560.6 K. Moreover intriguingly, the a values (red squares in
Fig. 5d) obtained using the two-exponential function make the overall
trend continuous and smooth. This firmly proves the validity of the
two-exponential function model. The corresponding values of the fitted
parameters (b, by, b3, and a) are obtained to be 0.71374, —0.00069,
0.00069, and 2.02 x 10 * m? s}, for T = 560.6 K, and 0.57003,
—0.00051, 0.00022 and 1.97 x 10~* m? s~! for 602 K signals. The TET
fitting uncertainty for thermal diffusivity determination have been sys-
tematically studied by our group in the past [8], and it is ~0.2 % or less.
Also, the length measurement has an uncertainty less than 2 %. There-
fore the final a has an uncertainty less than 5 %.

Based on Fig. 5d, the a of the GreF experiences a decreasing trend

with temperature, dropping from 15.9 x 10 *m?s™! at T = 110 K to
1.64 x 10~*m? s~ ! at 691 K. This decrease can be interpreted using heat
carrier transport theory. It is common knowledge that phonon propa-
gations drive thermal transport in carbon-based materials, including
GreF, with insignificant electron contributions. Different phonon scat-
tering mechanisms, namely Umklapp phonon-phonon (U-scattering),
boundary scattering (b-scattering), defect scattering (d-scattering), and
interface-induced scattering (i-scattering) affect the heat transport
capability of the GreF. Our lab initially introduced the thermal reffu-
sivity (@ = 1/a for phonons) model to directly quantify the phonon
scattering intensities in materials, such as graphene foams, CNT coils,
ultrahigh molecular weight polyethylene, and MoSey, etc. [23-26].
Based on a single relaxation time approximation [27,28], the thermal
reffusivity can be expressed as: © = 3v2(ry™! + ;71 + 747! + 1, 7Y),
where 7 is the relaxation time of phonon scattering. As the temperature
drops, there is an increase in 7y because both the lattice vibration and
U-scattering become weaker. U-scattering will diminish when the tem-
perature drops further and reaches around 0 K, leaving behind i-, b- and
d-scattering, which are primarily affected by grain size and defect level
and barely alter with temperature. Also, for materials with solid struc-
ture (i.e., the structure is stable with temperature change), the i-scat-
tering effect is insignificant. Consequently, ® will increase with
increased temperature, meaning a decreases with increased tempera-
ture, as seen in Fig. 5d.

4. Thermal diffusivity measurement down to 12 K with 0 K
temperature rise: SWCNT film

In this section, the TET experiments conducted on a SWCNT film will
be discussed. The film is composed of randomly connected SWCNTs and
is suspended using two Al-coated pieces of Si/SiO, as electrodes
attached to a glass slide. The length and thickness of the film are
measured to be 0.7 mm and 726 nm (Fig. 4e, f). The width of the sample
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is narrowed to around 19 um by cutting it using a laser after the sample
is suspended. Silver paste is used to secure the contact points between
the electrodes and the film to ensure reliable electrical and thermal
contacts. Usually, the electrical contact resistance using silver paste is
less than 1 Q. As the electrical resistance of the SWCNT film sample is
more than 1 kQ, using silver paste to secure the connection is safe and
acceptable. The TET tests are done in a temperature range from 290 K to
12 K in vacuum condition (<1 mtorr) inside a cryogenic system (CCS-
450, JANIS). The glass slide is used to electrically separate the sample
from the rest of the cryogenic system. The SEM images of the sample
indicated the curly morphology of the SWCNT film in 15,000 x and
50,000 x shown in Fig. 4c and d. These figures will be used to explain
why the a values of the SWCNT film are much smaller than those of
aligned SWCNT bundles studied in our past work [29]. Based on these
figures, a dense curly morphology is observed for the SWCNT film. It
should be noted that at each temperature, the TET test is done using
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different step current values. The reason for doing this will be explained
later.

The TET signals at the ambient (chamber) temperature of 290 K with
different Iy values of 0.3, 0.4, and 0.52 mA are shown in Fig. 6a. As can
be seen, the voltage change shows an increasing trend with time, indi-
cating a positive (metal-like) 07 for the sample. The TET signals are then
fitted using Eq. (5) to obtain their a. Based on Fig. 6a, the fittings are
perfectly accomplished, with the corresponding a values of 1.72 x 107>,
1.52 x 107%, and 1.32 x 107> m? s~! for Iy of 0.3, 0.4, 0.52 mA. The
corresponding fitted values for parameters a; and as are obtained to be
0.3348 and —0.0011 for Iy = 0.4 mA, for instance. For T = 210 K, the
signals show an abnormal form shown in Fig. 6b. The TET voltage signal
at this temperature first goes up and then descends and reaches a steady
state. The physical explanation behind such transition was explained in
the Introduction. However, it can also be explained using the R-T evo-
lution in the vicinity of T = 210 K (shadowed part) in Fig. 7a. As it has
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Fig. 6. The TET signals of the SWCNT film with different current values at ambient temperatures of (a) T = 290 K, (b) 210 K, and (c) 170 K. The single exponential
function is used for the T = 290 K signals fitting, while the two-exponential function is utilized for the T = 210 K and 170 K ones. (d)(e)(f) show the thermal
diffusivity variation of the SWCNT film vs. heating level at ambient temperatures of T = 290 K, 210 K, and 170 K.
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Fig. 7. (a) Thermal diffusivity (left axis) and resistance (right axis) evolution of the SWCNT film with temperature. The inset shows the change in the 67 sign at ~210
K. (b) Thermal diffusivity variation of two highly aligned SWCNT bundles with temperature. Reproduced with permission from Ref. [29]. Copyright 2023. Elsevier.

been magnified in the inset in Fig. 7a, a clear transition in 6 sign is seen
at around T = 210 K. These signals cannot be fitted using the single
exponential [i.e., only the first exponential term in Eq. (10)] function.
So, they are fitted via both two-exponential [i.e., the two first expo-
nential terms in Eq. (10)] and three-exponential [i.e., Eq. (10)] func-
tions. A nice fitting is achieved using both functions for the signals at T =
210 K, but a lower fitting mean square error (MSE) is achieved using the
two-exponential function. This makes sense as the existence of de-

pendency between the AR and (AT)? is quite rare. For Iy = 0.83 mA, for
instance, the corresponding MSE of the fitting for the two- and three-
exponential functions are calculated to be 1.23 x 107 and 7.44 x
108, Consequently, we proceed with the two-exponential function for
the rest of the abnormal TET signals. Other fitting parameters, b, b2, and
bs, are obtained to be 0.7036, 0.006, and —0.01, respectively, for Iy =
0.83 mA. As shown in Fig. 6b, a values of 9.78 x 107°,1.03 x 1075, and
1.15 x 107> m? s7! are obtained for Ip = 0.8, 0.83, and 0.9 mA,
respectively, at T = 210 K. At T = 170 K, the signals are still not in the
pure decreasing form that can be fitted using the single exponential
function. This can be especially observed in the signals with higher I
values in Fig. 6¢. So, here, we again use the two-exponential function for
the signal fitting. For I = 0.6 mA, for example, by, by, and b3 are ob-
tained to be 0.6009, 0.0072, —0.0028, and the a is 9.43 x 10 °*m*s ..

The reason for conducting the TET test with different I, values at
each temperature point is due to a specific issue with the TET technique
that it does not account for temperature rise when determining a. In fact,
the measurement of « during the TET is not performed at the intended
ambient temperature because of the temperature rise occurring when I
is applied. In the TET experiment, the sample’s temperature rises by at
least 1 K for each 0.3 % increase in voltage [24]. Electrical resistance
changes with temperature relatively slowly at low ambient temperatures
of 50 K or less. Hence, a higher temperature increase is associated with a
0.3 % voltage/resistance change for lower ambient temperatures. In
order to guarantee acceptable sensitivity and reliability for TET mea-
surement, a minimum relative voltage change of ~0.3 % is typically
needed. Here, the TET measurements are carried out using various
currents to make a range of voltage/resistance change from ~0.3 % to
~1 % for each ambient temperature point to find the sample’s a at an
ambient temperature with zero temperature rise. This is done by plot-
ting the a value against the heating power for each measurement case.
Intriguingly, this plot follows a good linear trend, the intercept of which
is the a at the ambient temperature point with zero temperature rise
during the test. Based on Fig. 6d—f, the a values with zero temperature
rise for ambient temperatures of 290 K, 210 K, and 170 K are calculated
tobe1.81 x 10 °m?s7},8.96 x 10 °m?s™!, and 8.3 x 10 ®m?s 71,
respectively.

To the left axis of Fig. 7a, the SWCNT film’s thermal diffusivity
variation with temperature is plotted out. As can be seen, starting from

290 K downward, a of the sample starts to decrease quite monotonously
from1.81 x 10 °m?s 1 t05.02 x 10 °m?s ' at T=40K. Then, the
value levels off to around 4.0 x 10~%m? s~ at T = 12 K. Here the trend
of a-T is opposite to what we earlier showed for the GreF sample. Rahbar
et al. [29] also reported a decreasing trend for a with increased tem-
perature for highly aligned SWCNT bundles (Fig. 7b), elaborating on it
using the thermal reffusivity theory, as discussed for the GreF in Section
3.

For the GreF and short and highly aligned SWCNTs, the defect level is
low. Also, the structure is stable under temperature change. As a result,
the contribution from interface-induced and defects-induced phonon
scattering are not strong, making the U-scattering dominant in ©-T
behavior. As temperature decreases, ® gets smaller due to the U-scat-
tering vanishment (ry becomes bigger). So, a as the inverse of © in-
creases with temperature reduction. For the SWNCT film measured in
this work, however, the structure is composed of random, loosely con-
nected nanotubes (Fig. 4c, d). n-r interactions and van der Waals forces
indeed play a significant role in the interactions between nanotubes in
the SWCNT film. These interactions are relatively weak compared with
other types of chemical bonds and provide strong phonon scattering. So,
the i-scattering becomes dominant in this case, surpassing the U-scat-
tering effect. Moreover, SWCNTs undergo thermal expansion/contrac-
tion when temperature changes and the structure deteriorates. The
coefficient of thermal expansion can be either positive or negative at low
temperatures, but it is mostly positive at higher temperatures [30-32].
The expansion (or contraction) due to temperature change can lead to
changes in the dimensions of the nanotubes, affecting the interaction
and the contacts between the nanotubes. Consequently, with reduced
temperature, 7; becomes smaller, leading to an increase in ©. As a result,
the a of the SWCNT film decreases with temperature reduction. The R-T
of the SWCNT film is shown to the right axis in Fig. 7a. Starting from T =
290 K, the resistance of the sample gradually increases with slight ups
and downs from ~831 Q to ~1205 Q until T = 50 K. At T = 40 K, the
resistance steeply rises to ~5.01 kQ. This abrupt change might have
happened due to the structure deterioration. Also, at this point, the
thermal diffusivity experiences a quick decrease with decreased tem-
perature, confirming this structure deterioration. Afterwards, the resis-
tance declines and fluctuates in the vicinity of ~3.08 kQ for
12 < T < 40k.

5. Conclusion

In this work, the TET technique was further developed for measuring
the thermal diffusivity of semiconductive materials, e.g. GreF and
SWCNT films over a broad temperature range. Intriguingly, for each
sample, it was observed that a switch came about in the trend of
resistance-temperature response at a specific temperature. This brought
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about some abnormal shapes of TET signals compared with the pure
increasing/decreasing TET signals. By establishing a physical model for
the assessment of the acquired resistance-temperature (voltage-time)
responses, a TET mathematical model was developed with considering
the nonlinear correlation between the resistance and temperature. This
model was validated using finite volume-based numerical modeling. For
the GreF, the new model was used to determine the missing a that
cannot be determined using the traditional TET model. The determined
a perfectly follows the overall a~T trend. Over a temperature range of
84.5-690.9 K, @ changed from 1.57 x 10 °m?s 1t01.61 x 10 *m?s !
for the GreF. This reduction was explained by the Umklapp phonon-
phonon scattering dominance at higher temperatures. For the SWCNT
film, the abnormal TET signals were fitted very well using the new TET
model to determine a. By measuring « using different current values, we
were able to determine the a at zero temperature rise. This new strategy
and methodology is critical to determining @ at a specified ambient
temperature, especially when R is less sensitive to T change. The « of the
SWCNT film decreased from 1.81 x 107> t0 4.0 x 10 ® m? s™! when T
decreased from 290 to 12 K. This is mainly due to deteriorated film
structure that is caused by thermal expansion/contraction of the
SWCNTs.
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