RESEARCH ARTICLE | AUGUST 22 2023
Temperature dependence of resistivity of carbon
micro/nanostructures: Microscale spatial distribution with

mixed metallic and semiconductive behaviors G&3

Amin Karamati © ; Cheng Deng @ ; Wangda Qu; Xianglan Bai © ; Shen Xu & © ; Gyula Eres & © ;
Xinwei Wang & ©

’ @ Check for updates ‘

Journal of Applied Physics 134, 085102 (2023)
https://doi.org/10.1063/5.0157932

. CrossMark
@

View Export
Online  Citation

Applied Physics

Y
o
©
-
-
-
@)

ﬂ

Articles You May Be Interested In

Photothermal phenomenon: Extended ideas for thermophysical properties characterization
Journal of Applied Physics (February 2022)

Interlayer coupling and spin polarization of the nonmagnetic layers in Fe/Cu and Fe/Ag CMFs
Journal of Applied Physics (May 1994)

Effects of scalae tapering, perilymph viscosity, helicotrema, and the cochlear map function (CMF) on
models of the cochlea

J Acoust Soc Am (August 2005)

110160 £20Z 18BNy 87

Webinar

Boost Your Signal-to-Noise
Ratio with Lock-in Detection
|

N Zurich
Z N\ Instruments



https://pubs.aip.org/aip/jap/article/134/8/085102/2907624/Temperature-dependence-of-resistivity-of-carbon
https://pubs.aip.org/aip/jap/article/134/8/085102/2907624/Temperature-dependence-of-resistivity-of-carbon?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jap/article/134/8/085102/2907624/Temperature-dependence-of-resistivity-of-carbon?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0009-0005-5191-5387
javascript:;
https://orcid.org/0009-0001-7970-3272
javascript:;
javascript:;
https://orcid.org/0000-0001-6849-2687
javascript:;
https://orcid.org/0000-0002-2810-1992
javascript:;
https://orcid.org/0000-0003-2690-5214
javascript:;
https://orcid.org/0000-0002-9373-3750
javascript:;
https://doi.org/10.1063/5.0157932
https://pubs.aip.org/aip/jap/article/131/6/065107/2836492/Photothermal-phenomenon-Extended-ideas-for
https://pubs.aip.org/aip/jap/article/75/10/6190/400084/Interlayer-coupling-and-spin-polarization-of-the
https://pubs.aip.org/asa/jasa/article/84/S1/S54/663572/Effects-of-scalae-tapering-perilymph-viscosity
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2157204&setID=592934&channelID=0&CID=791504&banID=521258762&PID=0&textadID=0&tc=1&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1693192211972352&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0157932%2F18093226%2F085102_1_5.0157932.pdf&hc=dea446d5217fff9a143294a71d27d88956ec2c6e&location=

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

Temperature dependence of resistivity of carbon
micro/nanostructures: Microscale spatial
distribution with mixed metallic

and semiconductive behaviors

Cite as: J. Appl. Phys. 134, 085102 (2023); doi: 10.1063/5.0157932 @ I-t_-l @
Submitted: 12 May 2023 - Accepted: 2 August 2023 -
Published Online: 22 August 2023

View Online Export Citation CrossMark

Amin Karamati,' {2/ Cheng Deng,? {© Wangda Qu,® Xianglan Bai,' {2 Shen Xu,*"’ {2 Gyula Eres,>"’
and Xinwei Wang'*’

AFFILIATIONS

"Department of Mechanical Engineering, 271 Applied Science Complex II, lowa State University, Ames, lowa 50011, USA
2College of Mechatronics Engineering, Guangdong Polytechnic Normal University, Guangzhou 510635,

People’'s Republic of China

*Laboratory of Lignin-based Materials, College of Life Sciences, Qingdao Agricultural University, Qingdao 266109,

People’'s Republic of China

“School of Mechanical and Automotive Engineering, Shanghai University of Engineering Science, Shanghai, 201620,

People’'s Republic of China

S0Oak Ridge National Laboratory, Materials Science and Technology Division, Bldg. 4100, MS 6118, Oak Ridge, Tennessee 37831, USA

" Authors to whom correspondence should be addressed: shxu16@sues.edu.cn; eresg@ornl.gov; and xwang@iastate.edu

1101160 £20Z 1sNBNY 87

ABSTRACT

The temperature coefficient of resistivity (67) of carbon-based materials is a critical property that directly determines their electrical
response upon thermal impulses. It could have metal- (positive) or semiconductor-like (negative) behavior, depending on the combined
temperature dependence of electron density and electron scattering. Its distribution in space is very difficult to measure and is rarely
studied. Here, for the first time, we report that carbon-based micro/nanoscale structures have a strong non-uniform spatial distribution of
6. This distribution is probed by measuring the transient electro-thermal response of the material under extremely localized step laser
heating and scanning, which magnifies the local 81 effect in the measured transient voltage evolution. For carbon microfibers (CMFs), after
electrical current annealing, @7 varies from negative to positive from the sample end to the center with a magnitude change of >130% over
<1 mm. This 6 sign change is confirmed by directly testing smaller segments from different regions of an annealed CMF. For micro-thick
carbon nanotube bundles, 67 is found to have a relative change of >125% within a length of ~2 mm, uncovering strong metallic to semicon-
ductive behavior change in space. Our 61 scanning technique can be readily extended to nm-thick samples with um scanning resolution to
explore the distribution of 61 and provide a deep insight into the local electron conduction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157932

I. INTRODUCTION phase change materials.”® It is essential to know the properties of
these fibers, such as thermal conductivity (k) and electrical resistiv-

Carbon-based fibers have proved to have good electrical con- s ‘ ) )
ity.”” The electrical resistance of carbon micro/nanostructures

ductivity, high strength, and excellent electrochemical properties.’

Considering the mentioned properties along with their lightweight, could have positive (metallic) or negative (semiconductive) temper-
they have been used in different applications, from electrochemical ature dependence, depending on the combined dependence of elec-
energy storage, adsorption, batteries, and composite materials to tron density and electron scattering.'”™'* Also, this dependence can
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change from positive to negative with reduced temperature.'” In
some cases, the temperature dependence of electrical resistivity
might vary strongly in space, but such variation is very hard to
measure. This work reports the first-time mapping of the variation
of temperature coefficient of resistivity (6 = dp,/dT, p,: electrical
resistivity) in space under localized laser heating and scanning. In
the past, very rare work has been conducted on 6y mapping.
Instead, most works are focused on thermal and electrical conduc-
tivities’ spatial mapping of different materials. For the mapping of
thermophysical properties (mostly k), various techniques have been
developed using the time-domain thermoreflectance technique
(TDTR),"*'° the frequency domain thermoreflectance (FDTR),"”
and the atomic force microscope-based methods.'®'” For electrical
properties mapping (mostly conductivity), terahertz time-domain
spectroscopy (THz-TDS),”’ dry laser lithography (DLL), and micro
four-point probes (MA4PP) techniques,””** electrical resistance
tomography (ERT),”>”* and electrical impedance tomography
(EIT)">”° have been reported.

To date, 61 has rarely been mapped. 61 can be either positive
(metal-like) or negative (semiconductor-like) for carbon structures.
Yet, such 67 sign spatial mapping is very challenging using current
techniques and has not been reported to our best knowledge. In
this study, we develop a new technique based on the scanning
Transient Photo-Electro-Thermal (TPET) technique to probe a
material’s transient electro-thermal response under extremely local-
ized laser heating. The obtained effective thermal diffusivity (aeq)
and its variation in space then allow us to extract Oy pattern along
the axial direction of the 1D microscale structure. To this end, both
microscale carbon fibers and carbon nanotube (CNT) bundles are
studied for such mapping capacity.

Il. THERMAL DIFFUSIVITY MAPPING OF CARBON
MICROFIBERS
A. Physics of scanning TPET

In this study, the TPET technique, as a proven method for
high-sensitivity measurement of thermal diffusivity of 1D

ARTICLE pubs.aip.org/aip/jap

structures,”””" is adopted to measure the effective thermal diffusiv-
ity of our samples. This property directly carries the information
about electrical resistivity’s temperature dependence. Its schematic
is depicted in Fig. 1(a). Implementing this technique, which was
first developed in our laboratory,”” requires the sample to be irradi-
ated by an amplitude-modulated continuous wave (CW) laser
beam serving as the heating source. Due to the temperature differ-
ence between the heating point and the sample, one-dimensional
heat conduction starts as soon as the laser starts irradiating the
sample. Additionally, the sample resistance changes as its tempera-
ture increases.

It should be noted that an absolute temperature rise is not
needed here. Instead, its relative variation with time provides suffi-
cient information to extract effective thermal diffusivity. To probe
the small resistance change during the experiment, a small DC is
passed through the sample, which produces a small voltage change
to be recorded. This transient voltage change is used for extracting
the thermal diffusivity. The transient voltage has an increasing
trend if the sample’s @y is positive or a decreasing one if 7 is neg-
ative.”” The transient temperature behavior of wires of a high
length-to-diameter ratio is obtained by solving the heat transfer
governing equation for 1D wire. The normalized average tempera-
ture rise of the sample is then expressed as”’

.96 o0

1 — exp[—(2m — 1)*n?at/L?]
= .

T (2m—1)*

1

m=1

Here, T" is the dimensionless temperature rise that has been nor-
malized to the steady-state temperature rise, « is the thermal diffu-
sivity, and L is the sample length. Equation (1) represents a
solution for the case in which the sample is irradiated with a laser
beam that covers the entire length of the sample. If the laser beam
with a width of [ is focused locally at position “£,” the dimension-
less temperature rise is given by”’

(2m—1)*

where

m=1

7 Zoo {cos[(Zm — Dré&/L] — cos[(im — &+ l)/L]}.
2m—-1)
(©)
As explained in our previous work,”® establishing a connection

between the dimensionless temperature rise and the voltage data
taken from the TPET experiment is done as

T =(Vo — V)I(Vy — V1), (4)

« 1 % cos[(2m — 1)n&/L] — cos[(2m — 1)n(& + 1)/L]
EZm:I { X

[1 — exp(—(2m — 1)’n’at/L?)] } 2

we will have

In|V — V|| = —r?at/L* + D, (5)
where V; is the steady-state voltage and Vj is the voltage at the
beginning of the step of laser heating. It should be noted that the
above relation has high accuracy when T" is larger than 0.1 with
consideration of experimental noise. Our data processing is con-
ducted for a T" range of 0.1 — 0.8.*°

Equation (5) indicates that performing a fitting between
In|V — V;| and t provides the value of a for the sample. This
fitting process is done for each location at which the sample is
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FIG. 1. (a) The schematics of TPET and TET techniques. (b) Optical image of the suspended carbon microfiber of 2.028 mm length. (c) Temperature evolution with time
during the TET and TPET measurements. The inset is the AV/laser power ratio with time for half of the sample (CF) from the left end to the center during TPET scanning.
(d) Voltage drop with time for different laser heating locations of the CF during TPET measurements under the same laser power irradiation (~6 mW).

irradiated to obtain the variation of a along the sample. This infor-
mation is critical to the physical properties mapping as the mea-
sured voltage change is determined by 6, volumetric specific heat
(pcp) and k, and their distribution in space. Since typical samples
have non-uniform structures and properties along their length, the
measured « in this work is an effective value, referred to as effective
thermal diffusivity o

B. Experimental details for effective thermal diffusivity
scanning of carbon microfibers

Pyrolytic lignin (PL) is utilized to produce the carbon microfi-
bers (CMFs) studied in this work, and details about the sample
synthesis can be found in the work by Qu et al.”’ The suspended
carbon fiber (CF) is shown in Fig. 1(b). The length of the CF is
measured to be 2.028 mm and its diameter is 55.2 um. The resis-
tance of the sample is measured to be 109 Q. Silver paste is applied
to secure the connection between the sample ends and electrodes,
through which the output voltage is collected via an oscilloscope
(Tektronix DPO3052). More details regarding the sample prepara-
tion can be found in the supplementary material. For running the

TPET, a DC of 1.28 mA is fed through the sample to monitor the
voltage variation during the test. This current value is chosen such
that the voltage change is measurable, but the resulting Joule
heating is not too high to alter the structure of the fiber. The whole
test sample is then placed inside a vacuum chamber to run the
TPET under less than 2 mTorr to make the convection effect negli-
gible. To irradiate the sample locally, the laser spot is reshaped to a
line of 0.1 mm width by a cylindrical lens. A 532 nm laser (DPSS)
coupled with a modulator is used to heat the sample. The modula-
tor is used to produce a square-shaped laser beam with a frequency
of 0.2 Hz. As schematically shown in Fig. 1(c), the temperature of
the sample rises with time upon laser irradiation. For a negative 07,
the corresponding voltage change trend is downward, which is
illustrated in Fig. 1(d). It is evident in Fig. 1(d) is the voltage drops
as the laser beam starts irradiating the sample, and it reaches a
steady-state voltage (V) with time.

Additionally, different levels of laser power are needed to have
roughly the same level of voltage drop for different locations upon
laser irradiation. It ranges from ~65mW at the sample ends to
~6mW at the middle. This is because the total thermal resistance
from the laser heating location to the electrodes is much higher
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when the laser irradiates the middle point than when irradiating
the sample ends. Therefore, the temperature rise will be lower if a
laser of the same power irradiates the sample’s ends. For having
almost the same temperature rise (voltage drop), a higher
laser power (heat) should be applied to the locations near the
sample ends. The contour plot in the inset in Fig. 1(c) depicts the
AV/laser power ratio for different locations and firmly demon-
strates this phenomenon. The ratio ranges from 1.5 — 7 uV mW™!
for £=0.1mm (near the end) to 17 —381uVmW~! for
£ = 0.9mm (near the middle). Considering that the sample is sym-
metric with respect to the center, these results have been presented
for§ =0.1 mmto & =0.9mm.

In our work, the CF sample is subject to annealing to improve
its structure, followed by mapping by the TPET technique for
determining the material’s property change in space. Annealing, as
a treatment that produces a sample temperature increase, modifies
the material’s microstructure.'””" Liu et al'’ showed that an
increase is observed in CF’s effective phonon and electron mean
free path after annealing, resulting in an improvement in grain size
and, consequently, fewer defects. To conduct the annealing, our
sample is placed inside a vacuum chamber (<2 mTorr), and a DC
as the heating source is applied to the sample. In what follows, we
refer to the annealing processes as the first, second, and third
annealing steps. Moreover, the transient electro-thermal (TET)
technique is also used to measure the o, of the samples. The TET
technique first developed by our lab in 2007 is also known as a
reliable method to characterize micro/nanoscale wires.””™® As
shown in Fig. 1(a), a step DC is passed through the sample in this
measurement. The transient behavior of the voltage change (pro-
portional to temperature change) induced by Joule heating is used
to determine the sample’s thermal diffusivity. The reason for using
the transient voltage in the TET technique to determine a.f
instead of directly measuring ke is the larger uncertainties in k.
measurement. To elaborate more on it, keﬁ can be expressed as
IPRL/12AAT™ with AT as the steady state temperature rise. Not
for all cases, A, as the cross-sectional area might vary through the
length of the sample. If the sample does not have a round cross
section, precise determination of A, becomes difficult. AT can be
obtained as AR/(dR/dT), where the dR/dT is acquired by fitting
R-T dataset in a separate calibration measurement. Again, this
fitting will highly likely carry large uncertainties based on our expe-
rience. It should be noted that Eq. (1) is applicable to the TET
technique in the same way as to the TPET. In our measurement,
the thermal contact resistance between the supported part of the
sample and the electrode is negligible. Detailed analysis is provided
in the supplementary material.

C. Non-uniform a.sof carbon microfibers under
different laser heating locations

Details of the above annealing processes are presented in
Table 1. The magnitudes of the DC and the annealing time are
chosen based on our group’s previous work.'” Also, this work has
provided a detailed temperature rise study and structure characteri-
zation after annealing. Based on Table I, after the current anneal-
ing, the resistance of the sample decreases. The more the current
value, the lower the resistance would be after annealing. This is

ARTICLE pubs.aip.org/aip/jap

TABLE I. Details of the annealing process for the CF sample.

Annealing DC value Annealing Resistance after the
process (mA) time (s) annealing (Q)
First 50 70 76.2
Second 80 70 54.6

Third 100 70 42.7

because annealing improves the structure and it significantly
increases the effective phonon mean free path. The effects of
annealing on carbon microfibers’ structure, electrical resistance,
and thermal properties have been thoroughly investigated in our
group’s past work.'” Figure 2(a) shows the TET measurements as
well as the a5 values for the original sample and its annealed ver-
sions. It is evident that after the annealing, the effective thermal
diffusivity increases with the annealing current, changing from
1.32x 10" m?s™" at the original state to 2.32x 10™*m?s™" at the
end of the third annealing step. Therefore, a heat conduction capa-
bility improvement is observed for the CF that is attributed to
defect reduction and structure enhancement. Comparing
values measured using the TET and the TPET scanning method in
Fig. 2(b) shows that the thermal diffusivity of each state’s corre-
sponding TET is very close to that of the TPET when the laser
beam irradiates the central location.

The results of the TPET scanning are shown in Fig. 2(b). The
left end of the sample is treated as the starting point of the coordi-
nate for laser irradiation (§ =0 mm) as shown in Fig. 1(b). The
. for the heating locations near the edge (sample end) is higher
than that for the middle zone, and it resembles a U-shaped pattern.
This U-shaped pattern is not fully symmetrical for all states. In
addition, the asymmetry changes from case to case. By comparing
the annealing states, we also observe that generally, o, increases
after annealing, and this increase is prevalent at both edges and the
middle. From the original state to the third annealing, the largest
difference in a.f is observed between the locations near the edges
and the middle point. From the center to the end, a,y has changed
by 58.5% for the original state, increasing to 68.9%, 76.8%, and
85.4% after the first, second, and third annealing, respectively. In
our previous study,”® we showed that the laser incidence location on
the sample had a negligible effect on the calculated thermal diffusiv-
ity if the sample had uniform structure and properties along its
length direction. To elaborate more, the key possible factors that can
affect the fitted thermal diffusivity of a sample are its structure and
the possible distribution of k, pc,, and 7. So, if the calculated
thermal diffusivity does not remain constant based on different laser
incident locations, it means all the structure and the properties (i.e.,
k, pcp, and O7) or at least the most contributing one change along
the sample’s length direction. However, TPET scanning of the origi-
nal state (before annealing) deviates from the previous results and
follows the U-shaped pattern characteristic for the annealed samples.
A plausible explanation of this observation is that the current
applied during the TET measurement before performing the TPET
mapping produces weak annealing of the sample. Even this weak
annealing will facilitate some grain boundary improvement and
impurities removal to improve the overall structure.'’
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FIG. 2. (a) The CF TET signals (experimental data) and the corresponding thermal diffusivity values for the original sample and after different annealing steps.
(b) Effective thermal diffusivity variation with laser heating location obtained via TPET technique for the original sample and after different annealing steps. TPET # 0, 1, 2,
and 3 refer to the TPET measurement conducted for the original sample after the first, second, and third annealing, respectively.

As mentioned before, based on our recent study,28 we con-
firmed that the laser heating location had a negligible effect on the
distribution of the thermal diffusivity through the length of the
sample, and the thermal diffusivity remained almost constant.
However, scanning the annealed CF reveals that the fitted thermal
diffusivity has a significant dependence on the laser heating loca-
tion. The distribution of .y after the annealing steps shown in
Fig. 2(b) prompts us to examine the factors contributing to these
effects. A theoretical study is performed and described in Sec. II D
to identify possible factors that can affect the a,y distribution.
Then, an investigation of the most effective factor(s) is conducted
to map the experimental a distribution.

D. Effect of k, pc,, and 0: A theoretical study

As discussed earlier, the relationship between the normalized
temperature rise and the voltage taken from the experimental data
reveals that the thermal diffusivity value obtained from fitting
In|V — V;| with time carries information about the distribution of
both k and pc, of the wire. Also, the voltage carries information
about 07 as dV = jeTIAT/Acdx, where AT is the local tempera-
ture rise. Therefore, the effects of these three parameters distribu-
tion on o are studied in this section. In each case, the effect of
every parameter is analyzed separately, with the others assumed to
be uniform over the sample length. This is intended to provide a
better understanding of every single physical property’s effect on
e distribution in space. In Figs. 3(a)-3(c), it is assumed that only
pcps k, or O changes linearly from the middle of the sample to its
both ends. It should be noted that for each case, by changing pc,,
k, or Or, other properties are treated constant over the entire
sample length. The overall relative change varies in a range of
—30% to +30%. Also, the values of the pc,, k, and 67 at the central
location take 1.552 x 10°Jm™3 K~!, 25Wm 'K}, and 1a.u,
respectively. Note that in this work, limited by the unknown tem-
perature rise of the sample during TPET measurement, we only

study the distribution of relative/normalized 61 and not its absolute
value. However, obtaining the relative 61 with its sign still provides
an excellent understanding of the structure uniformity and helps
understand the local electron conduction mechanism. The govern-
ing heat conduction equation can be expressed as

oT .
k§> +q(x, t),

ATpc,) 0 ( ©)

o ox
where both k and pc, are allowed to vary in space. Also, the
heating source () takes the location and size of the focused laser
line in the modeling. For this study, 1D numerical modeling is con-
ducted to solve the heat conduction along the sample under local-
ized laser heating with full consideration of the property
distribution in space. The modeling is based on the finite volume
method with the implicit algorithm. The time step takes 0.25 ms
and the mesh size is 1 um. Also, the TDMA (TriDiagonal Matrix
Algorithm) method is used to solve the equations. Moreover, the
modeled voltage change (response) is calculated considering each
point’s temperature rise and the local 67, which is then fitted using
Eq. (5) to determine oy. It should be noted that in this modeling,
the absolute temperature rise is not critical and is not needed. Only
an arbitrary heating (not too high to can result in a considerable
radiation effect) is used to irradiate the sample.

Figures 3(a) and 3(b) show that the linear change of pc, and k
brings about a specific variation of oy through the sample.
However, the range of the a5 change is not as large as that of the
actual physical property under study. The maximum change of a5
over space is only 3.4% and 3.5% for the non-uniform pc, and k
cases, respectively. Figure 3(c) shows that a —30% to +30% linear
change in 67 from the middle of the sample to its both ends corre-
sponds to about 3.8% change in the distribution of o,y. Note that
changes much larger than 30% in physical properties do not cause a
considerable change in .5 distribution range through the sample.
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FIG. 3. Effective thermal diffusivity variation with location for —30% to +30% linear change of (a) volumetric specific heat, (b) thermal conductivity, and (c) temperature
coefficient of electrical resistance (67) from the center of the CF to its both ends. (d) Effective thermal diffusivity variation with location for a specific pattern of 67 shown

as the inset.

For instance, with a 100% linear increase for PCps k, and 61 from the
middle of the sample to its ends, the range of the o,y change is only
1.7%, 4.5%, and 5.4%, respectively. However, large changes in these
properties cause the thermal diffusivity distribution to deviate from
the U-shaped pattern observed in our experiments.

To reproduce the characteristic change in agy through the
sample, a unique Ot distribution pattern is needed. Among all the
parameters under, only 67 can be both positive and negative along
the sample. We assumed a hypothetical distribution to be negative
at both ends, and it linearly increases toward the middle of the
sample, where it becomes positive. This distribution is illustrated in
the inset in Fig. 3(d). The effect of the 8 magnitude change on the
thermal diffusivity distribution at the sample ends, termed “side Ot
magnitude,” is investigated next. The magnitude of 6y at the
sample ends is varied between (—1) and (—0.58), while the middle
point @7 takes a constant of +0.25. Figure 3(d) shows not only a
clear distribution of thermal diffusivity along the sample length,
but it demonstrates a substantial variation in o,y between the ends

and the middle regions. This change of the side @1 value (ie.,
—0.58 to —1), results in 187% difference between the maximum
and minimum of a.y. Consequently, this finding prompts the 61
distribution as the key factor affecting the a.y distribution that is
explored in Sec. II E.

E. Probing sign change of 6 based on a.+ mapping

Up to this point, thermal characterization of CF before and
after annealing has been conducted, and the properties and the
extent to which they can affect the distribution of ay have been
investigated. In this section, we attempt to determine the relation-
ship between the distribution of o and 87 for the annealed CF
and to probe @ distribution to fit the agy distribution. As dis-
cussed in Sec. II D, the @7 distribution with negative values near
the sample ends and positive values near the middle corresponds
to the largest variation in the ay distribution. Therefore, consider-
ing such a distribution of O, a one-dimensional modeling is
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conducted by developing a code for high-fidelity temperature mod-
eling and overall relative voltage variation with time. This proce-
dure is conducted to find the @ distribution that leads to the
numerical o, distribution giving the best fit of the experimental
results.

The pc, and k in our modeling and fitting are considered to
be fixed along the sample length as they do not affect the a g dis-
tribution much. To this end, pc, of graphite
(1.552x 1067 m™> K™") is used for the CF, and the k value is calcu-
lated as k = pc,a,y after each annealing case, where a5 is the
effective thermal diffusivity measured using the TET technique.
This treatment can be justified by one important observation of the
numerical results shown in Fig. 3. It is found that the o,y when the
laser irradiates the sample’s middle point is very close to the oy
measured using the TET method regardless of the properties varia-
tion in space. This is also observed in the experimental results
shown in Fig. 4. Also, this a.s value is very close to the average
thermal diffusivity of the sample if the sample’s k or pc, varies in
space. For instance, when k increases by 30% from the middle to
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the end, its average thermal diffusivity (calculated using the spa-
tially averaged thermal conductivity) is 1.85x 10™°m”s™". Our
modeling shows the TET technique will give an o, of
1.94x10~°m’s™", and the TPET will give an ag of 1.93x10°
m’s™" when the laser irradiates the middle point. For the case
study in Fig. 3(d), the middle point a, is always
1.59 x 107° m?s™", regardless of the side @7 magnitude, very close
to the real thermal diffusivity of the sample, which is
1.61 x 10~° m? s}. When the side 67 magnitude is —1.0, our mod-
eling shows that TET will give a o,y of 1.65x107°m®s™", very
close to the sample’s real thermal diffusivity.

Figures 4(b)-4(d) show the experimental results for o varia-
tion in space after each annealing treatment along with the fitted
values taken from the numerical simulation. Using the same finite
volume based numerical modeling discussed before, and the 8y dis-
tribution in space, the Qef is calculated for each laser heating loca-
tion, which are then compared with the experimental oy
distribution. Later on, the same process will be used for the CNT
samples in this work. Based on Fig. 4(b), a. at the beginning of

(b)

3.2
- After 1% annealing
v Exp. Results
284 *v ¢ Num. Study
Nﬂ v v g
€ @ ¢
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Z * oV
v VvV &
¥ 201 ‘ M v ¥
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FIG. 4. (a) Effective thermal diffusivity distribution with the laser heating location for the original CF. The TET results for the original CF, after the first, second, and third
annealing, have been presented as dashed lines. Effective thermal diffusivity values for different laser heating locations obtained via the TPET technique along with the
results from the numerical mapping simulation considering a particular distribution of &7: (b) after first annealing, (c) after second annealing, (d) after third annealing.
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TABLE Il. Summary of the CF 67 variance considering the combination of different factors.

Or AV/Laser power (uV/mW) t. (s)
Annealing x=1.0 mm x=2.028 mm x=1.0 mm x=2.028 mm x=1.0 mm x=2.028 mm
step (middle) (edge) (middle) (edge) (middle) (edge)
First +0.28 —0.95 320 21.2 0.43 0.48
Second +0.31 —0.95 244.2 7.35 0.59 0.51
Third +0.33 -1 272 11.7 0.45 0.43

the sample is slightly higher than that of the ending tail. Therefore,
the two ends of the sample should have slightly different 6. In our
modeling, it is assumed that 67 has a linear distribution between
the ends and the middle point. Before annealing, our TET mea-
surement showed a resistance decrease upon heating, so we fix 0r
at the sample beginning (x =0 mm) to be a reference value of —1.
Examining different combinations for the middle and the end 8t
values [following the pattern shown as the inset in Fig. 3(d)] is
done to fit the a7 values after the first annealing. The best result is
obtained for values of +0.28 and —0.95 for x=1.0 mm (middle)
and x =2.028 mm (end), respectively. Performing the fitting of the
experimental data after the second and third annealing, the corre-
sponding Or values for the middle (x=1.0mm) and end
(x=2.028 mm) of the sample are determined to be (40.31, —0.95)
and (40.33, —1) for the two cases, respectively. It is observed
that the values of 61 for both ends of the sample are very close to
each other, as the annealing has the least effect on sample ends.
This is because of being in the vicinity of constant temperature
electrodes, and consequently, their temperature change during the
annealing is very low. Apart from that, an overall increase in the
middle location’s O value is observed by increasing the current
from the first annealing to the third one, hence causing a bigger
variation in the corresponding .y distribution. In Sec. III, we
experimentally validate the 67 sign change (negative at the sample
ends and positive in the middle) we have discovered to this point.
A summary of the 01 change for each combination of x (e.g.,
middle and edge), AV, and ¢, is presented in Table IL. ¢. is the char-
acteristic time at which the normalized temperature given in
Eq. (2) reaches 0.8665.

lll. EXPERIMENTAL VALIDATION OF THE 67 SIGN
CHANGE IN SPACE

In this section, we validate the finding uncovered by the TPET
scanning, which shows that 61 changes the sign from the sample
ends (negative) to the middle (positive). Such change is caused by
structure variation of the sample along its length. Scanning Raman
spectroscopy is performed after each annealing process for the
samples studied above. Figure 5(a) shows that carbon materials’
two prominent D and G characteristics are present in the Raman
spectra after the third annealing. Moreover, the D and G peaks
have more overlap around the edge of the sample (x=2.028 mm),
and they become sharper and more separated around the center of
the sample (x=1.0 mm). All these indicate the structure improve-
ment from the middle to the ends of the sample. Figure 5(b) also
shows that the D and G peaks linewidth broadens from the center

to the edges, which is again an indicator of the structural improve-
ment in the central region by annealing.

To further investigate the effects of annealing on r, a CF of
~5mm length is suspended and placed in vacuum, and a DC of
100 mA (equal to the current used for the third annealing) is run
through the sample for 70s. Figure 5(c) shows the schematic tem-
perature distribution that arises through the sample, with a
maximum in its middle part. To confirm the veracity of the
hypothesis for the 07 distribution we described above, two small
segments are cut from the middle (L, =1.054 mm) and the ends
(Ly=1.581 mm) of the annealed ~5 mm long CF sample. They are
suspended and tested by under step DC heating to check their
resistance change under heating. Interestingly, based on voltage
signals shown in Fig. 5(d), the transient voltage for the middle
segment is increasing, corresponding to a positive 6. For the end
segment, however, the voltage is decreasing, indicating a negative
Or. This critical finding exactly proves the discovery made from the
07 sign probing based on the a5 distribution. We note that inves-
tigation of different samples for whether 61 can be positive or neg-
ative has also been conducted by our group in the past. CNTs, for
instance, were shown to have negative @7 at their original state.””””
Based on another two studies,"”"' graphene foams tended to have
positive &7. Carbon fibers, as another type of sample, were shown
to have negative 07 before and after the annealing process at differ-
ent temperatures.'”** For the graphene paper, however, Xie et al."
showed that the TET signal changes from a clear voltage rise to a
voltage drop pattern as the environmental temperature decreases,
which indicated a positive-to-negative transition in 67 for the
sample.

The Raman measurements for this sample are conducted with
a 20x objective and a laser power of ~9 mW. Using this objective,
the laser spot size on the sample is ~1.4um. So, it heats a very
small portion of the sample. The heating would swiftly dissipate
through the sample and will cause a negligible structure change.
Also, the laser power in Raman characterization is far lower than
the power produced (~190-430 mW) in the annealing process
through the whole sample via electrical current.

To qualitatively explain the physics of the observed @1 distri-
bution, we analyze the electrical resistivity (p.) expressed by

T (7)

where m is the electron mass, # is the volumetric number density
of conduction electrons, and 7 is the characteristic collision time."’
Therefore, 67 (i.e., dp,/dT) is a function of both dn/dT and dz/dT.
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FIG. 5. (a) Raman spectra at different locations of the CF after the third annealing. (b) The D and G peaks linewidth at different locations of the CF after the third anneal-
ing. (c) A schematic of the suspended ~ 5 mm long CF used for experimental validation of the spatial 6 distribution obtained by thermal diffusivity mapping. (d) The TET
signals for the central and side segments of the annealed ~ 5 mm long CF. (Note: The TET signal for the side segment has been given an offset to show it in one graph.)

Annealing, which leads to a temperature increase in the sample,
improves the structure of the sample by reducing impurity concen-
tration, thereby increasing the conduction electron population #.
On the other hand, electron collisions mainly happen due to struc-
tural defects in our samples. The 7 change is driven by two factors:
scattering by the lattice vibrations termed “phonons” and scattering
by imperfections and impurities.**

These scattering processes have different temperature depen-
dencies. It can be affirmed that temperature has a weak effect on
the scattering caused by defects. However, it has a stronger effect
on the scattering induced by phonons as the phonon population
increases with temperature. Consequently, the higher the tempera-
ture, the higher the phonons population, which leads to a decrease
in characteristic collision time between electrons and phonons and,
ultimately, a negative value for dz/dT. However, when temperature
increases, the population of conduction electrons increases due to
thermal excitation. So, the combined effect of the two terms of
dn/dT and dz/dT can vary in different regions of the sample,
leading to Ot distribution introduced in the CF’s thermal diffusivity
mapping. Qualitatively speaking, before annealing, the sample’s
electron scattering is mainly induced by defects, and this has weak
temperature dependence. But p. will be strongly affected by n (n

increases with increased temperature due to thermal excitation).
Therefore, 67 would be negative. After annealing, the sample struc-
ture improves, and phonon-electron scattering becomes more
important. When the temperature increases, this scattering
becomes more intense, overtaking the effect of n. Therefore, 67
becomes positive.

IV. PROBING OF 6 SIGN VARIATION ALONG
MICROSCALE CNT BUNDLE

Apart from CF, vertically aligned carbon nanotube (VACNT)
bundles’ characteristics are also investigated using TPET mapping.
The chemical vapor deposition (CVD) technique is used to
produce the VACNT bundles that are utilized in this study. In
more detail, ferrocene [Fe(CsHs),] and a gas mixture of 2% C,Hp,
10% H,, and 88% He are added to a chamber that was previously
filled with silicon wafers coated with catalytic metal layers (10 nm
Al layers and 1nm Fe layers), which ultimately results in the
growth of CNTs at the end (base growth).”” This section discusses
the results of two CNT bundles on which the TET and TPET scan-
ning are carried out. Characteristics of the CNT samples are
presented in Table III. Based on the TET measurements, the
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TABLE lll. The CNT samples size and their a, obtained using the TET.

Sample # Length (um) Width (um) Aeff (m*s™)
1 2106 97.7 425%x107°
2211 165.5 1.59 x 10™°

effective thermal diffusivities of samples 1 and 2 are measured to
be 4.25 x 107> and 1.59 x 10~>m?s™!, respectively. Then, TPET
scanning is used to characterize the samples.

The o, variation with laser location on the sample is shown
in Figs. 6(d) and 6(e). Noticeably, there is no consistent trend in
Q. variation with the location: having higher values near the two
ends and the minimum at the center for sample 1 and an ever-
increasing trend for sample 2 from one end to the other. So, these
findings prompt us to delve deeper into the structure of the CNTs.
Figure 6(a) depicts the CNT sample’s optical image under 4x mag-
nification. To have a better understanding of the CNTSs’ structural
detail, their scanning electron microscope (SEM) images are also
presented in Figs. 6(b) and 6(c), which have been taken under
150x and 5000x magnification, respectively. As can be seen in
Figs. 6(a) and 6(b), the bundle seems to be well straight along its
axis. However, under higher magnification [Fig. 6(c)], it is uncov-
ered that along the direction of VACNTS growth, different

ARTICLE pubs.aip.org/aip/jap

macroscopic nanotube assemblies’ order, alignment, and inhomo-
geneity appear.”’ So, the CNT bundles’ structure is not uniform,
and the alignment of nanotubes along their axis is, in fact, poor,
and they are tangled, and haphazard contact between single nano-
tubes is prevalent in different parts of CNTs. This explains the dif-
ferent a g distribution shown in Figs. 6(d) and 6(e).

Next, fitting of the TPET results for Q. variation with the loca-
tion is performed considering a distribution for the 67 along the
CNT’s length. As shown in Fig. 6(d), the change in magnitude from
one end to the other is very large. Based on the simulation results
shown in Figs. 3(a)-3(d), this amount of change is caused neither by
changes in k nor pc,. For CNT No. 1, the symmetrical 6 distribu-
tion shown as the inset in Fig. 3(d) can cause the thermal diffusivity
distribution along its length. However, for CNT No. 2, a nonsym-
metrical form of 1 distribution can be the reason for this sample’s
Q. variation, which is shown as the inset in Fig. 6(e). Besides, using
the specific heat of graphite (~710 Jkg 'K™') and considering the
density of the bundle to be ~316.9 kgm~3,"" the thermal conductiv-
ity of each CNT sample is calculated by k = pc a5, where o is
the effective thermal diffusivity measured by the TET technique.
Ultimately, adapting a reference value of —1 for the 07 in the end of
the sample (x = 2.106 mm) of sample 1, the best mapping result
occurs using the 07 values of +0.25 for the middle (x = 1.05 mm)
and —0.91 for the beginning (x = 0 mm) of the sample, which has
been shown in Fig. 6(d).

St (d) Samp. No. 1
® Exp.Results o 2
4.5 A Num. Study
n A
A
°
A
A
°
AAAAAQAAAA
Samp. No. 2

®  Exp. Results
< Num. Study o
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FIG. 6. (a) Optical image of the CNT sample. (b) and (c) are the SEM images of CNTs under 150x and 5000x magnifications, respectively. In (c), the individual straight
and curly CNTs are clearly visible. (d) and (e) show the effective thermal diffusivity distributions for the experimental (TPET) and numerical simulation for CNT samples
(No. 1 and No. 2). The inset in () depicts the special asymmetrical 67 distribution causing the peculiar thermal diffusivity variation for CNT No. 2.
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FIG. 7. Effective thermal diffusivity variation with location for —30% to +30% linear change of (a) volumetric specific heat, (b) thermal conductivity, and (c) temperature
coefficient of electrical resistance (6r) from one end (root) to the other end (tip) of CNT. (d) Effective thermal diffusivity variation with location for extreme (-+100%) linear

changes in pc,, k, and 7 of CNT from root to the tip region.

For sample 2, however, as it had an increasing tendency from
left to right, and is totally different, other distributions, such as
—30% to 4+30% linear change from one end (root) to the other end
(tip) are double checked for pcp, k, and 87 [Figs. 7(a)-7(c)], just in
case they will produce an acceptable mapping. Still, they cannot
match the experimental results. Additionally, extreme linear changes
of about 100% are also examined for pc;, k, and 6 [Fig. 7(d)], bring-
ing about only 7.7%, 4.2%, and 9.3% in the thermal diffusivity varia-
tion. Moreover, the combinations of these extreme changes cannot
cause a considerable variation in thermal diffusivity through the
sample’s length. So, again assuming the 07 value to be a reference
value of —1 at the end of the sample (x = 2.211 mm), the mapping
is done for sample 2 using the 61 values of (0.1, —0.33) for the
middle (x = 1.1 mm) and the beginning (x = 0 mm) of the sample.
This significant result indicates how the combined effects of structure
variation, alignment, and contact of CNTs have brought about such a
large variation in 67 along the length of the sample. It is speculated

that the O variation is more likely caused by the random contact
among CNTs in the bundle since the electrical contact resistance
plays an important role in the overall electrical resistance.

For the CNT bundles studied in this work, they have a strong
variation of the structure and properties along the growing direc-
tion. The location of £ =0 mm is close to the root (close to the
substrate), and the other end is the tip region (a region grown
first). As detailed in our recent work,”” the tip region has better
alignment than the root region. Therefore, it is expected that the
root region will have more CNT-CNT wall contacts. This could
help qualitatively explain the variation of @,y shown in Fig. 6(e) as
it shows a monotonic variation trend against £. The quite symmet-
rical o distribution and the mapped 6y distribution for sample 1
shown in Fig. 6(d) could be caused by the weak annealing effect
during our TET measurement. However, for sample 2, the random
contact effect overshadows the weak annealing effect, leading to
monotonic properties change along the x direction.
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As uncovered by our numerical study, the k and pc, varia-
tions in space only cause a very small variation of ey in space.
The measured thermal diffusivity by TET and TPET is very close
to the average thermal diffusivity of the sample. If 67 does not
change sign in space, its variation will also cause a small variation
of a.y in space. However, the reported o distribution will be
strongly affected by sign variation of 6r in space, namely, the
change from metallic to semiconductive behavior. Therefore, this
proposes a very effective way to probe the metallic and semicon-
ductive behavior variation in space based on the a.y distribution.
So, the method can be applied to many 2D materials, like black
phosphorus, MoS,, etc., whose impurity and defect level could
dramatically change the electron scattering behavior. Apart from
that, the TPET scanning method can be utilized for even thinner
micro/nanoscale samples to probe their 67 sign based on the a5
distribution as long as the laser beam can irradiate the sample
effectively and locally.

V. CONCLUSION

We reported a study for characterizing the distribution of the
relative temperature coefficient of resistivity (6r) of microscale CF
and CNT bundles by evaluating the measured effective thermal dif-
fusivity using scanning TPET. Three annealing steps were carried
out on the CFs, creating a distribution of a. as a function of the
laser heating location. Our study revealed that the change in pc,
and k has a weak effect on the o,y distribution. Rather the mea-
sured a5 distribution prompted 01 change from semiconductive
(negative) to metallic (positive) behavior from the sample ends to
the middle region. This finding was confirmed directly using an
annealed CF sample, whose middle and end parts were tested sepa-
rately under step DC heating. a,; mapping of CNT bundles was
also conducted using the TPET technique. The corresponding 0t
distribution was determined, and it showed metallic to semicon-
ductive behavior variation in space, suggesting a strong effect of
CNT-CNT wall contacts on electrical resistance and its tempera-
ture dependence. The method reported in this work can be readily
applied to other micro/nanoscale materials to probe the O sign
change in space with microscale resolution.

SUPPLEMENTARY MATERIAL

See supplementary material for carbon microfiber preparation
and suspension methods as well as the contact resistance evaluation
in the presence of silver paste.
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