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ABSTRACT: The applications of carbon nanotube fibers (CNTF) are broad because of their flexibility, high specific strength, and
outstanding thermal and electrical properties. Although CNTFs have a hierarchical structure, their macroscopic properties, are
usually discussed and investigated at the scale of the whole fiber, with a lack of understanding of the local properties, such as the
Seebeck coefficient and the Fermi energy. Here, we study the variation of the Seebeck coefficient along the fibers by using the
photothermoelectric (PTE) effect. The photovoltage is measured as a function of position, and the laser-induced temperature profile
is obtained by a robust steady-state thermal model. The Seebeck coefficient as a function of position along the fiber can be obtained
from the measured, spatially mapped photovoltage and temperature profile. We observe a correlation between the variation of the
Seebeck coefficient and the shift of Raman modes, both related to the doping level and the Fermi energy. We find the Seebeck
coefficient fluctuation in the pristine fiber is due to the nonuniformity of the doping level and the Fermi energy. With an established
model to correlate the thermoelectric response and the Fermi energy, our PTE-based method can probe the Fermi energy
fluctuation along the fiber with a resolution better than 1 meV, which is far beyond the capability of commercial Raman
spectroscopy. This study shows a nondestructive method to quantify the uniformity of CNTF at the micrometer scale, key for
fabricating more uniform and higher quality CNTF and generalizable to other conducting fiber systems.

KEYWORDS: CNT fibers, Seebeck coefficient, photothermoelectric effect, Raman spectroscopy, doping level, Fermi level mapping

B INTRODUCTION properties along the fibers, though there have been some
examinations of chemical heterogeneity” and mechanical
properties’ by nanoscale imaging.

Another method to reveal local variations within quasi-one-
dimensional systems with large aspect ratios is the photo-
thermoelectric (PTE) effect: a laser beam is focused on the
sample at location x, to induce a temperature gradient VT(x,
%) at all axial locations x, and an open-circuit voltage is
established as a result of the Seebeck effect. The voltage can be

Carbon nanotube fibers (CNTF) are promising candidates for
thermoelectric active cooling materials thanks to their unique
combinations of electrical and thermal properties.”” As the
synthesis and fabrication of CNTF have improved, CNTF is
reported to have a giant thermoelectric power factor as large as
14 + 5 mW m™" K™ at room temperature,” which is the
highest value for any carbon nanotube (CNT) system and
approaches the highest values (about 30 mW m™' K72)

reported for 2D materials.” The outstanding electrical written as

properties and thermoelectric response are typically discussed

and investigated at the scale of the macroscopic fiber Received: July 30, 2024
(~centimeter scale lengths or longer). However, due to the Revised:  October 9, 2024

inherent microstructure, defects, and imperfections of the Accepted:  October 9, 2024

fibers introduced during fabrication, the local properties at
different positions can deviate from the average values. At
present, there is a relative lack of data on the variation of local

© XXXX American Chemical Society https://doi.org/10.1021/acsaelm.4c01343

v ACS Pu bl ications A ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shusen+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingru+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengjie+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lauren+W.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+S.+Dewey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Pasquali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junichiro+Kono"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junichiro+Kono"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoff+Wehmeyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+Natelson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.4c01343&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01343?fig=tgr1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.4c01343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

1060 nm laser

Figure 1. (A) Top-view SEM micrograph of the solution-spun CNTF. The CNTs in the fibers are densely packed and highly aligned. The average
diameter of the fiber is 17.5 ym. The scale bar is 15 ym. (B) Optical micrograph of the device. The fiber is supported on a SiO,/Si substrate. The
fiber is connected to gold pads by silver paste for the electrical connection. The scale bar is S00 ym. (C) Schematic of the photovoltage
measurement setup. The polarization angle of the incident 1060 nm light is 6 relative to the x direction.

V(x) = — /(;L S(x) VT (x, x)dx (1)

where S(x) is the position-dependent Seebeck coefficient and
L is the sample length. If the sample is perfectly uniform (i.e.,
S(x) = Sy a position-independent average), then the voltage
V is zero if the temperature is identical at x = 0 and x = L.
Therefore, any detected voltage signal indicates the nonun-
iformity of the system’s Seebeck coefficient. By scanning the
laser over the system, the photovoltage V(x,) as a function of
laser position x, can be obtained. The temperature profile T(x,
o) induced by the laser and its gradient VT can be simulated
or calculated by a model of thermal transport for the fiber and
its surroundings, and the Seebeck coefficient S(x) as a function
of position can be found by numerical solution. The PTE effect
has been used to show the nonuniformity of the Seebeck
coefficient in metallic nanowires caused by grain boundaries®
and impurities.” Several reports have established that the
scanning PTE method can be used to probe the variation of
the Seebeck coefficient of CNT films'® and bundles.'' These
exciting prior studies showed that the technique can be used to
map photovoltages at the ~100s of uV scale due to large
Seebeck gradients (>5 uV/K over ~ mm length scales) arising
due to position-dependent doping. From a technological
perspective, device-level measurements have also shown that
the PTE effect in CNT materials can be leveraged for efficient
photodetectors,'”~"” motivating further investigation of PTE
phenomena in CNT materials. This current work builds upon
these prior studies by leveraging our recently developed lock-
in-based scanning PTE technique to measure smaller order-of-
magnitude photovoltages (single-digit #V) at higher spatial
resolution (~5 ym) in high-performance CNT fibers, allowing
quantification of Seebeck profiles with <1 yV/K sensitivity.
We use the PTE effect to map the Seebeck coeflicient as a
function of the axial position along CNTF at the micrometer
scale. Compared with previous reports, we observe a
correlation between the Seebeck coeflicient and the shift of
Raman modes along the fiber, both of which are related to the

doping level. From the Seebeck coefficient, we use a previously
developed band structure model to infer the variation of the
doping level and to quantify the variation of the Fermi energy
along as-spun and annealed fibers.” The inferred Fermi energy
has a resolution higher than 1 meV, which is much better than
the precision of prior optical methods. The Seebeck coefficient
and the inferred Fermi energy provide detailed information
about the fluctuation of the thermoelectric properties along the
CNTF with high spatial resolution. This PTE effect-based
method for probing variation of the Seebeck coefficient is
nondestructive and will be helpful for fabricating more uniform
and higher quality CNTF, as well as characterizing other quasi-
1D systems.

B RESULTS AND DISCUSSION

The CNTF in this study are very similar to the CNTF reported
in ref 3, comprising double-wall CNTs, with average outer-wall
and inner-wall diameters of 1.8 + 0.2 and 0.9 + 0.1 nm,
respectively. The CNT length-to-diameter aspect ratio is 3600
+ 80, measured via extensional viscosity.'® Continuous fibers
are fabricated by a solution-spinning method.'”~*' A scanning
electron microscopy (SEM) micrograph of the fiber is shown
in Figure 1A. The CNTs within the fiber are densely packed
and highly aligned, comparable to the CNTF in ref 20. The
average diameter of the fiber is measured to be 17.5 ym from a
cross-section view. The Raman spectra of the fiber are also
measured (see Supporting Information, Section 1). The
Raman G-to-D ratio is 50 at 532 nm laser excitation for the
common G and D modes observed in CNTF,”"” implying a
low defect density, and the low-frequency radial breathin§
mode (RBM) position is consistent with the CN'T diameters.”
As-made, these fibers are highly electrically conductive (~8
MS/m at room temperature) and are known to be strongly p-
type doped by the remnant acid in the fiber.”*°

A 1-2 mm piece of the fabricated CNTF is cut to make a
device. A photograph of a typical device is shown in Figure 1B.
All of the devices are fabricated on Si wafers with a 2 ym thick
SiO, layer. Gold contact pads with Ti adhesion layer are
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Figure 2. (A) PTE voltage (points) scales linearly with the laser power. The blue dashed line is the linear fit. (B) Normalized PTE voltage
measured as a function of the chopper time period. The blue dashed curve is the exponential decay fit, which gives the time constant to be 3.7 ms.
The millisecond time scale confirms that the voltage is from the PTE effect rather than a photovoltaic effect. (C) Laser polarization dependence of
the PTE voltage. The voltage is the largest when the polarization is parallel to the axial direction (6 = 0°), and the voltage is the smallest when the
polarization is perpendicular to the axial direction (6 = 90°). Line is interpolation.

evaporated, and the fiber is connected to the Au pads by silver
paste. The device is wire-bonded at the Au pads for electrical
measurements. The experimental setup for the PTE measure-
ments is shown in Figure 1C. We use a 1060 nm laser as the
excitation source. The laser is modulated by an optical chopper
and focused at the fiber by a 100X objective with a 2.5 um
laser spot (1/e” radius). The intensity of the laser is controlled
by a half-wave plate (HWP) and a polarizer. Another HWP
controls the polarization angle, 6, the angle between laser
polarization and the x direction. The photovoltage is first
amplified by a voltage preamplifier and then measured by a
lock-in amplifier synced to the chopper. The device can be
moved in the x and y directions with two stepper motors, so
the map of photovoltage can be obtained by scanning the
excitation laser over the x—y plane with a user-defined pixel
size. The spatial resolution of the measurement is limited by
the laser spot size and the step size of the motors. All
measurements are taken under ambient conditions at room
temperature; our ability to perform the measurements in the
air instead of in vacuum is advantageous for the application of
the technique to broader materials sets that may display
vacuum-sensitive desorption/dededoping.

First, the laser spot position x, is fixed at the center of the
fiber and the photovoltage is measured with different excitation
laser power, as shown in Figure 2A. The photovoltage is
linearly proportional to the input power, consistent with
previous PTE investigations.'>'® Therefore, the photovoltage
is normalized by the laser power in the following discussion.
To confirm the thermal origin of the photovoltage, we measure
the photovoltage as a function of the chopper time period, as
shown in Figure 2B. When the chopper period is short, the
thermal quasi-steady state is not yet established, and the
temperature rise does not reach its maximum value before the
laser is blocked. As a result, the photovoltage is small. When
the chopper period increases, the system has more time to
respond, and the temperature rise is larger, so the photovoltage
increases. At sufficiently long periods, the thermal steady-state
is reached during the illumination and the temperature rise is
maximized, leading to saturation of the photovoltage. The
exponential fitting of the photovoltage as a function of the
chopper period (dashed line in Figure 2B) gives a thermal time
constant on the order of milliseconds, consistent with the
previous PTE results.'”'>'® This confirms that the photo-
voltage is due to the PTE effect rather than a photovoltaic
effect, as such a purely electronic mechanism has time scales

that are on the order of picoseconds.”” The photovoltage also
shows a slight laser polarization dependence, as shown in
Figure 2C. The photovoltage is slightly smaller when the laser
polarization is perpendicular to the fiber axial direction (6 =
90°) than when the laser polarization is parallel to the fiber (6
= 0°) with a ratio to be 0.85. This angle dependence is
consistent with the high alignment of single CNTs along the
fiber, 15:17:24

Defining the x direction to be parallel to the fiber axis
(Figure 1B,C), the photovoltage V(x,) can be written as eq 1,
where x, is the laser position on the fiber. The Seebeck
coefficient of the fiber S(x) is a function of position along the
fiber (but is taken to be temperature-independent considering
the temperature rise is small in the PTE measurements), and
the one-dimensional axial temperature gradient VT(x, x,) is a
function of both laser position and position along the fiber. In
the map measurements, the fiber is discretized into different
pixels with uniform spacing. Within each single pixel, the
Seebeck coefficient is regarded to be constant. The photo-
voltage V(x;) when the laser is at pixel j on the fiber can be
written as

J L
V() = =Y, S:VTi(x)
' 21 "N )

where N is the total number of pixels, and S; and VT(x;) are
the Seebeck coefficient and the temperature gradient at pixel i,
respectively. The temperature profile and its gradient VT;(x;)
are calculated by a thermal model (the Supporting
Information, Section 2) that considers axial conduction,
convection/radiation to the surroundings, and conduction
into the supporting substrate. The thermal model imposes
constant-temperature boundary conditions at x = 0 and x = L
due to thermal anchoring by the silver paste. The fiber thermal
conductivity k is assumed to be spatially uniform since the
thermal conductivity is dominant by phonons at room
temperature,” meaning that k is less sensitive to the doping
level than S is (see also discussion below about measurement
sensitivities). The laser whose spot size is smaller than the fiber
diameter can induce a transverse (perpendicular to the fiber
axis) temperature gradient, as the thermal conductivity is
expected to be highly anisotropic.”® Any transverse temper-
ature gradient, however, has no coupling to the longitudinal
photovoltage along the fiber, which only has contributions
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Figure 3. (A) Diagram of the laser annealing configuration. A 785 nm 50 mW laser irradiates the center of the fiber for 10 s to induce dedoping and
modify S(x). (B) PTE map measurements of the device before (top) and after (bottom) laser annealing. (C) PTE voltage as a function of x,
position along the fiber before (blue) and after (yellow) the laser annealing. The PTE voltage is obtained from the map in (B). The dashed lines are
the smooth curves fit to the PTE voltage and used to extract S. The magnitude of the PTE voltage is much larger after the local laser-induced
annealing. (D) Left axis: calculated Seebeck coefficient as a function of x position before and after annealing. Right axis: simulated steady state
temperature during the laser annealing. (E) Raman spectra of the fiber at x & 620 ym before and after the laser annealing show a red shift in the 2D
band position and modified line shape of the G band. Inset: the spectra from 1300 to 1700 cm™" including the G band. (F) Raman 2D band peak

position as a function of the x position of the laser annealed fiber. The red shift can be clearly seen at x =

620 pum. (G) Raman intensity ratio

between the G~ and G* bands as a function of x position of the laser annealed fiber. The broad G~ band appears at x &~ 620 gm. The red dashed
curves in (F) and (G) are lines to guide the eyes. Comparing the Raman spectra and the Seebeck coefficient, we confirm that the increase in the
Seebeck coefficient is caused by the shift of the doping level by the laser annealing.

from the cross-sectionally averaged longitudinal temperature
gradient.
Based on the thermal model, the coefficient matrix VT of eq
2 has the rank of N-1, so the Seebeck coefficient S; as a
function of position is the summation of the relative Seebeck
coeflicient S, and the average Seebeck coefficient S,... We
extract S;,; numerically from the measured photovoltage data
using the methodology discussed in Supporting Information
Section 3. We measure S, using a standard thermoelectric
measurement (Supporting Information, Section 2), and we
combine these parameters to find S(x). The extracted Seebeck
coeflicient map is insensitive to perturbations in the spatially
uniform k, or even to small position-dependent variations k(x),
as shown in Supporting Information Section 3. Fundamentally,
our PTE experiments are much more sensitive to gradients in S
than to gradients in k because the PTE signal vanishes if S(x) =
Save for any VT (ie., the PTE measurement is first-order

ave*

sensitive to d— S and second-order sensitive to thermal modeling
X

terms like % or the spatial gradients in the fiber cross-section

dimensions). In Supporting Information Section 3, we also
show the repeatability of the obtained Seebeck coefficient from
different photovoltage measurements.

We demonstrate this methodology with different types of
fiber samples. The PTE map measurements and Seebeck
coeflicient calculation are first performed on a fiber with a
distinct feature in the Seebeck coeflicient distribution
deliberately introduced by localized laser annealing. It is

known that thermal annealing of CNTF can dedope the
material by evaporating the remnant acid and/or other
adsorbed dopants such as water vapor and that this dedoping
reduces their electrlcal conductivity and increases their average
Seebeck response.””” A high power (50 mW) 785 nm laser is
focused at the center of the fiber for 10 s, as shown in Figure
3A. Induced by the laser, the temperature is increased to about
516 K (243 °C) at the center based on our thermal model (the
Supporting Information, Section 4); this temperature rise is
much larger than the temperature rises induced by the low-
power (<3 mW) laser used in the PTE measurements. We
expect the fiber to undergo modest dedoping by the brief
exposure to elevated temperatures, resulting in an increase in
the Seebeck coeflicient near the center of the fiber within the
heat-affected zone.

The PTE voltage maps of the device before and after laser
annealing are measured, as shown in Figure 3B,C. Figure 3C
shows the PTE voltage as a function of the x, position
obtained by finding the maximum of the absolute value in each
y-column in the PTE voltage maps in Figure 3B, C. Before
annealing, the PTE voltage is small but nonzero, implying a
nonuniform distribution of the Seebeck coefficient along the
unannealed fiber. After laser annealing, we observe a large
difference in the magnitude of the PTE voltage over the whole
fiber. The Seebeck coefficient of the fiber both before and after
annealing is calculated, as shown in Figure 3D. Before
annealing, the Seebeck coefficient fluctuates around the 17.2
#V/K average value. After annealing, we observe an overall
increase in the Seebeck coefficient from x = 350—850 ym. At
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Figure 4. (A) PTE voltage as a function of x, position along the fiber before and after annealing at 423 K for 4 h in the furnace. The red and gray
dashed lines are the smooth curves for the PTE voltage. (B) Calculated Seebeck coefficient and Fermi energy along the fiber before and after
annealing. The Fermi energy is estimated based on the Seebeck coefficient via the model of ref 3. (C) Raman spectra of the fiber before and after
annealing. Inset: the Raman spectra from 1500—1650 cm™ including the G band. There is almost no shift in the 2D band, and the G band red

shifts about 3 cm™.

the center location of x & 620 pm near the laser absorption
location during annealing, the Seebeck coefficient increased by
~30%, to about 22.4 uV/K. The steady-state temperature
profile during laser annealing is also simulated (the Supporting
Information, Section 4) in Figure 3D to help explain the
increase in the Seebeck coeflicient: near the edge of the fiber
(x < 350 and x > 850 um), the temperature rise is low and it is
insufficient to dedope the fiber or cause the increase in the
Seebeck coefficient. In the range of x = 350—850 um, the
temperature rise is larger and leads to a measurable increase in
the Seebeck coefficient. At the center, the temperature
increases steeply to 516 K, which results in the increase of
the Seebeck coeflicient from about 19.5 to 22.4 uV/K in a
short range of x = 590—650 yum.

We measure the Raman spectra of the fiber at x & 620 ym
using 532 nm excitation before and after laser annealing, as
shown in Figure 3E. The spectra show a large redshift (17
cm™) of the 2D band and a qualitative change in the line
shape of the G band after annealing. A broad G™ band at about
1520 cm™" appears after annealing, and there is a 3 cm™" red
shift in the G" band. The broad G~ band appears because the
Fermi energy of the metallic CNTs shifts after annealing.”*~*°
The red shift of Raman modes and the appearance of the G~
band further indicate the dedoping of the fiber after laser
annealing.””*°~** More details about the analysis of the Raman
spectrum are discussed in Supporting Information, Section S.

The Raman spectra are also measured at each pixel along the
fiber after laser annealing. The 2D band position and G7/G*
ratio as a function of x position are shown in Figure 3F,G. The
red shift of the 2D band and the increase in the G7/G" ratio
can be seen at the center of the fiber. Comparing Figure
3D,F,G, we can see that the 2D band redshift and the increase
of G7/G" are more localized than the increase of the Seebeck
coefficient. From x = 350—590 and x = 650—850 um, the
Raman spectra remain the same while the Seebeck coefficient
increases. Combining the temperature profile during the laser
annealing in Figure 3D, we can estimate the required
temperature to see the Raman spectrum changes is about
460 K (287 °C).

We also measured the PTE map to investigate the Seebeck
coefficient variation along a piece of the same fiber before and
after global thermal annealing. Focusing first on the pristine
fiber, the PTE voltage is shown in Figure 4A (blue curve), and
the extracted Seebeck coeflicient profile is shown in Figure 4B

(blue curve). The Seebeck coefficient fluctuates around the
17.2 uV/K average value, and the standard deviation and range
are 0.30 and 1.25 pV/K, respectively. To gain insight into the
origins of the spatial variation, the whole fiber is annealed in a
furnace with pressure below 100 mTorr for 4 h at 423 K (150
°C) (a thermal cycle determined not to harm the silver paste
contacts). The PTE map measurement is performed again on
the fiber, and then the Seebeck coefficient is calculated, as
shown by the orange curves in Figure 4A,B respectively. After
annealing, the average Seebeck coefficient is measured via
global thermopower to be 21.0 4#V/K. Our finding in Figure 4B
shows that the spatial fluctuations are much smaller after
annealing, with the standard deviation and range being 0.13
and 0.72 uV/K.

Raman measurements are consistent with these PTE
observations, as well. The average Seebeck coefficient becomes
larger after annealing because of the overall dedoping of the
CNTFE. The Raman spectra measured before and after
annealing at 423 K for 4 h, as shown in Figure 4C, show
that the G band red shifts about 3 cm™, consistent with
dedoping of the fiber. However, unlike the laser annealing
sample, the 423 K annealing sample shows no detectable shift
in the 2D band. This finding is consistent with the result from
Figure 3F and shows that an annealing temperature of 423 K is
not large enough to result in a 2D band shift.

Given that the modest 423 K annealing temperature is
unlikely to introduce changes in the structural arrangement or
the strain of the fiber, the smaller fluctuation of the Seebeck
coeflicient after annealing suggests that the spatial variation in
S(x) likely originates from nonuniformities in the dopant
concentration. We therefore attribute the lower spatial
variation in S(x) to a more uniform distribution of the doping
level along the fiber for the remaining dopant in the fiber.
Modeling the Seebeck coeflicient fluctuation as caused by the
nonuniform doping level, we can estimate the Fermi energy Eg
as a function of position, as shown in Figure 4B right axis. This
model uses the same correlation between the Seebeck
coefficient and the Fermi energy described in a previous
report’ on these fibers. The Fermi energy of the fiber before
and after annealing estimated from this model is —0.465 and
—0.459 eV, and we can see fluctuations at the scale of 1 meV.
Considering the 3 cm™" shift in the G band of the Raman
spectra (Figure 4C), we can estimate that at least a resolution
of 3 em™/0.006 (eV) = 0.5 cm™! is needed for the Raman
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spectroscopy to probe the Fermi energy fluctuation in 1 meV.
However, the 0.5 cm™" spectral resolution is not available for
most commercial Raman spectroscopy systems. Our PTE
effect-based method can therefore detect finer variation of S
and Ey along the fiber compared with Raman spectroscopy.

B CONCLUSIONS

We use a lock-in-based PTE mapping approach to quantify the
variation of the Seebeck coefficient along doped CNTF with
high sensitivity (<1 gV/K). The inferred Seebeck coefficient as
a function of position along the fiber is consistent with
expectations for a deliberately modified doping level
distribution for the laser annealing sample. We see a clear
correlation between the Seebeck coefficient distribution and
the Raman spectra as a function of position along the CNTF.
This establishes that Seebeck's response is dominated by the
local doping level. The data in this work shows that the lock-in-
based PTE survey is more sensitive to small changes in the
doping level and the Fermi energy than typical Raman
spectroscopy. Comparing the PTE measurements and the
Seebeck coefficient results before and after a mild isothermal
annealing, we see an increase in the average Seebeck coeflicient
of the fiber due to the decrease in the doping level. The spatial
variation of the Seebeck coefficient is smaller after annealing,
likely because of the redistribution of dopants to a more
uniform spatial distribution during the annealing process. From
the Seebeck coefficient distribution, we can use a prior model
connecting thermoelectric response and doping to calculate
the Fermi energy along the fiber. This approach can be applied
to other thermally one-dimensional systems given reliable
thermal models for the temperature distribution T(x, x,). Such
measurements provide information about the uniformity of the
system’s thermodynamic and electronic properties, which is
helpful for synthesizing higher quality and more uniform

materials.

B METHODS

Derivation of PTE Temperature Profile. We consider one-
dimensional (1D) steady-state heat conduction in the axial x direction
of the CNTF due to point source heating from a laser beam. Because
this heating period is substantially larger than the thermal time
constant (Figure 2B), transient heat conduction effects are negligible,
and the steady-state model is appropriate to describe the amplitude of
the temperature rise. The 1D governing energy equation including
radiation, convection, and thermal contact resistance that is used to

2
find the steady-state temperature profile T(x) is 375 = m*(T - T),

1

contact

where mzzi (Il'Dh + ) describes the effects of the losses to

the surroundings, k is the fiber axial thermal conductivity, A is the
fiber cross-sectional area, D is the fiber diameter, h is the heat transfer
coefficient describing the combined effects of convection to the
nearby air and radiation to the surroundings, R,y is the thermal
contact resistance for a unit length between the CNTF and the silicon
substrate (units of K. m/W), and T, is the ambient temperature. The
analytical solving of the governing equation and more details of the
derivation are discussed in Supporting Information Section 2.1.
Characterization of Fin Parameter mL in the PTE Experi-
ment. The PTE measurements are performed in an open
environment at room temperature. In this case, the convection,
radiation, and heat conduction across the fiber—substrate interface are
not negligible and require accurate characterization. We have utilized
a steady-state Joule heating and resistance thermometry method to
find the fin variable m. The CNTF samples are laid on the identical
Si0O,/Si substrate as used in the PTE measurements to make sure the
contact resistance is consistent, and measurements on multiple

samples yield consistent values. With known A, L, k, and f of the
CNTF sample, we can determine values of m. The detailed analytical
derivation of the steady-state Joule heating method and the measured
fin variable m values can be found in Supporting Information Section
2.2.

Thermal Conductivity Measurements. The thermal conduc-
tivity of the CNTF samples is the input parameter to the PTE
measurements and characterization of the fin variable m. Prior to any
measurement, we used Joule heating (steady state and three-omega)
measurements to evaluate the thermal conductivity of the CNTEF. In
this experiment, the CNTF sample is suspended over the inner two
silver paste electrodes and the measurements are performed in the
vacuum chamber to prevent convection and conduction through the
substrate. The detailed descriptions of the experimental setup and
measured thermal conductivity can be found in the Supporting
Information Section 2.3.

Average Seebeck Coefficient Measurements. To obtain the
average Seebeck coefficient S,,., we performed the standard steady-
state measurements on both as-spun and annealed CNTFs. The
CNTF samples are suspended over two heat-sunk Peltier modules
which control the temperature difference between both ends of the
CNTE. The details of the steady-state average Seebeck measurement
and the data analysis are discussed in the Supporting Information,
Section 2.5.

Raman Spectroscopy Measurements. The Raman spectrosco-
py is measured using a commercial Renishaw Raman system. A 532
nm laser with power smaller than 3 mW is focused on the fiber by a
50X , NA = 0.55 objective. The laser spot size (1/¢* radius) is about
2.5 um. The Raman map can be measured by moving the fiber with
the sample holder in the sample plane. The pixel size can be
customized, and for our map measurements, it is S gm. The PTE map
is measured both before and after the Raman spectroscopy
measurement to make sure that the fiber has no irreversible change
during the Raman measurement. Laser annealing is also performed
using the same Raman setup with a 50 mW 785 nm laser source.

Numerical Extraction of the Seebeck Coefficient. Eq 2 can be
written in the matrix form as follows:

VTI(’%) VTN(x1) N V(x1)

VTI(xN) VTN(xN) Sn " V(xN)

The VT matrix has a rank of N-1, so the general solution of the
equations S; = S, + Sy Sye is the solution of the homogeneous
linear equations VT-S = 0. S, is a particular solution of the above
inhomogeneous linear equations. Consider the symmetric boundary
condition of the temperature, for a perfectly uniform fiber (S(x) =
Sue), we have V(x,) = —/QS(x)VT(x, xo)dx = —SfSVT(x, xo)dx =
S(T(x=0) — T(x=L)) =0. As aresult, S,,, = C(1,1, ..,1)%, where C

is a constant. S, can be numerically solved by S, = —%-VTAV,

ave

where VT~ is the Moore-Penrose pseudoinverse of the matrix VT.
The constant C can be obtained by setting the average of the Seebeck
coefficient S; to be the experimentally measured average Seebeck
coeflicient of the fiber. More details are described in Supporting
Information Section 3.
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