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by low-momentum phonon scattering
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SUMMARY

Due to their nanoscale scattering cross section, single-walled car-
bon nanotubes (SWCNTs) have never been reported for crystallite
size or similar characteristics. Here, we characterize the average
structure thermal domain size of SWCNTs. This characteristic size
reflects the average mean free path of low-momentum phonon
scattering. The characterization itself involves measuring the ther-
mal reffusivity of SWCNT bundles in the axial direction down to 77
K and determining the residual value at the 0 K limit. This residual
value reflects the sole structure-phonon scattering due to vanishing
Umklapp scattering. We obtain the average structure thermal
domain sizes of two SWCNT bundles, which are 46.0 and 61.9 nm.
Since there is no other characteristic size information available to
compare for SWCNTs, we compare the structure thermal domain
size of other micro-/nanoscale materials with their crystallite size
by X-ray diffraction to interpret our results.
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INTRODUCTION

Since the discovery of carbon nanotubes (CNTs) in 1991,1 extensive attention

has been paid to them due to their unique structure and significant mechanical,

thermal, electrical, and optical properties.2–5 Due to their remarkable physical

properties, they have broad applications such as field emission electron sources,6,7

nanoelectronic transistors,8,9 sensors,10–12 energy conversion and storage,13–16

etc. Among all CNTs, single-walled CNTs (SWCNTs) show preferable electrical

properties for great potential applications.17 The electrical conductivity of

SWCNTs is affected by their chirality, which is determined by the chiral vector

(n, m).18,19 There are various techniques to characterize CNT structures, such as

X-ray diffractometry (XRD), energy-dispersive X-ray spectroscopy (EDS), scanning

electronic microscopy (SEM), transmission electron microscopy (TEM), atomic force

microscopy (AFM), and Raman spectroscopy. Soleimani et al.20 determined the

structure, crystal size, and interlayer spacing of MWCNTs using XRD. Their results

showed that the XRD pattern of MWCNTs was very similar to that of graphite. Tan

et al.21 used XRD to study the crystalline structure and intershell spacing and TEM

to study the physical structure of MWCNTs. Khanbolouki and Tehrani22 investi-

gated the macroscopic structure of a few-walled CNT yarn using SEM and studied

both macroscopic and microscopic structure down to the atomic level using EDS.

Using AFM, SEM, and EDS, Nagy et al.23 compared the structures of CNTs in terms

of diameter and length, including SWCNTs and multi-walled CNTs (MWCNTs)

synthesized using different processes.
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SWCNTs’ structure is particularly difficult to characterize due to their single-wall

thickness and extremely small diameter. Rarely, an individual SWCNT can have a sin-

gle-crystalline structure. Although characterizing the structural defects and crystal-

lite size in the axial direction is critical to understanding the energy carrier transport

in SWCNTs, it is impossible to measure their crystallite size in this direction, even us-

ing grazing incidence XRD to limit penetration into the material and increasing the

intensity, due to the extremely small cross-section size of SWCNTs. For powders

consisting of SWCNTs, as the size of the SWCNTs and their spacing limit XRD reso-

lution, special sample preparationmay be necessary for tubes with smaller diameter.

Furthermore, whether the tubes are aligned properly and how many are in the

sample might have a strong impact on the XRD results. To date, no crystallite size

measurement has been reported on SWCNTs in the axial direction.

To the best of our knowledge, very few studies have been done to obtain the phonon

mean free path of SWCNTs. Chang et al.24 reported the phonon mean free paths of

two MWCNTs as 50 and 200 nm. Hepplestone and Srivastava25 reported the mean

freepathof0.46-mm-long (10,10)SWCNTsas�480nmat77K through theoretical calcu-

lation, considering longitudinal (LA), doubly degenerate transverse (TA), twist (W),

lowest optical (s), andbreathing (c) phononbranches.On theotherhand,experimentally

determining the mean free path of phonons in SWCNTs remains a big challenge.

In this work, we characterize the average structure thermal domain (STD) size of two

highly aligned SWCNT bundles in the axial direction by considering the phonon

scattering in different lattice directions using the concept of low-momentum phonon

scattering and thermal reffusivity theory. The STD size here reflects the average

phonon mean free path induced by defects in the axial direction of SWCNT bundles.

Studying the STD size is important for understanding thermal transport properties in

materials. A longer mean free path means that phonons travel a greater distance

without being scattered, leading to a higher thermal conductivity. In this study, we

first measure the thermal diffusivity of highly aligned SWCNT bundles from room

temperature (RT) down to 77 K using the frequency-domain energy transport

state-resolved Raman (FET-Raman) technique. We also determine the intrinsic

average thermal conductivity of SWCNTs. Then, the thermal reffusivity theory is

used to study the defect levels and average STD of SWCNTs.

RESULTS AND DISCUSSION

Preparation of highly aligned SWCNTs over trenches via the soft-lock drawing

method

CNT films are synthesized using the atmospheric pressure chemical vapor deposi-

tion (APCVD) method, utilizing ferrocene/xylene/sulfur as precursor materials.

A nickel foil is positioned downstream of a quartz tube to collect the CNT film gener-

ated during the CVD process. The CVD furnace is heated to 1,160 �C under 20-sccm

Ar gas flow (99.999%). Once the desired temperature is reached, a solution consist-

ing of ferrocene (0.045 g mL�1) and sulfur (0.001 g mL�1) dissolved in xylene is

injected into the upstream side of the quartz tube with a flow rate of 5 mL min�1.

Simultaneously, the carrier gas is switched to a mixture of Ar and H2 (vAr:vH2 =

0.85:0.15) with a flow rate of 1,500 sccm. The reaction time is adjusted from 5 to

60 min to control the thickness of the CNT films. The grown CNT films floating down-

stream, are collected by the nickel foil. A CNT film can be easily peeled off from the

nickel foil and used for other experiments.26

To prepare suspended aligned SWCNT arrays over microtrenches, a random

SWCNT network film is first transferred and suspended onto a substrate with
2 Cell Reports Physical Science 4, 101688, December 20, 2023



Figure 1. SWCNT sample characterization

(A) SEM image of highly aligned SWCNT bundles under 5,0003 magnification. Scale bar: 5 mm.

(B) AFM image of highly aligned SWCNT bundles. Scale bar: 1 mm.

(C) D and G peaks from 1D Raman scanning along the length of sample 1 under 203 objective lens.

(D) Diameter profile of bundles of sample 1 corresponding to the red dashed line in (B). The green shaded circle in (B) and (D) shows the SWCNT region

on the substrate whose suspended part is studied using FET-Raman for thermal diffusivity measurement.
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microtrenches. Next, a nylon filter film is wetted with ethanol and wrapped around a

razor blade. This soft wetted nylon filter film acts as a buffer layer between the blade

and the SWCNT network film, which can improve the contact between the SWCNTs

and the rigid razor blade and effectively ensure a uniform pulling force on the

SWCNTs. Then, the razor blade is pressed against the SWCNT network film on

one side of the trench and moved perpendicular to the trench. Under this unidirec-

tional force, SWCNTs are drawn from the network of film, aligned along the pulling

force direction, and moved across the microtrenches. Eventually, this results in the

formation of suspended aligned SWCNT arrays over the trench.

Sample characterization

Before characterizing thermal diffusivity, we first study the structure of the to-be-

measured suspended SWCNT bundles. Figure 1A shows the SEM image of the
Cell Reports Physical Science 4, 101688, December 20, 2023 3
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samples under a 5,0003 magnification, from which we can see highly aligned

SWCNT bundles suspended over a trench in the silicon substrate. We use two

SWCNT bundles in this experiment. Their lengths are quite close, 10.08 and

10.36 mm for samples 1 and 2, respectively. Figure 1C shows 1D Raman scanning

along the length of sample 1 under a 203 objective lens. Note that the scanning

starts from the sample on the silicon substrate and ends on the silicon substrate of

the other side of the trench to observe the changes in the D and G peak intensity

over the trench. As solid lines represent, both peaks are a little thicker in the position

of the sample over the trench. It might be because of the substrate effect. Moreover,

since the intensity variation is small through the scanning length, it can be concluded

that the sample is quite uniform over the trench. Figure 1B shows the AFM image of

the location considered as sample 1. The dashed line represents the location of the

diameter profile shown in Figure 1D. The diameters of the SWCNT bundles in that

location are in the range of 1.61–6.70 nm. The green circle in Figure 1D represents

the laser spot diameter under a 503 objective lens used in our Raman study, which is

1.4 mm (2r0 in the laser beam spatial distribution of expð� r2 =r20 Þ). It shows that the
laser spot covers more than one bundle during FET-Raman measurement. However,

since the Raman intensity is proportional to the light-scattering volume and the local

laser intensity, the measurement results largely reflect the properties and structures

of the thickest bundles, of 6.7 nm diameter for sample 1 and 4.9 nm diameter for

sample 2 (not shown in Figure 1).

To study the bundles extensively, Raman scattering is conducted on the bundles

measured in this work. The Raman spectrum of sample 1 is shown in Figure 2A. The

presence of a D peak (1,344 cm�1) indicates that the sample has defects and it is

not a single crystal.27 The low-frequency peaks at 121, 150, 182, 251, and

265 cm�1 are associated with the radial breathing mode (RBM) of SWCNTs. The

RBM is related to the radial vibration of carbon atoms. It occurs at low frequencies be-

tween 120 and 350 cm�1 for SWCNTs with small diameters (dt), in the range of

0.7 nm < dt < 2 nm.28 The Gaussian multiple peaks function is used to fit the RBM

peaks as shown in Figure 2B. As mentioned before, RBM is specific to SWCNTs.

Therefore, Figures 2A and 2B prove that our CNT sample consists of SWCNTs.

RBM can be used to determine the tube diameter.29,30 Based on the peak locations,

the primary diameters of SWCNTs in the bundle are estimated to be 0.84, 0.89, 1.23,

1.49, and 1.85 nm based on the relation dt = 223:75
�
cm� 1 nm

��
u30 with u as the

Raman wave number. Therefore, the bundles observed in Figures 1A and 1B consist

of many SWCNTs. Moreover, the RBM peaks are fitted using the Gaussian multiple

peaks function, as shown in Figure 2B, and their area is analyzed. Note that the contri-

bution to Raman scattering by each peak is roughly proportional to its area under the

curve. As can be seen in Figure 2B, since the areas of the Raman peaks at 121 and

182 cm�1 are higher than the others, it can be concluded that SWCNTs with the cor-

responding diameters of 1.85 and 1.23 nm are dominant in the bundle. In addition,

since the areas of peakswith Ramanwave numbers 251 and265 cm�1 are significantly

smaller than the others, we do not consider them in the bundle. Considering the

largest-diameter SWCNTbundle of sample 1 (6.7 nm), the estimatednumber anddis-

tribution of individual SWCNTs inside the bundle are shown in Figure 2C. However,

this is not the only option for tube distribution and configuration. Therefore, the peak

with Ramanwave number 121 cm�1, which is related to the SWCNTwith a diameter of

1.85 nm (peak in red color in Figure 2B), makes the greatest contribution in the

bundle. Similarly, this factor has been considered for two other peaks (green and

blue). Based on the AFM results, the SWCNTs shown in Figure 1A are SWCNT bun-

dles with diameters in the range of 1.6–6.7 nm. They consist of individual SWCNTs

of diameters 0.84–1.85 nm uncovered by the RBM Raman data. For our samples,
4 Cell Reports Physical Science 4, 101688, December 20, 2023



Figure 2. Raman spectrum of SWCNT bundles and FET-Raman physical principle

(A) Raman spectrum of sample 1.

(B) RBM peaks with multi-peak fitting using the Gaussian function.

(C) The estimated distribution of individual SWCNTs with different diameters within the largest SWCNT bundle of sample 1.

(D) Cell chamber for cryogenic measurement down to 77 K.

(E and F) Temperature rise of sample under CW (E) and FR laser heating states (F).
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no single SWCNT is observed suspended on the trench, probably due to the large

trench width. Future research will focus on suspending single SWCNTs and studying

their thermophysical and structural properties using our FET-Raman or ET-Raman.
Cell Reports Physical Science 4, 101688, December 20, 2023 5
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Experimental setup and physical model for thermal diffusivity

characterization

The FET-Raman technique31 is used to measure the thermal diffusivity of the sus-

pended SWCNT bundle from RT down to 77 K. As shown in Figure 2D, the sample

is housed inside a cell chamber, which can be positioned by a 3D nanostage (not

shown in the figure) so that the laser spot positioning and focusing can be done pre-

cisely. An internal block holds the sample while a heating wire and a cooling tube

allow the sample to be heated and cooled inside the cell. To cool, nitrogen gas en-

ters the chamber to provide an inert gas environment, and liquid nitrogen is used for

cooling. The laser beam (532 nm wavelength) irradiates the sample from the glass

viewing window of the cell. Figures 2E and 2F show that the FET-Raman technique

uses two different energy transport states as continuous wave (CW) laser and ampli-

tude-modulated laser with a specific frequency (FR) to heat the sample. In both heat-

ing states, the laser irradiates the sample, the temperature of the sample rises, and

the Raman shift is measured at the same time under different laser powers (P). Then,

the Raman shift power coefficient (RSC) of each heating state is measured as j =

vu=vP.32 In the CW case, its RSC is dependent on the laser absorption coefficient

(al), the temperature coefficient of Raman shift (vu/vT), and the thermal conductivity

(k): jCW = alðvu =vTÞ$f1=k. In the FR case, RSC is dependent on al, vu/vT, k, and

volumetric heat capacity (rcp): jFR = alðvu =vTÞ$f2ðaÞ=ðrcpÞ. Here f1 and f2 are func-

tions determined by the heating condition and sample geometries and a ( = k= rcp,

k is the thermal conductivity, r is the density, cp is the specific heat) is the sample’s

thermal diffusivity. To eliminate the effect of laser absorption and Raman tempera-

ture coefficients, we normalize RSC as F = jFR=jCW . Now, F depends only on the

thermal diffusivity a ( = k=rcp ) of the sample and can be used to determine it via

data fitting.

For steady-state heating, the energy transport governing equation is:33,34

kV2TCW + _q= 0; (Equation 1)

where TCW is the temperature rise in the steady state, k is axial direction thermal con-

ductivity, and _q is the laser-induced Gaussian beam heating as below:35

_qðr ; zÞ = ðI0 = tLÞexp
�� r2

�
r20
�
expð� z = tLÞ; (Equation 2)

where I0 = P=pr20 is the laser (entering the sample) power intensity per unit area in the

center of the laser spot, r0 is the characteristic radius of the laser spot, tL is the laser

absorption depth, which is tL = l=ð4pkLÞ,36 where l is the laser wavelength (532 nm)

and kL is the extinction coefficient of the sample. Since the sample diameter is very

small (a few nanometers), the temperature is uniform in the radial direction. Note

that in this work, Equation 2 is only to show how the laser absorption affects the

heat conduction. No precise laser energy absorption evaluation is needed, since

the laser absorption information is eliminated in the F calculation. However, the

laser absorption distribution along the sample (expð� r2 =r20 Þ) is precisely consid-

ered in our data processing and modeling.

For the amplitude-modulated state, the energy transport governing equation is:37

kV2TFR + _q = rcpðvTFR = vtÞ; (Equation 3)

where TFR is the temperature rise in the transient state and _q could be calculated as in

Equation 2, but is square-modulated with 50% duty cycle at frequency f.

SWCNTs are suspended over a trench on a silicon substrate. Silicon can be consid-

ered a heat sink in both ends of the sample. Therefore, we consider the sample’s
6 Cell Reports Physical Science 4, 101688, December 20, 2023
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Figure 3. Red shift of SWCNT bundles and their thermal diffusivity determination at different temperatures

(A and B) 2D contour plots of the Raman shift for the G peak against laser power at 277 K for sample 1 for CW (A) and FR laser states (B).

(C and D) Raman shift for the G peak as a function of laser power under a 503 objective lens at 277 K for sample 1 for CW (C) and FR laser heating states

(D). The solid line represents the linear fitting to determine RSC, and the inset is the laser spot of the CW laser. Scale bar: 1 mm.

(E) Data fittings of experimental F at four different temperatures (97, 157, 217, and 277 K) to determine the thermal diffusivity of sample 1. A frequency of

1.7 MHz was used for the experiment at 77–117 K, 1.4 MHz for 137–177 K, 1.2 MHz for 197–237 K, and 1 MHz for 257–297 K.

(F) 2D contour plot to show the variation in Raman shift against temperature for sample 1.
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temperature as RT at both ends as the boundary condition. The theoretical ratio of

the temperature rise of the sample in the FR case to that in the CW case can be ob-

tained by solving Equations 1 and 3. To obtain the theoretical relation between the

ratio of temperature rise and thermal diffusivity, the 1D heat conduction modeling

based on the finite volume method is conducted to simulate the temperature rise

of the sample under two energy transport states with different trial thermal diffusiv-

ities. It should be noted that the Raman intensity weighted average temperature rise

over space (TCW ) in the CW case and the Raman intensity weighted average temper-

ature rise over space and time (TFR ) in the FR case are proportional to the corre-

sponding jCW and jFR , respectively. This Raman intensity weighted temperature

rise in spatial and temporal domains is carefully considered in our numerical simula-

tion. Note that in the FR case, the sample cannot completely cool down before a new

cycle comes in. This is fully considered in our numerical modeling by considering suf-

ficient heating cycles. Usually up to five cycles are sufficient to account for the heat

accumulation effect. In our modeling, we obtain Ft = TFR=TCW for different trial

values of a. By fittingFt against the experimentalF, we could determine the thermal

diffusivity of the SWCNT sample.

Thermal diffusivity measurement using FET-Raman

In the Raman experiment, the Raman spectra from RT to 77 K under different laser

powers are collected automatically for two samples to obtain the RSC. Note that

the two samples are from different locations of the suspended SWCNTs. Tempera-

tures and laser powers are controlled and varied by a Linkam T95 and LNP95 system

controller and an automatic neutral filter wheel (model FW212CNEB), respectively.

To avoid sample damage and obtain a linear u � P correlation, the laser power is

kept low in both CW and FR heating states. Taking sample 1 as an example, the laser

power is scanned from 1.79 to 17.9 mW under a 503 objective lens. Using this range

of laser power, the temperature rise is moderate (detailed later). The CW laser is

modulated to a square-wave form using an electro-optic modulator (EOM) (model

350-160; Conoptics) under four different frequencies: 1, 1.2, 1.4, and 1.7 MHz.

Note that in our measurement, the frequency is selected to make F not deviate

from 0.75 much to have a high sensitivity of a measurement. Our past work has

proved that when F is 0.75, the a measurement has the highest sensitivity.31

Figures 3A and 3B show the contour plots of the Raman shift for the Raman peak at

�1,582 cm�1 (G peak) at 277 K under different laser powers for sample 1 for the CW

and FR cases, respectively. Note that the laser power for the FR case is the power

during the duty, not the average power over time. The contour shows red shift of

the peak with increased laser power. Figures 3C and 3D show the linear dependency

of the Raman shift on laser power for sample 1 at 277 K for the CW and FR laser heat-

ing states. The RSC is determined as jCW = � 0:175G0:016 cm�1 mW�1 and

jFR = � 0:126G0:009 cm�1 mW�1, resulting in a normalized RSC (F) of 0:72G

0:03. Figure 3E shows the theoretical curve ofF � a for sample 1 at different temper-

atures under which different frequencies are selected for the FET-Raman. Fre-

quencies of 1, 1.2, 1.4, and 1.7 MHz are used for 257–277, 197–237, 137–177,

and 77–117 K, respectively. The F values at four different temperatures (97, 157,
8 Cell Reports Physical Science 4, 101688, December 20, 2023



Figure 4. Thermal diffusivity and conductivity variation with temperature

(A) The measured thermal diffusivity for both samples against temperature. The inset is the volumetric heat capacity for the SWCNT wall. The density

and specific heat capacity of SWCNT are from the literature.39,40

(B) The average intrinsic thermal conductivity of both samples against temperature. The inset is the thermal conductivity of SWCNTs from the literature

for comparison. The black line is the work of Hone et al.48 and the red line is the work of Savin et al.50 Error bars show the upper bound of uncertainty

analysis for measurements.
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217, and 277 K) are shown in the figure to interpolate the theoretical curve to

determine the corresponding thermal diffusivity. As can be seen, taking F at

277 K as an example, the thermal diffusivity of sample 1 is determined as

ð6:11G0:48Þ310� 5 m2 s�1. Figure 3F shows the contour plot of the G peak of sam-

ple 1 under different temperatures. As can be seen, it indicates the red shift of the

peak and decreasing intensity with increased temperature. The temperature coeffi-

cient of the Raman shift (vu/vT) is determined as 0.031 cm�1 K�1 for sample 1. Based

on Figures 3C and 3D, at 277 K the largest Raman shift change is about 2.5 and

1.9 cm�1 for CW and FR laser, respectively. We estimate the highest temperature

rise of sample 1 under CW and FR laser heating (DT = Du=ðvu=vTÞ) as 81 and 61

K. For the measurement at 77 K, the maximum temperature rise for CW and FR cases

is estimated to be 32 and 23 K. This temperature rise is the one in the laser heating

location. The whole sample’s average temperature rise should be lower, around

one-half or lower. Note that the level of laser focusing, laser absorption by the sam-

ple, exact location of the laser on the sample, and window reflection might be

different at different temperatures. But these do not affect our ameasurement accu-

racy, as the CW and FR laser cases share the same optical configurations. Moreover,

to obtain higher temperature sensitivity and experience a lower temperature rise of

the sample during laser heating, the resonance Raman ratio (R3) method, first devel-

oped by Zobeiri et al.,38 can be used in future studies.

Thermal diffusivity and conductivity variation with temperature

Figure 4A shows the measured thermal diffusivity for both samples against temper-

ature. As can be seen, the thermal diffusivity increases with decreased temperature.

This trend and underlying physics will be discussed in detail later using the thermal

reffusivity theory. The volumetric heat capacity is shown in the inset of Figure 4A. Us-

ing the density of graphite (2,210 kg m�3) for the wall of the SWCNT39 and the spe-

cific heat capacity of the SWCNT against temperature,40 the average intrinsic ther-

mal conductivity of SWCNT walls can be obtained. Note that the distance

between the graphite layers is 0.34 nm,27 which is very similar to the wall thickness
Cell Reports Physical Science 4, 101688, December 20, 2023 9
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of the SWCNT samples, making their densities similar. This average intrinsic thermal

conductivity is only for the CNT wall, not considering its hollow space in the middle.

The average intrinsic thermal conductivity of both SWCNT samples against temper-

ature is shown in Figure 4B. Phonons instead of electrons contribute the most to the

heat conduction in SWCNTs. To explain the thermal conductivity trend, we consider

the phonon scattering by the Umklapp process and grain boundaries. Due to the 2D

nature of the SWCNT wall, its thermal conductivity can be expressed as k = rcPvl=2

under the single relaxation time approximation, where l and v are phonon mean free

path and phonon group velocity,41,42 and r is almost constant with temperature. To

simplify the expression, thermal resistivity rthhk� 1 is used instead of thermal con-

ductivity k for discussion. Therefore, the thermal resistivity of SWCNTs is expressed

by rth = 2 =ðrcPvlÞ. There are two constraints on the phononmean free path: phonon

scattering induced by the Umklapp process (lU) and defects (lD ) following the Mat-

thiessen’s rule l� 1 = l� 1
U + l� 1

D , assuming the independence of different scattering ef-

fects. Consequently, the thermal resistivity can be expressed by rth = 2 =ðrcPvÞ$
½l� 1
U + l� 1

D �. While l� 1
D is quite independent of temperature, l� 1

U is proportional to

the phonon population e�TD=2T ,43 according to the Boltzmann factor, where TD is

the Debye temperature.44 At near RT, phonon-phonon scattering (Umklapp scat-

tering) dominates thermal transport, so lU � lD . Therefore, the thermal resistivity

is determined by l� 1
U . By decreasing the temperature, due to the decrease in phonon

population, Umklapp scattering gets weak and defects dominate the thermal trans-

port,45,46 so lU starts to increase until lU [ lD . Therefore, the thermal resistivity is

determined by l� 1
D . Since l� 1

D is quite independent of temperature, the thermal resis-

tivity will be controlled by the specific heat capacity cp, which decreases with

decreased temperature, resulting in increasing thermal resistivity. Consequently, a

peak will be observed in the thermal conductivity graph, as shown in Figure 4B.

On the right side of the peak, Umklapp scattering dominates the phonon transport.

On the left side of the peak, defect scattering controls the phonon transport

process more.

Zhu et al.47 sketched the temperature dependence of the Umklapp process part of

thermal resistivity as rth;U = 2 =ðrcPvÞ$Ce�TD=2T , whereC is constant, and the defects

part of thermal resistivity as rth;D = 2 =ðrcPvlDÞ, and their sum rth for both small and

large grain size samples. The approximate factor ‘‘2’’ in ‘‘TD/2T’’ could vary between

2 and 3, depending on the material phonon structure. It is observed that for samples

with reduced grain size (higher defect level), l� 1
D is increased, resulting in an increase

in grain boundary-induced thermal resistivity. As a result, the total thermal resistivity

of the reduced grain size sample will increase, and its minimum will be located at a

higher temperature. Consequently, the peak of thermal conductivity of the reduced

grain size sample will be located at a higher temperature. In this work, a peak in the

k � T relation for SWCNTs is experimentally observed. To compare our thermal con-

ductivity measurement with those of the literature, we come across the work by Hone

et al.,48 as shown in the inset of Figure 4B, the black line. They measured the thermal

conductivity of a bulk sample of SWCNTs in which the tubes were aligned in the

parallel direction of heat conduction from RT down to approximately 10 K. More-

over, Hone et al.49 measured the temperature-dependent thermal conductivity of

SWCNTs with a diameter of 1.4 nm from 8 to 350 K (not shown in the figure). No

peak was observed in any of k � T relations. The reason for that is similar to what

has been discussed previously. Increased defect levels push the peak to higher tem-

peratures. Savin et al.50 reported modeling results on the thermal conductivity of

SWCNTs, as shown in the inset of Figure 4B, the red line. However, their k increases

all the way to very low temperatures. This means that they did not consider defects in

the simulation, and the sample was highly crystalline. Therefore, comparing our
10 Cell Reports Physical Science 4, 101688, December 20, 2023
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results to those of the literature, the discrepancy is mainly due to the different struc-

tures and level of defects. For the thermal diffusivity and thermal conductivity mea-

surement, the uncertainty is estimated to have an upper bound of 14%, which is

shown by error bars in Figure 4. This uncertainty estimation considers the air convec-

tion, radiation, and thermal contact resistance between the SWCNT and the Si

substrate. Details can be found in the experimental procedures.
Structure thermal domain size determination based on residual thermal

reffusivity

In graphene and similar graphite materials, acoustic phonons sustain the heat

conduction.51 In this section, we use the concept of thermal reffusivity (Q), first intro-

duced by Xu et al.52 in our lab as the inverse of the thermal diffusivity, to distinguish

and study the defect effects.

Defect level and structure domain size uncovered by residual thermal reffusivity

As mentioned earlier, the thermal reffusivity is the inverse of the thermal diffusivity

and is used to study the phonon-defect scattering effect. The thermal reffusivity is

influenced only by phonon scattering, and no heat capacity effect is involved.

Figure 5A shows the thermal reffusivity of the two SWCNT bundles against temper-

ature down to 77 K. As described before, when the temperature goes down, due to

the decrease in phonon population, defects dominate the thermal transport. At 0 K,

the Umklapp scattering vanishes, so the thermal reffusivity at 0 K will uncover the

defect level and the STD size of the sample in the axial direction. In the case of

not having any defects, thermal reffusivity goes to zero at 0 K. The thermal reffusivity

consists of two parts, for effects of Umklapp and defects. The Umklapp scattering

shows the behavior of e�TD=2T .44 The thermal reffusivity (Q) is expressed as:

Q =Q0 + C3 e�TD=2T ; (Equation 4)

where C is a constant and TD is a constant proportional to the Debye temperature.

Obviously, with decreased temperature, the thermal reffusivity decreases, and at

0 K, the Umklapp scattering vanishes, and thermal reffusivity reaches a constant

Q0, which demonstrates the defect scattering. By fitting the data based on Equa-

tion 4, we have Q1 = 6;449+ 2:3831063e� 1445=2T and Q2 = 4; 795+ 1:913 107 3

e� 1898=2T , for samples 1 and 2, respectively. TD is determined to be 1,445 and

1,898 K here, close to that of graphene foam (1,818 K) and pyrolytic graphite

(1,133–1,381 K),53 reflecting great similarity in their structures. For samples 1 and

2, Q0 is accordingly determined as 6,449 and 4,795 s m�2, which take 24.5% and

12.3% of the RT thermal reffusivity, respectively. The mean free path of phonons

(l0) induced by defects can be obtained as l0 = 2 =ðvQ0Þ, where v is the acoustic

phonon velocity at the 0 K limit. Since the chiralities of individual SWCNTs within

our bundles are unknowns, we consider SWCNTs of different chiralities of (4, 4),

(5, 5), (6, 6), (10, 10), (7, 0), (9, 0), and (11, 0) and calculate their average acoustic

phonon velocity at the 0 K limit. Figures 5D and 5E show the typical phonon disper-

sion relation used in our calculation. This is calculated to be 6.74 km s�1. More details

of acoustic phonon velocity calculation can be found in the experimental proced-

ures. Therefore, l0 is calculated to be 46.0 and 61.9 nm for samples 1 and 2, respec-

tively. Note the phononmean free path is the average distance that a phonon travels

between two consecutive scatterings. l0 is termed the STD size here, which repre-

sents the characteristic size that accounts for the defects on phonon scattering.

Note that, since our bundles consist of approximately 11 individual SWCNTs with

different chiralities, l0 is their average STD size. Still, this STD size is the first estimate

of the structure domain size in SWCNT and provides deep insight into its structure.
Cell Reports Physical Science 4, 101688, December 20, 2023 11



Figure 5. Thermal reffusivity model and phonon scattering as a result of grain boundaries in the axial direction

(A) Variation of the thermal reffusivity against temperature for both samples. The solid lines represent exponential data fitting, and the residual thermal

reffusivity at 0 K is also shown for both samples.

(B) Comparison between STD size and crystallite size by XRD for various samples studied in the past.

(C) Schematic showing the phonon scattering by grain boundaries in the axial direction. The arrows indicate the direction of phonon scattering and

propagation.

(D and E) The phonon dispersion relation for armchair (6, 6) (D) and zigzag (7, 0) SWCNTs (E), as an example. The lattice constant (a) is 1.667 nm for

SWCNTs.67
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Figure 5C shows the schematic of phonon scattering by grain boundaries in the axial

direction. The arrows indicate the direction of phonon scattering and propagation.

For the average STD size in SWCNTs revealed by our low-momentum phonon

scattering, there is no other structural size information available for comparison.

However, in our past work on relatively large size (microscale) materials, the STD

size has been compared with the crystallite size uncovered by XRD. Here we elabo-

rate on this comparison to provide some in-depth understanding of the STD size.

Figure 5B shows the comparison between STD size by reffusivity theory and the crys-

tallite size by XRD of different materials.43,46,53–56 Note that the solid line represents

y = x. Overall, the crystallite size from XRD and the STD size from thermal reffusivity

theory are quite close to each other. For carbon nanocoils, the XRD size of 3.5 nm is

an average for millions of nanocoils, while the STD size is for each individual nano-

coils, so it is natural to see deviation of STD size from the XRD crystallite size.54

For polyethylene microfibers, the crystallite size is 19.7 nm from XRD and their

STD size is 8.06 and 9.42 nm.55 Note that we do not expect that these two methods

have exactly the same results, since XRD provides significant information about the

sample structure in a specified lattice direction, whereas the reffusivity theory deter-

mines the STD size based on phonon scattering from all lattice directions, as shown

in Figure 5C. Although the thermal reffusivity is used to measure the phonon

scattering behavior for phonon transport in one direction, phonon scattering in all

directions contributes to the effective STD size. Furthermore, the thermal reffusivity

theory can be used to study the STD size of nanotubes and wires or other materials

whose cross-sectional area is too small to induce neutron or X-ray scattering for

crystallite size characterization. For amorphous materials, lack of crystalline structure

will lead to no peak in beam scattering. Therefore, no structure domain/grain size

can be determined. However, the thermal reffusivity theory can still be applied to

determine the STD size, since strong phonon scattering can be observed.

In summary, the average STD size of two SWCNT bundles with diameters less than

7 nm was measured using low-momentum phonon scattering and reffusivity theory

instead of the XRD technique, since this type of sample induces negligible X-ray

scattering in the axial direction due to its extremely small size. Using FET-Raman,

the thermal diffusivity of the samples was determined from RT to 77 K, which later

was converted to thermal reffusivity. The residual thermal reffusivity at 0 K was deter-

mined to be 6,449 and 4,795 s m�2 for samples 1 and 2, respectively, which proves

the presence of abundant defects in the samples. The corresponding average STD

size of samples 1 and 2 was calculated to be 46.0 and 61.9 nm, respectively. For

the average STD size in SWCNTs revealed by our low-momentum phonon scattering

and thermal reffusivity theory, there is no other structural size information available

for comparison. However, in our past work on microscale materials, the STD size has

been compared with the crystallite size uncovered by XRD technique. The results

showed close agreement but still small differences for certain samples. This is

due to the fact that the low-momentum phonon scattering determines the STD

size reflecting all lattice directions of phonon scattering, while XRD determines

the crystallite size of a specific lattice direction.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

the lead contact, Xinwei Wang (xwang3@iastate.edu).
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Materials availability

This study did not generate new unique materials.

Data and code availability

Experimental data collected in this work are available upon request. The code for

data processing was developed using Fortran and is available upon reasonable

request.
Uncertainty analysis

For the SWCNT bundles measured in this work, they have a thermal contact resis-

tance with the Si substrate, which could affect our measurement data. To estimate

this effect, the total thermal resistance of one side of the supported SWCNT bundle

can be calculated as Rc = 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0� 1keff Ac

q
,39 where R0 is the interfacial thermal resis-

tance per unit length of the SWCNT bundle. Note that R0 is dependent on the bundle

diameter: a thicker bundle will have a lower value due to the larger contact area.

Based on our study of R0 for different-diameter SWCNT bundles, R0 is estimated

to be �800 K m W�1 for sample 1 with a diameter of 6.7 nm, as an example. keff is

the effective thermal conductivity of the bundle considering the individual

SWCNTs and voids within them, and Ac is the cross-sectional area of the bundle.

It should be noted that the supported part of the bundle on a silicon substrate is

long enough that it can be assumed to be infinite. Using the estimated number

and diameter of individual SWCNTs within the bundle shown in Figure 2C, the total

area of individual SWCNTs’ walls (Awall area) can be calculated to find the effective

thermal conductivity as keff = k3 Awallarea=Ac . Considering the average intrinsic

thermal conductivity (k) of the sample as �40 W m�1 K�1 at RT, keff is calculated to

be 17 W m�1 K�1. Therefore, the thermal resistance of the supported part (Rc) is

calculated to be 1:23109 K W�1. On the other hand, the thermal resistance of the

half-suspended bundle can be obtained as Rbundle = ðL=2Þ=ðkeff AcÞ to be 8:43109

K W�1 for sample 1, where L is the length of the suspended bundle. Therefore,

the suspended sample’s thermal resistance is about 7.3 times that of the supported

section. This �14% uncertainty caused by the thermal contact resistance is consid-

ered in our uncertainty analysis, as shown by the error bars in Figures 4A and 4B.

To estimate the effect of radiation between SWCNTs and surroundings, we use

Dkrad = 16εsT3L2=ðp2DÞ,55 where ε, s, T, L, and D are emissivity, the Stefan-

Boltzmann constant, RT, length, and diameter of the SWCNT bundle, respectively.

Dawlaty et al.57 reported the emissivity of six-layer graphene to be� 0:03 at a wave-

length of 10 mm. Therefore, the emissivity of single-layer graphene is calculated to

be 0.005. Taking the presence of 11 individual SWCNTs inside the bundle shown

in Figure 2C translates to 22 walls of SWCNT, which causes the emissivity to be

around 0.11. The radiation contribution in thermal conductivity for sample 1 at RT,

considering the thickest bundle (6.7 nm), is calculated to be 4:14310� 3 W m�1

K�1. This radiation effect is completely negligible compared with themeasured ther-

mal conductivity on the order of 10 s Wm-1 K�1. In addition, to estimate the effect of

convection between SWCNTs and air, we use Dkconv: = 4hL2=ðp2DÞ,58 where h is the

heat transfer coefficient between the SWCNTs and the surrounding air molecules.

Hsu et al.59 reported a heat transfer coefficient of 1:53103 W m�2 K�1 between air

and CNTs with a length of 31 mm and a diameter of 9.89 nm. Note that

this heat transfer coefficient is mainly caused by the thermal resistance of an air layer

surrounding the SWCNT bundle. This layer’s thickness is the air molecule mean free

path. Within this layer, Fourier ’s law of heat conduction cannot be applied since the

continuum assumption does not apply. Instead, the heat transfer is determined by

the collisions between air molecules and the SWCNT, as well as the accommodation
14 Cell Reports Physical Science 4, 101688, December 20, 2023
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coefficient that is the ratio of the actual energy exchange between the SWCNT and

the colliding air molecules to the ideal energy exchange. Mehta and Levin60 ran a

simulation to obtain the energy accommodation coefficient between cold nitrogen

and a hot graphene surface. They showed that the tangential energy accommoda-

tion coefficient (0.03) is much smaller than that of normal collision (0.61). When

the SWCNT bundle is thinner, air molecules collide with the SWCNT atoms in a

more tangential way. Also, the rate of collision will decrease substantially. This will

make the heat transfer coefficient decrease with the decreased bundle diameter.

Some other studies have been done to predict the heat transfer coefficient between

SWCNTs and surrounding air molecules. Among them, Hu et al.61 reported the inter-

facial heat conductance as 13105 W m�2 K�1 between air and one (10, 10) SWCNT

with a diameter of 1.34 nm and length of 12.3 nm using molecular dynamics (MD)

simulation. Their reported value is larger than the value used in this study

(1:53103 W m�2 K�1 reported by Hsu et al.59), since the heat transfer coefficient

decreases with increased SWCNT diameter. Our sample is much thicker than

those studied by Hu et al.,61 and this decreases the heat transfer coefficient.

Their results also found a very low accommodation coefficient of �0.02 at 1

atm and RT, which proves our earlier discussion about this coefficient. Wang

et al.62 reported the heat transfer coefficient between an individual CNT and the

air in a wide range of diameters using a theoretical model. For a 6.7-nm-thick

SWCNT used in this study, the heat transfer coefficient is �1:073105 W m�2 K�1,

which is very close to the maximum value (1:13105 W m�2 K�1) corresponding to

the accommodation coefficient of unity. However, it is proven that the accommoda-

tion coefficient is very low (�0.02), which will decrease the heat transfer coefficient

very much. To eliminate the air convection, future studies should be conducted in

a vacuum chamber. This is being planned in our lab and will be conducted in the

near future.

Using the reported heat transfer coefficient by Hsu et al.,59 heat transfer with air will

cause an effective thermal conductivity of 9.23Wm�1 K�1 for sample1.Notewhen tem-

perature decreases, the air molecule velocity will decrease, as will the collision rate with

the SWCNT bundle. At 77 K, the air heat transfer contribution to thermal conductivity

will be reduced to 4.67 W m�1 K�1. This is much smaller than the thermal conductivity

shown in Figure 4B. Consequently, both radiation and convection have a small effect on

the thermal conductivity measurement shown in Figure 4B. For low temperatures, their

effect will become more insignificant. Note that, in this work, the air convection will in-

crease themeasured thermal conductivity, while the thermal contact resistancewith the

substrate will decrease the measured thermal conductivity. These two effects could

offset each other, and our above 14% uncertainty is a safe upper bound.

Low-energy phonon velocity using phonon dispersion relation

In the structure domain size calculation section, the acoustic phonon velocity at the

0 K limit (low-energy phonon) is required. So here, the low-energy acoustic phonon

velocity is discussed and calculated. The phonon dispersion relation of SWCNTs has

been extensively investigated.63–66 Figures 5D and 5E show the phonon dispersion

relations of armchair (6, 6) and zigzag (7, 0) SWCNTs, respectively, as examples,

where q is the phonon wave number, a is the lattice constant (1.667 nm),67 and v

is the phonon frequency related to phonon energy (E) as E = hv. Here, h is the

reduced Planck’s constant. As can be seen, the three kinds of acoustic phonon

modes are TA, LA, and twisting (TW), which have a significant role in heat conduction

as they have high group velocity. TA is the lowest-energy acoustic phonon mode,

having displacement perpendicular to the tube axis, and doubly degenerates. LA
Cell Reports Physical Science 4, 101688, December 20, 2023 15



Table 1. Phonon group velocities for SWCNTs of different chirality

Type of SWCNT TA velocity (km s�1) LA velocity (km s�1) Average velocity (km s�1)

Armchair (4, 4) 5.8 23.2 7.73

Armchair (5, 5) 4.8 19.1 6.40

Armchair (6, 6) 5.0 24.2 6.80

Armchair (10, 10) 5.0 17.8 6.58

Zigzag (7, 0) 4.8 15.8 6.25

Zigzag (9, 0) 5.9 12.3 7.14

Zigzag (11, 0) 4.9 14.1 6.26
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is the higher-energy acoustic phonon mode, having displacement along the tube

axis. TW is a rigid rotation around the tube axis driven by the twisting motions of

the nanotubes. Note that this acoustic phonon mode is lost in the bundles.64

Because our sample is bundles consisting of SWCNTs, we do not consider the TW

mode in the phonon velocity calculations. Based on the phonon dispersion graphs,

the phonon group velocity can be calculated as v = vu=vq, where u is the angular

frequency and q is the wave vector. Near the center of the Brillouin zone, at 0 K, the

phonon momentum reaches zero. The TA and LA modes have approximately linear

dispersion at this location.68 As a result, the linear slope of each curve near zero q

represents nTA and nLA in Figures 5D and 5E. Taking SWCNT (6, 6) as an example,

nTA and nLA are 5.00 and 24.2 km s�1, respectively. As Table 1 shows, we calculate

the average velocity of phonons as v� 1
avg = ð2v� 1

TA + v� 1
LA Þ=3 for SWCNTs of different

chiralities. Our sample might consist of different chiralities of SWCNTs. However,

since there is a small discrepancy among average velocities for different chiralities,

we use the average of them as 6.74 km s�1. This might affect the STD size calculation

of the SWCNTs, but the effect is insignificant.
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