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Single-walled carbon nanotube (SWCNT) films
exhibit exceptional optical and electrical properties, making
them highly promising for scalable integrated devices.
Previously, we employed SWCNT films as templates for the
chemical vapor deposition (CVD) synthesis of one-dimensional
heterostructure films where boron nitride nanotubes (BNNTSs)
and molybdenum disulfide nanotubes (MoS,NTs) were 2665 Annealing
coaxially nested over the SWCNT networks. In this work, we b
have further refined the synthesis method to achieve precise
control over the BNNT coating in SWCNT@BNNT hetero- sywcNT@BNNT 1586 1588 1590 1592
structure films. The resulting structure of the SWCNT@BNNT film Wt ( Cm_1)
films was thoroughly characterized using a combination of
electron microscopy, UV—vis—NIR spectroscopy, Fourier-
transform infrared (FT-IR) spectroscopy, and Raman spectroscopy. Specifically, we investigated the pressure effect induced
by BNNT wrapping on the SWCNTs in the SWCNT@BNNT heterostructure film and demonstrated that the shifts of the
SWCNT’s G and 2D (G’) modes in Raman spectra can be used as a probe of the efficiency of BNNT coating. In addition, we
studied the impact of vacuum annealing on the removal of the initial doping in SWCNTs, arising from exposure to ambient
atmosphere, and examined the effect of MoO; doping in SWCNT films by using UV—vis—NIR spectroscopy and Raman
spectroscopy. We show that through correlation analysis of the G and 2D (G’) modes in Raman spectra, it is possible to
discern distinct types of doping effects as well as the influence of applied pressure on the SWCNTs within SWCNT@BNNT
heterostructure films. This work contributes to a deeper understanding of the strain and doping effect in both SWCNTSs and
SWCNT@BNNTs, thereby providing valuable insights for future applications of carbon-nanotube-based one-dimensional
heterostructures.

-

one-dimensional heterostructure, single-walled carbon nanotube, boron nitride nanotube, Raman spectroscopy,
van der Waals

One-dimensional van der Waals (1D vdW) heterostructures are

an emerging class of nanomaterials that consist of coaxially

stacked atomically thin layers, including graphene, boron nitride

(BN), molybdenum disulfide (MoS,), tungsten disulfide (WS,), October 4, 2023
and others."”” Each of these layers exhibits distinct physical March 4, 2024
properties, with some being metallic, semiconducting, or March 7, 2024
insulating.” Combining them into a single structure not only

leads to a vast number of potential applications in various fields,

including (opto)electronics, photovoltaics, and electrochemis-
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Figure 1. Fabrication of SWCNT@BNNT heterostructure films. (a) Schematic illustration of the CVD process for growing the SWCNT@
BNNT heterostructure film. Photographs of (b) an SWCNT film suspended on a ceramic washer and (c) an SWCNT@BNNT film after BNNT
wrapping, demonstrating the macroscopic morphology of the film samples. Insets show the corresponding atomic models of the SWCNT and
SWCNT@BNNT. SEM images of (d) a pristine SWCNT film and (e) an SWCNT@BNNT film after 15 min of CVD growth. TEM images of (f) a
pristine SWCNT film and (g) a SWCNT@BNNT film after 15 min of CVD growth. TEM images of a representative individual tube in (h) a
pristine SWCNT film and SWCNT films after different BN CVD growth times: (i) 15 min; (j) 30 min; (k) 60 min (for figures corresponding to
longer growth times, refer to Figure S1 in Section S1 in the Supporting Information (SI)).

try,”* but also results in intriguing physical phenomena arising
from crystal lattice mismatch or quantum confinement, such as
moiré flat bands and strongly correlated electronic states.””

Among the promising types of 1D vdW heterostructures are
single-walled carbon nanotubes (SWCNTs) encapsulated in BN
tubes (SWCNT@BNNTs). They have been suggested as
candidates for back-gate field-effect transistors,’ the smallest
coaxial cables,® model topological insulators for low-power
electronics,” or templates for the growth of much larger 1D
heterostructures such as BNNT@MoS,."'"" Although re-
cently significant progress has been made in the synthesis of
SWCNT@BNNTs by utilizing chirality-sorted SWCNTs,'>"?
further advancements in their controlled growth, in particular
for macroscopic quantities, require fast and reliable character-
ization tools that provide information on the synthesis efficiency
and material structure and quality.*””

Optical spectroscopy is a highly effective technique for
characterizing 1D vdW structures, as their electronic, optical,
and vibrational properties are modulated by the vdW
mechanical and electronic couplings being a function of the
diameter, interlayer distance, interlayer twist angle, strain,
interlayer charge, and energy transfer.” This can be illustrated
by the simplest and yet best-studied 1D vdW structures, which
are double-walled carbon nanotubes (DWCNTs).” Raman
spectroscopy, for example, can accurately estimate the diameters
and interlayer distances of DWCNT's by analyzing the radial
breathing modes (RBM)'*"® and G modes'® or probe the
metallicity of the layers based on the G line shape'” or electronic
Raman scattering peaks.'® The exact inner@outer tube
combinations of DWCNT' s can be identified by inspecting the
RBM frequencies and transition energies in the Raman
excitation profiles influenced by moiré-induced vibrational
coupling'”* or based on the optical features originating from
the intertube transitions in the Rayleigh spectra,”** optical

absorption spectra and Raman excitation profiles.”> Alterna-
tively, they can be deduced from inspecting the intertube energy
transfer peaks as was shown recently by Erkens et al. combining
absorption spectroscopy, photoluminescence excitation spec-
troscopy (PLE), and tunable Raman spectroscopy.'® Optical
spectroscopy has been also successfully employed for inves-
tigating more complex 1D vdW structures such as SWCNT@
BNNTs based on different SWCNT templates, e.g. vertically
aligned SWCNT@BNNT heterostructure layers,”* and zeolite-
supported SWCNT@BNNT heterostructures.”

In this work, we employed a range of optical spectroscopy
techniques, including UV—vis—NIR spectroscopy, Fourier-
transform infrared (FT-IR) spectroscopy, and Raman spectros-
copy, to thoroughly characterize and analyze the optical
properties of the SWCNT@BNNT heterostructure films. In
particular, we investigated the pressure effect resulting from
BNNT wrapping on the SWCNTs within the SWCNT@BNNT
heterostructure film, demonstrating that the shifts observed in
the G and 2D (G’) modes of SWCNTs can serve as a probe of
the efficiency of BNNT coating. Additionally, we studied the
impact of vacuum annealing on the removal of the initial doping
in SWCNTs, arising from exposure to the ambient atmosphere,
and examined the effect of MoO; doping in SWCNT films, using
UV—vis—NIR spectroscopy and Raman spectroscopy. We
demonstrate that by performing the correlation analysis of the
G and 2D (G’) modes in Raman spectra, it is possible to
distinguish distinct types of doping effects as well as the
influence of applied pressure on the SWCNTs within
SWCNT@BNNT heterostructure films.

RESULTS AND DISCUSSION

Synthesis and Structure Analysis of SWCNT@BNNT
Heterostructure Films. In our previous studies, we estab-
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Figure 2. Optical characterization of SWCNT and SWCNT@BNNT heterostructure films. (a) Optical absorption spectra of SWCNT and
SWCNT@BNNT heterostructure films. The inset shows the zoomed-in optical absorption spectra in the range from 500 to 3000 nm of the same
samples. The gray region marked by a star is caused by a strong absorption from the ambient atmosphere, preventing this region from being
measured accurately. (b) FT-IR spectra of the pristine SWCNT film and SWCNT@BNNT heterostructure films. (c) Average Raman spectra
over an area of approximately 52 gm X 40 pm of the pristine SWCNT and SWCNT@BNNT heterostructure films with an excitation wavelength
of 532 nm. Inserted figures are the enlarged Raman spectra focusing on the region around 800 cm™" (left) and the G-band region (right) of the
SWCNT and SWCNT@BNNT heterostructure films. (d) Raman intensity map of the scanning area of SWCNT@BNNT heterostructure film
with a CVD growth time of 15 min. (e) Scatter plot of fwhm of G* peak against its position for SWCNT films with different BN CVD growth

times.

lished a method for growing coaxial SWCNT@BNNT
heterostructures by a CVD technique."”'” In this work, we
extended this method further, primarily by optimizing the CVD
growth temperature, allowing for even greater control over the
BNNT coating in the SWCNT@BNNT heterostructure films.
The approach and results of this development are illustrated in
Figure 1. To grow heterostructures, we used an SWCNT film as
a template and ammonia—borane as the precursor (Figure 1a).
To avoid any effect from the substrate during subsequent
spectroscopic characterizations, we suspended both pristine
SWCNT film and SWCNT@BNNT films on ceramic washers
with a 4 mm inner diameter, as shown in the photographs in
Figure 1b,c, respectively.

Our findings demonstrate that the quality of BNNT
crystallization can be effectively controlled by the high-
temperature treatment (1250 °C). For instance, we refer to
the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images in Figure 1d,f, which
illustrate the morphology of the pristine SWCNT film before the
BN CVD process. Particularly, small dark spots are observed in
both images, which correspond to the catalyst particles
remaining after the fabrication of SWCNT networks.”*’
These catalyst particles are removed by high-temperature
treatment during the CVD process, as evidenced by the SEM
and TEM images of the SWCNT@BNNT film for 15 min of

CVD growth time (denoted as SWCNT@BNNT-15; see Figure
le,g, respectively).

Moreover, with an increase in the BN growth time, the
thickness of the SWCNT@BNNT networks increases, indicat-
ing successful wrapping of BN layers around the SWCNT
template. SEM and TEM images of SWCNT@BNNT for a 30
min CVD growth time (SWCNT@BNNT-30) are shown in
Figure Sla,c, respectively, while those for 60 min of growth
(SWCNT@BNNT-60) are presented in Figure S1b,d. The
latter images reveal the thickest BN layers among the three
different growth conditions. It is worth noting that no two-
dimensional h-BN flakes are observed under those BN CVD
conditions even when the growth time is 60 min.

To better illustrate the change in the number of BN layers, we
present typical individual carbon nanotubes in the pristine
SWCNT film and SWCNT@BNNT films after three different
BN CVD growth times (15, 30, and 60 min) in Figure 1h—k. Itis
clear that during the BN CVD process, highly crystalline BN
layers are formed along the SWCNT. The number of BN layers
is expected to increase with growth time; e.g. when the BN CVD
growth time is 60 min, the number of BN layers reaches 2—3
layers, fully wrapping the individual carbon nanotube.

Spectroscopic Characterization of SWCNT and
SWCNT@BNNT Heterostructure Films. By characterizing
the aforementioned heterostructure films with various optical
spectroscopic techniques, we have identified several character-
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Figure 3. G-band behavior in individual and film SWCNT@BNNT samples. (a) Schematic representation of individual and film samples of
SWCNT@BNNTs. (b) Frequency shift distribution of individual SWCNT@BNNT's (white histogram) displaying distinct peaks at 0 and —6.3
cm™!, contrasting with the one-peak frequency shift distribution in the film sample (blue histogram). Dark gray and light green histograms
represent individual and pristine SWCNT film samples, respectively. The arrow indicates the frequency shift of the G band upon BNNT growth.
(c) fwhm distribution of individual SWCNT (dark gray), individual SWCNT@BNNTs (white), film SWCNT (light green), and film SWCNT@
BNNT (blue) samples. (d) Scatter plot illustrating the variation in frequency and fwhm of the most intense G* peak in the G band for individual
SWCNT (filled triangles), individual SWCNT@BNNT (open circles), SWCNT film (light green triangle), and SWCNT@BNNT film (blue
points) samples. The color of the film SWCNT@BNNT points represents the BNNT growth time. The solid blue and black lines represent the
effects of inhomogeneous broadening and pressure, respectively. Small and large ellipses depict the range of frequency and fwhm variation for
individual SWCNT and SWCNT@BNNT samples, respectively. (e) Raman spectra of selected individual SWCNT@BNNT s along the major
axis of the ellipse in (d), demonstrating a gradual frequency shift and broadening (gray lines). The dashed green and blue lines correspond to
averaged spectra from individual SWCNTs and SWCNT@BNNTs, respectively, resembling the spectra from the SWCNT and SWCNT@

BNNT film samples (solid green and blue lines).

istic signatures of the BN coating, as summarized in Figure 2. For
instance, we observe a peak at ~205 nm in the optical absorption
spectra of SWCNT@BNNT films (Figure 2a) whose intensity
grows with the increase in BN CVD growth time (represented
by a color gradient in Figure 2; see legend). This peak is absent
in the pristine SWCNT film; hence, we attribute it to the band
gap optical transition of the BNNTs.”® Moreover, the S;; and S,,
peaks of the inner SWCNT's at 2600 and 1400 nm, respectively,
exhibit intensity variation upon thermal annealing (inset of
Figure 2a), which will be discussed in more detail later.

Another distinctive optical signature is an intense band at
~1370 cm™!, which can be observed in the FT-IR spectra of the
SWCNT@BNNT films (Figure 2b). This particular peak is
attributed to the longitudinal optical mode with vibrations along
the axis of a BNNT,” equivalent to the in-plane stretching Epe
mode of the h-BN. Similarly to optical absorption, the intensity
of this FT-IR peak demonstrates a clear correlation with the
increase in BN coating amount during CVD growth, as evident
in Figure 2b.

Furthermore, we observe several significant changes in the
Raman spectra of heterostructure films upon the BN coating.
These changes are best illustrated using the Raman spectra of
SWCNT and SWCNT@BNNT films in Figure 2¢, which are
obtained by averaging the data from the Raman maps measured
with a 532 nm excitation. Specifically, we detect the appearance
of a weak peak at ~800 cm ™" (left inset in Figure 2c), which we
attribute to the out-of-plane radial buckling mode of

BNNTs,**° and a downshift of the Raman-active modes of
SWCNTSs such as RBM, G, and 2D bands (see the right inset in
Figure 2c, zooming in on the G-band as an example).
Interestingly, as in previous studies on vertically aligned
SWCNT@BNNTs,”* the A, Raman line of BNNTSs located
around 1370 cm™ is not initially observed and becomes
prominent only after burning the inner SWCNTs.”* We note
that the frequency shifts of the CNT and BNNT peaks in the
Raman spectra correlate well with the increase of the number of
BN layers during CVD growth, as observed in the SEM and
TEM images (Figure 1). Consequently, these shifts can be
readily used for estimating the efficiency of the BN coating
during the CVD process. In the following, we will focus on the
most intense among them, namely the G and 2D bands of
SWCNTSs, because of their higher signal-to-noise ratio.

To provide a more reliable evaluation of the efficiency of the
BN coating in macroscopic film samples, we developed a
characterization approach based on Raman imaging. In
particular, we scan an area of approximately 52 ym X 40 pum
with a step size of 2 ym, collecting over 500—600 spectra for
each sample (see Figure 2d showing the intensity of the G band
at the SWCNT film’s surface). Each spectrum of the map is then
fitted with a set of Lorentzian functions to obtain information on
the positions, full widths at half-maximum (fwhm), and peak
intensities of the main Raman lines (see details in SI Section S2).
We reveal small variations in all of these parameters across the
surface of the film samples, resulting in the formation of clusters
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or clouds, as shown in the fwhm vs G* frequency plots (Figure
2e, where each circle represents a single measurement). Within
each cluster, the standard deviations from the mean values of the
G* mode frequency and fwhm constitute on average 0.2 and 0.3
cm™!, respectively. This implies that the absolute difference
between the minimum and maximum values of the frequency
and fwhm within a cloud can reach 1 and 1.5 cm™, respectively.
Such differences are of the same order of magnitude as the mean
G shift at different CVD growth times, as is evident when
comparing the centers of the clusters in Figure 2e. Con-
sequently, using single-point measurements becomes unreliable
for characterizing the film samples, as the obtained G band shift
can vary significantly depending on which data point within the
data cloud is measured. To address this issue, we compared
samples using the mean values and standard deviations
(reported as error bars) of the fitted fwhm and G* mode
frequencies rather than reporting values for individual data
points. For example, the effect of BN coating on the SWCNTSs’
Raman lines obtained from Raman imaging is illustrated in
Figure 2e. After 15 min of BN CVD growth, the mean position of
the G* mode shifted from 1590.1 cm™ for the pristine SWCNT
film to 1589.3 cm™'. With increasing BN growth time, the
downshift becomes more significant, ranging from 1588.3 cm™
(SWCNT@BNNT-30) to 15874 cm™! (SWCNT@BNNT-
60). We also observed a broadening of the G* mode of SWCNTs
after BNNT wrapping, as evidenced by the change in its mean
fwhm from 12.7 cm™ for a pristine SWCNT to 16.4 cm™'
(SWCNT@BNNT-60).

To gain further insights into the G-band behavior in film
samples, we compare our experimental data with the Raman
imaging data obtained by Matsushita et al.” on individual
SWCNT and SWCNT@BNNTSs on substrates (Figure 3a). The
BNNTs in film and individual heterostructures were grown by
using the same CVD method and should provide information on
the intrinsic G-band behavior in single heteronanotubes. The
differences between the two types of samples are best illustrated
using the frequency and fwhm distributions (Figure 3b,c) or
scatter plots (Figure 3d), where the histograms in Figure 3b,c are
directly related to the data clusters in Figure 3d. For brevity, we
present the data only from two film samples: the reference
SWCNT and SWCNT@BNNT-60 samples (light green and
dark blue histograms, respectively). We remark that due to the
different mean G band frequencies in individual and film
SWCNT templates, originating from diverse synthesis methods
(alcohol-assisted CVD for individual SWCNT's versus aerosol
CVD for SWCNT films), we compare in Figures 3b,d not the
absolute G* frequencies, but the shift between the G* values in
SWCNT@BNNTs and SWCNT template samples. The mean
G frequency of the pristine SWCNT sample is taken as the zero
point.

Importantly, the frequency distribution of individual
SWCNT@BNNTS reveals two distinct peaks at 0 and —6.3
cm™!, represented by the maxima in the white histogram in
Figure 3b (see also SI Section S3). These peaks are associated
with large standard deviations of 1.9 and 3.4 cm™’, respectively.
In consequence, the absolute frequency shift within the
distribution varies from +4 to —13 cm™, as visually highlighted
by the large ellipse in Figure 3d. It contrasts with the one-peak
frequency distribution from the film samples, with a much
narrower standard deviation of 0.2 cm™ (refer to the blue
histogram in Figure 3b or error bars of the film points in Figure

3d).

We recall that the G-band shift of the inner SWCNTSs was
previously observed in individual DWCNTSs'® and MWCNTSs®'
and in individual SWCNT@BNNTSs" and explained in terms of
an expansion of the inner SWCNTSs due to the interlayer
mechanical coupling. In particular, Popov et al.'® calculated the
dependence of the G-shift on the diameter and interlayer
distance in DWCNTSs. Furthermore, Matsushita et al.’
developed a model accounting for the mechanical interaction
in multilayered heterostructures and predicted the dependence
of the G shift on the diameter of SWCNT@BNNTs. Based on
these works, we can assign the first peak at 0 cm™' in the
individual SWCNT@BNNT distribution to either the presence
of uncoated sections of SWCNTs in the sample after the BN
CVD growth or contributions from the SWCNT@BNNT
heterostructures with minimal interlayer mechanical coupling
and hence negligible G band shift. The second peak at —6.3
cm™' is due to the large abundance of SWCNT@BNNT
heterostructures with a well-defined average diameter, interlayer
distance, and number of BN layers.

Regarding the comparison of line widths, the average fwhm of
G" peaks in individual SWCNTs is relatively small, measuring
7.7 cm™!, compared to the film SWCNT sample with a value of
12.8 cm™! (indicated by the gray and light green histograms in
Figure 3c, respectively). However, the standard deviation of the
fwhm for the individual SWCNTSs is considerably larger,
measuring 1.7 cm™’, in contrast to the film samples with a
value of 0.5 cm™.

To explain the observed differences between individual and
film samples, it is important to consider that the film data result
from averaging Raman responses of many SWCNTs and
SWCNT@BNNTSs under a laser beam. Therefore, they are
influenced by the inhomogeneous broadening effect. To
illustrate this, we plot the Raman spectra of various individual
SWCNT@BNNTS from Matsushita et al.’ (gray lines in Figure
3e) corresponding to the data points located along the major
axis of the large ellipse in Figure 3d. Specifically, the data points
from the bottom-right to the top-left corners of the ellipse are
plotted from bottom to top, respectively. It is evident that the G
bands in these selected Raman spectra exhibit a gradual
frequency shift and broadening. These shifts are expected to
correlate with the SWCNT@BNNT structure, including the
average diameter, interlayer distance, and number of layers, as
discussed earlier. Conversely, the broadening can be attributed
to the uneven BN coating along the heterostructures, as reported
in ref 5. Indeed, certain spectra display a three-peak structure,
where the high-frequency peak likely corresponds to the signal
from uncoated SWCNTs, which persist at specific points within
the heterostructures.

Notably, by averaging all Raman spectra from individual
SWCNTs and individual SWCNT@BNNTSs, we obtain the
spectra shown in Figure 3e with the dashed green and blue lines,
respectively. They closely resemble the spectra from the
SWCNT and SWCNT@BNNT film samples, averaged over
all points on the film surface (solid green and blue lines in Figure
3e). Interestingly, the frequency difference between G* peaks in
averaged individual SWCNT and SWCNT@BNNT spectra is
about —3.3 cm ™!, which is quite close to the largest downshift of
the G-band in film samples, ie. the one in the SWCNT@
BNNT-60 sample (=—2.7 cm™"). The inhomogeneous broad-
ening also accounts for the difference between the G band line
widths in the individual SWCNT and film SWCNT samples
(dark gray versus light green histograms in Figure 3c with
centers at 7.7 and 12.8 cm™, respectively), as upon averaging,
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Figure 4. (a) Correlation between the frequencies of the G* and 2D (G’) Raman modes of SWCNT's obtained from Raman mapping of different
samples measured at 532 nm. The samples are categorized into five groups: pristine SWCNTs (light purple), SWCNT@BNNTs (blue),
annealed SWCNTs (light green), annealed SWCNT@BNNTs (green), and annealed/doped SWCNTs (purple). Different shades of blue and
green represent the growth times (see color bars). The annealed/doped SWCNT group consists of annealed SWCNT films doped with a MoO,
layer with thicknesses of 1 nm (medium purple) and 4 nm (dark purple), respectively. The gray dashed, dash-dotted, and dotted lines
correspond to the strain curve for the pristine SWCNT@BNNT samples, strain curve for the annealed SWCNT@BNNT samples, and the
doping curve for the annealed/doped SWCNT samples, respectively. These curves were obtained by fitting the corresponding data clusters and
are similar to the graphene strain and doping lines from the work of Lee et al.*>*> (b) Frequency of the 2D (G’) Raman mode as a function of
excitation laser energy for pristine SWCNT films. The green solid line refers to the fit of the experimental data. The two green dashed lines
indicate the 26 confidence band. (c) Correlation between the frequencies of the G* peakand w,;y — w,; of SWCNT film sample and SWCNT@
BNNT film sample measured under four different excitation wavelengths (488, 532, 633, and 785 nm). Inverted triangle symbols denote the
pristine SWCNT film samples, while circles correspond to the SWCNT@BNNT-60 sample. The green solid line represents the graphene strain
curve with the slope 2.2.>° The green dashed lines denote the 26 confidence interval.

the fwhm of the former spectra increases to 14.5 cm™, which is frequency distribution with increasing BN growth time. This
rather close to the film samples. effect is depicted by the solid blue line in Figure 3d (see also SI
Based on the observations provided, we propose the following Section $4).

mechanism to explain the frequency shift and line broadening of Furthermore, it is of particular interest to compare the
the G band in film samples. Each individual SWCNT in the inhomogeneous broadening resulting from averaging over a
SWCNT@BNNT films experiences varying levels of interlayer wide distribution of SWCNT@BNNTSs with the intrinsic
mechanical coupling, determined by factors such as the broadening of the G band caused by the hydrostatic pressure.’”
diameter, interlayer distance, and number of BN layers, which In Figure 3d, the solid black line represents the latter effect
are all influenced by the growth conditions. This variation leads extrapolated to negative pressure (SI Section SS), where the
to frequency and fwhm distributions similar to those observed in change in the fwhm with the G shift is noticeably smaller than
the individual SWCNT@BNNT samples in Figure 3b,c (white the measured broadening of the G band in the film samples, as
histograms). Averaging the Raman responses of the entire indicated by the filled circles. Therefore, while the intrinsic
ensemble of SWCNT@BNNTSs under the laser beam results in broadening alone cannot fully explain the observed behavior, it
both shifted and broadened G-band spectra compared with the may contribute to a lesser extent.

SWCNT template case. Finally, it is important to address whether the structural

The gradual increase in both the frequency and fwhm in film parameters of SWCNTSs and BNNTS can be extracted from the
samples, from SWCNT@BNNT-15 to SWCNT@BNNT-60, observed G band shift in the SWCNT@BNNT films. For

may be attributed to the gradual increase in the mechanical- example, Figure 1li—k suggests that the number of BN layers in
coupling-induced peak at —6.3 cm™" in the SWCNT@BNNT the heterostructures increases with the growth time, along with
F https://doi.org/10.1021/acsnano.3c09615
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Figure S. (a) Correlation between the frequency of the G* and 2D (G’) Raman mode of the SWCNT films treated under different conditions; (b)
Evolution of Raman (wg+, w,p,) correlation map of air decay behavior from SWCNT film. The marks and dotted lines come from Figure 4a.

the absolute value of the G shift (Figure 2e). However,
establishing a direct correlation between these parameters is
challenging because the G band shift is not only dependent on
the number of layers; it also relies on the average diameter and
interlayer distance, as predicted by Matsushita et al.’ In
consequence, further experimental work on structure-identified
SWCNT@BNNTSs is necessary to unambiguously determine
such dependences, which goes beyond the scope of the current
article.

Correlation between G* and 2D (G’) Band Frequen-
cies. In the previous section, we attributed the downshift of the
G* mode frequency in the SWCNT@BNNT heterostructures to
the pressure effect caused by the mechanical interaction between
the inner SWCNT and outer BNNT layers. However, since both
pressure (strain) and doping can cause G band shifting, it is
crucial to find an effective way to distinguish between these two
factors. Previously, Lee et al. successfully separated them in
graphene by examining correlations between the Raman G and
2D (G’) modes.” This approach has also been employed in
several studies within the CNT field,>** although they mainly
focused on individual carbon nanotubes. Here, we use the
(wg+, wyp) correlation to further probe the pressure and doping
effects in the SWCNT film system.

In Figure 4a, we present a summary of extensive measure-
ments conducted on SWCNT and SWCNT@BNNT film
samples with the aim of decoupling the pressure and doping
effects. Overall, we have identified five distinct regions in the
(wg+, wyp) correlation plot. First, we define a region of pristine
SWCNTs, represented by light purple downward-pointing
triangles. These triangles represent different samples obtained
from one batch of the SWCNT film deposited in one CVD
process. Interestingly, the mean G and 2D-band frequencies in
this region vary significantly from sample to sample, indicating
the presence of large inhomogeneity in the films’ properties,
such as built-in strain or nonzero initial doping due to the
ambient atmosphere.

Second, the growth of BN coating on the pristine SWCNT
templates forms the second region with well-separated data
clusters (blue circles with darker shading for longer growth
time). Since both the G* and 2D band frequencies of inner
SWCNTSs gradually decrease, the data clusters align along a line
with a slope Aw,p/Awg) = 2.11 + 0.02 (dashed line in Figure

4a; see also SI Section S6). This value closely matches the strain-
induced curve with Aw,p/Awg = 22 + 0.2, reported for
graphene.”

Interestingly, upon thermal annealing, both the SWCNT-
pristine and SWCNT@BNNT data clusters experience a G
band upshift and 2D band downshift, establishing the third and
fourth distinct regions represented by light green upper triangles
and green squares, respectively. By fitting a line to all the points
in the clouds, we obtain a slope Aw,p/Awg = 1.93 + 0.02
(dotted dash line in Figure 4a), which is nearly within the error
bar of the value reported for graphene.”

Finally, doping the annealed SWCNT samples by MoO;
particles results in a simultaneous increase of the G and 2D band
frequencies, forming the fifth region (purple diamonds). Again,
by fitting all the points in the annealed and annealed-doped data
clusters, we obtain a line with a slope Aw,p/Awg = 6.45 + 0.15.
We will discuss transitions between these different regions in the
following sections.

However, we already want to highlight that the direction of
the G" and 2D band frequency shifts due to different types of
(de)doping in Figure 4a differs significantly from the shifts
caused by the BN coating. Given that the latter effects align well
with the direction of the strain effect in graphene, we can
conclude that the downshifts of the G band and 2D band after
the BNNT growth are primarily caused by the BNNT-induced
pressure effect on SWCNTs, while the effect of doping due to
BN deposition is minimal.

It is worth noting that the aforementioned effects can be
observed when using various excitation wavelengths. For
illustration, we selected pristine SWCNT and SWCNT@
BNNT-60 film samples and performed Raman mapping
measurements utilizing four different excitation lasers (488,
532, 633, and 785 nm), as detailed in SI Section S7. However,
when analyzing the correlation between G* and 2D (G’) band
frequencies, it is essential to consider that the latter exhibits an
almost linear dependence on the laser energy, as was reported
almost two decades ago.”**° Figure 4b illustrates this depend-
ence for the pristine SWCNT film in our study. The least-
squares fit for the measured dispersion of the 2D (G’) band is
expressed by the equation

W, = 2429 + 104.7-E.,, (1)
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range studied in this work.

1.44

All vectors marked with an asterisk were scaled to fit the frequency

where w,p and E,,,, are measured in cm™" and eV, respectively.
The slope value we obtained in our SWCNT film (104.7 cm™"/
€V) is quite close to the value (106 cm™'/eV) reported by
Pimenta et al.*® To consolidate data from multiple excitation
measurements into a single plot, we subtracted the calculated
frequency of the 2D band (w,}) from the measured frequency
(w,57)- In this way, we established the correlation between the

frequencies of the G* peak and w,y — w,5 for both the
SWCNT and SWCNT@BNNT film samples measured under
four different excitation wavelengths (Figure 4c). We observed a
clear downshift of the 2D (G’) and G* frequencies upon BNNT
growth, which closely follows the graphene strain curve® with
the slope of 2.2 (green solid line).

Removal of the Initial Doping Effect on SWCNT Films.
The SWCNTs often exhibit p-type doping when exposed to air
due to their interaction with the oxygen in the ambient
atmosphere.””*® To remove this initial p-doping in our pristine
SWCNT films, we employed a vacuum annealing method with
various annealing temperatures and investigated the optimal
conditions using UV—vis—NIR and Raman mapping. We found
that the S;; peak in absorption spectra of SWCNT films
increases in intensity after the vacuum annealing treatment
(Figure S14), confirming the removal of the doping induced by
oxygen in the ambient atmosphere.””*’

We also observed the evolution of the G and 2D (G’) band
frequencies at different annealing temperatures, as depicted in
Figure Sa. The 2D (G’) band is recognized for its sensitivity to
the doping effect,"** with hole doping causing a blue shift and
electron doping inducing a red shift in frequency.*”** For the G
band, there is a consensus that hole doping leads to a frequency
upshift.*** In our case, after the vacuum annealing, the 2D (G')
mode mean position of the SWCNT film shifted to lower
frequencies, as expected for the dedoping of the pristine p-doped
SWCNT film. Surprisingly, we also noted a slight upshift in the
G band for the annealed SWCNT sample.

This unexpected G-band behavior aligns with a recent study
by Grimm et al,,*” which reported a small downshift of about 1

cm™" at small to medium hole concentrations, followed by an
upshift at high hole-doping values. This finding was particularly
pronounced in mixed-chirality samples such as the films in this
work. Therefore, the observed G band upshift can be attributed
to the removal of the mild p-doping, as described by Grimm et
al.”” Furthermore, we cannot rule out the possibility that the G
band upshift during vacuum annealing is not solely linked to
doping but could also originate from strain relaxation at high
temperatures.

Finally, direct evidence of the dedoping effect resulting from
vacuum annealing is derived from the photoelectron yield
spectroscopy (PYS) results (Figure S15), which reveal that the
pristine SWCNT film possesses a deeper valence band (VB)
energy level (Eyp = —4.98 V) compared to the annealed
SWCNT film (Ey; = —4.9 eV). Thus, this vacuum annealing
method can significantly reduce the initial doping effect on the
pristine SWCNT films. Since the dedoping effect is most
pronounced at 550 °C (1 h), as evidenced by UV—vis—NIR and
Raman data, and this temperature does not harm the SWCNT
structure, we establish it as the standard for the following
sections.

Air Decay of SWCNT Film and SWCNT@BNNT
Heterostructure Film. To investigate how long it takes for
SWCNT films to become doped again by the ambient
atmosphere, we conducted UV—vis—NIR measurements on a
freshly annealed SWCNT sample and monitored the evolution
of doping through optical absorption spectra (Figure S16). We
observed an increase in the intensity of the S;; peak of the
SWCNT film after the vacuum annealing process, which is
consistent with previous findings. Then, after storing the sample
in the air, we noticed a gradual decay in intensity, reaching levels
lower than that of the pristine state S h after annealing. This
observation suggests the active adsorption of oxygen onto the
SWCNTSs. However, the S;; peak fully recovered to its original
intensity after 20 days, possibly indicating the attainment of the
final stable state in the oxygen adsorption process.
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We also studied the air decay of the SWCNT and SWCNT@
BNNT heterostructure films by monitoring the (wg+, w,p)
frequencies, as shown in Figure 5b. We found that these
frequencies in the freshly annealed SWCNT sample (green
squares) shifted back toward their original position in the
pristine film after the sample was exposed to air for 101 days
(orange squares). Similar behavior was observed in the
SWCNT@BNNT heterostructure films after vacuum annealing
and storing in the air for 85 days (Figure S17). These frequency
changes can be explained by oxygen adsorption on the SWCNTSs
and align well with the UV—vis-NIR data.

Doping Effect on the SWCNT Film. Besides the mild
doping induced by oxygen adsorption, we also investigated the
stronger doping effects induced by MoO;. MoO; has been
previously reported as an effective dopant for CNT films due to
its stability in various environments such as chemicals and
humidity.***” Here, we applied it to doping annealed SWCNT
films through thermal deposition. In particular, we thermally
evaporated MoO; layers of different nominal thickness (1 and 4
nm) onto the SWCNT films following the procedure from ref
50. We found that only a 4 nm MoO; layer forms a continuous
coating on the SWCNT network, as is evident from the SEM
images in Figure S18. Optical absorption spectra clearly reveal
the dedoping effect after vacuum annealing and the doping effect
after MoOj, evaporation (4 nm case), as shown in Figure 6a.

We conducted a comparison between the shifts of the G and
2D bands resulting from doping in our study and those reported
in the literature for doped SWCNTs. This comparison involved
calculating doping vectors that represent the direction of the
frequency shifts (Figure 6b). To enhance clarity, we adjusted the
origin of the literature doping vectors to align with the center of
our experimental group “SWCNTs annealed” (represented by
the light green triangles in Figure 4a). All vectors marked with an
asterisk (*) were scaled to fit the frequency range studied in this
work. We compiled literature data that reported p-type doping
of semiconducting SWCNTSs in Figure 6b to facilitate a direct
comparison to our study. It is worth noting that the direction of
the G* and 2D band shift resulting from oxygen adsorption
differs significantly from that of the other vectors in the
literature. However, the shift values observed in our study are
smaller compared to the values reported in previous works. This
discrepancy can be attributed to the more powerful doping
methods employed in the literature, such as the electrochemical
method*** and covalent functionalization,”* which can induce
large shifts in the G* and 2D band frequencies. Overall, for p-
doped semiconducting SWCNTs, the slope of the doping
vectors varies, depending on the doping method. This diversity
might arise from differences in doping levels or the strain
induced during the doping process.

CONCLUSION

In conclusion, we thoroughly characterized the optical proper-
ties of SWCNT@BNNT heterostructure films by using UV—
vis—NIR spectroscopy, FT-IR, and Raman spectroscopy. We
investigated the pressure effect induced by BNNT wrapping on
SWCNTs within the SWCNT@BNNT heterostructure film and
demonstrated that the shifts in the G and 2D (G’) modes of
SWCNTSs can serve as indicators of the efficiency of BNNT
coating. Furthermore, we employed a vacuum annealing method
to mitigate the initial doping effect on SWCNTSs caused by
exposure to an ambient atmosphere. This method effectively
removes undesired doping and enhances the accuracy of

subsequent analyses. Moreover, the effect of MoO; doping of
pristine SWCNT films was investigated by using UV—vis—NIR
spectroscopy and Raman spectroscopy. We show that by
conducting correlation analysis of the G and 2D (G’) modes in
Raman spectra, it is feasible to discern distinct types of doping
effects as well as the influence of applied pressure on the
SWCNTs within SWCNT@BNNT heterostructure films. This
research contributes to a deeper understanding of the strain and
doping effects in SWCNTs and SWCNT@BNNTS, which will
be valuable for future studies of carbon nanotube-based 1D vdW
heterostructures.

METHODS

Fabrication of SWCNT@BNNT Heterostructure Films. The
pristine SWCNT film used in this work was synthesized by aerosol
CVD.*® Typically, ferrocene was used as the catalyst precursor and CO
or ethanol was used as the carbon source. The SWCNT's were formed in
the gas phase and collected on a filter. The SWCNTs then can be dry
transferred onto a ceramic washer to build the SWCNT@BNNT
heterostructure. After the preparation of the pristine SWCNT film, low-
pressure CVD with 310 Pa was conducted to grow the SWCNT@
BNNT heterostructure. Usually, the SWCNT film sample was placed at
the center of the furnace. 38 mg of ammonia—borane complex (97%,
Sigma-Aldrich) was loaded upstream and heated to 70 °C. The vapor of
the BN precursor was carried by a flow of 200 sccm Ar (with 3% H,) to
the heating zone. The reaction temperature was 1250 °C, and the
growth time varied from 15 to 60 min.

MoO; Doping and Vacuum Annealing of SWCNTs. SWCNT
films were transferred onto glass substrates by a simple press-transfer
method. Then, MoO; (Sigma-Aldrich) layers of different thicknesses (1
and 4 nm) were thermally evaporated onto the SWCNT films by a
thermal evaporator from the ALS Technology Co., Ltd. For vacuum
annealing treatment, samples in a tube furnace evacuated to 1 Pa were
heated to a target temperature, then maintained at that temperature for
1 h, and after that cooled to room temperature.

SEM and TEM Characterizations. SEM images of the SWCNT
film and SWCNT@BNNT heterostructure films were obtained by a
Hitachi S-4800 instrument, operating at an accelerating voltage of 1 kV.
TEM images were obtained with a JEM-2010F (acceleration voltage of
200 kV) and a JEM-ARM200F instrument (acceleration voltage of 80
kv).

Spectroscopic Characterizations. The UV—vis—NIR spectra
were measured by a UV—vis-NIR spectrophotometer (UV-3150,
Shimadzu). The FT-IR spectra were obtained by a Fourier-transform
infrared spectrophotometer (IRPrestige-21, Shimadzu). The valence
band measurement was performed using a photoemission yield
spectrometer in air (Riken Keiki PYSA AC-3).

Raman spectra were acquired using a Renishaw inVia Raman
spectrometer equipped with the following laser sources and diffraction
gratings: 488 nm (2400 grooves/mm), 532 nm (1800 grooves/mm),
633 nm (1800 grooves/mm), and 785 nm (1200 grooves/mm). All
measurements were performed in a backscattering geometry utilizing a
50X long-distance objective lens (NA = 0.5) under ambient conditions.
To prevent potential heating effects on the SWCNTs, the laser power
density used during measurements was varied in the range of 10—40
kW/cm?. Raman mapping was performed in a point-by-point mode
with a scanning area of 52 ym X 40 gzm with 2 ym steps, including about
500—600 spectra for each sample. To address the calibration
uncertainty during the long Raman mapping, we consistently measured
reference silicon spectra immediately before and after conducting
Raman mapping for each studied sample. We then adjusted the
frequency of the Raman spectra in the map by half of the observed shift
in the silicon peak (typical absolute shifts were on the order of only 0.25
cm™"). Subsequently, each spectrum in the map was fitted by a set of
Lorentzian line shapes and the information on the peak position,
intensity, and fwhm was collected for subsequent statistical analysis
(more details in SI Section S2).
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