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ABSTRACT

One-dimensional (1D) van der Waals materials have emerged as an intriguing playground to explore novel electronic and optical effects. We
report on inorganic one-dimensional SbPS4 nanotube bundles obtained via mechanical exfoliation from bulk crystals. The ability to mechan-
ically exfoliate SbPS4 nanobundles offers the possibility of applying modern 2D material fabrication techniques to create mixed-dimensional
van der Waals heterostructures. We find that SbPS, can readily be exfoliated to yield long (>10 pm) nanobundles with thicknesses that range
from 1.3 to 200 nm. We investigated the optical response of semiconducting SbPS4 nanobundles and discovered that upon excitation with blue
light, they emit bright and ultra-broadband red light with a quantum yield similar to that of hBN-encapsulated MoSe,. We discovered that the
ultra-broadband red light emission is a result of a large ~1 eV exciton binding energy and a ~200 meV exciton self-trapping energy, unprece-
dented in previous material studies. Due to the bright and ultra-broadband light emission, we believe that this class of inorganic 1D van der
Waals semiconductors has numerous potential applications, including on-chip tunable nanolasers, and applications that require ultraviolet
to visible light conversion, such as lighting and sensing. Overall, our findings open avenues for harnessing the unique characteristics of these
nanomaterials, advancing both fundamental research and practical optoelectronic applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0181682
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INTRODUCTION and transition metal dichalcogenide nanotubes have been the subject

of intense research for decades and are known to exhibit excep-

One-dimensional (1D) van der Waals (vdW) materials exhibit tional electronic and optical properties, including strongly bound

a 1D vdW gap, meaning that their crystal structure is composed excitons (electron-hole pairs).' ~ There has also been significant

of nanotubes with terminated chemical bonds. Carbon nanotubes interest in highly anisotropic materials, such as transition metal
APL Mater. 12, 011112 (2024); doi: 10.1063/5.0181682 12, 011112-1
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FIG. 1. Structure and photoluminescence of mechanically exfoliated SbPS, nanotube bundles. (a) Depiction of the SbPS, lattice structure parallel and perpendicular to the
tube axis. Triangular unit cells are held together at the Sb and S bonds. (b) Optical image and AFM topography (left inset) of SbPS, bundles. The right inset offers a line cut of
the topography, of which the location is displayed with an arrow in the AFM topography, where the SbPS, has a height of 80 nm and a width of ~700 nm. (c) PL spectrum of
an SbPS, bundle when excited with a 405 nm (3.06 eV) laser at 4 K. The asymmetric peak can be deconstructed to two separate peaks: the low-energy, bright peak, shown
in green, corresponding to the self-trapped exciton emission, and the high-energy peak associated with the free exciton emission, shown in yellow. (d) Energy level diagram
of the SbPS, PL. Nonradiative relaxations are shown with gray arrows. A free electron and a hole are excited from the ground state. The electron-hole pair is then bound to
form a free exciton. The strong exciton—lattice coupling distorts the lattice, resulting in a lower energy self-trapped exciton. Radiative transitions occur during the relaxation of

the free exciton or the self-trapped exciton to the ground state.

trichalcogenides, that exhibit quasi-1D crystal structures that are
known to exhibit superconductivity and charge density wave
phases.® However, these well-known 1D vdW materials are typically
obtained either through chemical synthesis or through chemical
vapor deposition and have limited compatibility with modern 2D
material fabrication and transfer techniques.

SbPSy4 is a direct bandgap semiconductor first reported by
D’Ordya et al.” Its crystal structure, shown in Fig. 1(a), indicates that
itis a true 1D van der Waals material. Hollow tubes with a diameter
of ~1.3 nm, formed by trivalent antimony atoms in connection to
[PS4]** tetrahedra, are terminated by sulfur atoms on their exterior
and weakly bonded to each other via the vdW interaction. Previ-
ously, direct synthesis® and vapor transport’ method were used to
obtain pure crystalline SbPS,. The vapor transport method allows
crystal synthesis directly on fluorine doped tin oxide glass or silicon
substrates.

RESULTS AND DISCUSSION

In this paper, we use the direct synthesis method to first obtain
bulk single crystalline SbPS,. Specifically, bulk crystals are obtained
by melting stoichiometric amounts of starting elements in a vacuum
sealed silica tube at 650 °C and then slowly cooling down to room

temperature. The Scotch tape mechanical exfoliation method, which
is widely used in the 2D community, was then used to exfoliate bulk
crystals down to nanoscale for measurements. This sample prepa-
ration approach gives a 100% sample yield and is compatible with
well-established 2D nanodevice fabrication techniques. '

Remarkably, we were able to isolate long (>10 ym) nanobundles
of SbPS, with thicknesses on the order of 1.3-200 nm. Figure 1(b)
shows an optical microscope image of a typical nanobundle on a
285 nm SiO,/Si substrate. The dashed box shows an area of the sam-
ple where the sample topography was directly imaged with atomic
force microscopy (AFM) [Fig. 1(b), top left inset]. The top right inset
of Fig. 1(b) shows a topography line scan measured at the location
indicated by the white arrow in the AFM image, where the SbPS4 has
a height of 80 nm and a width of ~700 nm.

SbPS4 nanobundles were optically investigated using photolu-
minescence (PL) and Raman spectroscopy. Specifically, we used a
0.6 NA objective to focus laser light to a ~1 um spot on the sample
and then collected the light emitted/scattered from the nanobun-
dle with the same objective in the reflection geometry. The sample
was placed in an optical cryostat allowing for measurements down
to 4 K. Figure 1(c) shows a PL spectrum from an isolated nanobun-
dle when excited with 3.06 eV (405 nm) at a sample temperature
of 4 K. The PL spectrum consists of an asymmetric peak, as shown
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in Fig. 1(c). The spectrum was fit with a sum of two Voigt peak
functions, where the low energy and high energy peaks are cen-
tered around 1.36 and 1.56 eV, respectively. The low energy peak
is consistently brighter than the high energy peak across samples
with varying thickness (see Fig. 1 of the supplementary material).
We assign the higher energy peak to free excitons with a 1 eV bind-
ing energy, while the lower energy peak is attributed to self-trapped
excitons with a ~200 meV trapping energy corresponding to very
strong electron-phonon interactions (see the discussion below).
Figure 1(d) depicts the proposed energy level diagram for SbPS,
where a high energy laser excites free electrons and holes, which
then rapidly and non-radiatively relax to form free and self-trapped
excitons that emit PL.

Consistent with previous reports on semiconducting carbon
nanotubes, the SbPS, PL exhibits a linear polarization dependence. '’
To probe this, we used a linear polarizer and an achromatic half-
wave plate to vary the excitation and detection polarization axes
simultaneously, measuring the PL that is co-linearly polarized with
the excitation laser. Figure 2(a) shows an optical microscope image
of a nanobundle and defines the detection axis as well as the bundle
axis. The polarization-dependent PL intensity is shown in Fig. 2(b).
The PL intensity is maximized when the detection axis is either par-
allel or anti-parallel to the bundle axis. When the detection axis
and bundle axis are perpendicular, the PL intensity is ~68% of the
maximum. We were not able to calculate the ratio of the paral-
lel to perpendicularly polarized excitonic PL directly. Instead, we
theoretically calculated both the parallel and perpendicular absorp-
tion coefficient spectra (see Fig. 2 of the supplementary material),
which provide a measure of the expected excitonic polarization
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dependence. We then integrated these two spectra and found that
the integrated perpendicular absorption coefficient is 60% of the
parallel, in excellent agreement with our measurement of 68%.
Note 1 and Fig. 2 of the supplementary material provide a detailed
theoretical analysis of the SbPS4 polarization dependence.

To understand the physical origins of the SbPS, emission, we
measured the PL as a function of excitation energy, temperature, and
polarization angle. The PL spectra as a function of excitation energy
were measured using a broadly tunable supercontinuum laser source
[Fig. 2(c)]. We observe a clear onset of the PL intensity when the
excitation photon energy is above 2.75 eV, which is consistent with
the previous reports of the 2.57 eV bandgap of the SbPS4.° The PL
intensity rapidly increases above 2.75 eV excitation energy, reaching
a maximum near 3 eV. We note that the two-peak structure of the
PL spectrum [highlighted in Fig. 1(c)] persists across the different
excitation energies. The PL intensity also has a strong temperature
dependence. PL is detectible at room temperature (see Fig. 3 of the
supplementary material) but increases significantly at temperatures
below 60 K. The PL spectra for sample temperatures ranging from
4 to 100 K are shown in Fig. 2(d) (with an excitation energy of
3.06 eV). The PL intensity exhibits a maximum around 30 K and
then decreases to half the maximum by ~70 K. The relative intensi-
ties of the two-peak structure are largely unaffected by temperatures
up to 60 K, after which the PL becomes more difficult to measure
with a high signal-to-noise ratio.

The non-monotonic temperature dependence is attributed to
the existence of a dark state that traps excitons at low temperatures.
Here, we assume that photoexcited states reach thermal equilib-
rium on the radiative lifetime time scale. Therefore, the radiative
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FIG. 2. PL dependence on excitation polarization, energy, and sample temperature. (a) Depiction of the detection and bundle axes used in polarization-dependent PL
measurements overlaid on an optical image of the nanobundle. (b) Linear polarization dependence of the SbPS, PL spectra. (c) PL intensity as a function of excitation photon
energy. (d) PL intensity as a function of sample temperature, which reveals that the intensity of PL is maximum near 40 K.
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decay rate as a function of temperature can be calculated
using'’

Ipp(T) o< exp (=Eyo/ksT), 1)

1
ZOR
where the index y runs over all bright exciton states with momen-
tum q = 0, energy Eo, and Z(T) is the partition function of all
possible excited states with a finite momentum in all bands u:
Z(T) = ¥, exp (=Euq/ksT). In the case of a single emitting exci-
ton band, the problem reduces to evaluating the partition function.
For a 1D parabolic single exciton band, Z(T) o< T"?, leading to the
celebrated result'® that Ip(T) o T~Y2. However, a realistic exci-
tonic bandstructure involves multiple bands, thereby giving rise to
a complicated form of the partition function.'* To account for this,
we fit our experimentally measured temperature dependence to the
following empirical expression motivated by Ref. 12:

ziL((TTm)) - (TTT)y exp (T, @)

where Ty, and y are two fitting parameters. T, depends on the
bright-dark exciton energy splitting.'”> We find Tr, = 17 K and
y = 1.4, which suggests that the bright-dark exciton splitting is about
2 meV, consistent with that in carbon nanotubes of similar diame-
ters,'” which reinforces our interpretation of the PL spectra from the
large binding energy excitons.

The exciton binding energy, E;, in 1D structures follows an
exciton scaling law,'®

E, = AR 2 m* e, (3)

where m is the exciton reduced mass (in units of free electron mass
me), R is the radius of the tube (in nm), and the empirical para-
meters A = 24.1 eV and a = 1.4 were determined previously.'® Using
R = 0.58 nm and m = 0.99m, from our density functional theory
(DFT) calculation of the effective masses of the hole (11, = 2.43m,)
and electron (Mgjecron = 1.67m,) in SbPSy, we can rationalize experi-
mentally observable binding energy of 1 eV using a single parameter
fit € = 4.5, which is a typical value for inorganic materials, such as
SbPS,.

We propose that the lower energy PL peak originates from
a strong exciton-phonon coupling, an effect that is related to the
soft SbPS, lattice. To understand this strong exciton-phonon cou-
pling, we explored the optically active vibrational modes of the
nanobundles by Raman spectroscopy and theoretically calculated
electron-phonon couplings by density functional theory as imple-
mented in the Quantum ESPRESSO software.'” In the Raman
experiments, the nanobundles were excited using 20 yW with a
2.3 eV photon energy laser. The experimentally measured Raman
spectrum is the yellow curve shown in Fig. 3(a). Our Raman spec-
tra are consistent with previous reports.”'® The theoretical cal-
culations of gamma-point phonons weighted by the strength of
electron-phonon couplings to the top of the valence and the bot-
tom of the conduction band edges [the blue curve of Fig. 3(a)]
show 11 peaks representing the phonon modes between the Raman
shifts of 100 and 600 cm™', and the experimental measurements
(yellow curve) match eight of the 11 calculated phonon modes, pro-
viding strong agreement between theory and experiment. The peak
observed at 520 cm ™" corresponds to the Raman peak of Si.

pubs.aip.org/aip/apm

== Theory
Experiment

Intensity (a.u.)

100 300 500 0 7I5 1I50
Raman Shift (cm™) Density of State (eV?)

FIG. 3. 1D vibrational and electronic structure. (a) DFT vibrational modes weighted
by the strength of the electron—phonon coupling (blue) and experimental Raman
spectra (yellow) between 100 and 600 cm~" Raman shifts. (b) The computed total
density of states, detailing the contributions from Sb (yellow), P (red), and S (blue)
atoms.

To justify the strongly self-trapped exciton model, we first per-
formed a systematic theoretical analysis of the electronic structure
of SbPS, and followed this by a calculation of the polaron binding
energy for electrons and holes. The details of the electronic struc-
ture calculation are given in Note 2 and Fig. 4 of the supplementary
material. The resulting total density of states (DOS) and projected
DOS for the Sb, P, and S atoms are shown in Fig. 3(b).

To estimate the polaron binding energy in SbPS4, we calcu-
lated contributions to the polaron binding from individual phonons
in a single unit cell of 72 atoms. We used DFT to calculate the
electron-phonon coupling (C,) to the band edge states and the
effective atomic spring constant (k,) for each of the v =1, ...,
213 vibration modes at the gamma point. A simple model suggests
that each vibrational mode contributes to the distortion amplitude
(Cy/ky) and the polaron binding energy,

G
EP = Zv kf (4)

We utilized the Phonopy package to obtain the phonon energies and
the corresponding eigenvectors.'” The response of eigenvalues to
normal phonon distortions was used to calculate C, and the total
energy change to calculate the spring constant k,. The summation
of each phonon contribution to the binding energy suggests that
the polaron binding energies for electrons and holes in SbPS4 are
51.7 and 82.2 meV, respectively. The phonon modes weighted by
the polaron binding energy contributions according to Eq. (4) are
shown in Fig. 3(a). The agreement with the Raman signal intensities,
which are also proportional to the strength of the electron-phonon
coupling, is remarkable. The total calculated binding energy for the
electron and hole (51.7 + 82.2 meV = 133.9 meV) is in remarkable
agreement (within less than a factor of two) with the experimental
measurement of 200 meV, the energy difference between the two PL
peaks. The contribution of phonons to polaron energies in Fig. 3(a)

APL Mater. 12, 011112 (2024); doi: 10.1063/5.0181682
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FIG. 4. 1D exciton dynamics. lllustration of the time-resolved PL for three distinct
photon energies, represented on a semi-logarithmic scale. Each curve is fit to a
triexponential decay function, revealing three unique radiative decay lifetimes. The
inset shows the first 150 ns.

indicates that there is no particular phonon that contributes pri-
marily to the exciton binding, but rather many phonons over the
entire range contribute non-negligibly, justifying our more rigorous
approach to investigating self-trapping.

Finally, in order to probe the exciton dynamics, we carried out
time-resolved PL measurements using time correlated single photon
counting. The nanobundles were excited with short <300 ps optical
pulses with an energy of 3.06 eV (405 nm). Figure 4 shows the time-
resolved PL measured at three specific PL detection energies. For the
purpose of determining the lifetime, we used a triexponential fit on
each curve displayed as solid lines in Fig. 4. We identify three distinct
time scales: T; ~ 10-40 + 15 ns, T, ~ 700 + 110 ns, and T3 ~ 7000
+ 400 ns. We attribute T; and T to the free and self-trapped exciton
lifetimes, respectively. The extremely long microsecond time scale
(T3) is currently attributed to a dark state (mentioned above) and
will be the subject of future investigations.

CONCLUSION

In summary, we have shown that long nanobundles of SbPS,
can be mechanically exfoliated and exhibit bright PL with a high
quantum yield. The PL exhibits an exceptionally broad spectrum
spanning nearly 1.2-1.9 eV, which arises from strongly bound self-
trapped excitons with a quantum yield comparable to encapsulated
MoSe; (Fig. 5 of the supplementary material). We note that a previ-
ous report on SbPS4 grown via vapor transport reported a PL peak
centered around 1.2-1.9 eV, which was attributed to the defect-
related emission, and a 2.5 eV PL peak, which is absent in our sam-
ples (Fig. 3 of the supplementary material). However, in our work,
we carried out a systematic experimental and theoretical investiga-
tion that shows that the 1.5 eV PL peak originates from strongly
bound self-trapped excitons. This model is fully supported by our
theoretical analysis that predicts a 1 eV exciton binding energy
as well as a ~100 to 200 meV self-trapping energy in remarkable
agreement with our experimental finding. In addition, consistent
measurements across various samples, without any notable shift in

ARTICLE pubs.aip.org/aip/apm

the energy center, further demonstrate that the PL is intrinsic rather
than extrinsic. We emphasize that the ultra-broadband and efficient
nature of the light emission makes these nanoscale materials attrac-
tive for future optoelectronic applications, including broadband
tunable lasers and on-chip optical interconnects. The absorption of
UV light and efficient emission in the visible spectrum also make
these materials attractive as “phosphors” in UV to visible light con-
version applications, such as sensitive high energy particle detection
and high efficiency fluorescent lighting. Notably, these materials can
be excited at 405 nm and emit in the red spectrum. This is particu-
larly significant given the long-standing challenge of developing red
phosphors that can be efficiently pumped in the blue range, with
450 nm being the ideal for solid-state lighting. We envision that this
material can be exfoliated down to the single 1D chain, opening up
novel opportunities to explore intrinsic 1D electronic physics. Due
to their van der Waals nature, we believe that this class of materi-
als is ideal to realize novel mixed 1D-2D material heterostructures
using modern polymer transfer techniques well established in the 2D
material community.

In the final stages of preparation of this article, we became
aware of another work reporting on the optical response of SbPS4
grown via vapor transport.’

METHODS
SbPS,, crystal growth and characterization

Starting elements, antimony shots (Alfa Aesar, 99.999%), phos-
phorus pieces (Beantown Chemical, 99.999%), and sulfur pieces
(Thermo Scientific, 99.999%) were mixed in a stoichiometric ratio
and vacuum-sealed in a silica tube. The sealed tube was then heated
up to 650 °C and slowly cooled to room temperature. The pow-
der x-ray diffraction of the synthesized SbPS, was measured using
a Bruker D8 diffractometer [see Fig. 6(a) of the supplementary
material]. The nanotube structure was also confirmed with high
resolution transmission electron microscopy [see Fig. 6(b) of the
supplementary material].

Mechanical exfoliation

Mechanical exfoliation was used to separate SbPS; bundles
from their bulk material. Bulk SbPS; was placed onto the adhe-
sive side of Scotch tape. The tape was then folded onto itself until
the SbPS, was distributed across its surface. A second piece of
tape was used to pick up and deposit bundles onto oxygen plasma
treated SiO,/Si substrates. The tape was peeled off the substrate at
an approximate rate of 2 mm/min.

Optical measurements

SbPS, bundles were measured in an optical cryostat in vac-
uum. Laser light was focused into the cryostat using a 40x/0.6 NA
microscope objective. The spectra were detected using a grating
spectrometer and a cooled CCD camera (Andor). Due to CCD effi-
ciency limitations, PL intensities below 1.25 eV could not be reliably
detected. We used the CCD efficiency curve to correct the PL spectra
for the spectrometer response. To avoid burning the bundles, laser
power did not exceed 5 uW for ~400 nm wavelength excitation.

APL Mater. 12, 011112 (2024); doi: 10.1063/5.0181682
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For low-temperature PL and polarization-resolved PL, the sam-
ple temperature was fixed at 4 K. The bundles were excited with
a continuous wave 405 nm diode laser, which has been further
spectrally filtered using a 450 nm short-pass filter.

For the photoluminescence excitation (PLE) and temperature
dependent PL measurements, the sample was excited with a tunable,
broadband supercontinuum laser (NKT SuperK FIANIUM) source,
which was passed through a tunable optical filter and a 650 nm
short-pass filter. The spectra were filtered using a 700 nm long-pass
filter before entering the spectrometer. For the PLE, the sample tem-
perature was 4 K, while the excitation wavelength varied from 405 to
650 nm. For the temperature dependence, the excitation wavelength
was fixed at 405 nm, while the sample temperature varied from 4 to
100 K.

To measure the polarization-dependent PL, we employed
a fixed polarizer along with an achromatic half-wave plate sit-
uated between the beam splitter and the sample. This setup
enabled us to control the excitation and detection polarization axes
simultaneously.

For Raman spectroscopy, the sample temperature was 4 K. A
532 nm diode laser with 20 uW power was used to excite the sample.
The Raman signal was separated from the back-reflection by using
a steep edge 532 nm long-pass filter before being detected. Phonon
modes below a Raman shift of 100 cm™" could not be observed due
to the limitations of the filter.

In the time-resolved PL measurements, we used a broadband,
pulsed laser (NKT SuperK FIANIUM) with a tunable optical filter, a
time-correlated single photon counting system (PicoHarp 300), and
a single photon avalanche detector. The laser repetition rate was
set to 150 kHz at 405 nm wavelength. A 700 nm long-pass filter
rejected the back-reflected laser. The sample temperature was 4 K.
A spectrometer was used to isolate specific detection energies.

SUPPLEMENTARY MATERIAL

The supplementary material contains the PL spectra from
three additional samples, the theoretical analysis of the polarization-
dependent oscillator strength, the theoretical analysis of the elec-
tronic structure, a comparison of the SbPS; PL with monolayer
MoSe;, the example x-ray diffraction data, and a transmission
electron microscope image.

ACKNOWLEDGMENTS

This work was mainly supported by the AFOSR under Grant
Nos. FA9550-22-1-0312, FA9550-22-1-0220, and FA9550-21-1-
0219. V.P. acknowledges the support from the AFOSR under Grant
No. FA9550-22-1-0312. D.G.M. acknowledges the support from
the Gordon and Betty Moore Foundation’s EPiQS Initiative, Grant
No. GBMF9069. K.W. and T.T. acknowledge the support from the
JSPS KAKENHI (Grant Nos. 21H05233 and 23H02052) and World
Premier International Research Center Initiative (WPI), MEXT,
Japan. B.J.L. and J.R.S. acknowledge the additional support from
NSF under Grant Nos. DMR-2003583 and ECCS-2054572 and
the Army Research Office under Grant No. W911NF-20-1-0215.
J.R.S. acknowledges the additional support from the AFOSR under
Grant No. FA9550-20-1-0217. B.J.L. acknowledges the support from
the NSF under Grant No. ECCS-2122462. T.K. acknowledges the
support from the University of Arizona.

pubs.aip.org/aip/apm

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

FM. and S.D. are equal contributors to this work and
designated as co-first authors.

J.RS. and T.K. conceived and supervised the project. F.M.
and S.D. fabricated the structures and performed the experiments,
assisted by J.G.P. F.M., S.D., and D.A. analyzed the data with input
fromJ.R.S., V.P,,TK,, O.L.A.M.,, and BJ.L. T.K. and ].G.P. grew and
characterized the SbPS4. M.R.K. and D.G.M. provided MoSe; crys-
tals. T.T. and K.W. provided hBN crystals. V.P. and D.A. provided
theoretical support in interpreting the results. F.M., S.D.,J.R.S.,D.A,,
and V.P. wrote the paper with input from T.K,, B.J.L., and O.L.A.M.
All authors discussed the results.

Fateme Mahdikhany: Data curation (equal); Investigation (equal);
Methodology (equal); Project administration (equal); Writing —
original draft (equal); Writing - review & editing (equal). Sean
Driskill: Data curation (equal); Formal analysis (equal); Writing -
original draft (equal); Writing - review & editing (equal). Jeremy
G. Philbrick: Investigation (equal); Resources (equal); Writing —
review & editing (equal). Davoud Adinehloo: Formal analysis
(equal); Writing - review & editing (equal). Michael R. Koehler:
Resources (equal). David G. Mandrus: Resources (equal). Takashi
Taniguchi: Resources (equal). Kenji Watanabe: Resources (equal).
Brian J. LeRoy: Methodology (equal); Supervision (equal); Val-
idation (equal); Writing - review & editing (equal). Oliver L.
A. Monti: Investigation (equal); Methodology (equal); Validation
(equal); Visualization (equal); Writing - review & editing (equal).
Vasili Perebeinos: Formal analysis (equal); Investigation (equal);
Methodology (equal); Validation (equal); Visualization (equal);
Writing - original draft (equal); Writing - review & editing (equal).
Tai Kong: Investigation (equal); Methodology (equal); Resources
(equal); Writing - review & editing (equal). John R. Schaibley:
Investigation (equal); Methodology (equal); Project administration
(equal); Resources (equal); Supervision (equal); Writing — original
draft (equal); Writing - review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

F. Wang, G. Dukovic, L. E. Brus, and T. F. Heinz, “The optical resonances in
carbon nanotubes arise from excitons,” Science 308, 838-841 (2005).

2F, Wang, G. Dukovic, L. E. Brus, and T. F. Heinz, “Time-resolved fluorescence of
carbon nanotubes and its implication for radiative lifetimes,” Phys. Rev. Lett. 92,
177401 (2004).

3M. Serra, R. Arenal, and R. Tenne, “An overview of the recent advances in
inorganic nanotubes,” Nanoscale 11, 8073-8090 (2019).

APL Mater. 12, 011112 (2024); doi: 10.1063/5.0181682
© Author(s) 2024

12, 011112-6

95:6%:00 ¥20z Atenuer 61


https://pubs.aip.org/aip/apm
https://doi.org/10.1126/science.1110265
https://doi.org/10.1103/physrevlett.92.177401
https://doi.org/10.1039/c9nr01880h

APL Materials

“P. Avouris, M. Freitag, and V. Perebeinos, “Carbon-nanotube photonics and
optoelectronics,” Nat. Photonics 2, 341-350 (2008).

51. Jeon, J. Yoon, U. Kim, C. Lee, R. Xiang, A. Shawky, J. Xi, J. Byeon, H. M. Lee,
M. Choi, S. Maruyama, and Y. Matsuo, “High-performance solution-processed
double-walled carbon nanotube transparent electrode for perovskite solar cells,”
Adv. Energy Mater. 9, 1901204 (2019).

G]. 0. Island, A. J. Molina-Mendoza, M. Barawi, R. Biele, E. Flores, J. M. Clama-
girand, J. R. Ares, C. Sanchez, H. S. Van Der Zant, R. D’Agosta et al., “Electronics
and optoelectronics of quasi-1D layered transition metal trichalcogenides,” 2D
Mater. 4, 022003 (2017).

7V. S. D’Ordya, I. V. Galagovets, E. Y. Peresh, Y. V. Voroshilov, V. S.
Gerasimenko, and V. Y. Slivka, “Vibrational spectra of MPS, (M-In, Ga, Sb, Bi),”
Z. Neorganicheskoj Khim. 24, 2886-2891 (1979).

8C. D. Malliakas and M. G. Kanatzidis, “Inorganic single wall nanotubes of
SbPS,.,Se, (0 < x < 3) with tunable band gap,” J. Am. Chem. Soc. 128, 6538-6539
(2006).

9A. N. Izziyah, S. H. Oh, and Y. Kim, “Facile synthesis of one-dimensional van der
Waals SbPS, nanostructures via vapor transport and negative thermal quenching
in photoluminescence,” Cryst. Growth Des. 23, 6822 (2023).

1°p. Zomer, M. Guimardes, J. Brant, N. Tombros, and B. van Wees, “Fast pick
up technique for high quality heterostructures of bilayer graphene and hexagonal
boron nitride,” Appl. Phys. Lett. 105, 013101 (2014).

”I. Lefebvre, J. M. Fraser, P. Finnie, and Y. Homma, “Photoluminescence from
an individual single-walled carbon nanotube,” Phys. Rev. B 69, 075403 (2004).
12y, Perebeinos, J. Tersoff, and P. Avouris, “Radiative lifetime of excitons in
carbon nanotubes,” Nano Lett. 5, 2495-2499 (2005).

ARTICLE pubs.aip.org/aip/apm

3D, Citrin, “Long intrinsic radiative lifetimes of excitons in quantum wires,”
Phys. Rev. Lett. 69, 3393 (1992).

Ty, v. Zhumagulov, A. Vagov, D. R. Gulevich, P. E. Faria Junior, and
V. Perebeinos, “Trion induced photoluminescence of a doped MoS, monolayer,”
J. Chem. Phys. 153, 044132 (2020).

'5]. Shaver, J. Kono, O. Portugall, V. Krsti¢, G. L. J. A. Rikken, Y. Miyauchi,
S. Maruyama, and V. Perebeinos, “Magnetic brightening of carbon nanotube
photoluminescence through symmetry breaking,” Nano Lett. 7, 1851-1855
(2007).

6V, Perebeinos, J. Tersoff, and P. Avouris, “Scaling of excitons in carbon
nanotubes,” Phys. Rev. Lett. 92, 257402 (2004).

7P, Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli,
M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna,
I. Carnimeo, A. Dal Corso, S. De Gironcoli, P. Delugas, R. A. Distasio, A. Ferretti,
A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, U. Gerstmann, F. Giustino, T. Gorni,
J. Jia, M. Kawamura, H. Y. Ko, A. Kokalj, E. Kiigiikbenli, M. Lazzeri, M. Marsili,
N. Marzari, F. Mauri, N. L. Nguyen, H. V. Nguyen, A. Otero-De-La-Roza,
L. Paulatto, S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A. P. Seitsonen,
A. Smogunov, I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, and S. Baroni,
“Advanced capabilities for materials modelling with QUANTUM ESPRESSO,”
J. Phys.: Condens. Matter 29, 465901 (2017).

"8M. Yang, Z. Sun, P. Nie, H. Yu, C. Zhao, M. Yu, Z. Luo, H. Geng, and X. Wu,
“SbPS,: A novel anode for high-performance sodium-ion batteries,” Chin. Chem.
Lett. 33, 470-474 (2022).

194, Togo, “First-principles phonon calculations with Phonopy and Phono3py,”
J. Phys. Soc. Jpn. 92, 012001 (2022).

APL Mater. 12, 011112 (2024); doi: 10.1063/5.0181682
© Author(s) 2024

12, 011112-7

95:6%:00 ¥20z Asenuer 61


https://pubs.aip.org/aip/apm
https://doi.org/10.1038/nphoton.2008.94
https://doi.org/10.1002/aenm.201901204
https://doi.org/10.1088/2053-1583/aa6ca6
https://doi.org/10.1088/2053-1583/aa6ca6
https://doi.org/10.1021/ja057943m
https://doi.org/10.1021/acs.cgd.3c00670
https://doi.org/10.1063/1.4886096
https://doi.org/10.1103/physrevb.69.075403
https://doi.org/10.1021/nl051828s
https://doi.org/10.1103/physrevlett.69.3393
https://doi.org/10.1063/5.0012971
https://doi.org/10.1021/nl070260f
https://doi.org/10.1103/physrevlett.92.257402
https://doi.org/10.1088/1361-648x/aa8f79
https://doi.org/10.1016/j.cclet.2021.06.065
https://doi.org/10.1016/j.cclet.2021.06.065
https://doi.org/10.7566/jpsj.92.012001

