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Abstract

Heterostructures built from 2D, atomically-thin crystals are bound by the van der

Waals force, and exhibit unique optoelectronic properties. Here, we report the struc-
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ture, composition and optoelectronic properties of 1D van der Waals heterostructures
comprising carbon nanotubes wrapped by atomically-thin nanotubes of boron nitride
and molybdenum disulfide (MoS3). The high quality of the composite was directly
evidenced on the atomic scale by transmission electron microscopy, and on the macro-
scopic scale by a study of the heterostructure’s equilibrium and ultrafast optoelec-
tronics. Ultrafast pump-probe spectroscopy across the visible and terahertz frequency
ranges identified that, in the MoSs nanotubes, excitons coexisted with a prominent
population of free charges. The electron mobility was comparable to that found in
high-quality atomically-thin crystals. The high mobility of the MoSy nanotubes high-
lights the potential of 1D van der Waals heterostructures for nanoscale optoelectronic

devices.
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Atomically-thin crystals and their heterostructures are creating entirely new paradigms
in the design of advanced optoelectronic materials. Novel 2D materials, as exemplified by the
transition metal dichalcogenides (TMDs), feature exotic properties such as strong Coulomb
interactions, efficient luminescence and spin-valley physics.!™® Significant exciton binding
energies Fp arise from the weak, non-local dielectric screening of the Coulomb interaction

in 2D atomically-thin TMDs, combined with the relatively high effective masses of carriers:®

for instance Eg = 0.24 — 0.27eV for the A exciton in a MoS, monolayer. %7
Heterostructures of atomically-thin 2D materials show unique emergent properties asso-
ciated with interlayer coupling and charge transfer, opening up new possibilities for the de-
velopment of nanoelectronic devices.®? In such van der Waals heterostructures, excitons can
remain tightly bound even across lateral and vertical heterojunctions. While the study of 2D
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heterostructures has undergone rapid growth, 1D heterostructures!® in a wire geometry offer

unique nano-optoelectronic applications including field effect transistors, where inner carbon



nanotubes (CNTs) are used to electrically gate an outer TMD nanotube, such as MoS,,'° or
radial p-n junctions for nano-scale photovoltaics or photodetectors,!! for instance exploiting
flexoelectricity. 2 When 2D materials roll up to form 1D nanotubes, dramatic changes in the
optoelectronic properties result from curvature and quantum confinement, as exemplified by
the comparison between graphene, a Dirac semi-metal with no excitons, and semiconducting
carbon nanotubes, which host excitons. Hence it is of fundamental and applied interest to
explore the nature of quasiparticles created after photoexcitation of 1D TMDs.

Here we report the equilibrium and dynamic optoelectronic properties of a 1D van der
Waals (vdW) heterostructure consisting of bundles of carbon nanotubes wrapped by boron
nitride nanotubes (BNNTs) and molybdenum disulphide nanotubes (MoS; NTs). Chem-
ical vapour deposition created radial heterostructures, using free-standing films of carbon
nanotubes as the initial template.!® The BN overgrowth served to wrap each CNT bun-
dle, creating a template with sufficient diameter (>5nm) for the subsequent deposition of
atomically-thin MoS,. For narrower diameters the high strain energy of MoS, prohibited
nanotube growth.!® The unique excitonic, vibrational and conductive properties of each
layer were disentangled for the composite (denoted CQBN@MoS,) by reference to the pris-
tine CNT template and a radial heterostructure of CNTs wrapped only by BN (denoted
C@BN).

The composition and morphology of the 1D vdW heterostructures were directly im-
aged using scanning transmission electron microscopy (STEM). Low magnification annular
dark-field (ADF) STEM images (Fig. 1la and 1b) and scanning electron microscopy images
(Supplemental Fig. S1) demonstrated high purity, randomly oriented nanowires. Brighter
regions in the dark-field STEM images result from areas with higher atomic number: hence
the nanowires in Fig. la indicate predominantly the Mo atoms, while the nanowires in Fig.
1b show the extent of the BNNTs. These images directly attest to the high coverage of
MoS; NTs on the BNNT templates. Measurements on the CNT template film established

the 2.1 nm diameter CNTs form bundles with mean diameter 7.9 nm. After BN overgrowth



the mean nanowire diameter was 11.1nm (average 4-5 walls of BN), rising to 14.1 nm after

MoS, growth (2-3 walls) [Supplemental Fig. S2].
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Figure 1: Structure and composition of 1D vdW heterostructure. ADF-STEM
images of CQBN@MoS, NT (a) and C@BN NT (b) heterostructure films. (¢) ADF image
of multi-walled MoS, tube. (d) Selected-area electron diffraction obtained over a 3.5 jum?
area for CNT (top-right), CQBNNT (top-left) and CQBN@MoS; NT (bottom) films. (e)
ADF image of CQBN@MoS; NTs near the end of a MoSy NT, and the corresponding EELS
elemental maps. From top to bottom an increase from zero to three MoSy walls can be
observed, most clearly using the S L edge. (f) EELS spectra integrated along the five lines
shown in (e); (g) ADF image of CQBN@MoS,; NT heterostructure near the end of a MoS,
NT, and the corresponding EDX elemental maps.

The typical wall thickness of the MoS,; NTs was directly confirmed by ADF-STEM im-
ages: Fig. 1c shows a 1D vdW heterostructure with two MoS, walls (right) and three walls
(left) indicating partial wrapping by a third MoS; nanotube. Selected-area electron diffrac-

tion patterns (Fig. 1d) showed diffraction rings consistent with randomly-oriented nanotubes



and the lattice constants of CNTs, multi-layer hexagonal BN (hBN) and MoS,. STEM elec-
tron energy loss spectroscopy (EELS near the end of an incomplete MoS, NT (Fig. 1e, f) and
energy-dispersive X-ray spectroscopy (Fig. 1g) verified that the 1D heterostructure contained
bundles of CNTs (red) covered by multi-walled BNNTs and MoS; NTs.

Each additional layer in a 1D vdW heterostructure may alter the optoelectronic proper-
ties of the final composite, either by detrimental changes to the encapsulated layers during
overgrowth, or by interlayer charge or energy transfer. We assessed sample quality by com-
paring the equilibrium optical absorbance, Ag, for the pristine CNT film with that after
each overgrowth. The CQBN@MoS, NT film exhibited an optical absorbance (Fig. 2a, green
line) arising from the combination of the absorbance of atomically-thin crystalline MoSs, BN
and C nanotubes, demonstrating that the growth process did not degrade the optoelectronic

properties of the filling.
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Figure 2: Optical and vibrational properties of C, C@BN and C@BN@MoS,
NTs. (a) UV-visible-IR absorbance Ay = 1077 for C (red), C@BN (blue) and C@QBN@MoS,
(green) NT films. Near-infrared excitonic absorption peaks associated with semiconducting
(S11 and Syp) and metallic (M;;) SWCNTSs are evident at 2300 nm, 1300nm and 890 nm
respectively. The sharp absorption at 205nm (6.0 eV) is from the exciton in BN. The inset
shows the in-plane stretch (1378 cm™!) and out-of-plane radial buckling (823 cm™') modes
associated with BN. The dashed black vertical line corresponds to the in-plane stretch mode
of bulk h-BN (1367cm™!).!3 (b) Real part of equilibrium conductivity of C (red empty
circles), C@BN (blue empty circles) and CQBNQ@QMoS, (green empty circles) NT films. (c)
As (b), for the real part of the dielectric function in equilibrium. (d) Raman spectra of
C@QBN@MoS; NTs under 488 nm (blue), 532nm (red) and 660 nm (green) laser excitation.

The absorption spectra of the C@QBN@MoS,; NTs show features associated with the ex-
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citonic and interband absorption of MoS,, such as the A (660nm, 1.88eV) and B (613 nm,
2.02eV) excitons, and the C (435nm, 2.85eV) and D (400 nm, 3.10eV) interband transitions
of MoS,, 1% similar to atomically-thin MoS,.® The A and B peaks in MoS, are associated
with K-point excitons separated by the spin-orbit splitting energy of the valence band. For
monolayer MoS, the conduction band (CB) minimum and valence band (VB) maximum
coincide at the K point, with a single-particle direct bandgap of 2.1eV.!" For bilayer and
thicker MoSs, the optical absorption at K is similar, but a rise in the valence band maximum
at I', and a drop in the conduction band minimum at (), creates an indirect gap material.>!”

Despite the strong absorption of the CQBN@MoS, film (around 4 times that of monolayer
MoS,'#), no photoluminesence was observed for the 1D MoS, NTs, whereas under the same
conditions a reference monolayer of 2D MoS; showed photoluminesence at the A exciton
(Supplemental Fig. S3). This suggests that the MoSs nanotubes (2-3 monolayers) have an
indirect bandgap, similar to bilayer and thicker 2D MoS,. Armchair, zigzag and chiral MoS,
NTs were calculated to have similar optical absorption spectra,!® particularly in the large
diameter limit, with strong absorption above 2eV similar to that observed here.

To elucidate intraband carrier motion in the 1D vdW heterostructures, the real parts of
the effective THz conductivity, Re(oeq) and the real parts of the effective dielectric function,
Re(€eq), are reported in Fig. 2(b) (see Fig. S4 for Im(oeq)). Here, the “effective” optical prop-
erties are averages over the composite, rather than representing local, microscopic response
functions. The role of each layer is highlighted by the subtle changes evident between the
reference C, C@BN and C@BN@MoS, NT films. The rise in Re(c.,) towards lower frequency
(higher wavelength) for the CNT film is consistent with previous studies of CNT films with
a similar morphology, where the THz conductivity contains a contribution from Drude-like
free-carrier absorption and from axial plasmons.?? 22 The C@BN NTs retain a large fraction
of the conductivity of the CNTs (> 90 % at 1 THz), demonstrating that the inner CNTs in
the heterostructure are highly conductive, and may be used to electrically gate the outer

layers in future devices. The addition of the 4-5 insulating layers of BN reduces Re(oe,) and



lowers the negative Re(eq) characteristic of a highly conductive material. This suppression
is most prominent at low frequencies, suggesting a lower dc conductivity. BN acts as a good
tunnel barrier even for a monolayer,? and hence reduces intertube conductivity, while the
intratube (plasmonic) conductivity remains comparable.

The addition of the MoSy NTs in the C@QBN@MoS, composite creates a small increase
in Re(oeq) across the THz range in comparison to the C@BN NTs. This extra conductivity
may be associated with free charges in the outer MoSyNT if the as-grown material is doped:
indeed MoS, monolayers are often n-doped as a result of S-vacancies.?* Alternatively, the
MoS,; NTs may have altered the conductivity of the encapsulated CNTs, either as a result
of a strain-induced change in their bandstructure, or by a small but finite charge transfer
from the outer MoSs NTs to the inner CNTs (possible given the estimated band alignment,
Supplemental Fig. S5).

The CQBN and CQBN@MoS; NTs have distinct electronic and vibrational resonances
that can be further investigated by Raman spectroscopy. The out-of-plane and in-plane
Raman active phonons have been widely used to distinguish monolayer MoS, from bilayer
and thicker structures, based on their position and splitting.?%2¢ For the CQBN@QMoS,; NT
film the in-plane £, and out-of-plane A;; mode [Fig. 2 (d)], are in agreement with theoretical
predictions for MoS; NTs.?"?8 Raman spectra taken for different laser wavelengths highlight
the longitudinal acoustic (2LA) modes at 460 and 470 cm™': these second-order Raman
features are associated with intervalley electron transitions created by two LA phonons close
to the K or M points, and which are relatively intense for resonant excitation of the A and

% as is evident here under excitation at 660 nm (resonant to the A exciton). A

B excitons,?
weak feature at ~ 420 cm ™! under 660 nm excitation is associated with a combination of LA
and transverse acoustic (TA) phonon modes around the K point, due to a doubly-resonant
intervalley electron scattering process.?® The Raman results indicate that excitons in 1D

MoS, nanotubes may undergo rapid intervalley charge transfer, as reported for 2D MoS,.3"

To establish whether excitons in the MoSs nanotubes are the principle photoproduct



after light is absorbed by the MoS,; component of the vdW heterostructure, we tracked the
dynamical absorbance in the UV and visible range at different pump-probe delay times ¢
after femtosecond pulsed excitation. In Fig. 3 broadband transient absorption spectra of the
C@QBN@MoS, NTs are shown for excitation at 350 nm (at energies above the D peak). The
pump was absorbed predominantly in the MoS, N'T's, which had high absorbance compared
to the C and BN NTs (Fig.2a) at this pump wavelength. The probe wavelengths (315-
720nm) covered the absorption range of the MoS; NTs, and were higher in energy than the

Si1, Sap and My, energies where CNTs exhibit their transient response.?!
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Figure 3: Transient absorption spectroscopy of C@BN@MoS,; NT film. (a)
Transient absorption spectra, A(E,t) = Ag(E) + AA(E,t), as a function of pump-probe
delay time ¢ and probe beam energy E (excitation wavelength 350 nm; 1 mJem ™2 fluence).
Here, t = 0.0 ps was defined as the probe pulse arriving just before the pump pulse, and
hence shows the equilibrium absorbance, Ay(E), (empty red circles). Data at t = 0.5ps
(green circles) and ¢t = 100 ps (blue circles) are also shown, along with fits (solid lines). The
dashed vertical lines correspond (from left to right) to the A, B, C and D features in the
equilibrium absorbance, while the contribution from each peak is shown by the lower colored
lines. (b) AA(E,t) spectra from experiment (circles) and corresponding fits (dashed lines)
at t = 0.5ps (green) and ¢ = 100ps (blue). (c¢) Expanded view of the fitted absorbance in
the range near the A and B excitons, with the same color code as in (a).



The total absorbance spectra A(E,t) = Ao(E) + AA(E,t) are reported in Fig. 3(a),
where ¢ = 0 (red dashed line) corresponds to the probe arriving immediately prior to the
pump, and thus shows the absorbance in equilibrium around the A, B, C and D peaks
(dashed vertical lines). We modelled the experimental absorbance at each pump-probe delay
using 4 resonances with variable energy, linewidth and strength (lower curves in Fig. 3(a))
superimposed on top of a monotonically increasing background accounting for the absorbance
of the CNTs. The fitted AA (Fig. 3(b), dashed lines) reproduced the experimental data
(points). The contributions from the A and B excitons to the fitted absorbance is reported
in Figure 3(c).

Prominent A and B excitonic absorption was present at all time delays, and at similar
energies to equilibrium. From this we can conclude that, similar to the case of monolayer
2D MoS, and other TMDs, excitons are the primary photoproduct in the MoS, layers of the
present vdW heterostructure. Further, the exciton dynamics are similar to those reported
in monolayer MoS,,!® suggesting that there was no substantial charge transfer to the CNT.
Modifications to the strength and linewidth of the A and B excitons account for the observed
AA in the 1.7-2.2¢eV range. Immediately after photoexcitation, the B exciton lowered in
strength, but retained a similar linewidth to that in equilibrium [Figure 3(c)]. The A exciton
broadened, and increased in strength above its equilibrium level after 1 ps, creating a positive
AA at energies below 1.98eV (Supplemental Fig. S6). Similar trends were observed at all
pump wavelengths, including resonant to the A exciton. Changes in the interband absorption
strength (2.2-3.2eV), including around the C and D peaks, were also evident, and can be
linked to bandgap renormalization. 832

The broader A-exciton linewidth results from faster energy, phase or momentum relax-
ation after photoexcitation, as in atomically-thin 2D TMDs.® However, the increase in A
exciton strength here is unusual and may result from either the dynamic screening of the
Coulomb interaction, or from trion formation. In the former case, the finite quasiparticle

density screens the Coulomb interaction, lowering the binding energy and redshifting the



single-particle bandgap, with little change in the excitons’ energies.® A weaker Coulomb
interaction reduces the exciton oscillator strength, consistent with the B exciton’s lower
absorbance after photoexcitation, but inconsistent with the A exciton’s increased strength.
Alternatively, if the MoSy NTs are lightly doped in equilibrium (as suggested by the THz
conductivity spectra above), the A exciton’s absorption strength is partially reduced by Pauli
blocking, similarly to the case for doped CNTs.?? When the pump pulse injects excitons,
the formation of trions removes the extrinsic charges from the conduction band or valence
band, thereby removing the Pauli blocking effect and increasing the A exciton’s absorbance,
consistent with the experimental result.

To utilise 1D vdW heterostructures in nanoelectronic devices (e.g. photovoltaics) free
charges may be desirable rather than excitons. Optical pump-THz probe (OPTP) spec-
troscopy allows the presence of free, unbound charges in semiconductor nanomaterials to

d 33,34

be uniquely establishe While some studies of the THz photo-response of MoS,; mono-

layers have reported positive photoconductivity linked to free carriers in an electron-hole

plasma, 3> other studies reported negative photoconductivity assigned to trion formation,3°

in particular for n-doped monolayers. 37

The dynamical THz photoconductivity of the 1D vdW heterostructures is reported in
Figures 4 and 5. The magnitude and dynamic of the THz differential transmission AT/T
[Fig. 4(a)] was similar for the CNT and C@BN NT samples: as shown in Figure 2 BN did not
absorb photons at the pump wavelengths used (340-950 nm), and BN encapsulation did not
radically alter the optoelectronic properties of the CNTs. The C@QBN@MoS, film exhibited
a different dynamic [Fig. 4(a)], crossing from AT/T > 0 at early times to AT/T < 0 for
t > Tps. For pump wavelengths from 350 nm to 650 nm, corresponding to strong absorption
of the pump in the MoSy NTs, this cross-over in AT/T was universally observed [Fig. 4(b)].
However it was not seen at longer pump wavelengths (950 nm), when only the CNTs absorbed
the pump.

This complex dynamic can be understood with reference to Figure 5. At early times, the
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Figure 4: Transient THz response of CNT, CQBN NT, C@BN@MoS; NT (a) at
435 nm pump wavelength with 100 uJem ™2 fluence, (b) at 340nm, 435nm, 450 nm, 650 nm
and 950 nm.

strong positive AT/T for all samples can be attributed to optical excitation of the CNTs,
which creates significant negative photoconductivity.?? In equilibrium the CNTs are conduc-
tive, as a result of the metallic NTs and doped semiconducting NTs, with a conductivity
similar to the Drude model of free-carrier absorption (black line, Fig. 5(a) inset). Optical ex-
citation lowers the carrier density of free charges, n, or increases their effective masses, m*.??
A simultaneous narrowing of the conductivity spectrum results from a drop in the momentum
scattering rate, v,%? yielding a conductivity (blue line) lower than that in equilibrium, i.e. neg-
ative photoconductivity. At t = 2 ps the real and imaginary parts of the experimental photo-
conductance [points, Fig. 5(b)] were modelled by the Drude function Ao (w) = op/(1 —iwT)
[solid lines]. Here, the momentum scattering time was 7 = 1/ = 110 fs, while the dc photo-
conductance op = —0.6mS (where 1mS = 1072 Q7!) was negative to account for the lower
conductivity under photoexcitation.

At later times the negative AT/T corresponds to a positive photoconductivity uniquely
associated with mobile charges in the MoSy NTs, and which persists for ~ 300 ps (Supple-
mental Fig. S7). An excitonic origin can be ruled out: excitons in MoS, yield intraexcitonic

transitions in the mid-infrared®® instead of the THz.3*
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Figure 5: Transient THz response of C@QBN@MoS, (a) versus pump-probe delay,

at 435 nm pump wavelength and 100 zJem =2 fluence. Note the negative and positive y-axes
have different scales. The inset shows a schematic of the frequency-dependent conductivity
without (‘OFF’) and with (‘ON’) photoexcitation, and their difference, Ao (w). (b) The real
and imaginary parts of Ac(w) at 2 ps (points) show a negative photoconductivity associated
with the CNTs, which can be modelled by the Drude model (lines) as described in the text.
(c) As in (b), but at 12 ps pump-probe delay, showing the positive photoresponse associated

with normal photoconductivity in the MoSy NTs.
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The real and imaginary parts of the experimental photoconductivity at ¢ = 12ps [Fig.
5(d, e)] were modelled as at ¢t = 2ps, but with a positive op = 0.018 mS and 7 = 80fs,
corresponding to 7 = 12.5THz. Assuming an effective mass m* ~ 0.6m, representative
of carriers in the K-valley of MoS,, the effective mobility of carriers in the MoSy NTs is
p = e/m*y ~ 234cm?/Vs. This is comparable to the best field-effect mobilities (u >
200 cm?/Vs) obtained at room temperature in MoS, monolayers®? and multilayered MoS,. 4
The THz mobility is a local probe of the intra-NT motion of free charges, and is higher
than the mobility derived from transport measurements across multiple nanotubes, where
charges cross multiple interfaces. Notably, the mobility observed here for MoS, NTs in
a 1D vdW heterostructure is higher than the ~ 40cm?/Vs reported for individual multi-

L and is also higher than reports for monolayer MoS, from OPTP

walled MoS, nanotubes,*
spectroscopy.3”4? Here, the relatively low momentum scattering rate and significant mobility
attests to the high quality and relatively defect-free nature of the MoS, NTs.

The observation of free charges in the MoS, N'T's is intriguing given the prominent exci-
tons, although atomically-thin MoS, also exhibits both free charges and excitons. **% Scenar-
ios for the direct generation of free charges include exciton-exciton annihilation,*® which is
most effective at high exciton densities. Here the positive photoconductivity of the MoS, NT's
was observed to increase linearly over a wide range of pump fluences (10-200 yJem™2, Sup-
plemental Fig. S8) suggesting that free charges are produced in proportion to the absorbed
photon flux. At lower excitation densities, without exciton-exciton annihilation, exciton dis-
sociation can proceed via electron trapping at defects,** leaving mobile holes. Further, the
strong 2LA Raman modes resonant to the A-exciton (Figure 2) provide evidence that direct
K-point excitons can be scattered into intervalley excitons® consisting of Q-point electrons
and K-point holes.*

In conclusion, the structure of radial 1D van der Waals heterostructures consisting of

carbon nanotubes wrapped by BN and MoS; nanotubes was studied on the atomic scale,

while the effective optical properties of heterostructure films were examined from UV to
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THz wavelengths. A dynamic switch from negative to positive photoconductivity originated
from the differing temporal dynamics for free-carrier absorption in the carbon nanotubes and
MoS; nanotubes. The conductivity of the carbon nanotube cores remained high after BN
and MoS, fabrication, offering nano-scale electrical devices gated by the carbon nanotubes.
Potential applications of these relatively large area (~1cm?) vdW heterostructure films in-
clude catalysis or gas sensing, where porous films are advantageous, or in optoelectronic

devices requiring wafer-scale areas of high quality TMD semiconductor.
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