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Abstract
Excitons dominate the optics of atomically-thin transition metal dichalcogenides
and 2D van der Waals heterostructures. Interlayer 2D excitons, with an electron and a
hole residing in different layers, form rapidly in heterostructures either via direct charge
transfer or via Coulomb interactions that exchange energy between layers. Here, we
report prominent intertube excitonic effects in quasi-1D van der Waals heterostruc-

tures consisting of C/BN/MoSs core/shell /skin nanotubes. Remarkably, under pulsed
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infrared excitation of excitons in the semiconducting CNTs we observed a rapid (sub-
picosecond) excitonic response in the visible range from the MoSs skin, which we
attribute to intertube biexcitons mediated by dipole-dipole Coulomb interactions in
the coherent regime. On longer (> 100 ps) timescales hole transfer from the CNT core
to the MoSs skin further modified the MoSs’s absorption. Our direct demonstration of
intertube excitonic interactions and charge transfer in 1D van der Waals heterostruc-
tures suggests future applications in infrared and visible optoelectronics using these

radial heterojunctions.

Atomically-thin semiconductors such as the transition metal dichalcogenides (TMDs)
feature electron confinement in two dimensions (2D) and strong Coulomb interactions that
produce large exciton binding energies.**? TMDs such as MoS, are particularly interesting
as semiconductors for optoelectronic devices such as photodiodes and photovoltaic cells,**
however strongly bound excitons do not respond effectively to dc or low-frequency electric
fields used in devices. In van der Waals (vdW) heterostructures dramatic modifications
of the electronic and optical properties arise, leading to unique effects like unconventional
superconductivity® and excitons confined by Moiré superlattice potentials.” The Coulomb
interaction between quasiparticles also plays a prominent role in heterostructures, for in-
stance by forming interlayer excitons with electrons and holes located in different layers.™®
With their larger polarisability and slower recombination, interlayer excitons provide a route
to form free charges more efficiently in TMDs,” which is desirable to achieve dc current flow
in devices.

Optical absorption spectroscopy measures the rate at which electrons can transfer be-
tween states, either into unbound or bound electron-hole pairs. It can be challenging to
study interlayer excitons via absorption spectroscopy: the transition rate to form interlayer
excitons directly from light is relatively low, as the electron and hole are spatially sep-
arated. The ultrafast processes required to create interlayer excitons can be studied with

sensitive transient absorption spectroscopy methods, by first generating an intralayer exciton



that subsequently dissociates across the junction,* 3

or by probing the internal transitions
of interlayer excitons.** In type II heterojunctions an electron-hole pair generated in one
material will separate via charge transfer on ultrafast (sub-picosecond) timescales, creat-
ing a long-lived interlayer exciton that straddles the interface. Alternatively, Forster-type
non-radiative dipole-dipole interactions can mediate rapid energy transfer between layers in
vdW heterostructures, also on picosecond timescales. "> Later after photoexcitation, once
a semiconductor’s electrons have cooled by transferring energy to the lattice,*® heat transfer
can further modify the electronic properties of adjacent layers and thereby change its ab-
sorption. Disentangling these combined effects of direct charge transfer, Coulomb-mediated
energy transfer, and heat transport between layers in vdW heterostructures is thus a signif-
icant challenge.

Here, we report an investigation of the intertube excitonic response of a nano-coaxial
cable, formed by a 1D van der Waals (vdW) heterostructure (Fig. [1p). The core consisted of
bundles of semiconducting and metallic carbon nanotubes (CNTs), wrapped by insulating
BN nanotubes, and with a sheath made of semiconducting MoS, nanotubes (NTs). 192
The strong excitonic response of the CNTs and the MoSy NTs, combined with the long-
range alignment of the different nanotubes within the heterostructure and large sample
areas (~ lem?), made this an ideal system to study the fundamentals of intertube electronic
and excitonic coupling. We demonstrate that the Coulomb force creates strong intertube
excitonic coupling by comparing the femtosecond transient absorption spectra and dynamics
after the initial creation of excitons either in the CNT's or in the MoS,.

There are two distinct paradigms by which the light-matter interaction in such a 1D
vdW heterostructure may be understood (Fig.[Ip). Either (i) excitons (solid lines) behave
independently of the quasiparticles in the other components of the heterostructure, and the
optical properties are an effective medium average of the response of the independent con-

stituents, or (i) the Coulomb forces between quasiparticles in different layers (dashed lines)

create electronic correlations with a unique optical response. Simple physical arguments in



favour of this second possibility can be advanced. For instance, electrostatics predicts that a
free charge in a CNT will be screened by an opposite charge in the sheath (Fig.[l), forming
an intertube exciton. A dipole field in the CNT, i.e. an excitonic polarisation, will induce
a dipole in the MoS; NT (Fig.), creating an intertube biexciton. Dynamically, one may
predict that intertube biexcitons and intertube excitons form with different rates following
the creation of a coherent excitonic polarisation in the CNT using an infrared pump pulse.
An intertube biexciton should form rapidly, as it is mediated via the Coulomb force, while
intertube excitons require longer to form as charge transfer between the CN'T core and MoS,
skin must occur. By separating the core and skin with BN nanotubes charge transfer rates
can be suppressed (as BN is a good tunnel barrier owing to its wide bandgap), slowing
intertube excitonic formation.

Indirect evidence of the importance of intertube interactions comes from the optical ab-
sorption, Fig. [T, obtained for the pristine CNT films, after BN overgrowth, and after MoS,
nanotube growth. As discussed previously, the CQBN@MoS, heteronanotube films have an
optical absorbance from the UV to the THz that can be roughly understood as resulting from
the combination of the equilibrium absorbance of the constituent nanotubes in isolation.”
However, in the infrared range, below the band edge of the MoS,, the C@QBN@MoS, hetero-
nanotube film has an enhanced absorbance in comparison to the CQBN and CNT reference
films. One explanation of this effect is that Coulomb correlations between the MoS, and the
CNTs enhances the excitonic absorption of the Si1, S0, My; excitons in the CNTs, much in
the way that electron-hole pairs boost the absorption strength near the band edge of a direct
gap semiconductor. Alternatively, the MoS, growth may have modified the effective dielec-
tric function, increasing the amount of reflection loss, or a fraction of the MoSs nanotubes
may be metallic** and hence absorb in the infrared. Photoluminescence (PL) spectroscopy
is also sensitive to intertube interactions: for instance the A exciton PL efficiency was found

to be enhanced for BN@MoS, NTs with respect to that of CQBN@MoS, NTs.23

In order to establish uniquely whether intertube Coulomb interactions modify the ground
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Figure 1: Electronic and excitonic processes in van der Waals heteronanotubes.
a. Cross-section of a C@BN@MoS, heteronanotube, comprising CNTs wrapped by BN
and MoS, nanotubes. b. Mixed real-space/single-particle bandstructure schematic of an
intertube biexciton. A Si; exciton in the CNT (solid red line) and an A exciton in the MoS,
sheath (solid blue line) are bound by attractive Coulomb forces (dashed lines), while the BN
(purple) acts as a barrier to direct charge transport. c. A real-space picture of intertube
excitons consisting of electrons in the MoSy and holes in the CNT, viewed along the axis
of the heterostructure. d. Intertube biexcitons viewed in a radial cross-section through the
heterostructure. e. Optical absorption for pristine CNT films (red), and CQBN (green) and
C@BN@MoS, (blue) heteronanotubes. f. In the excitonic picture, with a common ground
state energy Ejoo>, the heterostructure has exciton energy levels Ejjo- for the S;; excitons in
the CNT and Ejp;~ for an exciton in the MoS, (e.g. the A exciton). The intertube biexciton
has an energy level Ej;;~, which is lower in energy than Ejg» + Ejgi> by an amount A.
Pumping into the Sy state at Ejjo~ (red line) lowers the ground-state population, thereby
changing the amount of probe light (blue lines) absorbed.

state electronic and the optical properties of 1D vdW heterostructures, we introduce a scheme
based on multi-colour pump-probe spectroscopy (Fig. |1f). A heterostructure with Coulomb-
coupled states has excitonic energy levels F,,,, where m,n = 0 denotes the ground state,
|00 >, m = 1 denotes an S;; exciton in a semiconducting CNT, and n = 1 labels an A

or B exciton in the MoS,. By pumping at an energy E; = E}jo» — Ejg> in the infrared,
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Figure 2: Transient absorption spectra at a range of pump-probe delay times for a.
C@BN@MoS,; NTs and b. C@BN NTs, under excitation with a 0.62eV, 200 uJem=2, 35fs
pump pulse. c¢. Data from a after subtracting the CNT response in b. d. As c, but for

data obtained at pump fluence 70 pJem 2. e Multi-oscillator fit to the optical density under

photoexcitation from panel c. Vertical lines show the fitted oscillator energies versus time.
f. Excitation with pump photons at 3.0eV produces changes dominated by the A, B and
interband absorption of the MoS,. The same colour map (top right) was used for each panel.

a fraction of the system is moved from the ground state |00 > to the |10 > state. If
the heterostructure has a common Coulomb-coupled ground state then an optical probe
at By = Ejo1> — Ejgo> exhibits a reduced absorption as a result of the lower ground state
population. In contrast, if the MoSs NT and CNTs are electronically independent, and there
are no Coulomb correlations between NT's, then pumping at £ will not induce an absorption
change at Fs: the ground state population of the MoSy NT will not be modified. By checking
whether or not infrared excitation of BN@QMoS,; NTs modifies the visible absorption, one
can further test if MoSs N'Ts have any inherent absorption processes below the A exciton.
Ultrafast absorption spectroscopy experiments on thin films of C, CQBN, CQBN@MoS,
and BN@MoS, nanotubes were performed, pumping at 0.6 eV (close to Ej) or at 3.0eV, with

a white-light probe that covered the A (1.88eV) and B (2.02eV) excitons and interband



absorption region of MoS,. The maps of the differential change in optical density, AOD, in
Fig. demonstrate that the MoSs N'Ts’ optical response is modified by the 0.6eV pump:
for instance the A and B excitonic absorption peaks are suppressed (red areas are reduced
optical density; higher transmission). As the pump photon energies (0.6eV) were only a
third of the band edge of MoS; (1.88eV), and a BN@MoS, sample prepared with the CNTs
removed showed no discernible AOD (Supplemental Figs. S1-2), processes involving single-
photon absorption by the MoS; NTs (e.g. band-tail absorption; free-carrier absorption) can
be ruled out. Non-linear absorption processes such as three-photon absorption can also be
eliminated by the lack of response from BN@MoS,; NTs, further confirmed by the linearity of
AOD with pump fluence (Supplemental Fig. S3). The modification of the excitonic response
of the MoS, can therefore be uniquely identified as resulting from coupling between the Si;
excitons generated in the CNTs and the electronic states of the MoS,.

To further elucidate the dynamic response of the C@QBN@MoS,; heteronanotubes, we
performed reference experiments with a CQ@BN NT film without MoS,; NTs. Figure
shows a broadband, weaker response from the higher lying excitonic transitions in the CNTs
(e.g. S33, Suy and their continua). This transient response from the CNTs decays with
lifetimes below 220 fs (Supplemental Fig. S4). To examine the optical response of the MoS,
NTs without this contribution we subtracted the reference’s AOD data set from that of the
heteronanotubes, yielding Fig. 2lc, where features near zero pump-probe delay can be seen
more clearly. Using data obtained at lower fluence (70 uJem™2), the same procedure yields
Fig. 2d. At early times and lower fluence the response from the MoS; NTs persists for only
100 fs, with peaks in AOD near the A and B excitons and C peak (2.81eV). The AOD
spectra at higher fluence are similar for the first 100 fs, whereapon a more persistent AOD
signal with a distinct spectral response appears.

Physically, the dynamics at early time result from the strong electric field of the IR pump
pulse: this creates a coherent Si; excitonic polarisation in the CNTs, which then induces

a polarisation response from the MoS, nanotubes via the Coulomb interaction, forming
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Figure 3: Time-dependent dynamics of the A exciton. a. The A exciton energy, hws,
blueshifts during the coherent regime only, with a larger blueshift for 200 uJem ™2 (red points)
than 70 uJem =2 (purple points). UV excitation produces a quasi-permanent redshift (blue
points). Solid lines are fits using a Gaussian IR pulse envelope (shaded area, o = 35fs) and
an exponential decay. b. Asin a, but for the A exciton’s oscillator strength, hw, 1. ¢ Bloch
equation simulations of the ground state and CNT exciton populations, p;; (blue) and pay
(black), along with the simulated strength of the A exciton response at the same fluences as
used in experiment (red and purple lines).

transient intertube biexcitonic states, as in Fig. [Id. The timescales for the transient rise and
decay of this intertube exciton-exciton coupling were examined by fitting the experimental
transmittance spectra at each pump-probe delay with a modelled transmittance calculated
from a dielectric function built from multiple oscillators. To cover the experimental range of
the transient absorption spectra, four oscillators were adopted (A and B excitons, interband
transitions and the C peak), and their centre energy, oscillator strength and linewidth were
allowed to vary with delay. An example of the AOD resulting from this fit is reported in
Figure [2p, while the centre energy and strength of the A exciton are reported in Figure
(full details of the fits and parameters are provided in the Supplemental Figs. S5-7). The
dynamics following ultrafast excitation at 3.0eV were also measured (Fig. [2f) and fitted:
the extremely fast formation of band-edge excitonic response was below 100 fs, in line with
recent results on monolayer MoS,, and attributed to rapid exciton cooling mediated by the
strong exciton-phonon interaction.?*

Under IR excitation the A exciton’s centre energy undergoes a dynamic blueshift, evident



in Figure [3a, which rises and decays with the IR laser pulse (shaded area, Gaussian pulse
with o = 351s). The peak blueshift increased with fluence. Similar blueshifts were seen for
the B exciton and the interband oscillator at 2.25eV under IR excitation (Supplemental Fig.
S7), whereas direct excitation of the MoS; NTs at 3.0 eV produced a redshift in the A exciton
energy as a result of bandgap renormalisation.*” Within the coherent regime (during the IR
pulse), the blueshift may be understood as an optical Stark shift of the exciton energies in the
MoS,. Alternatively, with a finite population in state E there is an excited state absorption
pathway (dashed line in Fig. ) at an energy Fji1> — Ejios = Ejoi> — Ejpo> — A, i.e. an
energy A below the excitonic resonances of the MoS,; NTs. This excited state absorption
could therefore counteract the ground state bleach of the Fjps to Ejg> transition, if A is
comparable to the linewidth of the excitonic absorption. As the magnitudes of the blueshifts
are small compared to their linewidths we cannot conclusively identify their origin.

The A oscillator strength (Figure ) lowered during the IR pump pulse, directly show-
ing that fewer electrons were available to undergo the transitions that form A excitons. At
times after the IR pump pulse the intertube excitonic response recovered rapidly towards
equilibrium, with a time constant 7 that was determined from fits to the dynamics (solid
lines in Figure . At lower IR fluence we found 7 = 43 fs, suggesting the intertube excitonic
response persisted essentially only within the coherent regime, while at higher IR fluence
the intertube excitonic response was longer lived (7 = 166fs). After the IR drive field has
finished, the coherent S;; polarisation decoheres at a rate set by both exciton momentum
scattering and exciton population transfer processes. For example, optically-bright Si; sin-
glet excitons can relax to lower energy optically-dark triplet excitons. Alternatively, they
can transfer their energy via nonradiative near-field coupling to another nearby nanotube

% such as a metallic CNT. Regardless

with a finite density of states at the same energy,?
of the mechanism by which the coherent S;; excitonic polarisation is removed, the induced
excitonic response of the MoSs is lowered when the S;; polarisation weakens. Decoherence of

the excitonic polarisation component in the MoS, can also cause the destruction of intertube



correlations. Hence the intertube excitonic contribution decays on timescales comparable
to, or faster than, the timescale for recovery of the CQBN reference sample’s interband re-
sponse, which was 220 fs and faster (Supplemental Fig. S4). The excitonic response of A and
B excitons directly created in the MoSs; N'T's under 3.0eV excitation recovered more slowly
(Fig. 2).

A full theoretical treatment of intertube excitonic coupling in the heterostructure requires
the self-consistent inclusion of the semiconductor physics, for instance via the semi-classical
semiconductor Bloch equations, along with consideration of the electromagnetism by solving
Maxwell’s equations. The current state-of-the-art in this area includes studies of superradiant
effects in coupled 2D TMD layers®*” and the rapid ultrafast formation dynamics of excitons
in MoS, monolayers after non-resonant visible excitation.”* Here we provide two simplified
theoretical models that allow intuitive insights into intertube excitonic effects. Firstly, a
pair of coupled classical oscillators can represent the system: a first oscillator represents
the excitonic polarisation of an S;; exciton in a CNT, the second oscillator denotes an
A exciton in a MoSs NT, while a third spring models the Coulomb dipole-dipole coupling
between excitons. When an impulse produces an excitonic polarisation in the CNT oscillator
(represented by the extension of the first spring from equilibrium) then a damped oscillatory
response from the MoS, oscillator is produced, with a spectral maximum close to the A
exciton energy (Supplemental Information S8).

Alternatively, a second theoretical model is to solve the Bloch equations in the excitonic
basis for the lowest three levels in Fig. [Tf, as described in the Supplemental Information.
This approach improves on the classical model by including quantum effects such as finite
level occupancy and dipole matrix elements, and includes electromagnetism self-consistently,
but ignores many-body effects (e.g. bandgap renormalisation) and the optical Stark effect,
and includes dephasing and recombination only phenomenologically. Figure |3c illustrates
the output from this simulation, with population decay times 7; = 200fs and 60 ps for Si;

excitons (level 2) and MoSy A excitons (level 3) respectively. During excitation of the 1 — 2
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transition (shaded area), the rapid dephasing of the coherent excitonic response (represented
by the components pis and po; of the density matrix) produced an Sq; exciton population,
poo. The ground state population, pi1, and pes both returned towards equilibrium at a rate
set by the fast population decay 74. Further, a full simulation of the pump-probe experiment
was obtained using multiple Bloch simulations including a probe pulse resonant to the 1 <+ 3
transition and arriving at varying time delays. The dynamics of the pump-induced change
in A oscillator strength from this model (red and purple lines in Figure ) track the decay
in S;; population, and are in excellent accord with the experimental data (Figure [3p). This
theoretical description provides further evidence that infrared excitation of excitons in the
CNT core can yield strong modifications in the visible response of the MoS,; N'T sheath.

Finally, we report the transient absorption dynamics of the heteronanotubes at later times
after excitation. Under infrared excitation, the initial ultrafast response (discussed above)
disappears within 1 ps, but is followed by a gradual enhancement of transient absorption at
later times, evident in Figure [da. This change is then long-lived, remaining constant until the
end of the 3ns experimental time window. Similar features were observed at different pump
fluences, and were not observed on BN@MoS, or CQBN reference samples. This transient
response indicates that a slower process, such as heat transport or charge transfer from the
CNTs to the MoS, NTs, has modified the absorption associated with the A and B exciton
and interband absorption features of the MoSs NTs. A photothermal explanation can be
ruled out by examining the dynamics under UV excitation: under comparable pulse fluences
UV and IR excitation would ultimately heat the NTs in a similar way and would thus be
expected to produce the same long-lived response. However, excitation of the MoS; NT's at
3.0eV led to a AOD that reduced monotonically with time, with a characteristic lifetime of
60 ps (Fig. [p-c) that was much faster than the long-lived feature under IR excitation, which
persisted for > 1ns.

Instead, the formation of indirect intertube excitons via charge transfer can account for

the slow response under IR excitation. Indeed the characteristic timescale of 220 ps for its rise
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Figure 4: Time evolution of the pump induced change in OD for the CQBN@MoS, het-
eronanotube film at later pump-probe delay times. a. Following IR excitation at 70 pJem ™2,
the coherent intertube excitonic effects disappear within 1ps, followed by a slower increase
in the response from the MoS,, which then does not decay within the 3 ns time window of
the experiment. b. Under direct (UV) excitation at 200 uJem ™2 the transient OD recovers
monotonically towards equilibrium. c. Slices at constant energy (averaged over 2.02-2.04 eV
around the B exciton) reveal the differing dynamics at later times under IR excitation. Sim-
ple fits (dashed lines) allow indicative timescales to be extracted: an exponential decay (of
the form y(t) = ae™¥", with 7, = 60ps) for direct excitation of the MoS, at 3.0eV, or an
exponential rise (of the form y(t) = a(1 — e™*/™), with 7, = 220ps) for excitation at 0.6eV.

(Fig.[dk) is consistent with our estimates of hole tunneling times from the CNTs to the MoS,:
using a model of quantum tunneling through the BN barrier®® we estimated hole tunneling
times of 100 ps-1ns (Supplemental Fig. S9). While the indirect excitons thus created do
not directly absorb, the transfer of quasiparticles from one layer to another modifies the
absorption rate in the same way as discussed for the ultrafast intertube response.

In summary, the results presented in this work show that intertube coupling plays a
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pivotal role in the optical response of quasi-1D van der Waals heterostructures. Infrared
excitation of the carbon nanotube cores created a response from the MoS, sheath on two dif-
ferent timescales. The initial ultrafast response at early times (around 100 fs) was dominated
by intertube excitonic coupling mediated by the Coulomb interaction, while charge transfer
via quantum tunneling at later times (around 100 ps) produced indirect intertube excitons.
The results demonstrate that the visible and UV optical properties of one component of a
heterostructure (here the MoSy NTs) can be manipulated by selective excitation of another
constituent (the CNTs). Therefore, efficient intertube coupling and the effective control of

light at different wavelengths can be readily achieved in heteronanotubes.
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