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Supplementary Note 1:

Morphology of suspended CNT/WSe; heterostructures

Using atomic force microscope (AFM), we have identified CNTs beneath the WSe: flake,
as illustrated in Supplementary Fig. 1. 2D and 3D AFM images in Supplementary
Fig. 1b,c are taken at the suspended region, which is marked in Supplementary Fig. 1a.
Multiple CNT tubes and Fe catalyst can be seen above the substrate, which contributes to
the rough surface of WSe: on the substrate. On the other hand, the suspended part of the
WSe: flake exhibits uniformity characterized by minimal surface roughness, highlighting
the cleanliness of our transfer process. Furthermore, this suspended section falls into the
trench by approximately 6 nm, resulting in an intimate contact with the CNTs. As a result,
two CNTs are discernible across the trench, as marked by arrows in Supplementary
Fig. 1b. The height of the upper CNT is 1.05 nm, which is consistent with the CNT
diameter discussed in this paper.

16.6 nm

Supplementary Fig. 1 | Identifying CNTs in the heterostructure. a, An optical
microscope image of a CNT/2L WSe: heterostructure. 2D (b) and 3D (¢) AFM images
for the area indicated by the white broken rectangle in (a). The inset in (b) is a line profile
indicated by the green broken line. The scale bars are 5 and 0.4 um for (b) and (¢),
respectively.
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Supplementary Note 2:

Selective excitation through polarization

Because WSe2 A excitons and CNT E22 excitons have different dimensionalities, the
excitation process can be precisely controlled via the polarization angle. As shown in
Supplementary Fig. 2a, the PLE map from a (14,3) CNT/3L WSe2 heterostructure shows
different behaviors at various excitation angles. Under the 80° excitation angle, which is
parallel to the CNT axis, two excitation peaks corresponding to A and E22 excitons are
observed. At the —10° excitation angle, the E22 excitation is entirely suppressed, leaving
a single Ea peak in the PLE map. This profound selective excitation behavior can be
explained by the excitation polarization dependence for A and E22 excitons, as indicated
in Supplementary Fig. 2b. The E11 excitons show distinct 1D behavior as expected,
irrespective of the excitation process, which is indicated by the emission polarization
measurement in Supplementary Fig. 2c.
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Supplementary Fig. 2 | Polarization-selective excitation process. a, PLE maps of the
(14,3) CNT/3L WSe: heterostructure measured at 80° (upper) and —10° (lower) excitation
angles, respectively. b, Excitation polarization dependence of PL from Eua states for Ea
excitation (red circle) and Ez2 excitation (blue circle), respectively. ¢, Emission
polarization dependence of PL from Eai1 states for Ea excitation (red circle) and E22
excitation (blue circle), respectively. The lines are fits to a cosine squared function.
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Supplementary Note 3:

WSe: layer number dependence on exciton transfer process

The influence of the WSe:2 layer number on the exciton transfer process is examined in
heterostructures comprising of (9,8) CNTs and WSe flakes with varying thicknesses. As
depicted in the Fig. 1c,d in the main text, the (9,8) CNT/1L WSe:2 heterostructure exhibits
an efficient exciton transfer process. In Supplementary Fig. 3a, the Ea excitation peaks
are also clearly observed in the heterostructures consisting of 3L and 4L WSez. In contrast,
the Ea peak is considerably reduced in the sample with 10-nm-thick bulk WSez,
presumably caused by the increased distance from the CNT to the surface of WSe: flake
where excitons are generated.

The E11 and E22 energy shifts induced by different WSe: flakes are summarized in
Supplementary Fig. 3b. It is surprising to observe that the 1L WSe: flake already
substantially shifts both Ei1 and E22 energies through the dielectric effects [1].
Furthermore, 2L WSe:2 does not induce considerable shifts, indicating that the £11 and E22
excitons are already fully screened. The shifts in the thicker WSe2 samples are mainly
attributed to strain, which results in anticorrelated E11 and E22 energies shifts [2].

In Supplementary Fig. 3c, we plot the PL spectra from the suspended WSe:2 and the
PLE spectra from the heterostructures. New low-energy PL peaks, attributed to the
indirect excitons, emerge in thick WSe: flakes, with their intensity and peak energies
significantly varying with the layer number [3]. In contrast, the energies of the A exciton
emission peaks are relatively insensitive to the layer number. The PLE spectra also do not
show distinct layer number dependence up to 4L, indicating that the exciton transfer
process primarily occurs through the A excitons even in the samples with thick WSe2
flakes.
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Supplementary Fig. 3 | Exciton transfer in heterostructures with varying WSe>
thickness. a, PLE maps of the (9,8) CNT/3L, 4L and bulk WSe: heterostructures. The
excitation power is 10 xW with the polarization aligned to the tube axis. b, E11 and E22
energy shifts in the samples with varying WSez thickness. ¢, (green) Normalized PLE
spectra of integrated E11 emission for the (9,8) CNT/2L, 3L, 4L, and bulk WSe> samples.
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Supplementary Note 4:

A exciton lifetime in CNT/2L WSe: heterostructure

Compared to the 4L sample shown in Fig. 2a,b, 2L samples exhibit faster decay.
Supplementary Fig. 4a,b illustrates the time-resolved measurements of E11 PL from a
(12,4) CNT/2L WSe: heterostructure. Under Ea excitation, a slow decay curve is
observed as in the case of 4L sample. We estimate the lifetime of the A exciton to be
around 200 ps from fitting, which is shorter than the lifetime observed in the (9,8)
CNT/4L WSe: heterostructure. Additionally, we notice the presence of another, slower
decay component, which is absent in the data shown in Fig. 2b of the main text. This
additional component could potentially be related to the dynamics of indirect excitons.
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Supplementary Fig. 4 | The decay curve in a CNT/2L WSe; heterostructure. a, b
PL decay curves taken from a (12,4) CNT/2L WSez heterostructure for (a) E22 and (b)
Ea excitation. Experimental results are indicated by gray lines. The red line is the
fitting. The excitation power is 8 nW.
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Supplementary Note 5:

A 1D-2D heterostructure with a long diffusion length

In some CNT/WSe: heterostructures with thick WSe> flakes, we find that the A excitons
display long diffusion lengths. Supplementary Fig. 5a,b presents PL images for £22 and
Ea excitation taken from an (8,6) CNT/3L WSe2 sample. The noticeably enlarged PL
image for Ea excitation indicates the long diffusion length. By fitting the line profile of
the PL image as indicated in Supplementary Fig. 5c, we extract a diffusion length of
1.1 pm.
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Supplementary Fig. 5 | PL images showing a long diffusion length. a,b PL intensity
maps of Eia states for (a) E22 and (b) Ea excitation. The scale bar is 1 um. The CNT is
indicated by the broken gray lines. c, Line profile from the PL intensity map for Ea
excitation. The excitation power is 10 uUW. The CNT is indicated by the broken gray lines.



Supplementary information

Supplementary Note 6:

EEA-limited efficiency factor a

E1 excitons in CNTs are known to undergo an efficient EEA process at high exciton
densities, resulting in a sublinear power dependence of E11 emission. Given the high
efficiency of the excitation through WSe2 A excitons under resonant conditions, the EEA
effect can be substantial. This will reduce the peak PL intensity and therefore o, making
the apparent width of the Ea peak broader. Supplementary Fig. 6a and b depict the PLE
spectra from the (10,5) CNT/1L WSe: heterostructure at various laser powers and the
power dependence of the efficiency factor a, respectively. As the power decreases, the
EEA effect is mitigated, and the Ea peak becomes more pronounced. The highest a value
measured at low powers below 0.05 4W reaches 6.2, representing the intrisic exciton
transfer process under resonant conditions.
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Supplementary Fig. 6 | Efficiency factor a at different laser powers. a, Normalized
PLE spectra of integrated E11 emission for the (10,5) CNT/1L WSe2 sample at different
laser powers. The excitation polarization is aligned to the CNT axis. Black lines are
experimental data, while red and blue lines are fits for Ea and E22 peaks, respectively. b,
Laser power dependence of the efficiency factor a.
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Supplementary Note 7:

Band alignment transition in 1D-2D heterostructures

Electronic band structure calculations on CNT and WSe2 are performed within the
framework of density functional theory implemented into the STATE package to examine
the band alignment in the heterostructures. We use the generalized gradient
approximation to describe the exchange-correlation potential among the interacting
electrons. An ultrasoft pseudopotential generated by the Vanderbilt scheme is used to
describe the interaction between electrons and ions. The valence wave functions and
charge density are expanded in terms of the plane-wave basis set with cutoff energies of
25 and 225 Ry, respectively.

The calculated electronic band structures of CNTs and WSez are plotted in
Supplementary Fig. 7. The band structure of WSe2 shows a clear dependence on layer
number, with the valence band maximum at the I' point being significantly more
responsive than that at the K point. Within the heterostructure, it is important to note that
the band offset of the valence band is considerably smaller than that of the conduction
band. For a CNT with a small bandgap, such as the (13,0) CNT shown here, a type-1 band
alignment is formed in the heterostructure. With increasing the CNT bandgap through
chirality alteration, the transition of the band alignment occurs for (8,0) CNT.
Qualitatively, the transition from type-I to type-Il with increasing bandgap is consistent
with experimental results.
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Supplementary Fig. 7 | Band alignment of CNT/WSe, heterostructures from DFT
calculations. The calculated electronic band structures of (13,0), (10,0) and (8,0) CNT as
well as 1L, 2L, 3L, and 4L WSez. The energies are measured from the vacuum level.
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Supplementary Note 8:
Estimation of the transfer time
The efficiency factor a, which is defined by the ratio of Ea excitation efficiency with
respect to E22 excitation, provides a way to estimate the exciton transfer time. The PL
process is considered to be consisting of the following three steps. First, we define the
dimension factor f to quantitatively capture differences in the proportion of light
illuminating each material. For 2D materials, the light within the laser spot entirely
illuminates the sample. In contrast, for (10,5) CNTs, given its diameter of 1.0 nm and a
1/e* radius of the Gaussian laser spot » of 0.58 um, only 1.4x1072 of light interacts with
the CNT. The factor f is calculated as 1/1.4x1073. Second, we determine the light
absorption ratio, denoted as y. The absorption for a monolayer WSe: flake at A exciton
resonance is reported to be 10% [4]. For (10,5) CNTs, the absorption at E22 resonance is
reported to be 44% [5]. y is therefore estimated to be 10%/44%. Third, the excited A
excitons need to transfer to the CNT, and we define T as the ratio of transferred excitons
with respect to the total excited A excitons. Finally, a can be expressed as:
a=BXxXyxT.

For the (10,5) CNT/1L WSe: sample, where o is 6.2, this simple calculation leads to
a T factor of 3.8x1072. If we igonre diffusion and assume that only the A excitons at the
CNT position could transfer to the tube, the maximum value of the 7 factor should be 1/8
= 1.4x107° when all excitons are transferred. The transfer factor T here is over an order
of magnitude larger, indicating that diffusion plays a major role in the exciton transfer
process.

A Monte Carlo simulation is employed to gain more insight into the transfer process
by including the exciton reservoir effect. The simulation considers exciton population
profile in one dimension perpendicular to the CNT, taking into account WSez A exciton
generation, diffusion, and transfer processes over a short time interval Az. During each
interval, A excitons are generated using a Gaussian laser profile with a 1/¢* radius of
0.58 um, where the peak center overlaps with the CNT. All existing A excitons are

allowed to diffuse during the lifetime. The step size of a random walk is given by V2DAt,

where D represents the diffusion coefficient of A excitons, calculated using a lifetime of
90 ps [6] and a diffusion length of 600 nm. The exciton transfer takes place with a
probability of A#/zr when the exciton diffuses to the CNT/WSe2 heterostructure region,
with the boundary defined by the CNT diameter of 1.0 nm. At is set to be small enough

to ensure V2DAt < 0.1 nm for simulation accuracy.

Upon conducting the simulation, zr of 1.1 ps results in the factor T of 3.8x1072,
Homo-dimensional heterostructures, such as TMD-based 2D-2D heterostructures and
CNT-based 1D-1D heterostructures, exhibit a comparable transfer time of around 1 ps [7,
8]. In contrast, mixed-dimensional heterostructures, for example 0D-quantum-dots/2D-
TMDs, usually have longer transfer times of 1-10 ns, arising from the increased distance
between the materials due to complex interfaces [9, 10]. The fast decay observed here can
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be attributed to the well-defined van der Waals interface in the mixed-dimensional
heterostructure.

WSe, Laser
Sample ch?r':-ll;ty facnl\ql;ll-y layer | E;; (eV) a power for
number a (W)

#1 (8,6) 22 3 1.031 1.20 10
#2 (9,4) 22 1 1.102 0.00 10
#3 (9,4) 22 2 1.057 0.00 10
#4 (9,4) 22 2 1.115 0.00

#5 (9,4) 22 2 1.095 0.00

#6 (8,7) 23 2 0.970 0.00

#7 (10,5) 25 1 0.966 3.50 10
#8 (10,5) 25 2 0.973 2.98 10
#9 (10,5) 25 3 0.972 2.16 10
#10 (10,5) 25 4 0.957 3.10 10
#11 (11,3) 25 2 1.008 1.44 10
#12 (11,3) 25 3 1.006 1.43 10
#13 (12,1) 25 2 1.046 0.00 5
#14 (12,1) 25 3 1.014 0.00 5
#15 (9,7) 25 2 0.914 1.38 10
#16 (9,7) 25 3 0.908 1.19 10
#17 (9,8) 26 1 0.871 0.91 10
#18 (9,8) 26 2 0.855 1.24 10
#19 (9,8) 26 3 0.860 1.05 10
#20 (9,8) 26 4 0.862 1.38 10
#21 (10,8) 28 2 0.829 1.48 10
#22 (10,8) 28 3 0.838 0.46 10
#23 (10,8) 28 3 0.842 0.22 10
#24 (11,6) 28 2 0.867 0.74 10
#25 (11,6) 28 2 0.874 0.43 10
#26 (12,4) 28 2 0.923 1.13 10
#27 (12,4) 28 3 0.901 1.44 10
#28 (13,2) 28 3 0.929 0.00 10
#29 (14,0) 28 3 0.932 0.00 10
#30 (14,0) 28 4 0.946 0.00 10
#31 (12,5) 29 2 0.805 1.50 10
#32 (13,5) 31 2 0.841 0.17 10
#33 (14,3) 31 3 0.840 0.81 5
#34 (15,1) 31 3 0.862 0.53 10

Supplementary Table S1 | The efficiency factor « for all the samples.
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