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P H Y S I C S

Quasi-1D exciton channels in strain-engineered  
2D materials
Florian Dirnberger1, Jonas D. Ziegler2, Paulo E. Faria Junior3, Rezlind Bushati1,4, 
Takashi Taniguchi5, Kenji Watanabe6, Jaroslav Fabian3, Dominique Bougeard2,  
Alexey Chernikov2,7*, Vinod M. Menon1,4*

Strain engineering is a powerful tool in designing artificial platforms for high-temperature excitonic quantum 
devices. Combining strong light-matter interaction with robust and mobile exciton quasiparticles, two-dimensional 
transition metal dichalcogenides (2D TMDCs) hold great promise in this endeavor. However, realizing complex 
excitonic architectures based on strain-induced electronic potentials alone has proven to be exceptionally diffi-
cult so far. Here, we demonstrate deterministic strain engineering of both single-particle electronic bandstructure 
and excitonic many-particle interactions. We create quasi-1D transport channels to confine excitons and simulta-
neously enhance their mobility through locally suppressed exciton-phonon scattering. Using ultrafast, all-optical 
injection and time-resolved readout, we realize highly directional exciton flow with up to 100% anisotropy both 
at cryogenic and room temperatures. The demonstrated fundamental modification of the exciton transport 
properties in a deterministically strained 2D material with effectively tunable dimensionality has broad implications 
for both basic solid-state science and emerging technologies.

INTRODUCTION
On-demand accessibility of excitonic quantum many-body phases 
promises a leap toward next-generation quantum optoelectronics 
(1, 2). The rich variety of excitonic many-body states, including 
insulators (3, 4), superfluids (5, 6) and condensates (7), electron-
hole liquids (8, 9), and superconductive (10) and ferromagnetic 
phases (11), offers exceptional opportunities to implement concepts 
of the Hubbard model and other quantum simulators (2, 12–16) 
searching for suitable material platforms. In the key challenge of 
artificially tailoring the properties of excitonic systems toward 
supporting such exotic phases, strain engineering has been established 
as one of the most powerful techniques at hand (1, 17–19). Due 
to reduced dielectric screening and strong Coulomb correlations, 
two-dimensional transition metal dichalcogenides (2D TMDCs) are 
a highly promising platform for room temperature implementa-
tions of these concepts. Notably, their van der Waals (vdW) nature 
further allows complex nanoscale strain architectures to be readily 
implemented with essentially arbitrary geometry, a degree of 
freedom in the design of quantum simulators comparable to litho-
graphically defined superconducting circuits (2). In addition, while 
most studies concentrated on funneling excitons (20–23) or free 
electrons (24) into localized potential minima, recent reports (25, 26) 
suggest promising perspectives to manipulate the mobility of 
excitons via strain tuning. This provides a strong motivation to build 

strain-induced quasi-1D potentials for mobile exciton quasiparticles 
in an otherwise fully 2D system.

In this work, we demonstrate deterministic strain engineering 
of excitonic many-particle interactions, allowing to substantially 
enhance localization of excitons in one direction and their mobility 
in another. Merging 1D semiconductor nanowires with WSe2 
monolayers into hybrid heterostructures, we create artificial strain-
induced exciton transport channels in the 2D matrix. These are 
found to exhibit near 100% anisotropy in the exciton flow not only 
at cryogenic but also at room temperatures. The underlying changes 
in the local multivalley bandstructure are shown to strongly affect 
both confinement and dynamical motion of excitons, leading to 
their enhanced mobility within the channel. Our approach introduces 
a highly tunable platform to modify the effective dimensionality of 
the exciton motion while fully retaining strong Coulomb and 
light-matter interaction of the pristine 2D material.

RESULTS
Strain-engineered quasi-1D confinement potentials
Our hybrid 1D/2D structure is schematically illustrated in Fig. 1A.  
The active component that hosts excitons is a monolayer (1L) WSe2, 
fully encapsulated in high-quality hexagonal BN (hBN) to provide 
uniform dielectric screening and suppress disorder. The hBN-WSe2 
stack is then placed on top of a GaAs/Al0.36Ga0.64As core/shell nanowire 
and is deformed to a 90-nm height over a length of about 8 m, as 
shown by the atomic force microscopy image in Fig. 1B. This mechani-
cal deformation with several 100-nm width leads to a pronounced 
spatial dependence of the spectral characteristics of 1L WSe2. A series 
of micro-photoluminescence (-PL) scans, recorded along the 
transverse y direction with respect to the nanowire axis at T = 4 K, 
is plotted both as-measured and deconvoluted by the optical resolu-
tion on the right and left sides of Fig. 1C, respectively. The data 
show a pronounced shift of the extracted bright exciton resonance 
(X0) as a function of the spatial coordinate y. Extended spectra are 
presented in Fig. 1D, plotted relative to the X0 energy. Following the 
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deformation, all detected emission features of 1L WSe2, including 
dark states and higher-order complexes, shift accordingly (also 
see note S1).

The absence of changes in the energy splitting between the 
exciton ground and excited states, as well as charged states detected 
in reflectance (see note S3), confirms uniform dielectric screening 
and doping in the structure. In particular, the high exciton binding 
energy of pristine hBN-encapsulated 1L WSe2 on the order of 
180 meV is kept unchanged across the channel.

From spectral analysis, we thus unambiguously identify uniaxial 
strain induced by the nanowire in the mechanically deformed WSe2 
as the main cause for the local changes in the exciton energy landscape. 
The absence of additional spectral broadening of the X0 emission 
peak observed in the center of the deformation in Fig. 1D indicates 
a largely uniform strain distribution within the -PL collection 
spot. To quantify the resulting potential from spectral observables, 
we use a super-Gaussian profile, also shown in Fig. 1C, which accu-
rately approximates the spatially broadened X0 energy profile after 
convolution with the optical collection spot. To determine strain, 
we use a gauge factor from first-principles calculations of −63.2 meV 
per % strain for the absolute shift of the bandgap. This scaling is 
largely consistent with reported room temperature values for 1L 

WSe2 (25–27). Therefore, we obtain a strain value of 0.15%, resulting 
in an attractive potential perpendicular to the nanowire direction 
with a depth on the order of 10 meV. A detailed discussion of the 
strain profile analysis in our samples is provided in note S4.

Within the rich emission spectrum of 1L WSe2, recent first-
principles calculations predicted a subtle yet uniquely characteristic 
fingerprint of strain, a shift between spin-allowed bright X0 and 
spin-forbidden dark D0 states (28, 29). As apparent from Fig. 1E, we 
observe a continuous reduction of the X0 − D0 energy separation 
recorded in -PL scans across the deformation (cf. also Fig. 1D). It 
is consistent with the interpretation of strain determining the 
absolute shift of the exciton resonances in our samples. Quantita-
tively, the relative shift between X0 and D0 agrees with the value 
of −6.4 meV per % strain predicted from first-principles calculations 
(see notes S2 and S4).

The resulting potential minimum enhances the local exciton 
density, as evidenced by the increase of charged biexciton emission 
(see XX− in Fig. 1D and note S5), and strongly affects the exciton 
propagation. All results presented in the manuscript were obtained 
from this device. Measurements conducted on several different 
devices on two separate hBN-encapsulated WSe2 flakes confirm all 
main conclusions and are presented in note S6.
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Fig. 1. Strain-engineered energy landscape in a hybrid 1D/2D structure. (A) Schematic illustration of the sample structure. (B) Topographic atomic force microscopy 
image (inset: lateral height profile from the center). (C) Measured energy of the exciton emission of 1L WSe2 in a false-color plot as a function of the spatial coordinate 
perpendicular to the nanowire direction. Shown are as-measured data (right) and a convolution of a super-Gaussian strain profile (left) with the optical collection spot 
(gray dashed line). (D) Extended micro-photoluminescence (-PL) spectra of strained and unstrained regions as a function of the relative energy with respect to the 
X0 resonance (inset: X0 spectra plotted on absolute energy axis). (E) Measured and calculated energy splitting between bright (X0) and spin-dark (D0) excitons as a function 
of the X0 peak energy (inset: first-principles electronic band structure of an unstrained 1L WSe2, dashed and solid lines represent bands with different spin). Data in (C) to 
(E) were obtained at T = 4 K.
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Unidirectional exciton propagation at low temperature
We directly monitor the spatially resolved exciton dynamics through 
transient microscopy using pulsed optical excitation of the hybrid 
1D/2D structure and detect the luminescence with a streak camera. 
Representative profiles of the exciton emission are presented in 
Fig. 2 (A and B) along the direction parallel (x) and perpendicular 
(y) to the potential channel induced by the nanowire. Along the 
channel, we observe characteristic spatial broadening of the emis-
sion over time from the expanding cloud of mobile excitons. In 
stark contrast to that, propagation perpendicular to the nanowire 
direction appears to be entirely suppressed.

To quantify these observations, emission profiles at different 
times after the excitation are fitted with Gaussian functions, as illus-
trated in Fig. 2 (A and B). The resulting, time-dependent values of 
the variance, (t)2, are presented in Fig. 2C for the two directions 
as well as in comparison to the measurements from an unstrained 
sample region. Along the confinement channel, (t)2 increases 
linearly with time, characteristic for diffusive propagation. The 
diffusion coefficient Dx = 1.4 ± 0.1 cm2/s, extracted from the slope 
via (t)2 = 2Dt, is comparable to the values in pristine, unstrained 
sample positions and is in reasonable agreement with low-temperature 
diffusion coefficients in hBN-encapsulated WSe2 (30). In contrast, 
the extracted effective diffusivity vanishes almost completely in the 
transverse direction, yielding Dy = 0.1 cm2/s. The associated degree 
of anisotropy, (Dx − Dy)/(Dx + Dy), is as high as 86%, emphasizing 
strongly directional exciton propagation along the strain-induced 
channel. Here, we note that the determined anisotropy is fully 
reproducible across several devices and is very robust with respect 
to the excitation density (notes S6 and S8). Moreover, the PL 
in strained and unstrained regions of the monolayer exhibits very 
similar decay dynamics and can therefore not result in any anisotropy 
for the diffusion of excitons (see note S7).

It is interesting to consider that, particularly at very low tem-
peratures, the confinement energy of 10 meV should be fully sufficient 

to capture and constrain the excitons. To estimate the impact of 
such a strain potential, we simulate the exciton dynamics in our hybrid 
1D/2D structure by constructing an attractive quasi-1D potential 
u = u(r) based on the experimentally determined values for the 
strain profile and diffusion behavior from the unstrained area, as 
schematically illustrated in Fig. 3A. As excitons propagate diffusively 
inside the channel, even along y (see note S9), we characterize their 
motion by an isotropic diffusion coefficient D. A spatially and 
time-resolved exciton density n = n(r, t) then evolves according to

	​​  ∂ n ─ ∂ t ​  =  Dn + ​  D ─ ​k​ b​​ T ​(∇ n · ∇ u + nu ) −  ​ n ─  ​​	 (1)

The first term on the right-hand side accounts for diffusive-free 
propagation, the second term arises from drift induced by the 
potential gradient, and the third term represents population decay 
(see Materials and Methods).

Simulated maps of the exciton density are presented in the top 
panels of Fig. 3B, normalized at each time delay. The simulation 
clearly shows that the excitons injected from the 2D reservoir 
progressively adapt to the strain-induced confinement potential 
over time. While localized perpendicularly to the channel, the exci-
tons are predicted to diffuse along the channel direction, supporting 
our observation of a highly anisotropic transport. For comparison, 
time-resolved 2D images of the measured emission are presented in 
the bottom panels of Fig. 3B, obtained by manually scanning the 
detected segment of the image along the x direction. The experiment 
shows the development of an increasingly elongated shape of the 
exciton emission over time after an initially symmetric distribution.

Room temperature diffusion anisotropy
Following the discussion of highly anisotropic exciton transport at 
cryogenic temperatures, we now demonstrate that the observed 
high degree of propagation anisotropy is sustained even at room 
temperature. The measured time-dependent variance, (t)2, of the 
exciton distribution is presented in Fig.  4A along and across the 
strain-induced channel at T = 290 K. Similar to our observations at 
T = 4 K, we detect efficient diffusion along the nanowire direction 
with Dx = 13.5 ± 1 cm2/s (corresponding to an effective mobility of 
540 cm2/Vs) and a diffusivity across the channel being close to zero. 
The latter even exhibits a small, negative value of Dy = −0.8 ± 
0.1 cm2/s, attributed to the shrinking of the exciton distribution. 
The possible impact of exciton funneling is further discussed in 
note S5. We note that measurements on a second nanowire-induced 
deformation confirm the strong dependence on the direction of the 
exciton transport, while showing a diffusion of Dy = 0 cm2/s across 
the strain potential (see note S4). Experimentally, we thus effectively 
observe 100% anisotropy in the exciton propagation.

Considering the average thermal energy of the excitons on the 
order of 25 meV, the confinement potential alone should not lead to 
such a strong difference in effective diffusion coefficients (note S10). 
Here, a crucial feature of our hybrid 1D/2D platform comes into 
play: The excitons not only experience a spatially dependent change 
in their total energy but also in their momentum scattering rate. As 
our measurements presented in Fig. 4B show for bright excitons, in 
agreement with recent reports (25, 26, 31, 32), a reduction of inter-
valley exciton-phonon scattering and the associated increase in 
exciton coherence occur under strain due to substantial energy shifts 
across the multivalley band structure. This leads to the very peculiar 
scenario schematically illustrated in Fig.  4B—an emergence of a 
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channel with suppressed scattering, favoring exciton propagation. 
This channel is surrounded by unstrained 1L WSe2 with effectively 
lower mobility (also see note S10). This unique combination of 
strain-dependent scattering and coherence with an external con-
finement potential ultimately results in a highly anisotropic exciton 
transport at room temperature.

DISCUSSION
The demonstrated capability to deterministically guide neutral 
light-emitting quasiparticles along predefined pathways up to room 
temperature provides a particularly promising platform for the 
design of excitonic architectures and networks. The hybrid 1D/2D 
strain-based approach fully preserves the benefits of strong 
light-matter interactions and highly stable excitons of the 2D 

TMDC. Our platform should thus be highly attractive for con-
trolling excitons in a broad variety of other low-dimensional struc-
tures, including vdW heterostructures designed to host interlayer 
(33) or Moiré-like excitations (34). While strain-induced mobility 
enhancement and highly directional exciton transport with near 
100% anisotropy at room temperature promise compelling advantages 
for exciton-based applications at ambient conditions, one can 
also anticipate fascinating low-temperature physics for channel 
widths smaller than about 60 nm (see note S9). Such strain-induced 
hybrid channels—highly promising to reach truly 1D regimes—may 
pave the way toward mesoscopic quantum transport phenomena of 
correlated many-body states, merging continuously tunable dimen-
sionality with novel quasiparticle physics (35).

MATERIALS AND METHODS
Sample fabrication
The hybrid 1D-2D devices illustrated in Fig. 1A were assembled in 
a layer-by-layer bottom-up approach. First, standard SiO2/Si sub-
strates (oxide thickness, 285 nm) were cleaned using a high-intensity 
ultrasonic bath in acetone and propan-2-ol for 2 min each and a 
subsequent blow dry using N2. To remove remaining adsorbates, the 
samples underwent an O2 plasma cleaning for 5  min at 200  W.  
Epitaxially grown GaAs/Al0.36Ga0.64As core/shell nanowires, with 
80 ± 9 nm diameter and a length of 8 ± 1 m, were then deposited 
by bringing the as-grown nanowire wafer into mechanical contact 
with a clean SiO2/Si substrate (36).

Several hBN-encapsulated WSe2 heterostructures were fabricated 
as follows: hBN crystals supplied by colleagues from National Institute 
for Materials Science (NIMS, Tsukuba) were cleaved and thinned 
down using two sheets of “Scotch Magic Tape.” One of the tapes was 
then placed on polydimethylsiloxane (PDMS; WF-20-X4, Gel-Pak) 
without adding additional pressure. A suitable, few-nanometer-thin 
hBN layer was chosen by its optical contrast and then stamped on 
top of several nanowires using a home-built sample holder heated 
to 100°C. A single layer of WSe2 was similarly exfoliated on PDMS 
from bulk crystals (acquired from HQgraphene) using blue tape 
(polyvinyl chloride tape 224PR, Nitto). The WSe2 flake was stamped 
on top of the hBN at 70°C before a second layer of few-nanometer-
thin hBN was transferred on top at 70°C (37). The structure was 
annealed before every stamping step in a low-pressure forming 
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gas atmosphere (10−2 bar, 5% H2 in N2) at 150°C for 2 to 4 hours. 
Several tens of single nanowires were covered by the resulting 
vdW stack. We also note that the alternative method of drop-casting 
nanowires from propan-2-ol solution instead resulted in a compro-
mised optical quality of WSe2 monolayers.

Optical spectroscopy
The sample was mounted inside a He-flow cryostat (KONTI Cryostat 
Type Microscope, CryoVac), placed on top of an inverted micro-
scope (Eclipse Ti-U, Nikon), and held under high-vacuum conditions 
(10−8 bar) when measured at low temperatures. For time-integrated 
-PL mapping, we used continuous-wave laser excitation (LRS 0532 
PFM, Laserglow Technologies) at the photon energy of 2.33 eV and 
0.4 W power. The laser beam was focused onto the sample to spot 
diameters of about ∼1.0 m using either 60× [CFI S Plan Fluor 
ELWD 60XC, numerical aperture (NA) = 0.7, Nikon] or 100× 
(TU Plan Fluor 100X, NA = 0.9, Nikon) microscope objectives.

The resulting emission from the sample was filtered by a combi-
nation of two spectrally tunable filters with a spectrally sharp cutoff 
edge (VersaChrome Edge, Semrock) to remove both the laser light 
and the GaAs nanowire PL at 1.52 eV, well below the bandgap of the 
WSe2 monolayer. A pinhole with 50 m diameter was used to 
spatially filter the resulting PL from the excited region in the image 
plane before it was directed into a spectrometer (Acton SpectraPro 
SP-2300, Princeton Instruments) and dispersed onto a charge-
coupled device (CCD) (Pixis 256, Princeton Instruments). The full 
width at half maximum values in Fig. 4 were numerically deter-
mined from the spectrally resolved -PL line scan. For the linear 
reflectance spectroscopy measurements presented in note S3, we 
used the attenuated output of a spectrally broadband tungsten-
halogen lamp (250W QTH, Newport) as a light source, spatially 
filtered and focused by the 60× microscope objective onto a spot 
size of 2.0 m. The reflected signal was detected by a CCD coupled 
to a spectrometer.

Time-resolved emission microscopy
For time-resolved emission microscopy measurements, 100-fs pulses 
with 80-MHz repetition frequency from a tunable Ti:sapphire laser 
(Chameleon Ultra II, Coherent Inc.) set to operate at 1.77 eV were 
focused to a spot size of 1.0 m using the 60× (NA = 0.7) glass-
corrected objective. To obtain the data in Figs. 2 and 3, an estimated 
electron-hole pair density of ∼10×11cm−2 was injected by setting the 
excitation energy density to 5 J/cm2 per pulse at 0.8% absorption at 
the high-energy flank of the X0 resonance (cf. also note S3). To 
minimize Auger-like exciton-exciton annihilation effects (38), room 
temperature experiments shown in Fig. 4 were performed at much 
smaller densities, using 0.5 J/cm2 per pulse.

A lateral cross section of the resulting PL emission was either 
directly imaged onto a streak camera (C10910, Hamamatsu) using 
a mirror for time- and spatially resolved measurements. For 
time- and spectrally resolved detection, a 300 mm−1 grating was 
used instead. In spatially resolved measurement, the emission is 
measured either along (x) or across (y) the nanowire direction by 
rotating the sample relative to the detector slit. To obtain 2D maps 
of the time-resolved emission in Fig. 3C, we align the sample in the 
y direction parallel to the detector slit and subsequently image 
several cross sections of the PL emission by manually shifting the 
image plane along the x direction. These data are then combined to 
a 2D image. For the analysis in Figs. 2 and 4, the emission profiles 

are integrated over 100-ps time intervals and fitted by a Gaussian 
[∼ exp  (−r2/(t)2)] to determine the transient change of the 
variance, (t)2 = (t)2 − 0

2, as a function of time. From (t)2 = 2Dt, 
we obtain the diffusion coefficient D.

Numerical simulation of exciton transport
For numerical simulations, the time evolution of an initial Gaussian 
exciton density, n(r,0) = n0 exp (−r2/20

2) with 0 = 0.3 m, 
centered on top of the quasi-1D potential u = u(r), was evaluated 
based on Eq. 1 using a spatial grid of 200 × 200 points with a step 
size of 0.04 m and a temporal resolution below 1 ps. As input, 
experimentally derived parameters, D = 1.4 cm2/s,  = 300 ps, and a 
potential depth of 9 meV, were used. To compare the numerical 
results with the exciton emission profiles obtained in experiments, 
the calculated real-space distribution of excitons was convoluted 
with the point spread function of the objective lens approximated 
by a Gaussian with a full width at half maximum of ∼550  nm. 
Including a position-dependent diffusion coefficient along the 
y direction in Eq. 1 modifies the drift-diffusion model to account for 
a strain-dependent diffusivity emerging at elevated temperatures 
(cf. note S10).

First-principles calculations of strained WSe2
The first-principles calculations were performed using density 
functional theory within the WIEN2k (39) software implementation. 
For the in-plane strain applied to the WSe2 monolayer, the atomic 
positions were fully relaxed along the out-of-plane direction. A vacuum 
region of 20 Å was considered to avoid the interaction between 
monolayer replicas. The self-consistent calculations were performed 
using a Monkhorst-Pack grid with 15 × 15 k-points, a core-valence 
energy separation of −6 rydberg (Ry), a plane-wave cutoff multi-
plied by the smallest atomic radii of 9, and a convergence criteria of 
10−6 e for the charge, 10−6 Ry for the energy, and 10−1 mRy/bohr for 
the forces. Spin-orbit coupling was included fully relativistically for 
core electrons and via a second variational approach for valence 
electrons (40). We systematically analyze the influence of different 
exchange-correlation functionals as well as the effect of biaxial and 
uniaxial strain. To estimate the number of excitonic levels confined 
in the strained region, we evaluate the Hamiltonian of the exciton 
center of mass subjected to an external confinement potential. 
Further details are discussed in notes S2 and S9.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3066
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