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ABSTRACT: We have placed a van der Waals homostructure, Visible laser in 2D stacks
formed by stacking three two-dimensional layers of WS, separated
by insulating hBN, similar to a multiple-quantum well structure,
inside a microcavity, which facilitates the formation of
quasiparticles known as exciton-polaritons. The polaritons are a
combination of light and matter, allowing laser emission to be
enhanced by nonlinear scattering, as seen in prior polariton lasers.
In the experiments reported here, we have observed laser emission
with an ultralow threshold. The threshold was approximately 59 Pump Power (nw pm?)
nW/um?, with a lasing efficiency of 3.82%. These findings suggest a
potential for efficient laser operations using such homostructures. 5 um

inside the cavity
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B INTRODUCTION Laser efficiency is pivotal as it significantly influences the
device’s usability, economic feasibility, and application breadth.
A recent study claimed an ultralow polariton condensation
threshold for exciton-polariton lasers,° although a definite
measurement of the lasing threshold and the lasing efficiency
was not reported. In the work reported here, we have been able
to directly measure an ultralow threshold and the lasing
efficiency of a multilayer TMD structure. This laser utilizes
three monolayers of WS, as the gain medium. Between each
monolayer, there is a thin-film layer of hBN that is approximately
6 nm thick. This set of layers is effectively the same as a multiple-
quantum well (MQW) structure and is encapsulated within top
and bottom hBN spacer layers and embedded in a microcavity.
The benefits of multiple gain layers have been well established in
studies with I[I-V semiconductor structures since 1995.*'
Increasing the number of gain layers N will both increase the
oscillator strength, proportional to N, and raise the saturation
density, which linearly scales with N.”** In addition, the increase
in the oscillator strength of 2D materials with an increasing
number of layers has been measured experimentally.*

Our structure has a vertical-cavity surface-emitting laser
(VCSEL) geometry, which allows for easy access to the light

Nanolasers that employ two-dimensional (2D) materials,
particularly transition metal dichalcogenides (TMDs), are
gaining significant interest in the field of photonic and
optoelectronic devices.'~* The inherent properties of 2D
TMDs, namely, direct bandgaps and large exciton binding
energies, make them ideal for diverse optical applications.5
Here, we report a polariton laser using multiple TMD
monolayers, with an ultralow lasing threshold and a high
efficiency, allowing light emission visible to the naked eye.
Exciton-polaritons emerge from the interplay between photons
and excitons in semiconductors,” with unique benefits.” Lasing
based on exciton-polaritons can be viewed as a type of Bose—
Einstein condensation, a phenomenon that can occur even in the
upper branch of the polariton spectrum.® As discussed in
previous works,”'? the nonlinear properties of polariton lasers
lead to the enhancement of carrier scattering into lasing states.
This gives rise to the possibility of achieving a significantly lower
lasing threshold. The compact nature of these polariton lasers,
combined with their short lifetime, could also potentially lead to
faster response times.'" Polariton lasers can be crafted from a
variety of substances, such as CdTe, GaAs, ZnO, organics,
perovskites, and metallic plasmons."”””'® However, TMD
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Figure 1. (a) Illustration of the device. (b) Optical microscope image of the homostructure sample inside the cavity. The dashed lines circle each
monolayer WS,, and the red area is the area of overlap of the three monolayers of WS,.
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Figure 2. (a) Typical low-temperature PL of WS, from a monolayer region. (b) Left panel: angle-resolved PL spectrum of the bare cavity. The dashed
line is the fitted energies of the uncoupled second cavity mode. Right panel: simulated reflectivity spectrum using the transfer matrix method. (c) Left
panel: angle-resolved PL for the three-layer homostructure at a pump power below the threshold (19 nW/um?). Right panel: simulated reflectivity
spectrum using the transfer matrix method. (d) Integrated PL spectrum corresponding to the gray area in Figure 2c, fit to two Lorentzian peaks. The
splitting deduced from the fits is 18 + 10 meV. All measurements were performed at 4 K.

emission and can eventually lead to the ability to control gain
properties through external means such as electrostatic gating
and current injection for electrically pumped operation. The
laser operates in the visible regime and achieves continuous-
wave single-mode operation, exhibiting an impressively bright
emission with a modest optical pumping threshold of 59 nW/
um? at 4 K, similar to quantum-dot lasers.”* At higher
temperatures (around 200 K), the laser becomes multimode.

B DEVICE DESIGN, FABRICATION, AND
CHARACTERIZATION

As shown in Figure 1a, the complete sample structure includes a
bottom mirror made from a distributed Bragg reflector (DBR)

2723

consisting of 12 layers of SiO,/SiN,, which was fabricated by
using the plasma-enhanced chemical vapor deposition
(PECVD) method, plus a 66 nm SiO, spacer layer. On this
base, a superlattice of seven layers of WS,/hBN was transferred
using a top-down dry transfer technique.” This distinctive
homostructure contains three layers of monolayer WS, and four
6 nm hBN spacer layers; the extra layers amplify the oscillator
strength of the exciton coupling to the cavity photon mode.
Following this, a layer of poly(methyl methacrylate)
(PMMA) with a thickness of 67 nm was evenly spin-coated
onto the homostructure. This intermediate layer serves to align
the cavity modes near the exciton energy with a designed cavity
Q of 48S. The microscopic image depicted in Figure 1b shows

https://doi.org/10.1021/acsphotonics.4c00549
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Figure 3. (a) Real-space image of the emission from the homostructure area (highlighted in the red region). The laser spot size was approximately 1 ym
in radius. (b) Typical interferogram for the real-space PL spectra from the homostructure area, taken at a pump power of 1.5 Py, above the lasing
threshold. (c,d) Angle-resolved PL of the exciton-polariton laser measured at bath temperatures of 4 and 200 K, respectively (the effective temperature
of the low temperature data may be higher than that of the bath due to inefficient cooling).

the monolayer WS, and the overlapping area of the three WS,
layers, which is approximately 8 X 12 um? in size. The
fabrication process was concluded by placing a 10-pair
distributed Bragg reflector on top using plasma-enhanced
chemical vapor deposition (PECVD). This method is
commonly used in many similar studies, and PMMA will
protect the monolayer from degradation.*”***”

We excited the sample by utilizing a 532 nm continuous diode
laser with a laser spot radius of about 1.5 ym. We made
measurements for the real-space photoluminescence (PL)
within a monolayer domain, as depicted in Figure 2a, which
presents typical PL for monolayer WS, post-transfer on the
bottom DBR. By applying a double Lorentzian fit analysis to the
spectrum, we were able to ascertain the energies of the exciton
and the trion to be approximately 2.0 and 1.94 eV, respectively,
consistent with the findings from our earlier studies. We then
performed Fourier-plane spectroscopy, which gives the in-plane
momentum dependence. The angle of emission directly
corresponds to the in-plane momentum (k;) via the equation
kj=(w/c) (sin @), where c is the speed of light. Multiple cavity
modes were observed in both the simulation and the PL
spectrum of the bare cavity (Figure 2b). Although the PL in the
bare cavity is very weak, it is nonzero due to emission from
impurity states in the medium. The modes in the observed
spectral range correspond to 2.02 and 1.83 eV at k; = 0.

When we moved the pump laser to the overlapping area of the
three-layered WS, region inside the cavity, we identified an
anticrossing-like feature. From the data of Figure 2¢,d, a splitting
of 18 + 10 meV is observable. Since the splitting is not large
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compared to the line width, the coupling is not technically in the
strong coupling limit. This phenomenon of weakly coupled
polaritons was observed extensively within the overlap area of
the three WS, layers. To further confirm this, we calculated the
coupled harmonic oscillator model for the mixing of the bare
cavity and exciton states.”® The dashed white lines in the right
panels of Figure 2b,c give the uncoupled cavity and exciton lines
for the coupling used in the simulation. The gray area in Figure
2c includes the anticrossing regime. The spatial PL spectrum
shown in Figure 2d results from the intensity integration over
the gray area depicted in Figure 2c. Using the experimentally
measured line widths for the exciton (A, = 30 meV), the cavity
photon (AI',, = 16 meV), and the Rabi splitting (AQp.,; = 18

meV), we can deduce the light—matter interaction potential via
Q= 248 — 1/4[(AT, — A, I*. The calculated value
of g is about 11.4 meV at the point of anticrossing, which is
consistent with the PL and reflectivity spectra. This results in g

< Al + Al l/2, which puts them in a weakly coupled
polariton regime.

B EXCITON-POLARITON LASING

An exceptionally bright emission becomes evident when the
homostructure is excited by an adequately powerful pump, as
depicted in Figure 3a. The laser signal was filtered out by using a
long-pass filter. The emission from the homostructure was
visible with the unaided eye.

To ascertain the characteristics of this emitted light, we
measured the coherence using a Michelson interferometer. This
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Figure 4. (a) Variation of photoluminescence (PL) photon emission with pump power. The two dashed lines show a linear relationship, and the red
arrow denotes the Py (b) Relationship between polariton laser line width and pump power. (c) Efficiency of the polariton laser as a function of pump
power. (d) Coherence time of the laser compared to the pump power. The dashed lines in (b—d) are guides to the eye. All measurements were

performed with a bath temperature of 4 K.

setup included using a right-angle prism and a retro-mirror to
flip one of the incoming images along one axis relative to the
other, aligning it with the spectrometer’s slit direction, defined as
the x-axis. Figure 3b shows a characteristic interferogram
captured under threshold conditions without any temporal delay
between the two beams. The interference is discernible across
the beam’s dimension, ranging from —2.5 to 2.5 ym.

Switching a lens allowed us to convert real-space imaging into
k-space photoluminescence imaging. The k-space PL spectrum
revealed a peak emission at 615 nm, at an angle of —30° where
the exciton and the second photon cavity mode intersect. As the
particle density was ramped up, polaritons reached a steady
state, forming a nonequilibrium Bose—Einstein condensate
(BEC) in the crossing region of the photon and the exciton, as
shown in Figure 3c. The interference pattern displayed in Figure
3b shows the coherence of this nonequilibrium BEC state,
consistent with the well-known property of polariton con-
densates of emitting coherent light.*”

Further examination of the k-space PL data revealed that the
pronounced bright spot was displaced from the k; = 0 axis. This
displacement is likely because the strongest light—matter
coupling is at that point; that is, the exciton and photon energies
are resonant there. Polaritons that decrease in energy will have a
much less excitonic nature and, therefore, less gain due to
particle interactions. This is a type of polariton bottleneck effect
in which the polaritons cannot thermalize into lower energy
states as they descend along the lower polariton branch (LPB).
As the polaritons descend along their dispersion curve, this
diminishes exciton—phonon scattering efficiency, as detailed in
ref 40. Additionally, an asymmetric lasing mode was observed in
the momentum space. The disparity in emission angles suggests
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the existence of competing lasing modes, likely due to two laser
transitions engaging in competition mediated by an optical
phonon transition.”’ The laser maintains functionality at
temperatures as high as 200 K, as shown in Figure 3d. However,
at this elevated temperature, the laser’s performance substan-
tially degrades, devolving into a multimode emission.

We measured the power dependence of the light output as we
varied the pump power level. The absolute light output of the
polariton laser was calibrated by first sending a laser source with
known power through our optical system to measure the count
rate per photon of the CCD (charge-coupled device) camera.
This allowed us to convert the intensity measurements captured
by the CCD camera into photon counts per second.

Below the threshold for lasing, there is a direct linear
relationship between the photon output and the pump power.
Once the threshold power of 59 nW/um? is exceeded, there was
a jump in the photon output, as shown in Figure 4a.
Additionally, the PL line width narrowed at the same threshold
power, as indicated in Figure 4b. Higher pumping of the sample
revealed a return to a linear correlation between the photon
count and the pump power. Continuing to increase the pump
power led to the line width broadening again, which can be
understood as a consequence of increased interactions among
the particles.”

Figure 4c depicts the efficiency of emitted light, which is
measured to be around 3.82% immediately beyond the pump
threshold, and this efficiency level remains consistent thereafter.
This efficiency is calculated as the total photon output per
second measured by the CCD camera divided by the total
photon input per second from the pump laser, having corrected
for the reflectivity of the top mirror and accounting for

https://doi.org/10.1021/acsphotonics.4c00549
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unobserved transmission output through the bottom mirror,
knowing its transmission at the emission wavelength (for more
details about the calculation, refer to the Supporting
Information). The lasing threshold of our structure is
considerably lower than that of quantum-dot lasers, which
usually exhibit a minimum threshold of approximately 500 nW/

m?% ™" and comparable to that of other polariton lasers, as
discussed in the Introduction. A fit to the standard laser equation
is given in the Supporting Information.

To study the temporal coherence characteristic of polariton
lasing, we varied the length of one of the arms of the Michelson
interferometer and determined the coherence time as a function
of the pump power. The experimental visibility data is quantified
as the ratio between the difference in the intensity of the
maximum and the minimum to their sum, formulated as (I,
Lin)/ (Inas + Inin)- For each pump power, we fitted the collected
visibility data with a Gaussian function to ascertain the
coherence time. Figure 4d shows the coherence time versus
pump power (note that the horizontal axis for power is a smaller
range than in the other data of Figure 4). We observed that the
coherence time increased from 100 to 211 fs when the pump
power exceeded the lasing threshold.

B CONCLUSIONS

All of the power-dependent measurements are consistent with
the interpretation that we have observed lasing with a
pronounced emission at 615 nm. The power series analysis
indicates that the lasing threshold was 59 nW/ ﬂmz injected
pump power (uncorrected for reflection from the top mirror),
which corresponds to an injected carrier density of the order of
10® cm ™, assuming a cavity lifetime of 5 ps, based on the Q of the
cavity and the cavity mode spacing. Remarkably, even with its
extremely low threshold, the system maintained a high efficiency
level, reaching around 3.82% of injected electron—hole pairs
turning into photons in the laser output. The polariton effect is
seen to be playing a role in that the emission occurs in the region
of exciton-photon resonance, where the polariton effect is
strongest. The lasing action maintains its intensity even at raised
temperatures. However, at high temperatures, it becomes
multimode. Despite this, the prospects are good for realizing a
room-temperature, micrometer-sized, ultralow threshold and
efficient lasing using two-dimensional materials.
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