Aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nanostructured math
xmins="http://www.w3.0rg/1998/Math/MathML"
display="inline" overflow="scroll">mrow>mi>Ga
/mi>mi>As/mi>/mrow>/math>/(math
xmlns="http://www.w3.0rg/1998/Math/MathML"
display="inline" overflow="scroll">mi>Al/mi>mo>,
/mo>mi>Ga/mi>/math>)math
xmlns="http://www.w3.0rg/1998/Math/MathML"
display="inline" overflow="scroll">mi>As/mi>/math>
Waveguide for Low-Density Polariton Condensation from a
Bound State in the Continuum

F. Riminucci, V. Ardizzone, L. Francaviglia, M. Lorenzon, C. Stavrakas, S. Dhuey, A.
Schwartzberg, S. Zanotti, D. Gerace, K. Baldwin, L. N. Pfeiffer, G. Gigli, D. F. Ogletree, A.
Weber-Bargioni, S. Cabrini, and D. Sanvitto
Phys. Rev. Applied 18, 024039 — Published 15 August 2022
DOI: 10.1103/PhysRevApplied.18.024039


https://dx.doi.org/10.1103/PhysRevApplied.18.024039

Nanostructured GaAs/(Al,Ga)As waveguide for low-density polariton condensation
from a bound state in the continuum

F. Riminucci,"? V. Ardizzone,® L. Francaviglia,! M. Lorenzon,! C. Stavrakas,' S.
Dhuey,! A. Schwartzberg,! S. Zanotti,* D. Gerace,* K. Baldwin,® L. N. Pfeiffer,?
G. Gigli,>3 D. F. Ogletree,! A. Weber-Bargioni,! S. Cabrini,’ and D. Sanvitto? *
! Molecular Foundry, Lawrence Berkeley National Laboratory,
One Cyclotron Road, Berkeley, California 94720, USA

2 Dipartimento di Matematica e Fisica, Ennio de Giorgi, Universit del Salento, Lecce, Ttaly

3CNR Nanotec, Institute of Nanotechnology, via Monteroni, 78100, Lecce

4 Dipartimento di Fisica, Universita di Pavia, via Bassi 6, Pavia (IT)
®PRISM, Princeton Institute for the Science and Technology of Materials,
Princeton University, Princeton, New Jersey 08540, USA

Exciton-polaritons are hybrid light-matter states that arise from strong coupling between an
exciton resonance and a photonic cavity mode. As bosonic excitations, they can undergo a phase
transition to a condensed state that can emit coherent light without a population inversion. This
aspect makes them good candidates for thresholdless lasers, yet short exciton-polariton lifetime
has made it difficult to achieve condensation at very low power densities. In this sense, long-lived
symmetry-protected states are excellent candidates to overcome the limitations that arise from the
finite mirror reflectivity of monolithic microcavities. In this work we use a photonic symmetry
protected bound state in the continuum coupled to an excitonic resonance to achieve state-of-the-
art polariton condensation threshold in GaAs/AlGaAs waveguide. Most important, we show the
influence of fabrication control and how surface passivation via atomic layer deposition provides a
way to reduce exciton quenching at the grating sidewalls.

INTRODUCTION

Efficient low-threshold lasing is a long-sought goal for various applications spanning from integrated circuits to
biological sensing [1, 2]. However, as of today the emission of coherent and monochromatic light has relied on
population inversion, which requires to overcome a threshold excitation power to achieve lasing. A different approach
exploits hybrid light-matter particles, known as exciton-polaritons[3, 4], which arise in a semiconductor when the
energy exchange rate between a photon and an exciton is higher than their losses. These particles possess properties
inherited from their photonic component, such as a small effective mass, and from their excitonic component such as
high nonlinearities[5, 6] that can be further enhanced via dipolar interactions[7, 8]. All these properties make them
interesting candidates for devices[9] such as optical transistors[10, 11], fast optical switches[12, 13], and electrically-
injected light sources [14].

Because of their bosonic nature, they can undergo a phase transition to a coherent state, known as Bose-Einstein
condensate[15, 16] (BEC), without the need for population inversion, making thresholdless lasing theoretically
possible[17]. A necessary condition for this phase transition to happen is that the rate of scattering processes[18] that
populate the BEC state must exceed the loss rates[9]. This has been one of the main limitations in the historical
achievement of exciton-polariton condensates, as polaritons tend to accumulate in the so-called ”bottleneck”[19, 20].
Such limitation was overcome by growing highly reflective mirrors with layers exceeding 40 pairs in both sides of a
microcavity as well as using many stacks of QWs. In the last few years a different approach has enabled the achieve-
ment of polariton states in horizontal platforms[5, 21-25], making the fabrication easier and less time consuming.
A similar waveguide configuration with multiple QWs was used to investigate the enhancement of dipolar polariton
interactions[8, 26—-28]. More recently, the same heterostructure led to the achievement of a Bose-Einstein condensate
from a bound state in the continuum (BIC)[29] while also proving the topological charge possessed by the condensate.
In this work we show the achievement of a low-density condensate in a GaAs/AlGaAs waveguide by tuning the param-
eters of a low-loss shallow grating and then we consider the effect of the reduction of excitonic losses on the threshold.
In order to reduce the radiative losses we make use of a topologically protected bound state in the continuum [30-32]
which is introduced in the polariton dispersion through the realization of a 1D etched grating[33]. Since the BIC
has an antisymmetric profile, it cannot couple to outgoing plane waves, resulting in a perfectly dark state with zero
radiative linewidth [34]. The exciton-polariton dispersion can be modified by changing the grating periodicity, which
defines the energy at which the photonic modes cross. Such crossing can then be adjusted to bring the BIC closer to
or further from the exciton, changing its excitonic fraction. This will ultimately change the threshold as the excitonic
fraction has also an effect on the polariton thermalization towards the BIC. This control is something that has no



counterparts in classical vertical microcavities and can be tuned with extreme precision on several different gratings
on the same chip. The excitonic fractions were estimated throughout this work by using the coupled oscillators model
described in the supplementary materials.

A horizontal configuration and such long-lived state can drastically ease the fabrication with respect to vertical
microcavities in order to achieve thermalization of polaritons into a single quantum state. Here we demonstrate the
achievement of low-threshold condensate thanks to simple, yet extremely effective sample processing. We will consider
three different shallow etched 1D gratings: 40nm, 90nm, and 130nm deep grooves. Finally, we show the reduction
of the exciton-polariton linewidth and condensate threshold by passivating the trap states that form on the groove
sidewalls during the etching process.

RESULTS

The sample is composed of a GaAs substrate on which a waveguide slab is grown via molecular beam epitaxy.
500nm of AlygGagoAs are firstly grown onto the substrate, forming the waveguide cladding. A set of 12 GaAs
quantum wells (QWs) and 13 Aly 4Gag gAs barriers 20nm thick were grown on top of the cladding, forming the
waveguide core. Lastly, 10nm of GaAs were grown on top of the last barrier to act as a cap layer. The optical
mode is confined in the waveguide core through total internal reflection, and here it exchanges energy with the QW
excitons leading to propagating polaritons. A shallow etched 1D grating (Fig.1a) can be used to couple propagating
and counterpropagating photonic modes via the slab refractive index modulation, hence we can easily introduce new
properties by engineering the photonic dispersion. In our system we can exploit such coupling between photonic
modes to introduce a symmetry protected bound state in the continuum which appears in the so-called dark state.
If we consider Eg,igne and Epark as the photonic modes originated from the grating coupling and separated by an
energy gap, the energy exchange with the QWs exciton can lead to the following system Hamiltonian
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The photonic bright and dark states are then hybridized with the exciton, hence the diagonalization leads to exciton-
polariton eigenstates with a BIC in the dark lower state (Fig.1b)[35]. Since the gap depends on the coupling strength
between the photonic modes, it also depends on the grating’s fabrication parameters, such as the etching depth and
the filling factor, defined as FF = 1— ‘gfg; (Fig.1a). We used Stanford Stratified Structure Solver (S4) [36] to simulate
the structure in Fig.la, from which we obtained the energy dispersion shown in Fig.1b. The exciton was introduced
in the simulations with a Lorentzian resonance in the GaAs dielectric constant, with a Rabi splitting 2 = 13.9meV
[8]. The bound state in the continuum appears as a saddle point of the dark state as shown in [29], which creates a
direct path for polaritons to thermalize from the exciton reservoir.

The fabricated gratings are 50pum wide, 300um long with a filling factor 70% - 75%. The periodicity was set around
240nm to have the photonic mode coupling close to the exciton resonance. We realized the grooves by writing an
electron beam sensitive resist, and subsequent pattern transfer into the heterostructure via ICP-Chlorine etching[37—
40]. The etched grating penetrated into the waveguide core, and three different depths were chosen, resulting in
different degrees of photonic coupling.

The sample was cooled down to 4K in a cryostat and polaritons were created by nonresonantly pumping with a
laser onto the grating (See Methods). Light was outcoupled by the grating itself and the energy dispersion imaged
on a CCD camera. Accumulation of polaritons in the long-lived state triggers the onset of a coherent emission by
bosonic stimulation. The polariton energy dispersion at and above threshold for a grating with filling factor FF =
75% is shown in Fig.2a and Fig.2b.

The power at which the condensation occurs was found to be strongly dependent on the grating parameters.
Fig.3 shows the threshold intensity in a 90nm deep grating as a function of the periodicity. We chose gratings with
periodicities equal to 240nm, 242nm, and 244nm which correspond to excitonic fractions 51.2%, 22.6%, and 12.1%,
respectively. We observed a lower threshold for the 240nm pitch with respect to the 242nm and 244nm cases, ascribable
to the higher exciton fraction. In our system, the grating periodicity moves the BIC closer to or further from the
exciton, making the polariton thermalization process more or less efficient for the two cases.

In order to reduce the threshold, different etching depths d were studied with filling factors close to 70%: 40nm, 90nm,
130nm and the measured dispersions are reported in Fig.S6d-f. The etching is performed in the waveguide core, which
has consequences on the polariton modes quality. The trap states in the electronic band gap created during the
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FIG. 1: (a) Sketch of the final processed waveguide sample with a 90nm deep grating, along with a conformal
passivating layer of Al,O3. (b) Simulations of the exciton-polariton dispersion with bright and dark states coupled
to the exciton. The BIC appears here as a dark state at the maximum energy point of the dispersion, corresponding
to vertical emission (k| = 0) in the far field.
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FIG. 2: (a,b) Exciton-polariton energy dispersion and coherent light emission at (a) and above (b) the excitation
threshold. The condensate in (b) is blueshifted as a result of polariton-polariton interactions. (c) Emission intensity
from the condensate as a function of the pumping power.

fabrication lead to nonradiative exciton surface recombination at the QWs sidewalls. Surface recombination can be
minimized through oxide removal and surface passivation, achievable through etching at sufficiently low ion energy to
remain in the ion-assisted chemical etching regime[41-43]. For this reason, the sample was immersed in a hydrochloric
acid bath to remove the surface oxide, and then 8nm of Al,O3 were deposited via atomic layer deposition[44—47]
(ALD) at 300C [48]. The observed intensity emission in the three cases along with the gap size and excitonic fraction
are shown in Fig.4a,b. The lower threshold observed in deeper gratings is caused by a larger gap. In fact, the BIC
state is more protected from the lossy bright state when the gap is larger. In other words, the smaller the gap, the
closer the BIC is to the bright state, the higher the losses induced by leakage of the polariton population into the
lossy state. Concurrently with the etching depth, the surface damage increases as demonstrated by the 130nm deep
grating in which the condensate was achieved only from one structure with a high filling factor, and only after post-
processing, as a consequence of a more pronounced damage (see Fig.S11). The damage induced by the etching was
found to act mainly on the excitonic component, as shown in Fig.5 and it is discussed in the supplementary material
where cathodoluminescence hyperspectral maps elucidate the effect of surface damage on the emission[49-51].
Lastly we observed the effect of post-processing on gratings characterized by 240nm pitch and 90nm deep grooves
before and after passivation. The polariton dispersion for this grating is shown in Fig.ha and Fig.5bb, where the
threshold reached an energy per pulse corresponding to a few “ —> after ALD as displayed in Fig.5c. This measurement
was performed on several gratings, and all of them showed the same characteristic reduction (See Fig.S10). The longer
polariton lifetime, which we associate to lower nonradiative exciton recombination at the groove sidewalls, can be
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FIG. 3: Emission intensity from the condensate for periodicities 240nm (blue), 242nm (orange), and 244nm (green).
The excitonic fraction |X|? is modified by the grating pitch, favoring a polariton thermalization towards the BIC
and reducing the power threshold in the 240nm case.
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FIG. 4: (a) Emission intensity as a function of the pump power. The threshold is minimum for a grating 90nm deep,
while it is higher for a 40nm deep grating due to smaller gap size, and for a 130nm deep grating due to surface
damage. (b) Energy gap and excitonic fraction as a function of the etching depth. The filling factor is
approximately the same in all the three cases.

observed in terms of linewidth reduction after AloO3 deposition (Fig.5e). This result, even though limited by the
spectrometer resolution and inhomogeneous broadening, clearly highlights the reduction of exciton inhomogeneous
broadening which ultimately corresponds to a longer exciton-polariton lifetime. A more detailed discussion about
the BIC lifetime is presented in [29] where a lower limit is set by means of polariton propagation under the grating.
While the effect on the excitonic component is clear, no significant shift in the polariton dispersion was observed after
the aluminum oxide deposition, a sign that the lower Al;Oj3 refractive index (n = 1.6 for thin film) compared to the
photonic mode effective refractive index (n = 3.359) does not alter the designed structure behaviour.

CONCLUSIONS

The main limitation in achieving thresholdless exciton-polariton lasing is hindered by non-radiative and radiative
losses that are inevitably present in microcavities. In this work we have realized a low-density exciton-polariton
condensate in a horizontal cavity that makes use of the long lifetime of a quasi-bound state in the continuum in which



m
= o _
1527.5 1527.5 E 100{(C) goope
. Il "
- _ g [
S 1525.0 S 1525.0 = s
v o ~ 1071 i g
£ 15225 E15225 fny o
3 2 S c ! ':’
: 1520.0 : 1520.0 810 |
Wi 1517.5 W 1517.5 é P
! /
“Th [ ]
1515.0 1515.0 B 10° gle--4 -o- PrealD
E ¢ -@®- Post ALD
~0.25 0.00 0.25 ~0.25 0.00 0.25 H 200 400

In-plane wave-vector (um~1!) In-plane wave-vector (um™1)

Pump power (W/cm?)

1526

1526
(d) 1.2 (e) 1.2
1524 {"oe,, 1524
> 15221 " 1-0§ > 15224 1-0§
e | I £ | T
; 1520 0.8Z ; 1520 0_8Z
o 1518 o %, 0.63 2 1518; o 0.63
2 o.. ..°. 2 2 o %, 2
w 15 16 T .... .... 04v L 15 16 _.... .... 04\_/
1514 1® < 1514 -
0.2 0.2
1512 : . . 1512 : : :
0.2 -0.1 0.0 0.1 0.2 Z0.2 -0.1 0.0 0.1 0.2

In-plane wave-vector (um1) In-plane wave-vector (um~1)

FIG. 5: (a,b) Exciton-polariton energy dispersion pre- and post-processing, respectively. (c) Lasing intensity
measured at the threshold before and after aluminum oxide deposition for a 90nm deep grating, 240nm pitch. (d,e)
Exciton-polariton dispersions corresponding to the case (a) and (b). Colors represent the HWHM fit of the

linewidths.

lifetime is increased by several orders of magnitude due to the special nature of this dark state. However, surface
damage during processing introduces nonradiative channels through which excitons can decay. By performing surface
ALD post-processing we greatly reduce such an effect, increasing the polariton lifetime at the BIC. Our method
substantially lowers the power needed to achieve a polariton condensate. This system is not only a good candidate for
low threshold lasers, but also for those experiments that have been affected by the simultaneous presence of horizontal
and vertical polariton lasing as recently reported in [22]. In conclusion we assessed the role of grating parameters
and fabrication in the achievement of state-of-the-art polariton BEC arising from a bound state in the continuum
coupled to an excitonic resonance. The extremely long lifetime of the polariton BIC facilitates the thermalization of
the bosonic gas with the onset for condensation at a low polariton density despite the presence of lower energy states.
Finally we also observed the reduction of the threshold and improvement in the polariton lifetime after hydrochloric
acid and passivation of the sidewalls via atomic layer deposition, reducing the density of nonradiative recombination
centers at the QW sidewalls. In the case of deep etching, the role of ALD was crucial, given it was able to restore the
possibility to observe the condensate from one 130nm deep grating, while it reduced the threshold in all the 90nm
deep gratings. The linewidth narrowing observed after post-processing is related to the reduction of non-radiative
recombination, improving the overall quality factor of the sample leading to an estimated polariton lifetime of a few
hundreds of picoseconds in the BIC[29]. Since BEC formation from a BIC has the great advantage of reaching the



phase transition at extremely low densities, it can be used to obtain ultra-low threshold lasers. The techniques and
ideas investigated and developed here will not only boost the realization of polariton-based thresholdless lasers, but
could also be a way to realize horizontal electrically pumped polariton light sources.

MATERIALS AND METHODS

Optical Measurements. The sample was kept at 4K for all the experiments. All measurements were performed
using a 150fs, 80MHz pump laser with its central energy tuned at 1.588meV (780nm), and a spot size of 15um FWHM.
The emission from the sample was sent to a SpectraPro-300i spectrometer with a 1200lines/mm grating in order to
reconstruct the reciprocal space. The optical setup allowed the simultaneous acquisition of Fourier space and real
space images, which made it possible to keep the sample in focus at all times. To remove spurious effects, the laser
tail was cut at around 800nm by a short pass filter, combined with a spatial filter which removes any emission outside
the selected grating region.
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