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We present a novel method for generating potential landscapes in GaAs microcavities through focused 
He implantation. The ion beam imprints micron-scale patterns of non-radiative centers that deplete 
the exciton reservoir and form a loss-defined potential minimum. Under non-resonant pumping, the 
resulting traps have a lateral size 6 1 2 lm and a three-dimensional mode volume of only 0 6 lm3, 
small enough to support a single polariton condensate mode. The implantation process maintains strong
coupling and provides lithographic ( 300 nm) resolution. These loss-engineered traps effectively over-
come the micrometer-scale limitations of conventional microcavity patterning techniques, opening new
avenues for device development and polariton research within the sub-lm regime.
© 2026 The Authors. Published by Elsevier B.V. and Science China Press. This is anopenaccess article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n AlGaAs micropillars exhibit lasing at diameters as small as 1 l m,
Exciton-polaritons are quasiparticles formed from the strong 
coupling of photons and excitons in microcavities. As light-
matter quasiparticles, they possess an ultrasmall effective mass,
enabling condensation even at room temperature, while also
exhibiting significant polariton-matter interactions [1]. Tailoring 
the in-plane potential of the microcavity (MC) is the workhorse
of polaritonic studies [2]. This approach facilitates the exploration 
of phenomena such as non-equilibrium quantum fluids [3], topo-
logical photonics [4], ultrafast optoelectroni cs [5], and low-
dimensional quantum phenomena [6–10]. A broad set of tech-
niques is now employed to shape microcavity potentials, advanc-
ing both fundamental research and practical device development.

Taking advantage of the fact that polariton condensates are 
realized in semiconductor microcavities, the most established 
methods for achieving tight confinement are provided by semicon-
ductor micro- and nanofabrication techniques. Etched GaAs/
reaching single-mode volumes near 10 lm3 [11]. Open-access 
microcavities confine polaritons without the need for etching and 
allow for in situ tuning of the Rabi splitting [12]. Photonic crystal 
defect cavities and bound-state-in-continuum lattices have further 
enhanced confinement to the wavelength scale, producing room-
temperature condensates [13]. Because the interaction-induced 
blueshift scales inversely with mode volume, shrinking the mode 
volume enhances polariton-pola riton nonlinearities in the few-
particle regime, where phenomena such as polariton blockade
are predicted [14]. Although these approaches have reduced con-
densate sizes to a few microns, fabrication disorder in etched pil-
lars, and intrinsic absorption continue to limit coherence, quality
factor, and scalability.

Formation and dynamics of polariton condensates generated by 
spatially profiled optical pumping can be described in terms of
effective non-Hermitian potentials [15–18]. Optically imprinted 
annular potentials have produced trapped condensates that are
spatially separated from the excitonic reservoir [19]. Rotating 
superfluids and deterministic vortex clusters [20], as well as, most 
recently, vortex ‘‘qubit” analogues [21]. However, the diffusion of 
the long-lived exciton reservoir blurs these additive potentials over
several microns, setting a resolution limit.
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Fig. 1. Schematic representation of sample fabrication steps. (a) Step one:
simulated diffusion of vacancies (black dots) caused by He ion implantation (blue 
dots). The insert in red frame is a PL image of the sample without the top DBR; the 
dark (black) regions were implanted. (b) Post implantation deposition of top
dielectric DBR. Shaded area: relative density of structural defect versus sample
depth. (c) Lateral diffusion profiles for different depth zones of 50 nm; Central
depths denoted in each frame.

 

Focused ion beam implantation provides an alternative route 
that combines precision and repeatability with the relative ease 
of potential imprinting. The well-developed proton implantation
technique is used to form the current aperture [22] and photonic 
crystal structures [23] in GaAs and GaN VCSELs [24,25]. Sub-
micron He stripes in GaAs quantum wells introduce controlled 
non-radiative broadening while preserving the integrity of cavity
optics [26]. High-energy proton irradiation can independently tune 
exciton and photon energies by intermixing the quantum wells
and the distributed Bragg reflector (DBR) layers near the interfaces
[27] leading to polariton condensates with tunnable energy.

Here, we demonstrat e He implanted traps with lateral dimen-
sions of 6 1 2 lm and mode volumes (extracted semi-analytically 
via the transfer matrix method) of Vm LeffA 0 65 0 10 lm3, 
where Leff is the longitudinal cavity length, and A is the cross-
sectional area. Furthermore, the tight lateral confinement dictates
a quantized energy spacing that is significantly larger than the
shallow 1 meV depth of the potential well. Consequently, 
higher-order modes lie above the potential barrier and cannot be 
spatially bound, forcing the trap to operate strictly in the single-
mode regime. The result is a single-mode condensate with fewer 
than 200 polaritons. The implantation process locally accelerates 
non-radiative decay while maintaining strong coupling. The non-
radiative centers drain the exciton reservoir, thereby reducing 
the repulsive blueshift potential while keeping polariton lifetimes 
unaffected. Under pumping, the depleted reservoir forms a trap-
ping potential. This potential is static and independent of polariton
density. These traps feature excellent uniformity and a resolution
that surpasses the limitations of both lithographic and optically
written patterns. This platform facilitates the implementation of
complex design patterns that incorporate even gradient potentials
with sub-lm precision, opening a path toward tightly confined,
scalable polariton devices and high resolution trap architectures.

2. Materials and methods

2.1. He ion implantation 

A 35 keV Focused He ion beams is utilized to irradiate the half-
microcavity samples at doses ranging from 1 1011 to 
1 1012 ions cm2. This process introduces defects into the crystal 
lattice, primarily vacancies (indicated by black dots in Fig. 1a) with 
smaller densities of interstitial and substitutional defects, which
are marked with blue in Fig. 1a. TRIM ion scatterin g simulations
[28] indicate that approximately 180 vacancies are generated per 
implanted ion. In this low-dose regime, defects act only on the
optical response of the quantum wells (QWs), leaving the cavity
Q intact [29,30]. To maintain a high depth-to-lateral aspect ratio 
of the ion implantation density, we resort to near-surface implan-
tation of a microcavity structure without the top dielectric DBR
(hereafter referred to as ‘‘half-microcavity”), followed by top-
mirror deposition post-implantation (Fig. 1b). 

The sample under investigation consists of a half GaAs/AlGaAs-
based semiconductor heterostructure grown by molecular beam 
epitaxy (MBE), and a top dielectric distributed Bragg reflector 
(DBR) fabricated through electron beam evaporati on. Four sets of
three 12 nm GaAs/AlGaAs QWs are embedded between 35 pairs
of AlGaAs/AlAs bottom DBR and a top dielectric DBR consisting of
10.5 pairs of Ta2O5 SiO 2. The Q-factor of the complete microcavity 
is estimated using the transfer matrix method (TMM) to be in the
order of Q 11 000 (Fig. 1b). 

Simulations of the experimental conditions used for ion implan-
tation reveal good overlap between the peak defect density and the
depth of the first set of QWs, located 220-270 nm below the sur-
face (Fig. 1b). The lateral defect span at this depth is approximately
3618
300 nm (Fig. 1c, middle). The current implantation technique
allows for 50 nm structural resolution for QWs located near
the surface (Fig. 1c, left). 

2.2. QW optical characterization

The effect of He implantation induced defects on the QWs are 
limited to non-radiative broadening while (in this dose range)
leaving the radiative decay rate intact [26]. Non-radiative broaden-
ing is evident by photoluminescence (PL), time-resolved PL (TRPL), 
and reflectivity measurements independently. All measurements
in this section are performed at 4 K on the ‘‘half-microcavity”
sample.

Micro-reflectivity spectra are obtained using a broadband 
white-light source, which is directed onto the sample through a 
microscope objective. Implantation-induced vacancies create
non-radiative recombination centers, reducing resonant excitonic
absorption as the implantation dose increases (Fig. 2a). 

For the PL emission study, a continuous-wave Ti:Sapphire laser 
is used to optically pump the sample non-resonantly at 1.710 eV
with 1 l m spot while emitted PL is collected through a micro-
scope objective. A long-pass filter cuts off the reflection of the 
pump laser. The PL intensity decreases with increasing helium
ion doses due to the enhancement of non-radiative pathways,
which reduces the quantum efficiency of the QWs (Fig. 2b). 

For TRPL experiments, we utilize a mode-locked 150 fs pulse Ti: 
Sapphire laser, and PL decay dynamics is measured using a streak
camera across a range of implantation doses. We observe a clear
reduction in PL lifetime (s) with increasing ion doses (Fig. 2c),  a
clear signature of enhanced non-radiative recombination rates.

Several conclusions can be drawn from these measurements 
based on the rate equation, governing the dynamics of exciton den-
sity N:
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Fig. 2. Optical effect of He ion implantation in GaAs quantum wells: (a) PL 
quenching, (b) reduction of resonant QW absorption, and (c) reduction of PL
emission lifetime on various ion implantation doses in QWs.
dN 
dt 

P cR cNR N 1

where P is the pump term and cR (cNR) are the radiative (non-
radiative) rates. Implantation increases cNR, which (i) lowers the 
steady-state exciton density N P cR cNR and therefore the 
blueshift potential and (ii) reduces the PL yield I Nc R without 
noticeably altering cR [26]. The resulting spatial modulation of N 
(high outside, strongly depleted inside the implanted area) acts as 
an effective non-Hermitian potential, a mechanism we exploit in 
the confinement experiments that follow. Crucially, the confine-
ment mechanism in our traps is overwhelmingly dominated by this
targeted reduction of the excitonic lifetime rather than structural
deformation. He ion implantation at these energies creates highly 
localized non-radiative point defects without introducing massive 
lattice strain. Consequently, local refractive index variations and
strain-induced band shifts are negligible Dn 6 1 [30] (as con-
firmed by the PL and reflectivity spectra in Fig. 2a and b), and the 
confining potential landscape is generated purely by the spatial
shaping of the repulsive steady-state exciton reservoir.

3. Results and discussion

3.1. Polariton condensate confinement

We continue our investigation on the full DBR-capped micro-
cavity. First, we verified that strong coupling is preserved in the 
implanted areas using angle-resolved micro-photoluminescence 
at 4K. Under low non-resonant pump power (well below the 
nonlinear response), the spectra reveal both the lower and
upper-polariton branches, displaying the clear anticrossing charac-
teristic of the strong coupling regime. By tracking the peak posi-
tions of the two branches, we extracted the mode separation
DE k EUP E LP. The minimum of DE k yields a Rabi splitting
of 8 55 0 11 meV. The uncertainty stems from the experimental 
spectral resolution of 0.04nm while the measured value remains
constant across all regions: pristine, low (1 1011 cm 2), medium 
(3 1011 cm 2), and high dose (1 1012 cm 2) as shown in Fig. 3. 
Next, to evaluate the effect of implantation on the polariton line-
width, we extracted the full-width at half-maximum (FWHM) of
the lower polariton branch at k 0. We observe a substantial nar-
rowing of the linewidth upon the introduction of defects, dropping 
by 113 leV from 0.438 to 0.325 meV (pristine to low dose). This is 
attributed to the severe depletion of the localized exciton reservoir,
which strongly suppresses polariton-reservoir dephasing. Notably,
while higher doses show a slight subsequent broadening of 0.342
3619
o 0.367 meV (that is below our spectral resolution limit that cor-
esponds to 0.077 meV), the linewidth of the implanted regions
emain strictly narrower than that of the pristine sample.
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r

These results demonstrate that ion implantation in this dose 
ange does not degrade the excitonic oscillator strength or the col-
ective light-matter coupling. The ion-induced defects only affect
he non-radiative exciton loss rate [26,31,32]. Consequently, we 
observe condensation in both pristine and uniformly implanted 
egions, though the respective condensation threshold powers sig-
nificantly increase with higher implantation doses due to the
defect-induced non-radiative losses (details in Supplementary
Material S1).

r
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r

Subsequently, we observed trapped polariton condensation in 
a small implanted dot region of 1.2 lm diameter (Fig. 4a and b 
left)), pumped by a wide excitation spot of 40 lm to ensure 
homogeneous, flat, and standardized (across all configurations
that follow) illumination, while minimizing ballistic losses [33]: 
since the blueshift potential depends on the exciton density, 
the implanted dot effectively forms a potential well due to locally 
enhanced excitonic losses. At the same time, polariton losses are 
mainly governed by the rate of photon escape from the cavity, 
which is limited by its Q-factor. Both DBRs and the optical
cavity-and thus the polariton lifetime-remain uniform and virtu-
ally unaffected by the ion implantation. Polaritons condensed
within the implanted dot exhibit a clear spatial confinement
(Fig. 4b (left) insets). Notably, while uniformly implanted,
unconfined regions (Fig. 3 and Fig. S1 online) exhibit an increased 
condensation threshold due to defect-induced losses, the trap-
ping configuratio ns (as in our 1.2 lm implanted dot) heavily sup-
press ballistic radial losses [19,33], lowering the condensation 
threshold (Fig. 4b (right)) compared to pristine region excitation
(Fig. 4a (right)). 

(

Although the resolution of ion-iduced defect patterning is in the 
submicron range, the trapping potential resolution is affected by
the exciton in-plane diffusion length LX DXsX, where DX is the 
exciton diffusion coefficient and sX is the reservoir exciton lifetime
[34]. The diffusion coefficient, in turn, depends on the momentum-
relaxation time sm through DX kBT MX sm (with MX me m h
the exciton mass), and sm scales with the defect density as
sm Nireff v th 

1, where Ni is the defect density, reff the effective 
scattering cross-section, and v th 2kBT M X the thermal velocity. 
Comparing the SRIM-estimated vacancy density at the QW plane
( 7 10 18 cm−3 at the highest dose) with typical pristine GaAs
QW defect densities ( 1016 cm−3 [35]), one expects a three-
order-of-magnitude reduction of sm and therefore of DX in the 
implanted region. In combination with the measured threefold
reduction of the reservoir lifetime sx (Fig. 2c), this yields sub-
micron diffusion length LX in the implanted areas and trapping
potential resolution.

Our trapping scheme highlights the effectiveness of engineered 
defect loss landscapes in reducing exciton density, offering a novel 
pathway for achieving efficient polariton confinem ent and conden-
sation. This tight confinement leads to a reduction in the steady-
state number of polaritons N. Specifically, Ntr 150 while 
Npr 1300, where Ntr corresponds to the trapped condensate
shown in Fig. 4b, and Npr corresponds to the pristine sample con-
densation at P 1 6 Pth. For details regarding the polariton number 
calculatio n see Supplementary Material S2.
3.2. Wire traps

The universality of the trapping technique is tested with pat-
terning microwires of various widths and with length of 45 lm
(Fig. 5a), demonstrating confinement effects analogous to those 
observed in a quasi-1D quantum well (QW). Real space imaging
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Fig. 3. Analysis of the Rabi splitting measurement for the pristine and implanted regions. The upper panels show the measured angle-resolved photoluminescence 
dispersions (logarithmic color maps). The red shaded areas correspond to the areas between UP and LP branches traced with a peak finding algorithm. The lower panels
present the corresponding energy separation DE k EUP E LP extracted directly from the experimental spectra. The minima of DE k define the apparent Rabi splitting at 
zero detuning for each implantation dose denoted with blue dashed lines.

Fig. 4. Confinement in implanted dot. Measured power dependence (pump power 
vs emitted PL intensity) from a pristine region of the sample (a), and from an area of
the sample with a d 1 2 lm implanted dot (b). Experimental data of real space PL 
intensity below and above condensation threshold (insets in (b)): for P P th PL 
emission mostly comes from pristine sample while for P P th most of the intensity 
comes from the implanted region. Both measurements were performed using a
D 40 l m laser spot. Dashed lines act as guide for the eye.
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Fig. 5. Wire traps. Top row (experimental data): real space image of a region
implanted with W 5 l m wires (dark regions) under the condensation threshold 
(a), above condensation threshold (b). (c) is the spectral analysis of the cross-section 
indicated by a red dashed line in (b). Middle row (experimental data): far-field
spectroscopy above the condensation threshold of wires with widths (d)
W 10 l m, (e) W 5 l m, (f) W 2 l m. Measurements were performed using a
D 40 l m laser spot. Bottom row: analytical calculation (g, h, i) of (d, e, f)
respectively. Parameters: l0 3 lm e 2 5 n0 7 5 c 0 1. 
revealed bright emission from the center of the wire for P P th
under the standard D 40 v broad excitation, the condensate 
emission tapers off naturally before reaching the physical struc-
tural edges because the local optical gain smoothly drops below
the condensation threshold (Fig. 5b). An energy-resolved vertical 
slice taken from the center of Fig. 5b reveals that the emission from
3620
the edges of the implanted wire exhibits suppressed intensity and 
higher energy compared to the center of the trap, which emits
brightly at lower energy (Fig. 5c). Angle-resolved emission
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Fig. 6. Ring traps. Top row (experimental data): (a) real space image of PL emission
below threshold P P th : the implanted region appears dark. (b) Above threshold
P P th : a bright set of concentric rings appears inside the implanted annulus, 
evidencing quantised radial modes of the condensate. (c) Angle-resolved emission
at P P th (logarithmic colour scale) showing discreet energy states. Measure-
ments were performed using a D 40 l m laser spot. Bottom row (calculations): (d) 
binary loss mask used in the numerical model (black = high loss). (e) Steady-state 
condensate density obtained from the non-Hermitian Schrödinger solutions are in 
agreement with experimental results; the red dashed circle marks the implanted
rim. (f) Simulated k-space spectrum of confined modes. The dashed curve
represents the un-confined polariton lower polariton branch. Resulting potential
depth marked with a dashed horizontal line. Parameters: l0 5 lm e 5 n0

4 5 c 0 25.
indicates that the energy levels depend on wire width (Fig. 5d–f), 
consistent with theoretical predictions for 1D potential wells
(Fig. 5g–i). 

We describe the polariton condensates in quasi-1D wires near 
the condensation threshold, neglecting nonlinearities, with the
non-Hermitian variation of 1D Schroedinger equation:

h2 

2m 
2 
x 

a ib 
2 

N x i hC 
2 

ih t W x t 0 2

where m is the effective polariton mass, N x is the spatially profiled 
exciton reservoir density, a and b are the parameters governing the 
strength of conservative and dissipative parts of interaction with
the reservoir, and C is the polariton radiative loss rate.

The sub-micron spatial resolution of the ion implantation tech-
nique combined with suppressed exciton diffusion in the
implanted region allows us to assume a sharp reservoir density
profile: N x cN 0 if x D 2 and N0 if x D 2, with D the wire
width. Here c 1 is the ratio of steady-state reservoir exciton den-
sities, governed by the ratio of loss rates in the implanted and pris-
tine regions. The linear spectral properties of the Eq. (2) are then 
obtained by solving the non-Hermit ian extension of the QW
problem.

We introduce the characteristic time t0 2 C and the charac-
teristic attenuation length l0 h 2m C to obtain the dimen-
sionless stationary form of Eq. (2): 

xW 2 
v e i n i W 3

with normalized coordinat e v x l 0, the ratio of Hermitian and 
anti-Hermitian potential parts e a b, normalized reservoir den-
sity n 2bN h C and complex energy x. 

In full analogy with the conservative problem, the effective 
Hamiltonian symmetry allows even and odd eigenstates
W v W v . Outside the implanted region ( v d 2) with 
d D l 0, where the reservoir density takes the value
n0 2bN0 h C representing the steady-state exciton reservoir den 
sity, it is convenient to denote the solution vanishing at v a 
B exp , v d 2 for v d 2 and B exp , v d 2 for even and 
odd states at v d 2. Here , e i n0 i x and the 
principal branch Re , 0 is selected to avoid divergence a
v . Notably, such evanescent solutions simultaneously satisfy 
the boundary conditions for polariton currents J v 
hIm W vW m, namely, J v d 2 0 and J v d 2 0. In 
the implanted region, the reservoir density is reduced by a facto
c 1, producing an effective potential e i cn 0. The correspond 
ing even and odd wave functions read W A cos q v and 
W A sin q v , respectively, where q x i e i cn0 with 
the selection of the principal square root branch Re q 0. 

The eigenstates are obtained by matching the piecewise
defined wave functions at v d 2, or equating tan qd 2 to , q 
for even states and to q , for odd states. Solving for x on the 
complex plane yields the spectrum of discrete trapped polariton
modes xj along with the corresponding wave functions Wj x . 
While the emission energy of a polariton mode is given by the real
part of its energy xj Re xj cen0 e n0 , the imaginary part
gj Im xj 1 cn0 1 n0 describes its growth rate and 
thus the stationary population under cw pumping, provided gj 0. 

The reciprocal space emission profiles Wj k 2 of the trapped 
polariton modes can be analytically expressed in the energies xj 

by calculating the Fourier transform of Wj x , see Supplementary 
Material S3. The total multimode emission profile along the 
direction, perpendicular to the microwire, is given by the sum of

-
s

t

r
-

-

3621
all contributions over all trapped modes, characterized with sta-
tionary populations gj 0 and unitary broadening, given by the
Lorentzian factor:

I k x 
j 

gj Wj k 2 

1 x xj
2 4
3.3. Ring traps

In ring-shaped traps with outer diameters of D 35 l m and 
inner diameters of d 4 lm  (Fig. 6a), the excitation beam gener-
ates a radial potential profile. The unimplanted center and outer 
rim accumulate a high exciton density under the excitation beam, 
resulting in elevated blueshift potential. The implanted area, char-
acterized by reduced exciton density, forms an annular potential
well. Polaritons condense within this well, exhibiting radially sym-
metric modes (Fig. 6b). Angle-resolved emission confirms the pres-
ence of discrete energy levels associated with this confinement
(Fig. 6c). 

Similarly to the case of microwires, non-Hermitian polariton 
confinement in isotropic ring-shaped traps is described by the
equation

h2 

2m Dr u 
a ib 

2 N r i 
hC 
2 ih t W r u t 0 5

with Dr u being the Laplacian expressed in polar coordinates. Sharp-
edge annular traps correspond to a piecewise-defined reservoir
density (depicted as a binary loss mask in Fig. 6d): N r N 0 if 
r d 2  o  r r D 2 N r cN0 if d 2 r D 2. 

The dimensionless stationary variant of Eq. (5) reads 

1 
q q q 

q 
1 
q2 

2 

u2 e i n i x W q u 6

with the normalized distance from the trap center q r l 0. 
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The radial symmetry of the effective potential, stemming from 
the reservoir, and the boundary conditions at r 0 and r gov-
ern the form of the wave function Wl r u Ul u Rl r : 

Wl q u exp ilu 
AIl ,q q q1 

BJl qq CYl qq q1 q q2 

DKl , q q q2

7

where A B C D are complex coefficients related with the normaliza-

tion condition 2p W r u 2 rdr 1. 
Matching the wave function values and spatial derivatives at

q1 R1 l 0 and q2 R2 l 0 yields the transcendental complex equa-
tion for complex energies xl j of the effectively trapped polariton 
states, labeled with integer angular and radial numbers l and j.
The analytical expressions for the Fourier transforms of the wave
functions Wl j k uk is given in Supplementary Material S3. Due 
to the radial trap symmetry, the emission spectrum I k x is iso-
tropic and is determined by the same expression as in Eq. (4), 
but with summation carried out over all integer l and j ,
corresponding to macroscopically populated polariton modes
gl j Im xl j 0, emitting at frequencies xl j Re x l j produc-
ing the steady-state condensate density shown in Fig. 6e. Notably, 
emission from excited trapped polariton modes at higher frequen-
cies x en 0 is stronger compared to that from the ground state
(see simulated spectrum in Fig. 6f) in full agreement with the 
experimentally measured spectra in Fig. 5d, e and Fig. 6c. This 
vividly demonstrates that the observed polariton condensates are 
strongly out-of-equilibri um and thus confirms the validity of our
non-Hermitian description.

4. Conclusion 

Focused He ion implantation provides a robust technique for 
engineering lateral confinement in polariton microcavities. By tai-
loring the patterns we achieved high-precision control over the 
effective non-Hermitian trapping potentials generating polaritons 
condensates in dots, microwires and ring-shaped traps. Notably, 
the conservative and dissipative contributions to these potentials 
are comparable, which makes our system a suitable platform for 
implementation and study of non-Hermitian Hamiltonians. More-
over, extreme spatial resolution of the effective complex potentials
allows conveniently describing trapped polariton condensates
with the non-Hermitian extension of conservative textbook quan-
tum–mechanical models used in semiconductor heterostructures.
These findings emphasize the role of excitonic loss landscapes in
the design of efficient polariton traps and highlight the potential
of this technique for scalable sub-lm polaritonic applications.
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