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The development of high-speed, all-optical polariton logic devices underlies emerging unconventional
computing technologies and relies on advancing techniques to reversibly manipulate the spatial extent and
energy of polartion condensates. We investigate active spatial control of polariton condensates independent
of the polariton, gain-inducing excitation profile. This is achieved by introducing an extra intracavity
semiconductor layer, nonresonant to the cavity mode. Partial saturation of the optical absorption in the
uncoupled layer enables the ultrafast modulation of the effective refractive index and, through excited-state
absorption, the polariton dissipation. Utilizing an intricate interplay of these mechanisms, we demonstrate
control over the spatial profile, density, and energy of a polariton condensate at room temperature.
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The ability to shape the potential energy landscape to
confine polariton condensates into geometrically arranged
regular or arbitrary arrays underpins various applications,
such as topological polaritonics [1–4], lattice simulators
[5–8], and neural networks [9,10], and allows for the
investigation of fundamental physics [11–13]. An essen-
tial part in all these studies is to have tools and techniques
to control the polariton energy landscape that is usually
achieved by means of lithographic or optical methods. The
lithographic approach allows for the local control of the
photonic component of the system by a straightforward
lithographic modulation of the cavity length [14], deep
etching of micropillars into the structure [15,16], metal
films deposition on the surface of a grown microcavity
structure [17], or by exploiting natural photonic disorder
potentials present in microcavities due to growth related
defects [18–20]. All-optical methods to control the energy
landscape of polaritons offer higher flexibility in custom-
izing its shape while circumventing inherent disorder.
Whether it is a single Gaussian pump or an array of pumps
geometrically arranged in multiple-spot configurations
and lattices, forming either ballistically expanding [21]
or trapped polariton condensates [22], one exploits a
localized blueshift effect that at the same time induces
additional gain in the system.
Manipulating polariton potentials through additional

gain-inducing optical excitation adds a real-valued compo-
nent to the interaction between polariton condensates that
strongly affects the energy of the condensate. An alternative
approach of utilizing local control of polaritons through

dissipation via ion implantation was recently proposed
[23,24] to control the coupling between nearest neighbors
in arrays of polariton condensates. Furthermore, it would be
desirable to introduce local dissipation in a reversible
manner that can enable both ad hoc landscape engineering
of polariton condensates and real-time control over the
coupling between nearest neighbor condensates without
adding gain to the system. Despite the potential of such
an approach, to date, control of local polariton dissipation
has remained illusive both in organic and inorganic
microcavities.
In this Letter, we experimentally demonstrate ultrafast

and reversible manipulation of the condensate energy and
density by shaping both the local potential and dissipation in
the real space at room temperature. We utilize a double-dye
organic microcavity, depicted on the top panel of Fig. 1, that
recently was proposed as a new platform for optically
controlled polariton condensate lattices operational at room
temperature [25]. The microcavity includes one layer of
strongly coupled BODIPY-Br dye molecules and a blue-
detuned uncoupled layer of the copolymer BN-PFO. We
demonstrate polariton condensation under nonresonant
optical excitation and, by simultaneous excitation of the
uncoupled layer, tuning of the condensate energy up to
8 meV. Excited-state absorption of the uncoupled molecular
dyes results in increasing losses for polaritons. In tandem
with the energy blueshifts, due to the decrease of the
intracavity effective refractive index at the energy of the
lower polariton mode, excited-state absorption allows us to
control the spatial profile of a polariton condensate.
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Polariton density-dependent energy blueshifts in semi-
conductor microcavities are omnipresent at high excitations
and usually corroborate evidence of strong coupling.
However, the mechanism behind blueshifts in crystalline,
usually inorganic, and noncrystalline, usually organic,
semiconductors is different. In the first case, the blueshift
is predominantly due to the Coulombic exchange inter-
action between Wannier-Mott excitons [26,27], whereas in
the latter case of Frenkel excitons, it is due to the saturation
of molecular optical transitions. It was recently shown that
the blueshifts in molecular-dye microcavities are not only
due to the quenching of the Rabi splitting but predomi-
nantly due to changes of the intracavity refractive index
from the saturation of both coupled and uncoupled mol-
ecules [28]. Here, we utilize a structure design that allows
us to decouple these mechanisms.
The structure consists of two layers of different

organic materials embedded within the microcavity. One
285-nm-thick layer of the molecular dye BODIPY-Br and
one 170-nm-thick layer of the conjugated polymer
BN-PFO, separated by an inert polyvinyl alcohol spacer
layer of 60-nm thickness. The organic layers are sandwiched
in between a bottom SiO2=Nb2O5 and a top SiO2=TiO2

distributed Bragg reflector (DBR), as shown schematically
in the top panel of Fig. 1, resulting in a quality factor of
≈920; see McGhee et al. (2023) [25] for a complete
description and characterization of the microcavity structure.
The absorption spectra of the BODIPY-Br and BN-PFO
layers, and the reflectivity spectrum of the full cavity, are
shown in the bottom panel of Fig. 1. Despite the presence of
the weakly coupled, blue-detuned to the cavity mode, BN-
PFO absorber in the microcavity, the BODIPY-Br layer
couples strongly to the bare cavity mode exhibiting a Rabi
splitting (Ω) of 103 meV [25]. The cavity exhibits a small
range of available detunings (δ), and throughout this study

the detuning was kept constant at ≈ − 90 meV, with exciton
and photon fractions, jXe;pj2 ¼ ½1� δ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðδ2 þΩ2Þ
p

�=2, of
0.17 and 0.83, respectively. These two layers are independ-
ently excited using a two color optical excitation beam
configuration; see dashed black lines in the bottom panel
of Fig. 1.
We examine whether polariton condensation is achiev-

able in the double-dye microcavity using nonresonant
pulsed optical excitation of 2 ps temporal width tuned at
the first Bragg minimum of the reflectivity stop band:
485 nm. Figure 2(a) shows a pump power dependence of
polariton photoluminescence (PL) vs the absorbed pump
fluence on the bottom horizontal axis. The onset to non-
linear emission is defined as the crossing of the two black
dashed lines in Fig. 2(a), Pth ≈ 400 μJ=cm2, see bottom
horizontal axis. At Pth, we observe a concomitant collapse
of the photoluminescence linewidth, from 8 to 1.8 meV, and
a blueshift of the emission energy, see Fig. 2(b). Each point
on the plots of Figs. 2(a) and 2(b) is derived from a
dispersion image obtained under a single excitation pulse,
whose fluence is simultaneously recorded. We note that the
slope difference in the blueshift below and after condensa-
tion threshold in Fig. 2(b) originates from the interplay
between intermolecular energy transfer between excitons of
different alignment with respect to the excitation beam and
stimulated relaxation to the ground-polariton state. Above
threshold, the rate of the latter mechanism surpasses that of
intermolecular energy transfer resulting in a higher rate of
Rabi-splitting quenching from molecules aligned in parallel
with the pump beam [28]. In Fig. 2(c), we show the single-
shot dispersion image of the lower polariton branch at
Ppump ∼ 2 × Pth. The emission is blueshifted by 2.5 meV
from the linear dispersion that is indicated with a white
dotted line. Following the formalism of Ref. [28], we can
estimate the two contributions to the blueshift from the
saturation of the molecular optical transitions for this
structure (see also Supplemental Material, Sec. I [29]).
We obtain that the dominant component of the blueshift,
1.84 meV, is due to the effective refractive index renorm-
alization, and 0.66 meV is due to the vacuum Rabi-splitting
quenching. The observed threshold for polariton condensa-
tion is similar to that observed previously for BODIPY-
family dye filled microcavities [28,32–35], indicating that
the presence of the BN-PFO absorber in the cavity does not
affect the dynamics of polariton condensation under non-
resonant excitation at 485 nm.
To explore the effect of saturation of the molecular

transitions of the second layer of molecular dyes on the
polariton condensate, we introduce a second optical exci-
tation “control” beam of 500 fs temporal width and resonant
with the absorption of BN-PFO at 400 nm, see the bottom
panel of Fig. 1. We keep the pump fluence of the 485-nm
beam constant at twice the condensation threshold, 2 × Pth,
and perform a fluence dependence of the control beam at
zero time delay between pump and control pulses. For a

FIG. 1. Top: schematic of a double-dye organic microcavity.
Bottom: the absorbance spectra of the uncoupled BN-PFO dye
molecules and the coupled BODIPY-Br dye molecules (left axis)
and the reflectivity spectrum of the structure (right axis). Black
vertical dashed lines indicate the spectral tuning of pump and
control excitation beams.
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control beam fluence of ≈250 μJ=cm2, BN-PFO absorbs
≈180 μJ=cm2, and BODIPY-Br absorbs ≈2 μJ=cm2. The
latter corresponds to ≈2% of the required absorbed fluence

for polariton condensation of BODIPY-Br when pumped at
400 nm [35], which brings a nondiscernible effect to the
dynamics of the condensate. Under these excitation con-
ditions, we perform single-pulse dispersion imaging, shown
in Fig. 2(d), and observe an additional 5 meV blueshift,
in the presence of the control pulse. The right panel of
Fig. 2(d) shows the PL spectra of the condensate in the
presence and absence of the control beam. Evidently the
linewidth of the condensate in the presence of the control
beam is broadened, indicating the onset of dissipation due to
excited-state absorption from the uncoupled excitons in BN-
PFO. Figure 2(e) shows the dependence of the blueshift on
the absorbed fluence of the control beam. The energy shift
dependence on the change of effective refractive index is
given by ΔE ≅ −EcðΔn=neffÞ, where ΔE is the energy
shift, Ec is the bare cavity optical resonance, and Δn is the
change of the effective cavity refractive index neff [28]. For
the density of BN-PFO molecules n0 ≈ 1.2� 0.2 g=cm3,
we can estimate the negative change of the intracavity
effective refractive index at the energy of the polariton
condensate using the Kramers-Kronig relation and plot
the corresponding energy shift with a solid black line in
Fig. 2(e) (see Supplemental Material, Sec. I [29]). The
difference between the estimated blueshift and the exper-
imental observation is attributed to excited-state absorption
from the molecules of BN-PFO. Excited-state absorption
from BN-PFO has a broadband resonance that overlaps with
the polariton emission [25]. Transient reflectivity measure-
ments under saturation of BN-PFO revealed that excited-
state absorption results in an energy shift of the polariton
mode due to changes of the effective refractive index [25].
We investigate the transient dynamics of the observed

blueshifts by scanning the time delay between the pump
and control pulses and recording the dispersion image of
the PL for each excitation pulse. We keep the pump fluence
constant at 2 × Pth and the absorbed control beam fluence
at ≈170 μJ=cm2, see vertical dashed line in Fig. 2(e).
Figure 3(a) shows the temporal dependence of the blueshift
vs pump control beam time delay. The transient decay of
the blueshift can be fitted with a biexponential decay. The
fast component has the same characteristic time, ≈1.7 ps,
as the rise dynamics and is dominated by exciton-exciton
annihilation in the BN-PFO, resolution limited here by the
temporal width of the pump pulses [36]. The slow
component, ≈56 ps, corresponds to the recombination
dynamics of the excitons in BN-PFO in the absence of
nonlinear recombination mechanisms. Figure 3(b) shows
the corresponding temporal dynamics of the condensate PL
intensity. Here, we observe strong quenching of the polar-
iton density at zero time delay that follows approximately
the same characteristic times of the blueshift. The depletion
of polariton density indicates the onset of strong polariton
dissipation in the presence of a far blue-detuned and
spatially separated exciton reservoir. In the absence of
intermolecular energy transfer between the two molecular

FIG. 2. Polariton photoluminescence (a) intensity, (b) blueshift
of the PL spectrum in blue squares (left axis), and the corre-
sponding linewidth in red dots (right axis) measured at full width
at half maximum (FWHM) vs pump absorbed fluence (bottom
axis) and pump threshold (top axis). The vertical gray shaded line
indicates the condensation threshold. Normalized single-shot
dispersion images recorded at ∼2 × Pth in the (c) absence and
(d) presence of the control beam. The white dashed lines indicate
the linear dispersion, and ×9 is the scale factor for a normalized
color bar. The right side of (d) shows the corresponding spectra in
black dotted and red solid lines, respectively. (e) Polariton
blueshift vs the control beam absorbed fluence. The horizontal
solid gray line indicates the blueshift of the polariton condensate
at ∼2 × Pth in the absence of the control beam. The dashed red
line is a linear fit to the blueshift dependence. The black solid line
is the estimated blueshift due to effective refractive index change
at the energy of the polariton condensate due to saturation of the
molecular optical transitions. The difference in the slope between
the black solid and dashed red dependencies of the blueshift is
attributed to the excited-state absorption.
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dyes, the dissipation of polaritons is attributed to excited-
state absorption from the BN-PFO molecules [25].
It is apparent that, beyond the control over locally induced

blueshifts, excited-state absorption induces strong local

dissipation that is both tunable and reversible. We utilize
spatial modulation of the control beam to demonstrate
ad hoc localization of the polariton condensate. We expand
the pump to a∼30 μmGaussian beam at≈2 × Pth above the
condensation threshold and use a spatial light modulator to
shape the control beam into a ring of∼20 μm in diameter, as
shown schematically in Fig. 4(a). Figure 4(b) shows the
disorder-limited spatial profile of the polariton condensate in
the absence of the control beam; the top panel shows the PL
intensity cross section obtained from the horizontal dotted
line in Fig. 4(b). Figure 4(c) shows the polariton PL in the
presence only of the control beam with an absorbed energy
of ∼500 pJ due to the residual absorption of BODIPY-Br at
400 nm and reabsorption of BN-PFO emission by the
BODIPY-Br; see Supplemental Material, Sec. II [29]. The
top panel of Fig. 4(c) shows the corresponding PL intensity
across a horizontal cross section. Figure 4(d) shows the
respective polariton condensate PL in the presence of both
pump and control beams, showing strong localization of the
polariton condensate. By tuning the absorbed fluence of the
control beam, we can simultaneously control both the extent
of the condensate and its respective blueshift. Figures 4(e)
and 4(f) show the spatial width, blueshift, and condensate
PL intensity vs the control absorbed energy, obtained from a
single-pulse spectrally resolved imaging of the condensate
real-space PL across a vertical cross section, annotated with
a blue dashed line in Fig. 4(b). Figure 4(f) shows that the
intensity of the condensate is monotonically depleted with
increasing the control beam absorbed energy. This

FIG. 3. Pump control time delay scan: the pump beam fluence
is fixed at ∼2 × Pth and the control beam absorbed fluence at
≈170 μJ=cm2; positive time delay corresponds to earlier arrival
of the control pulse. (a) Blueshift dependence on the time delay,
exhibiting a double exponential decay with two components
shown by gray dashed lines. (b) Polariton PL intensity depend-
ence on the time delay, exhibiting quenching of emission with
the same characteristic times of the blueshift dependence. The
horizontal dashed lines indicate the polariton blueshift (a) and
intensity (b) at ∼2 × Pth in the absence of the control beam; the
vertical lines indicate the zero time delay.

FIG. 4. (a) Schematic of the Gaussian pump and ring-shaped control excitation beams. The control beam saturates the uncoupled
BN-PFO layer at 400 nm, and the pump beam nonresonantly injects a polariton condensate in the strongly coupled BODIPY-Br layer at
485 nm. (b) Single-shot real-space emission image of a polariton condensation at 2 × Pth. (c) Averaged over 100 realizations real-space
emission image of the PL from BODIPY-Br layer excited by ∼500 pJ absorbed energy of the ring-shaped control beam. (d) Single-shot
real-space emission image of the polariton condensate of (b) in the presence of the ring-shaped control pulse (red dashed circle) of (c) at
zero time delay. (e) The dependence of the spatial width (red markers, left axis) of the polariton condensate emission across the vertical
blue dashed line of (b) and the corresponding blueshift (blue markers, right axis) from the center of the ring of (d) vs the control pulse
absorbed energy. (f) The polariton emission intensity dependence from the center of the ring of (d) vs the control pulse absorbed energy.
Blue, red, and black dashed lines on (e) and (f) are guides to the eye.
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dependence is attributed to the dominant role of a locally
induced dissipation that out competes any pump- or control-
beam-induced gain. Whereas there is spectroscopic evi-
dence of a localized blueshift across the axicon-shaped
control beam area in the presence of a polariton condensate
(see Supplemental Material, Sec. III [29]), the complete
quenching of polariton emission across the axicon [see
Fig. 4(d)] obscures any spectroscopic signatures of spatial
trapping, unlike the optical trapping observed in inorganic
microcavities [37]. Thus, we can confidently state that
tuning over the spatial width and energy of the condensate
[see Fig. 4(e)] is predominantly driven by the strength of the
dissipation induced by the control beam.
In conclusion, we investigate reversible spatial control of

polariton energy shifts and local dissipation by introducing
an extra intracavity semiconductor layer, whose optical
absorption transition is nonresonant to the cavity mode. By
using a control beam to partially saturate the intracavity
layer, we modify the effective refractive index of the cavity
(and thus cavity path-length) and also introduce an addi-
tional excited-state absorption, with both effects allowing
us to generate a controllable, ultra-fast blueshift of the
polariton condensate energy. Using a spatial light modu-
lator, we project a circular pattern onto the cavity which
results in a local blueshift of the energy of the lower
polariton branch. This results in the direct control over the
spatial profile of a polariton condensate at room temper-
ature. Our study realizes previously unexplored physical
mechanisms for the reversible manipulation of the spatial
profile and energy of polariton condensates in organic
microcavities. Our work will enable studies of new physical
regimes and will allow new tools to be realized for the
controlled preparation of states and manipulation of various
excitations in gain-dissipative systems. We believe the
methodology outlined here is likely to advance the develop-
ment of new types of polaritonic devices, including high-
speed, all-optical polariton logic and simulator devices at
ambient conditions.
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