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Photon statistics of organic polariton condensates
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We report on the quantum statistical properties of organic polariton condensates. Our experimental study
demonstrates low particle number fluctuations for highly populated condensates at room temperature. We show
a quantum noise of the condensate that is ∼100 times the shot-noise limit of an ideal coherent light source,
setting the lower limit of the noise for organic polariton devices. Despite the high thermal fluctuations at room
temperature, strong dynamical instability, and static disorder intrinsic to organic systems, the condensate exhibits
an extremely high degree of second-order coherence g(2)(τ = 0) down to 1.00034 ± 1 × 10−5. We elucidate
a nontrivial behavior in the second-order coherence of the condensate with its spatial extension. Unlike a
conventional laser, the organic polariton condensate tends to increase its noise level above shot-noise fluctuations
due to a complex interplay between polariton thermalization, cavity lifetime, and kinetic losses originating from
the quantum fluid properties of polariton condensates.
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I. INTRODUCTION

Macroscopic quantum phenomena in exciton-polariton
(hereinafter polariton) systems are the subject of extensive
research going far beyond purely fundamental interest [1–4].
Advances in semiconductor technology and material science
within the last decade have led to several new promising
platforms [5–15] enabling room temperature operation. Or-
ganic microcavities are the ones that have been flourishing,
demonstrating spontaneously formed [16] and seeded [1]
coherent polariton phases, Bose-Einstein condensation [17],
superfluidity [18], and features of many-body interactions in
condensate lattices [7,19] at room temperature. Much atten-
tion has been paid to understanding the coherent nature of
organic polariton condensates and its relation to on-site non-
linearities [6,20] as well as disorder [21,22]. Long-range order
and temporal coherence of polariton condensates at room
temperature have been shown by means of Michelson interfer-
ometry and via line narrowing in spectroscopic measurements
[6,17,23–25]. Although first-order coherence is essential to
manifest Bose-Einstein condensate (BEC) formation, in prin-
ciple, it cannot discriminate between coherent and thermal
states due to the lack of quantum statistical information about
light.

The quantum statistics of weakly interacting BECs of
ultracold atoms resembles a Poissonian distribution like an
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ideal laser [26]. In this respect polariton BECs can be very
different from atomic ones [27,28]. High thermal fluctuations
[29], on-site nonlinearities [30–32], and condensate depletion
[33,34] as well as mode competition [35] can significantly
broaden the particle number distribution, thereby increasing
quantum fluctuations way above the shot-noise limit. The
quantum statistics of solid-state BECs, besides their funda-
mental importance, have a certain connection to applications.
In a way similar to how laser shot noise defines limits for
laser cooling [36] and precise interferometry [37], noise in
polariton condensates sets boundaries for emerging polariton
applications [1,35,38–46]. In a recent report on single-photon
switching, Zasedatelev et al. [47] highlighted the role of
shot-to-shot intensity fluctuations of the condensate that com-
promise switching fidelity. Thus, understanding the quantum
statistics is crucial in view of novel devices.

Until now, second-order coherence and the photon statis-
tics of room temperature polariton condensates have remained
unexplored territory. From a theoretical point of view, po-
lariton BECs are complex open dissipative systems which
intrinsically are far from equilibrium [48]. Moreover, unlike
polariton BECs in a cryogenic environment, room tempera-
ture systems are also subject to high thermal fluctuations and
strong spatial disorder inherent in most practical structures
[21], rendering them extremely challenging for a theoretical
study. On the experimental side, the main problem is the
subpicosecond polariton dynamics that cannot be acquired
in standard Hanbury-Brown and Twiss measurements due to
the insufficient time resolution of single-photon avalanche
photodetectors of ∼40 ps [49]. Advanced techniques for high-
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order correlation measurements based on photon counting
with a streak camera [50,51] enable more than an order of
magnitude improvement in time resolution but are still limited
to a few picoseconds [52] and, usually, in the case of inorganic
microcavities, require high repetition rates of ∼108 Hz to col-
lect enough photon statistics. Even though organic polariton
emission is more intense and the repetition rate can be low-
ered, intrinsic photobleaching of organic microcavities does
not allow them to tolerate more than roughly several million
pulses [47,53].

In this work we develop an alternative approach to access
second-order coherence based on well-controlled single-shot
detection allowing for direct measurements of photon statis-
tics of polariton condensates. Similar approaches relying on
single photodetector measurements have been used previ-
ously to study second-order coherence in atomic condensates
[26,54]. Using this technique, we demonstrate an unex-
pectedly low excessive quantum noise of around 1.9% for
spatially highly fragmented organic polariton BECs at room
temperature. Reducing the size of the system increases the
condensation threshold, nonlinearities, and effective polari-
ton thermalization rate due to kinetic losses originating from
ballistic propagation of polaritons out of the condensate area.
However, it does not reduce the degree of fragmentation in
a condensate, which was discussed in recent reports [22,55],
and instead enhances shot-to-shot fluctuations.

II. PHOTON STATISTICS OF A CONDENSATE

Here we utilize methyl-substituted ladder-type
poly(paraphenylene) (MeLPPP) to realize polariton physics
[1,17,47,56]. The cavity design consists of a thin 35 nm film
of MeLPPP placed between two 50 nm spacers of SiO2, which
in turn are sandwiched between two SiO2/Ta2O5 distributed
Bragg reflectors on a glass substrate. This λ/2 organic
microcavity exhibits an energy splitting of � = 150 meV
(Rabi splitting) between the exciton resonance (2.72 eV)
and the lower polariton branch (LPB; 2.582 eV), which is
of the order of detuning between the bare cavity and the
exciton modes, fixed across all sets of measurements in this
work (δ = 140 meV). In particular, Hopfield coefficients,
or exciton and cavity photon fractions, for the lower
polariton state are |X |2 = [1 + δ/

√
(δ2 + �2)]/2 = 0.162

and |C|2 = [1 − δ/
√

(δ2 + �2)]/2 = 0.838, respectively.
We employ nonresonant 2 ps pulsed excitation at 400 nm

and a 10 Hz repetition rate focused down to a 44 µm spot
size and measure 300 successive single exciton-polariton re-
alizations. To exclude laboratory noise and laser drifts we
postselect only those realizations that correspond to the ±1%
range of the input pump pulse energy. As a result, we observe
fluctuations of the total polariton population in a condensate
of up to 10% from the average value from realization to
realization at a fixed excitation fluence [±1%; see Fig. 1(a)].
Increasing the pump fluence leads to an increase in the average
polariton population in a condensate according to the pump-
power dependence [Fig. 1(b), right axis] and simultaneously
to the narrowing of the polariton population distribution, as
shown by the different colors in Fig. 1(a).

To quantify shot noise in the system we introduce the
Fano factor, F = σ 2

n /n, which shows the deviation from pure

FIG. 1. (a) Fluctuations of the total polariton number in a con-
densate at four different excitation pump fluences: 1.5Pth, 1.9Pth,
3.9Pth, and 5Pth, plotted with green, blue, orange, and red markers,
respectively, for a spot size with a FWHM of 44 µm. The right panel
shows corresponding histograms of shot-to-shot particle number
fluctuations (photon statistics). (b) Dependence of the Fano factor
(red) and average polariton population (black) on excitation fluency.
Red and black arrows point to the relevant axis.

Poissonian statistics (with F = 1). Figure 1(b) (left axis)
demonstrates a rapid increase in noise in our system near the
condensation threshold, followed by a slight decrease. Both
the broadening of the Fano factor and its deviation from a pure
coherent state originate from the non-steady-state nature and
losses of the condensate as well as finite-size effects [57]. The
time-averaged zero-time-delay second-order particle correla-
tion function is given by

g(2)(0) = 1 + σ 2
n − n

n2 , (1)

where n is the ensemble-averaged number of polaritons in
a condensate, or total population, and σ 2

n is the variance of
this number. Time averaging results from the fact that even
though we deal with pulse-driven polariton condensates and
operate in a single-shot detection regime, we still integrate all
the emission over the condensate duration, which is strongly
dependent on the excitation duration time. For the current

045125-2



PHOTON STATISTICS OF ORGANIC POLARITON … PHYSICAL REVIEW B 110, 045125 (2024)

FIG. 2. Zero-time-delay second-order correlation function of the
polariton condensate as a function of total polariton population.
Red dots represent measured [g(2)(0) − 1] time-averaged values cal-
culated from experimental data shown in Fig. 1(b). Vertical black
dashed lines indicate the average total polariton population at the
condensation threshold, 2 times the condensation threshold, and 5
times the condensation threshold, from left to right. The nonvertical
black dashed line represents a fit of the experimental data with an
∼1/n2 function.

pumping conditions with 2 ps pump pulses we measure the
autocorrelation function of the polariton condensate emission
and derive the lifetime of a single condensate realization to be
∼2.8 ps. This result is supported by our recently developed
microscopic model (for details see Sec. 1 in the Supplemen-
tal Material (SM) [58]). Moreover, the value of the average
second-order coherence depends on the relation between the
time resolution in our experiment and the intensity correlation
time as a factor of ∼ τc

(�T +τc ) [59]. In Sec. 1 of the SM [58]
we discuss the above relation and conclude that the conden-
sation lifetime limits the coherence in the system, while the
second-order coherence function, which is integrated over the
condensate lifetime, provides actual values of g(2)(τ = 0) in
the region above ≈2Pth. This renders this approach to measure
zero-time-delay second-order coherence a powerful tool to
probe photon statistics of polariton condensates at room tem-
perature. It is noteworthy that we do not immediately observe
values of g(2)(0) = 2 anywhere in the vicinity of or below the
polariton condensation threshold due to the insufficient time
resolution with respect to the intensity correlation time and
the multimode nature of the system emission in this region of
pumping powers, which skews the observed results. However,
we demonstrate thermal statistics with g(2)(0) � 1.5 below the
condensation threshold by taking into account mode compo-
sition, time resolution, and the dark noise of the detection (for
details see Sec. 1 in the SM [58]).

Since for coherent light-matter waves g(2)(0) = 1 and for
strongly fluctuating condensates g(2)(0) > 1, we observe a
rapid transition of the system from an incoherent to a co-
herent state, as we do the power scan from 0.4Pth to 5Pth.
Figure 2 shows above-threshold values (for the full scan
see Sec. 1 in the SM [58]), reaching a quite noiseless,
second-order coherent condensation regime with the lowest
measured value being g(2)(0) = 1.00034 ± 1 × 10−5 at 5Pth,

implying that the intrinsic particle number fluctuation of a
coherent state is around 100 times above the shot-noise limit.
This result is rather surprising considering the large dynami-
cal instability and disorder inherent in organic systems when
studied in the single-shot excitation regime. Such a low-noise
regime is reached at gain saturation, as one can see from the
pump-power intensity dependence of the photoluminescence
emission in Fig. 1(b) (right axis). Accounting for the fact that
we are dealing with ∼107 polaritons in the system, we can
neglect the term 1/n in Eq. (1), and hence, Fig. 2 essentially
shows the dependence of σ 2

n /n2 on n. Since we observe good
agreement with the fit function ∼1/n2, we can conclude that
σ 2

n is a weakly growing function of an average total polariton
population n, while in the classical case the laboratory noise
is defined by fluctuations of an average photon number n and
σ 2 ∼ n2 [60]. Therefore, from Fig. 2 we can infer that the
noise in our system manifests the thermal and quantum nature
of BECs that can be witnessed by the widths of the photon
number distributions depicted in Fig. 1(a).

III. ROLE OF KINETIC LOSSES AND DISORDER

Instability and disorder were the subject of recent works
in which the origins of spatial filamentation, or fragmenta-
tion, of polariton condensates [21,22,55] were experimentally
studied. Condensate filamentation under single-shot excita-
tion in high-Q GaAs-based microcavities was attributed to
effective self-focusing, or hole burning, which caused the ap-
pearance of a prevailing contribution of the effective attractive
interaction over the repulsive mean-field one for highly pho-
tonic polaritons [55]. This effect is possible in the regime of
short-pulse excitation, allowing for complete depletion of the
exciton reservoir within a single realization of the condensate;
however, it is unlikely to be the case in our system, as we
deal with 2 ps pulsed excitation and an ≈280 fs polariton
lifetime that, once above the condensation threshold, works
as a quasistationary excitation that continuously replenishes
and effectively clamps the exciton reservoir under stimulated
depletion towards the condensate. For organic systems, the
role of disorder in condensate fragmentation was first dis-
cussed by Daskalakis et al. [21]. Work by Bobrovska et al.
[22] experimentally demonstrated the dynamical instability
of condensates leading to the formation of multiple spatial
domains and depending on the size of spatial pump profiles.
Moreover, the authors experimentally demonstrated mutual
coherence between fragments in the highly disordered con-
densate, as well as long-range spatial coherence.

To reduce the degree of fragmentation, we vary the pump
size of the Gaussian beam in the range between 9 and 44 µm.
Figures 3(a) and 3(b) show real-space images of single con-
densate realizations formed by 44 and 14 µm pump spots,
respectively. Corresponding k-space images obtained under
the same pumping conditions are presented in Figs. 3(c) and
3(d). The experiment shows that instability is equally present
regardless of the size of the condensates. Importantly, we
observe a broadening of the polariton distribution in the mo-
mentum space by decreasing the spot size [Figs. 3(e) and
3(f)], evidencing an increase in the average group velocity of
polaritons, i.e., the tendency to occupy higher-momentum
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FIG. 3. (a) and (b) Real-space images of single condensate real-
izations obtained at two thresholds for two different excitation spot
sizes: 44 and 14 µm at FWHM, respectively. (c) and (d) Correspond-
ing single-shot images in momentum space obtained with the same
excitation conditions and (e) and (f) dispersion images integrated
over 500 single-shot realizations. Color scales of all images are
normalized to their maxima. (g) Condensation threshold as a function
of excitation spot size. (h) Blueshift and linewidth at FWHM of
the condensate as a function of excitation spot size. The data were
obtained by averaging over 40 E , k distributions of single condensate
realizations for each spot size.

states because more kinetic energy outflows from the conden-
sation area within its lifetime.

The expansion in momentum space is accompanied by an
increase in the condensation threshold for small spot sizes.
This leads to the hypothesis that kinetic losses of polaritons
from the condensate due to polariton outflow are larger for
smaller sizes, and hence, with larger losses a higher density
of excitons is needed to reach the threshold. We consider
the threshold pump fluence Pth to be proportional to the total
losses γ from the LPB:

Pth ∝ γ . (2)

There are two major channels in the energy dissipation rate
of polaritons: the internal radiative losses that correspond to
the photon leakage from the cavity γ0 and the external losses
that occur due to the outflow of polaritons from the pumped

area γout, which can be estimated as follows:

γout = 〈vgr〉L
S

, (3)

where 〈vgr〉 is the average group velocity of the polaritons
leaking from the pumped spot, L is the circumference of the
pumped area, and S is the area of the spot. Assuming that the
excited area is a circle of diameter d and γ = γ0 + γout, we
obtain the following dependence for the threshold excitation
fluence:

Pth(d ) = Pth(∞)

(
1 + 4〈vgr〉

γ0d

)
, (4)

where Pth(∞) is the threshold pump fluence in the limit of
large spot size (d � γ0/〈vgr〉).

From dispersion imaging below threshold we extract in-
ternal radiative losses γ0 = 3.7 × 10−3 [eV]. From dispersion
images above threshold we extract the dependence of the
average group velocity of polaritons on the excitation spot
size 〈vgr〉(d ) (for details see Sec. 2 in the SM [58]), which
increases with decreasing spot size. Using formula (4), we fit
the experimentally obtained threshold incident fluence values
[Fig. 3(g), red axis] and obtain the best fit result: Pth(∞) ≈
1.2 mJ/cm2. The experiment shows that the condensation
threshold reaches a plateau of Pexp

th (∞) ≈ 1.5 mJ/cm2 above a
certain spot size. We observe a quantitative agreement within
≈25% deviation from the best fit result of a threshold con-
stant. One should keep in mind that the present model is
linear; i.e., it does not include nonlinear effects (for instance,
blueshift) [6,20,23].

Moreover, the nonlinear threshold behavior is accompa-
nied by a significant increase in the condensate blueshift with
decreasing excitation spot size. Fixing the pump fluence at
around 2Pth, we record a single-shot dispersion image for five
different spot sizes. Averaging dispersion images over 40 real-
izations at each spot size, we observe an increasing blueshift
with decreasing spot size [Fig. 3(h), red axis]. This effect is
accompanied by a broadening of the condensate linewidth of
the spectra integrated over ±5 µm−1 [Fig. 3(h), black axis].
The buildup of coherence in a condensate is affected by many
parameters of the system, such as intrinsic nonlinearity [61],
the lifetime of the exciton reservoir [62], the presence of dark
excitons [63], and characteristic times of relaxation processes
[64]. In our experiment the temporal coherence is rather lim-
ited by the dynamical blueshift that smears out the linewidth
within the pump pulse duration and the condensate lifetime.

IV. FINITE-SIZE EFFECTS

In this section, we investigate the influence of the system
size on the statistics of the polariton emission. To explore the
behavior of quantum noise in the condensate, we vary the
pump size of the Gaussian beam in the range between 14 and
59 µm and extract the g(2)(0) values for seven different spot
sizes under the same pumping conditions. To exclude any bias
from sample inhomogeneity, each spot size value aggregates
eight different positions on the sample with 300 succes-
sive realizations collected. To minimize fluctuations of the
condensate occupancy due to pump-induced exciton reservoir
density variations and to avoid photodegradation at small spot
sizes, we fix the excitation pump fluence at 2Pth ± 1%. We
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FIG. 4. (a) The second-order coherence function at zero time
delay at ∼2Pth as a function of an excitation spot size corresponding
to cross-section values along the red dashed line in (f). (b)–(e) Plots
visualizing region of interest (ROI) masks applied to the real-space
profile of a 44 µm condensate. Color scales are normalized to the
maxima of the images. (f) Dependence of the calculated g(2)(0) − 1
values on the ROI size within which the real-space polariton intensity
is integrated for different spot sizes of the condensate: 14, 22, 24,
34, 39, and 44 µm. Each point of each curve is averaged over eight
different positions on the sample, and error bars represent the spread.

observe substantial growth in the shot noise of the condensate
upon decreasing the size of the pumping spot, as shown in
Fig. 4(a). To make sure that this effect has a physical nature
rather than being an artifact of analysis or measured instru-
mental noises, we examine how the calculated g(2)(0) values
depend on the region of interest (ROI) of an integrated area of
single-shot images for all available sets of condensate images
for different spot sizes. We apply a circular mask with the
diameter varying from 1 to 100 µm to real-space images of
single condensate realizations [Figs. 4(b)–4(e)] and calculate
g(2)(0) values for each of the mask diameters [Fig. 4(f)]. We
observe that upon increasing the diameter of the mask in real
space, the contribution of stochastic disorder to g(2)(0) de-
creases. From ≈30 µm ROI diameter, condensates of all sizes
reach their plateaus. We observe that with increasing con-
densate size the plateau value of the second-order coherence
function at zero time delay decreases. The decline of the black

curve in Fig. 4(f) (for the condensate of the smallest size) is
attributed to the increased contribution of the camera noise
to the integral intensity of the image, which is reduced upon
increasing the diameter of the mask. This behavior is absent
in larger condensates. It is worth mentioning that prior to the
analysis of the second-order coherence function we postse-
lected only those realizations that corresponded to the ±1%
range of the input pump pulse energy. Changing this tolerance
interval from ±1% to ±2%, ±5%, or ±10% does not quali-
tatively affect the noise properties of the system and does not
change the dependence observed in Fig. 4(a) (for details see
Sec. 3 in the SM [58]). This implies that the intrinsic noise,
originating from the process of polariton condensation rather
than classical fluctuations and all laboratory-related noise,
makes a major contribution to the observed statistics.

To understand the change in photon statistics with decreas-
ing size of the condensate [Fig. 4(a)] we need a detailed
picture of the mechanisms behind polariton condensation at
room temperature. Therefore, we explore its behavior by
reconstructing the experimental S curves [pump-power de-
pendences; Fig. 5(a)] of polariton emission with a recently
developed multimode microscopic model [47] describing the
full dynamics of the system (for details see Sec. 4 in the SM).
One of the dominant relaxation processes within the lower
polariton branch is the thermalization mechanism [17,47],
which was utilized to explain effective stimulated relaxation
of polaritons towards the ground polariton state [48]. The
thermalization term in the rate equations is V eff

therm ∼ ni(n0 +
1)γ ωi,ω0

therm , where ni and n0 are polariton densities at the ith and
zero (ground) energy states and γ

ωi,ω0
therm is a thermalization rate

from higher energetic polariton states h̄ωi towards the ground
state h̄ω0 [47]. This term evolves throughout the lifetime of
the polariton system, demonstrating nontrivial dynamics. The
increase in total losses at the LPB with decreasing pumping
spot size leads to higher condensation thresholds, as shown in
Fig. 5(a). The inset of Fig. 5(a) shows the polariton population
density at the threshold, calculated from the integrated polari-
ton emission at the threshold over the corresponding FWHM
of the pumping area. Therefore, the density dependence of
the thermalization term results in its increase with decreasing
pumping area. However, for pumping fluences above the con-
densation threshold, the total losses within the LPB of smaller
condensates result in smaller polariton condensate densities
and therefore a reduced thermalization term (for details see
Sec. 5 in the SM [58]). Overall, the size dependence of the
thermalization term leads to an extension of the transition
region at the crossover from a thermal to a coherent polariton
state, which is evidenced by a flattening of the S curves with
decreasing excitation spot size. Figure 5(b) shows the slope
coefficient of the nonlinear regions for both experimental and
modeled S curves, normalized to the largest slope coefficient,
vs the pumping spot size. Thus, our numerical simulations
qualitatively reproduce the experimental data from Fig. 5(a).
This is a significant revelation that distinguishes between
polariton condensation and conventional lasing in weakly
coupled systems, as the increase in photon losses in conven-
tional lasers does not change the shape of the S curves [57]
but shifts them along the pumping axis, thereby increasing the
lasing threshold. However, as we observe here, in polariton
condensates the threshold and the shape of the S curve change
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FIG. 5. Dependences of the polariton photoluminescence on
pump fluence for six different dimensions of a Gaussian pump profile
with FWHM values from 7.9 to 35.7 µm. (a) Experimentally obtained
S curves for six different spot sizes. The inset shows the dependence
of the polariton density at the condensation threshold on spot size;
the red dashed line is a guide to the eye. (b) Dependences of the
normalized slope coefficients of a nonlinear region of the experi-
mental Scurves on different spot sizes (black solid line) and the
normalized slope coefficients of a nonlinear region of the modeled
Scurves on different spot sizes (red dashed line) which correspond
to nine different values of polariton losses, γout = γ0 + 〈vgr〉L

S .

with increasing lateral losses, which explains the behavior of
g(2)(0) with the change in the pump spot dimensions shown in
Fig. 3(g). Being below the gain saturation regime, the conden-
sate experiences larger excessive noise due to contributions
from spontaneous relaxation, as the stimulation is undersatu-
rated for smaller spot sizes.

Polariton interactions in the condensate, as well as in-
teractions with the exciton reservoir, can significantly affect
photon statistics by driving it from the shot-noise limit
towards super-Poisson and even beyond thermal noise distri-
butions [35]. In contrast to conventional III-V semiconductor
microcavities, excitons in organic systems are highly lo-
calized (so-called Frenkel-type excitons); thus, polariton
nonlinearities originating from Coulomb-exchange exciton
interactions are strongly suppressed in organic polariton
condensates. Nevertheless, such condensates could still be

subject to significant nonlinear blueshift, which is attributed
to different mechanisms, i.e., Rabi-splitting quenching and
cavity mode renormalization via weakly coupled molecules,
as shown in a recent study [20]. These effects give rise to
effective nonlinear interactions in organic polariton conden-
sates, as discussed in a recent detailed study of the first-order
coherence [6]. The blueshift could influence the phase co-
herence of the system and therefore could potentially shape
the quantum noise properties of polariton condensates, which
considered in the study by Love et al. [49]. In particular, the
blueshift of the condensate does not contribute significantly to
the quantum noise, as evidenced by the gradual decrease in the
second-order coherence with increasing polariton population,
unlike the blueshift behavior.

V. DISORDER ANALYSIS

It is important for our analysis to investigate changes in
static and stochastic disorders upon changing the system size.
We call the stochastic fluctuation of a real-space profile from
shot to shot “stochastic disorder,” while we call fragmenta-
tion of a time-averaged real-space profile pinned by structure
imperfections “static disorder.”

We analyze sets consisting of 300 measured succes-
sive single exciton-polariton realizations each for a range
of different spot sizes and different positions on the sam-
ple [Figs. 6(b)–6(e)]. To exclude laboratory noise and laser
drifts we postselect only those realizations that correspond
to the ±1% range of the input pump pulse energy (2.1Pth).
First, we average the resulting set of images (300 single-shot
profiles) to obtain a one-position time-averaged real-space
profile for a given position on the sample and given spot
size [Figs. 6(f)–6(i)]. Then, we obtain a many-position time-
averaged real-space profile from eight different positions
on the sample for a given spot size [Figs. 6(j)–6(m)]. By
conducting a pixel-to-pixel subtraction of a one-position
time-averaged profile from a many-position time-averaged
profile, we find the ratio between the integral of the absolute
value of the subtraction and the integral of a many-position
time-averaged profile. This value allows us to quantitatively
assess the deviation of a time-averaged real-space profile of
a condensate from a profile that tends to have an ideal two-
dimensional Gaussian form (for a large number of position
averages), also known as the figure of merit for static disorder.
Then, we apply this method to seven different spot sizes of the
system, which allows us to obtain the dependence of a static
disorder on the spot size of the system, such that each blue
point in Fig. 6(a) is an average of eight different positions on
the sample.

Second, we characterize the stochastic disorder. We sub-
tract a single-shot real-space profile [Figs. 6(b)–6(e)] from
a one-position time-averaged one and find the ratio between
the integral of the result and the integral of a one-position
time-averaged profile. Excluding the contribution of the static
disorder, which is position dependent and mainly arises from
the active material disorder, to the stochastic disorder by ap-
plying this approach, we extract the quantitative value of such
a nonlinear formation of a unique density pattern from shot
to shot on top of the time-averaged landscape. In the same
manner we vary the position on the sample for each red point
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FIG. 6. (a) Dependence of static disorder, the divergence of a one-position time-averaged condensate profile from a many-position time-
averaged condensate profile (blue circles), and stochastic disorder, the divergence of a single-shot condensate profile from a one-position
time-averaged condensate profile (red squares), on the spot size. (b)–(e) Single-shot real-space profiles of a polariton condensate for four
different spot sizes: 14, 22, 24, and 44 µm, respectively. (f)–(i) Corresponding one-position time-averaged real-space condensate profiles
obtained from averaging 300 single-shot profiles over one position on the sample. (j)–(m) Corresponding many-position time-averaged real-
space condensate profiles obtained from averaging one-position time-averaged real-space condensate profiles over eight different positions on
the sample. Color scales are normalized to the maxima of these images.

in Fig. 6(a) to aggregate eight independent values and repeat
the procedure for seven different spot sizes of the system.

Surprisingly, we do not observe any change in the static
and stochastic contributions to the disorder with the change
in the system size, which also does not correlate with the
dependence of g(2)(0) on the system size in Fig. 4.

VI. CONCLUSION

To summarize, we studied the statistical, spectroscopic,
and dynamic properties of organic polariton condensates at
room temperature as a function of their size. We developed
a technique for detecting single condensate realizations that
provides access to photon statistics and allows one to study
quantum statistical properties of room temperature light-
matter condensates. Our findings demonstrate a high degree
of coherence of the condensate with the second-order correla-
tion function g(2)(0) = 1.00034 ± 1 × 10−5. For comparison,
in high-contrast subwavelength gratings, g(2)(0) = 1.002 ±
0.002 was recorded [59], and in the cavity-integrated MoSe2

monolayer, g(2)(0) = 1.004 ± 0.003 [65]; in both cases cryo-
genic temperatures were used. Our result of 100 times the
shot noise obtained at room temperature is remarkable when
one considers that in GaAs-based microcavities, noise of 50
times the shot noise was observed at cryogenic temperatures
[49]. Single-shot imaging reveals the highly disordered na-
ture of polariton condensates in both real and momentum
space. We determined the static and stochastic contributions
to the condensate disorder and demonstrated that the total
shot-to-shot polariton number fluctuations are independent of
the excitation spot size. Moreover, we showed the disorder

is independent of the system size, while the photon statistics
get broader if we decrease the system size. We explained the
behavior by the kinetic nature of polaritons, which starts to
contribute to the losses once we enter the regime of small
condensate sizes, inducing non-Poissonian intensity noise in
the system. The interplay between kinetic polariton losses and
thermalization defines the complex nonequilibrium dynamics
of polariton condensates at room temperature, in sharp con-
trast to conventional laser behavior, leading to the discrepancy
in the photon statistics. Besides fundamental aspects, this
study indicates that room temperature polariton condensates
comprise relatively low intensity noise despite their nonequi-
librium and disordered nature. Given the recent advances
achieved in polaritonics at room temperature [1,47,66,67],
the noise performance demonstrated in this work appears to
be very promising for all-optical signal processing enabling
potential optical ultrafast switching at the fundamental energy
level of a single photon in ambient conditions. It emphasizes
the high application value of polariton devices with unique
properties going far beyond the current state of the art and en-
courages further development of polariton coherent sources,
amplifiers, switches, and logic gates.
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