Organic single-photon switch
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Abstract

The recent progress in nanotechnology [1, 2] and single-molecule spectroscopy [3-5] paves the way
for cost-effective organic quantum optical technologies emergent with a promise to useful devices
operating at ambient conditions. We harness a w-conjugated ladder-type polymer strongly coupled
to a microcavity forming hybrid light-matter states, so-called exciton-polaritons, to create exciton-
polariton condensates with quantum fluid properties. Obeying Bose statistics, exciton-polaritons
exhibit an extreme nonlinearity undergoing bosonic stimulation [6] which we have managed to
trigger at the single-photon level, thereby providing an efficient way for all-optical ultra-fast con-
trol over the macroscopic condensate wavefunction. Here, we utilise stable excitons dressed with
high energy molecular vibrations allowing for single-photon nonlinearity operation at ambient con-
ditions. This opens new horizons for practical implementations like sub-picosecond switching,

amplification and all-optical logic at the fundamental quantum limit.



Nonlinear optical phenomena are at heart of diverse applications ranging from telecom-
munication to data storage, high resolution microscopy, and lithography among others. In
photonics, the implementation of nonlinear effects at the single photon level is highly de-
sirable as it can drive power consumption of all-optical switches, optical modulators and
optical transistors to their fundamental limit. Furthermore, single photon nonlinearities
offer unique applications for optical quantum control and new paradigms for optical com-
puting, optical communications and metrology [10, 11]. Considerable efforts are invested
towards the achievement of single-photon nonlinearity across a plethora of material systems
and physical principles. Platforms range from a single atom [12-15], including artificial,
solid-state atoms [16-19] coupled to a high-finesse cavity probing the nonlinear regime of
cavity quantum electrodynamics (cQED) to ultracold atomic ensembles [7-9]. Unlike their
single emitter counterparts, the latter ones probed the single-photon nonlinearity by means
of quantum interference in strongly correlated many-body systems. These systems are more
robust and scalable, but sophisticated cooling and quantum-state preparation techniques,

alongside with high vacuum and cryogenic conditions compromise their use significantly.

Strong coupling of semiconductor materials in optical microcavities can potentially com-
bine the above concepts of cQED and correlated many-body physics giving rise to hy-
brid light-matter states that are much more robust to high temperatures [22]. Obeying
Bose statistics and despite their non-equilibrium nature, under certain conditions exciton-
polaritons undergo a transition to a macroscopically occupied state exhibiting off-diagonal
long-range order [1, 23, 24]. The coherent and nonlinear nature of polariton condensates
[27] makes them outstanding candidates for integrated on-chip photonics [6, 28, 29]. Here,
we demonstrate ultra-fast single photon optical switching and amplification operational at
ambient conditions, using a m-conjugated ladder-type polymer strongly coupled to an optical

microcavity.

Hereafter, we employ an organic semiconductor polymer microcavity consisting of a 35
nm thick film of m-conjugated ladder-type polymer called MeLPPP, encapsulated by 50 nm
SiOy spacers on either side sandwiched between SiO,/TayOj5 distributed Bragg reflectors
(DBR) constituting a A/2 optical microcavity (see Methods). The structure design and
related properties in the strong light-matter interaction regime have been extensively stud-
ied in [1, 6, 26], and in the Supplementary Information (SI) Section I we provide further

spectroscopic evidence of strong coupling. To minimise heating of the molecules, we pump



the uncoupled exciton reservoir resonantly at the exciton transition using 150 fs pulses,
and optimise the incident angle of the pump beam to minimise reflection losses, as shown
schematically in Fig. la. Exciton energy relaxation populates polariton states predomi-
nantly through intracavity radiative pumping and vibron-assisted thermalisation [4, 30, 31].
Recently, we demonstrated that in the presence of strong vibrational resonances in organic
microcavities, a single step exciton-vibron scattering can efficiently populate the lower po-
lariton dispersion [6]. Therefore, we choose the detuning of the exciton-photon resonance to
satisfy the following condition: Aweye = Awpor + Awyip, between the exciton reservoir (Aweg)
and the ground polariton state (Awy,), where hw,, is the energy of the molecular vibron.
By optimising the pump and detuning conditions as described above, we achieve a polari-
ton condensation threshold at an absorbed fluence of Py, ~ 8uJ/cm?, i.e. 300pJ incident
pump pulse energy (see Methods), the lowest reported across all different types of strongly
coupled organic semiconductor microcavities; for comparison see Supplementary Informa-
tion (SI) section II. Fig. 1b shows the pump fluence dependence of the emission intensity
from the ground polariton state, where a superlinear increase above threshold is observed,
indicating the transition to polariton condensation. We corroborated the transition to a po-
lariton condensate through a full analysis of the redistribution of polaritons along the lower
polariton dispersion, which exhibit a collapse of the polariton wavefunction at the ground
polariton state, and a concomitant narrowing of the spectral linewidth and energy blueshift

at threshold pump fluence (see SI section II).

In the following, we utilise the effectiveness of the exciton-vibron relaxation process that
underpins the record-low polariton condensation threshold reported here, to trigger bosonic
stimulation and amplify a seed pulse resonant to the ground polariton state, as shown in
Fig. 1la (see Methods). To maximise the efficiency of stimulation towards the ground po-
lariton state we optimise both the spatial and temporal overlap between the seed and pump
beams. Finally, we attenuate the seed down to the level of 460aJ per pulse corresponding
to ~ 1140 polaritons resonantly injected directly into the ground state. Seeding the ground
polariton state drastically increases the exciton-to-polariton relaxation rate allowing for po-
lariton condensation at half the exciton reservoir density and boosting the states occupancy.
According to the pump fluence dependence presented in Fig. 1b, resonant seeding results in
~ 50 times higher integrated emission compared to the spontaneously formed condensate.

The stimulation effect on energy—momentum (E,k) distributions of the condensate is shown
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FIG. 1. The principle of the extreme nonlinearity in organics. a, The schematic illustrates
the principle of stimulated relaxation from the exciton reservoir (X) towards the ground polariton
state (G) via molecular vibron (V). b, Integrated emission as a function of pump fluence plotted
for the spontaneously formed (black dots) and seeded (red dots) polariton condensates at a pump
energy threshold of 300pJ and 170pJ respectively, shown by vertical dashed lines. ¢, Energy, mo-
mentum (F,k) distribution for spontaneously formed (left) and seeded (right) polariton condensates

respectively. Incident pump fluence is 80 p.J/ecm? (P ~ 2Py,), energy of the seed beam is 460a.J.

in Fig. 1c (see Methods).

Further on, we investigate the control over the condensate occupancy by harnessing pro-
gressively smaller seed energy as shown in Fig. 2a-c, respectively. With decreasing seed
energy we observe a substantial reduction of the ground state population, although even at
the lowest seed energy of laJ, carrying on average only 2.5 photons per pulse, we are still
able to resolve an increase in the condensate population. Figure 2d shows emission spectra
obtained from integrated E,k distributions over a momentum range of £0.2 ym™!, exhibit-
ing a clear photoluminescence increase of the seeded (colored lines) vs spontaneously formed
condensates (black line). Comparing the spectral area in Fig. 2d we detect nearly 55% differ-

ence in the ground state population for the case of 1a.J seed energy. To minimize fluctuations
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FIG. 2. Atto-Joule polariton switch. a,b,c, Energy, momentum (E,k) distributions of 5000

integrated condensate realizations, seeded with 26a.J, 4aJ and laJ pulses respectively. d, Emission

spectra obtained from (E,k) distributions a-c by integrating over +0.2 ym™

1'in momentum space.
Red, green and blue dots correspond to the polariton condensate seeded with 26a.J, 4aJ and

laJ pulses respectively, while black dots display the emission spectrum of spontaneously formed
polariton condensates without seed.

of the condensate occupation number caused by the pump-induced exciton reservoir density

variations, we excite the system close to the gain saturation regime at 2P, and integrate the

output signal over 5000 single-shot condensate realizations on the detector (see Methods).

We quantify the increase in the condensate occupancy on the average number of photons



in the seed pulse by defining the contrast as a figure of merit parameter depending on the
ratio of integrated population at the ground state between spontaneously formed (Pspont)
and seeded polariton condensates (Pyeeq): Contrast = % — 1. This contrast reveals a
nearly power-law dependence on the average photon number of the seed, shown in Fig. 3.
We experimentally observe the onset of condensation triggered by seed pulses carrying ~ 1.5
photons on average, with a probability larger than 0.95. Figure 3 shows that for the lowest
energy seed pulses, the 20 error bar clearly exceeds the 0% contrast level of spontaneously
formed condensates. To describe the switching process we have developed a multi-mode
microscopic theory of the seeded vibron-mediated polariton condensation (see Methods and
SI section III for further details). Numerical simulations are in a good agreement with the
experimentally observed contrast dependence, as shown in Fig. 3 (solid curve), integrated
over £0.2 um~! in momentum-space. Notably, the microscopic theory predicts a contrast

of ~ 11% at the single-photon level; an in-depth analysis of the mechanisms underpinning

the observed nonlinearity is presented in sections IV and V of the SI.

Despite the agreement between our experimental observation and the microscopic theory,
when approaching the single photon regime with a light source that obeys a Poissonian pho-
ton number distribution, the statistical properties of the source can no longer be neglected.
In the few-photon regime, the tail of the distribution containing higher photon number-states

can significantly contribute to polariton stimulation; the probability of having n photons in
(n)!

n!

the distribution scales with its maximum at (n) average photons as ™ (n)"~ " For exam-
ple, for a seed pulse with four photons on average instances of 10-photon events occur with
~ 37 times lower probability than 4-photon events. Therefore, at the few-photon regime,
integrated measurements of the photoluminescence intensity over thousands of seed pulses,

may be skewed by higher photon number states.

To address this conundrum, we implement a single-shot measurement technique, using
the same pump-seed excitation geometry, whilst allowing for pulse-to-pulse analysis of the
condensate population, and record the photoluminescence in real-space, using appropriate
filtering in momentum-space (within +1ym=!, see Methods). We seed the ground-state for
300 sequentially recorded pulses, and then we switch the seed beam off allowing for 300
successive realizations of spontaneously-formed polariton condensates and repeat the whole
sequence three consecutive times as shown in Fig. 4a-e. Single-shot condensate realisations,

in the presence/absence of seed pulses containing (n) = 600, 60, 9.3, 2.7, and 1 photon
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FIG. 3. Polariton switching contrast towards the single-photon level. The contrast in
population between seeded and spontaneously formed polariton condensates as the function of seed
energy (top axis) and average photon number per pulse (bottom axis). Solid curve shows the result
of numerical simulations of the microscopic theoretical model. The error bars show 20 (95.4%)

confidence intervals of the switching contrast.

per pulse, reveal a contrast with an average value of about 350%, 160%, 60%, 25% and
11%, respectively. The right panels of Fig. 4a-e show histograms of the polariton popula-
tion for each spontaneously-formed (black) and seeded (red) condensate realizations fitted
by Gaussian distributions. The Gaussian fit is justified by a large number of polaritons in
the condensate exhibiting excessive noise in the total polariton number. A relatively large
noise is most likely the result of dynamic spatial disorder of the condensate [28, 29] which
is transformed to the disorder in the momentum space. Shot-to-shot fluctuations of the
condensate in the momentum space lead to the excessive intensity noise in our detection
scheme as the momentum-filter is used. Therefore, the contrast to noise ratio in this case
is not limited by any fundamental reason and, in principle, can be improved substantially
by means of engineering the filter bandwidth, size of the condensate, pump fluence, config-
uration of seeded states etc. As the experimental distributions are well-approximated by
Gaussian distributions, our statistical analysis yields almost the same mean contrast values
of 360%, 160%, 63%, 26% and 11% as shown in Fig. 4f. We note that the results obtained
from single-shot condensate realisations show a lower contrast at the single-photon regime,

with respect to the integrated measurements of Fig. 3, i.e. 11% vs 20%, while exhibiting



the theoretically predicted power-law contrast dependence on (n) integrated over +1um™1

in momentum-space.
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FIG. 4. Single-photon switching for single-shot condensate realisations. a-e, Total polari-

ton populations recorded within +1m™?

wavevector range in the single-shot regime for a sequence
of 300-t0-300 spontaneously formed (black dots) and seeded (red dots) polariton condensate re-
alisations. Seeded realisations are triggered by (n) equals 600, 60, 9.3, 2.7, and 1 photon per
pulse on average as shown in a-e respectively. Right panels represent histograms of total polariton
population within single-shot condensate realisations seeded with the respective (n) photon num-
ber state (red) as well histograms of the spontaneously formed condensates (black), both fitted
by Gaussian distributions. f, Switching contrast versus average number of photons (n) per seed

pulse obtained from statistical analysis of the histograms. The dashed curve shows the result of

numerical simulations of the microscopic theoretical model.

In conclusion, we report experimental evidence of single-photon nonlinearity in organic
polariton condensates, underpinned by bosonic stimulation of exciton-polaritons to the
ground polariton state. Our investigation demonstrates few-photon control over the po-

lariton condensate occupancy with a record amplification of ~ 23000 polaritons for every



resonantly injected polariton. At the single average photon level, we observe all-optical po-
lariton switching with a contrast of ~ 20% as evidenced from time-integrated measurements,
and ~ 11% following a pulse-to-pulse analysis of single-shot condensate realisations. The
rapid progress of organic polaritonics has opened new routes for all-optical switching and
logic at ambient conditions [6, 26]. Our investigation here takes these applications to the
single-photon level thereby bridging quantum properties of light with classical phenomena

of massively occupied states of light-matter Bose-Einstein condensates.
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METHODS

Sample fabrication.

The sample is composed of a bottom distributed Bragg reflector (DBR) on a fused silica
substrate - mirror 2, a central cavity defect region with an effective thickness slightly larger
than half the exciton transition wavelength, and a top DBR - mirror 1. The DBRs consist
of alternating SiO,/TasO5 quarter-wavelength-thick layers produced by sputter deposition
(940.5 pairs for the bottom DBR, 6+0.5 for the top DBR). The center of the cavity consists
of the polymer layer sandwiched between 50-nm spacer layers of sputtered SiOs. The SiO,
spacer is sputtered on the organic using a SiOy sputter target. Methyl-substituted ladder-
type poly(p-phenylene) (MeLPPP; M, = 31500, M,, = 79000) was synthesized as described
elsewhere [35]. MeLPPP is dissolved in toluene and spin-coated on the bottom spacer layer.

The film thickness of approximately 35 nm is measured with a profilometer (Veeco Dektak).

Spectroscopy. The pump beam with 150-200 fs pulse duration was generated by a
tunable optical parametric amplifier (Coherent OPerA SOLO) which was pumped by 500
Hz high energy Ti:Sapphire regenerative amplifier (Coherent Libra-HE). The center wave-
length was adjusted with respect to experiments at 2.72 eV having 30 meV full-width at
half-maximum (FWHM). The angle of incidence to the sample was 45°. The pulses were
focused at the sample to a 20 pum X 32 um Gaussian spot at full width at half maximum. We
measured the reflectance of the beam at 45 degree of incidence (R=0.81). Since the trans-
mitted light through the sample is negligible and strongly dependent on scattering from
defects, we assumed that it is all absorbed by the structure (1-R=0.19), thus providing an
upper boundary of the absorbed fluence. Therefore, the given incident fluence of 42 J/cm?2
at the threshold of the spontaneously formed condensate becomes 8 J/cm2 in terms of the

absorbed value.

Filtered broadband white-light-continuum (WLC) generated in a sapphire plate with
photon energies in the range 2.45 - 2.6 eV was utilized as the seed beam having 150-250
fs pulse duration. The seed beam was focused on the sample at the normal incidence to 5
um spot size with a micro-objective (10x Nikon, 0.3 NA) which allows to seed the ground

polariton state within a wavevector range of 40.2um™1.

The energy of the seed beam is
defined as the incident pulse within the full linewidth of the seeded state (i.e. before sample).

In all measurements, temporal and spatial overlap between the control and the pump beams

14



were optimized by maximizing the signal of the output nonlinear emission from the sample.
Temporal overlap was varied by using a motorized translation stage with retroreflector in

the seed beam optical path.

Integrated energy-momentum FEk distributions were acquired in transmission geome-
try. Output emission of the sample was collected with a 10X Mitutoyo plan apo infinity
corrected objective (NA = 0.28) and coupled to a 750 mm spectrometer (Princeton Instru-
ments SP2750) equipped with an electron multiplying CCD camera (Princeton Instruments
ProEM 1024BX3). The emission was spectrally and in-plane wavevector resolved using
a 1200 grooves/mm grating and a slit width of 50 um at the entrance of the spectrome-
ter. To obtain the incident excitation density of the pump pulse, the average pump power
was measured using a calibrated Si photodetector (Thorlabs-Det10/M) and an oscilloscope
(Keysight DSOX3054T) for data acquisition. Accuracy verification of the power measure-
ments was carried out by using two independent power meters: 1 - Si photodiode power sen-
sor (Thorlabs-S120VC) with a power meter console (Thorlabs-PM100D), 2 - thermal power
sensor (Thorlabs-S302C) equipped with the power meter console (Thorlabs-PM100D). The
energy of the seed beam was calibrated by using standard power meter measurements and
additionally verified through a single photon counting technique using a photon counting
module (SPC-160, Becker & Hickl GmbH) and a single-photon avalanche Si photodiode
(IDQ 100), for details see Fig. S5 in Section VII of SI. All the measurements for Fig. 2 and
3 are carried out under the same incident pump fluence of Pyymp = 80uJem™2 (P ~ 2Py,)
to minimize the noise level originating from pump power fluctuations and high nonlinearity
of the sample above the threshold. Pump fluence dependencies in Fig. 1b as well as spectra
in Fig. 2d and the contrast dependence in Fig. 3 are plotted for the ground polariton state
integrated within 4+0.2um™1.

Polariton single-condensate realizations were investigated by means of a single-shot real
space imaging technique using the same pump conditions (P ~ 2P;,) with individual pulse
control. The images were recorded by means of an electron multiplying CCD camera apply-
ing 100x EM gain and operating in a single frame acquisition mode. To reduce the contribu-
tion of non-condensed polariton density we filtered out the output emission above £1pm™=! in
Fourier space. To reduce the noise originated from pump fluctuation we recorded only real-
izations which obey 2% of tolerance interval in incident pump energy. The energy of incident

pump pulses for each condensate realisation was recorded using a calibrated photodetector

15



and an oscilloscope. Using this selection criterion we recorded the single-condensate realisa-
tions represented in Fig. 4a-e by seeding the ground state for 300 sequential pulses followed
by seed beam off measurements that allow for 300 realizations of spontaneously-built polari-
ton condensates. The whole sequence was repeated three times for each seed pulse energy.
The incident seed energy was stabilised at the level of 2% standard deviation. Statisti-
cal analysis and calculation of the single-realisation contrast in Fig. 4a-e were carried out
through processing of all 900 spontaneously built and 900 seeded condensate realisations for

each seed energy.
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Theoretical model.

The system is treated microscopically by considering a thin organic active layer (MeLPPP)
placed in the cavity excited by an external wave that corresponds to the pump beam. The
pump wave induces the dipole moment transition of organics creating Frenkel-type excitons.
In turn, the excitons interact with both vibrons and cavity modes. Hereby we consider the
pump exciting organic layer resonantly to the exciton transition. The Hamiltonian of the

whole system has the following form:
f{ = ﬁcav + f{cxc + ﬁvib + I:chc—cav + ﬁoxe—vib (1)

where the terms correspond to uncoupled cavity modes, excitons, vibrons, interactions be-
tween excitons and cavity modes, excitons and vibrons listed as they appear in Eq. (1). For
further details see section I in SI. On the next step we make a transformation from treating
the system in form of uncoupled excitons and cavity modes to their hybridized solutions:
exciton-polaritons. We diagonalize the corresponding part of the full Hamiltonian, namely
ﬁcav + ]:Iexc + ﬁexc_cav, and introduce operators for the lower polaritons §,w and upper

polaritons 8,k using the transformation below:
Supk = Cexck COS Yk + Qeavk sin Pk (2)

Slowk = Gcavk COS Pk — Coxck SIN Pk (3)

where Gcaykx and Cexex are cavity photon and exciton operators respectively, and

1 202
o = —arctg <¢) (4)

2 Wexe — Weavk

with Qrk = vV Nma€2irk - the Rabi frequency of exciton-photon interaction for the exci-
tons and the cavity mode with hk in-plane momentum.

Following the transformations above the full Hamiltonian (1) takes the form

H = Z hﬂ}upkgipkgupk + Z hwlowkgirowkglowk + Z hwvibb:rqbq"'
k k q

+ Z Z hg (§ipk COS YK — §1Towk sin gpk) (Supk’ COS Pxr — Siowk’ SIN Qi) (I;T_(k_k,) + kak/>

(5)
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The polaritons and vibrons interact with the environment that in turn initiates relaxation
processes. We describe the relaxation processes within the formalism of Lindblad superop-
erators for a density matrix p of both polaritons and vibrons. The Lindblad superoperators

for the lower, upper polaritons and vibrons, respectively, have the form

ilow (ﬁ) = owk (2§lowkﬁ§;rowk - §;rowk§10Wkﬁ - ﬁgfowkglowk> (6)
k
7 “Yupk
Lu Z - <2SUPkPSupk kasupkp psukaUPk> (7)
“Vvib 7 A7 747 A N ,YVIb
Lo ( Z (1+nh) <2bqpbg — Blbap — pbgbq)+ o, <2bT pha — bablp — pha bT)
q

(8)
where Viowk, Yupk and Yyip are the dissipation rates of lower, upper polaritons and the vibrons
respectively, and n'h = 1/(exp (hwyin/kgT) — 1) is the thermal distribution of vibrons at an

effective MeLPPP temperature T" and kg is the Boltzmann constant.

Thermalization of the lower polaritons is described by the following Lindblad term:

kikso
Lan(p) =3 Jow (08 &l bbbl o = Slowiidl 1 Slowka bl 1 — Pllowii Sl 1 Slowia ]
th (P) = 9 lowko 10Wk1p lowk1 ®lowks lowk1 ©lowk, ©lowks 10Wk1p PSlowk, lowks Clowks 2 lowk;
ki, ko
(9)
kiko

Here v, is the rate of energy flow from the lower polaritons having in-plane wavevector ks

towards ones with wavevector k. According to Kubo-Martin-Schwinger relation, the rate

kik .
Mo satisfies

h(.d ow - h(-“-) ow
’71121;\;1{2 — 711(()3,\,1(1 exp lowka lowk1 (1())
kgT

where T is the environment temperature.

The incoherent pump of the lower and upper polaritons is described by the Lindblad
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superoperator:
2 . Klowk (1) (. .. M A A At A
Lpump (P) = Z % (2310Wkpsirowk - Sfowkslowkp - psfowkslowk>
Kk
Kiowk (1) (o4 A At A aa
T Z 0—2 (231Towkﬂslowk - SIOWkS;rowkIO - IOSIOWkSIowk>
k
Fupk (8) (o0 st st . st
+ Z T (2SUPkpSupk - Sukaqup - psukaUPk>
k
Rupk (t) “ o N " " A “
+ Z up2 <23upkp$upk - Supksipkp - Psupksirlpk) (11)
Kk

The seed to the lower polaritons is described by the Lindblad superoperator:

. R Rseedk (8) (o . S o1 Slowkd — P8I 1S
Lseed (;0) = Z %() (2810Wkp8ii-0wk - Sfowkslowkp o pSIOWkSlOWk)
k
Kseedk (1) (oot . SlowkS1owic) — PSlowks
+ Z %() (2510wkp510wk - SloWkSi"owkp - pSIOWkSLWk) (12)
k

Finally, we use a standard Lindblad master equations including the full Hamiltonian (5)

and the Lindblad terms (6-9) described above:

dp I7. - A ) - R A R A ) R R
prii [P7 H} + Lup (P) + Liow () + Luin (p) + Lin (p) + Lpump (P) + Lscea () (13)

For further details see sections III and IV in SI.

[35] Scherf, U., Bohnen, A. & Miillen, K. Polyarylenes and poly (arylenevinylene) s, 9 The oxidized
states of a (1, 4-phenylene) ladder polymer. Makromol. Chem. 193, 1127-1133 (1992).
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Supplementary Information: Organic single-photon switch

I. STRONGLY COUPLED EXCITON-POLARITON SYSTEM

Although strong coupling in the microcavity sample used in this study was reported pre-
viously [1, 2], in this section we provide further experimental evidence of strong coupling.
With reference to the experimental configuration for the demonstration of strong coupling
here, our organic microcavity consists of a conjugated methyl-substituted ladder-type poly(-
para-phenylene) (MeLPPP) polymer that has a relatively rigid backbone due to a methylene
bridge between phenyl rings (inset of Fig. S1 shows the chemical structure) and, thus, ex-
hibits pronounced singlet-related optical transitions and a high photoluminescence quantum
yield. Fig. S1 shows an absorption and photoluminescence spectra of a spin-cast MeLPPP

film with 35 nm thickness on fused silica, corrected for reflection of the substrate.

0.4
10 Soy=0—S1,=0
>
E’ 08 0.3
2 — —_
€ 06 Sov-0—S1.-1 )
o 02 8
%04
3 0.1
202 _
0.0 00
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Energy, eV

FIG. S1. Absorption (green) and photoluminescence (black) spectra of a spin-cast MeLPPP film
with 35 nm thickness on fused silica, corrected for reflection of the substrate, Inset: chemical

structure of the MeLPPP polymer.

Strong light-matter interaction of the polymer film with the cavity mode leads to new
eigenstates of the system, namely lower, middle and upper polariton branches, following the
coupling of both sub-levels of the first excited singlet state of MeLPPP. All three polariton
branches can be accessed experimentally through angle dependent reflectivity measurements
as was demonstrated experimentally in our previous studies [1, 2] with the typical normal
mode splitting in the range of 120-140 meV (vacuum Rabi splitting). In this study we use

the same sample, the only difference is the cavity photon - exciton detuning, we choose one
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that corresponds to the ground polariton state energy of 2.52 eV. In this regime we benefit
from the highest efficiency of the ground state stimulation as it lies one molecular vibronic
energy quantum (199 meV) below the main exciton transition Sp .0 — S1,0 = 2.72 eV (Ezcl).
The Raman spectrum in Fig.S2 reveals energies, relative intensities and characteristic decay
rates of vibrons in the 100 nm neat polymer film. The polymer exhibits two main vibronic
resonances, namely: V1 - 164 meV corresponding to inter-ring CC stretching oscillations
(i.e. along the line of the chemical bond) and a doublet V2 of 194 and 199 meV attributed

to aromatic intra-ring CC stretching modes.
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FIG. S2. Raman spectrum of the neat 100 nm spin-cast MeLPPP film on fused silica, measured at
Aez = 532 nm, where V1, V2, V3 correspond to the main vibronic peaks at 1320 cm ™!, 1568 cm ™!

and 1604 em ™! respectively.

Fig. S3a shows reflectivity map that reveals dispersion relation of the lower polariton
branch at wide range of angles beyond the range accessed with angle-resolved photolumi-
nescence (PL) measurements. The system demonstrates inflection in the lower polariton
branch at high in-plane momenta, as well as evidence of normal mode splitting. In Fig. S3b
we plot photoluminescence data acquired in the linear regime 0.6 P, (below polariton con-
densation) that shows polariton eigenstates at small wave-vectors within +16°.

We employed a standard coupled harmonic oscillator model to fit experimental data.
Fig. S3c represents the best-fit results of dispersion relations extracted from the experimental
data, where black diamonds and open circles correspond to reflectivity data and red circles
to the PL data from Fig. S3a and b respectively. We obtained vacuum Rabi splitting
2R = 160 meV for the interaction of Spo — Sy transition (Excl = 2.72 eV') with the
negatively detuned (A = —150 meV') cavity mode (Cav = 2.57 €V'). The splitting agrees
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FIG. S3. Reflectivity map of the sample at the negative exciton cavity mode detuning (a), where
black and white open diamond symbols show reflectivity minima of the lower and middle, upper
polariton branches. Dashed white lines represent the bare cavity mode (Cav), Soo — S1,0 (Excl)
and Spo — S1,1 (Exc2) excitonic transitions. Angle-resolved PL spectra of the sample measured
below condensation threshold at 0.6Pth (b). Polariton dispersion relations (c), where reflectivity
peak positions from (a) (black diamond and black open circle symbols for the lower and middle,
upper polariton branch respectively) are extended with photoluminescence peak positions of the
lower polariton branch from (b) (red circle symbols). The polariton eigenenergies calculated from
the coupled oscillator model are represented with orange, green and blue solid curves for the lower,
middle and upper branches respectively. The uncoupled energies of the cavity mode, Spo — S1,0
and Spo — 51,1 transitions are displayed as red, brown and grey dashed lines. The composition
of the polariton wavefunction (d) calculated from the Hopfield coefficients is shown for the upper
(top), middle (center), and lower (bottom) polariton branches (photon - red, Spo — Si, - brown

and S()’o — 51,1 - grey).

well with the values obtained at lower detunings [1, 2]. Indeed the coupling strength 2A)
does not depend on the detuning parameter but relies on an oscillator strength of Sp o — Si
transition and cavity mode volume. In Fig. S3d we plot composition of the polariton wave
functions in terms of exciton and photon fractions calculated from the Hopfield coefficients
is shown for the upper (top), middle (center), and lower (bottom) polariton branches. The
ground polariton state contains 82% of photonic and 14% and 4% of (0-0) and (0-1) excitonic

fractions respectively.
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II. SPONTANEOUSLY-FORMED AND SEEDED POLARITON CONDENSATES

Following experimental details described in Methods, we perform dispersion imaging for
a range of pump fluence. Figure 1b of the main text shows the incident pump fluence depen-
dencies of the emission intensity from the ground polariton state integrated over £0.2um™?.
In this section we provide in-depth analysis of spectral properties of the ground state emis-
sion for both: spontaneously-formed and seeded polariton condensates. At low pump fluence
we observe a uniform distribution of polariton density along the states at the lower polariton
branch, while for ~twice higher pump fluence we observe a collapse of polariton distribution
at the ground polariton state indicating polariton condensation. Figure S4a shows polari-
ton distributions at 0.6P; and 1.2P,,, where Py, = 42uJ em~? is the threshold incident
pump fluence of the spontaneously-formed polariton condensate. The process of polariton
condensation is accompanied by the build-up of temporal coherence witnessed through the

line narrowing and high-energy shift (so-called blueshift) due to nonlinearity of the matter

component of polariton wave-function as shown in Figure S4b and c respectively.

The seed beam optically injects polaritons into the ground state leading to a substantial
increase of polariton density. Such an increase is the result of several effects constructively
contributing to the ground state population. First of all, optically injected polaritons accel-
erate energy relaxation from the exciton reservoir due to bosonic stimulation into the seeded
states. It significantly improves the overall efficiency of exciton-to-polariton energy conver-
sion. Being accelerated the exciton-to-polariton relaxation channel competes with ultra-fast
intermolecular energy transfer - the detrimental effect preventing polariton condensation in
disordered organic media [3]; and leads to ~twice lower condensation threshold with respect
to the unseeded process. Moreover, the seeded states are populated stronger than other
states within the lower polariton branch facilitating lower condensation threshold as well.
Figure S4d shows seeded polariton distribution along the lower branch below (P = 0.5F;, -
left) and above (P = 1.2P), - right) the threshold, where P}, = 27u.J ¢m™? is the threshold
value expressed in terms of incident pump fluence. The energy of the seed beam is equal to
460 aJ defined as the incident pulse energy, i.e. before sample, that spectrally covers a full
linewidth of the ground polariton state at 0.2 gm~!. Importantly, unlike the abrupt line
narrowing and blueshift nearby the threshold of unseeded condensation, the seeded process

demonstrates a gradual transition from incoherent to the coherent state. Figures S4e and f
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FIG. S4. a, (E,k) - distributions of polariton population along the lower polariton branch below
(left) and above (right) the threshold of the spontaneously-formed condensate. b and ¢, Full width
at half maximum and a peak energy of emission from the ground polariton state integrated over
+0.2um™! in the spontaneous regime. d, (E,k) - distributions of polariton population along the
lower polariton branch below (left) and above (right) the threshold of the seeded condensate. e and
f, Full width at half maximum (FWHM) and a peak energy of emission from the ground polari-

ton state integrated over +0.2um™!

in the seeded regime. Solid vertical lines show condensation
threshold in terms of incident pump fluence evaluated from Figure 1b in the main text. Arrows

set correspondence of FWHM and Energy data with (E,k) - distributions.

show FWHM and a peak energy of emission from the ground polariton state integrated over
+0.2um™! in the seeded regime. Such a smooth crossover to the condensate is the result of
suppressed intermolecular energy transfer which is shown to be the origin of abrupt spectral
changes at the condensation threshold [3]. With increasing pump fluence different nonlinear

processes start playing a role. Their net contribution leads to the ongoing blueshift of the
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ground polariton state and line broadening.

Finally, we would like to highlight the very high efficiency of vibron-mediated single-
step polariton condensation in the polymer-based system. The given incident fluence of
42 pJ/em? at the threshold of the spontaneously-formed condensate leads to 8 pJ/cm? in
terms of the absorbed value taking into account the reflectance of the beam at 45 degree of
incidence (R = 0.81) and slight elongation of the beam along the horizontal axis (Gaussian
spot with 20 um X32 um size at full width at half maximum). This estimation provides an
upper boundary of the absorbed fluence in our experiments as we assume 19% of incident
energy is absorbed by the structure. The value sets today the lowest threshold energy for
polariton condensation in organic microcavities. Although the energy required to form a
condensate without using any seed beam is at the level of the lowest value already, the
seeded condensate takes even lower energy density with the threshold at 5uJ cm=2. Our
comparative analysis of absorbed pump fluence shows both regimes demonstrate outstanding

low condensation thresholds among all existing organic material platforms, see Table S1.

TABLE S1. List of absorbed pump fluence at the condensation threshold reported up to date in
various strongly-coupled organic microcavities. The value in brackets corresponds to the seeded

polariton condensation

Cavity material Absorbed pump fluence  Ref.

MeLPPP 8 (5) pJ/em? This work
Pentafluorene 12 pJ/em? [5]
2L-F, Ladder-type Oligo(p-phenylene) 12 pJ/em? [6]
PFO, Poly(9,9-dioctylfluorene) 19 pJ/em? [7]
TDAF, Ter(9,9-diarylfluorene) 30 pJ/cm? 8]
BODIPY 120 pJ/cem? 3]
Anthracene 320 pJ/em? 9]
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III. MICROSCOPIC THEORY OF VIBRON-MEDIATED POLARITON CON-
DENSATION

We consider a nonequilibrium microscopic model which describes an ensemble of organic
molecules with vibrationally dressed electronic transitions and coupled to cavity modes
carrying different in-plane momenta hk| (hereinafter ik). The electronic transition being
localised at molecules are effectively treated as Frenkel-type excitons, where each excitation
can be described by the Pauli creation and annihilation operators acting on a single molecule.

Hereby, the full Hamiltonian of the systems reads:
H = f{cav + f{exc + ]:Ivib + Hexc—cav + ]:Iexc—vib (1)

The Hamiltonian of the cavity I:IcaV is

o Z ~f A
Hcav - hwcavkacavkacavk (2)
Kk
where diavk and ac.yk are the creation and annihilation operators for a photon in the cavity

which obey commutation relation [dcavk, dzavk,} = Ok x, the wavevector k corresponds to in-
plane momentum Ak, and we.k is the eigenfrequency of the cavity mode with the in-plane
wavevector k.

The Hamiltonian of the excitons ]:Iexc is

]:Iexc = Z hwexcé-lxcjé-excj (3>

J

T

where wey. is the eigenfrequency of the excitons, &excj

and Oexc; are the creation and anni-
hilation operators of the exciton of a single conjugated segment of MeLPPP located at the
point r; . These operators obey the anti-commutation relation &excja-Zch’ + &ixcj’a-excj =0
Below we consider the case of small probability for the exciton to be found in an excited
state. In this case the approximate commutation relation [6excj, 6;“ j,] ~ 0; 7 is valid.
The Hamiltonian of interaction between excitons and cavity modes I:Iexc,cav is a multi-
mode Jaynes-Cummings Hamiltonian [13]
Hlosecae = D 101 (e eantee™ + Grneyf ™™ ) (4)
k,j

where gk is the Rabi frequency of interaction between an exciton placed at r; and a cavity

mode with the in-plane wavevector k. Here we suppose that the electric field of the kth
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mode is distributed in the plane parallel to the mirrors according to e’* and constant in the
anti-node position where the MeLPPP layer is located. This is a reasonable approximation
since we deal with the microcavity carrying a single fundamental A/2 mode and containing
35 nm thin MeLPPP layer at the center, which is much smaller than the wavelength .
The explicit expression for the Rabi frequency is Qg = —Eyxd /A, where d is the transition
dipole momentum of the exciton and FEy is the electric field amplitude per ”one photon” in
the cavity with the in-plane momentum hk.

It is convenient to introduce the collective operator effectively describing all excitons,

namely,

R 1 o ke
CEXCk = \/m ; UEXCj elkrj (5)

where Ny, is the total number of MeLPPP m—conjugated segments and k is the wavevector.
T

Operators ¢,

ok and Cexck are the creation and annihilation operators of the excitons which
b ion relation |éexcks & | = Ok Using th . ite th
obey commutation relation |Cexck,Coyerr| = Okk/- Using the operators Cexcx We rewrite the

Hamiltonians (3) and (4) in the following form
f{exc = Z hwexcéZXCkéexck (6>
k

where weyck 1 the eigenfrequency of the exciton with the wavevector k and Hamiltonian (4)

in the following form

Hexcfcav = Z hQRk <élxckdcavk + éexckdj;awk) (7)
k

where OQrx = v/ Nmo€21rk 18 the Rabi frequency of exciton-photon interaction for the excitons
and the cavity mode with hk in-plane momentum.

The Hamiltonian of vibrons I:IVib is
oy =Y hesilh, )
J

where B}L and l;j are the creation and annihilation operators of vibrons which obey commu-
tation relation [i)j,l;;,} =0
The Hamiltonian of the interaction between the excitons and vibrons at a conjugated

segment of MeLPPP is a standard optomechanical Hamiltonian [11]

f{exc—vib = Z h'g&;ra—j <l;j + bj) (9)
J
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where the ¢ is the interaction constant between the excitons and vibrons.
Following the same momentum space representation, it is convenient to introduce collec-
tive vibron operators according to
by = L > et (10)
Vo 2
Under the transformation (5) and (10) the Hamiltonian of collective vibrons by and its

interaction with collective excitons ek takes the form

Hvib = Z hwvib[;:géq (11>
q
Hexc—vib = Z Z hgélxckéexck’ <bi(k7k/) + bk—k’) (12>
k Kk

where IA)Il and l;q are the creation and annihilation operators of the vibrons which obey
commutation relation [l;q, ZAJL,} = 0q,q» the vector q is in-plane wavevector of the vibrons,
wyip 18 the eigenfrequency of the vibrons with the in-plane wavevector q. Note that momenta
of excitons and vibrons in Eq. (12) fulfil momentum conservation law.

Next, we diagonalize the light-matter interaction part of the Hamiltonian [13], namely
flcav + FIEXC + f[exc_cav. In the new basis of exciton—polariton states, annihilation opera-
tors for the lower $j,wk and upper §,,x polaritons can be expressed through the standard

transformation relations:

§lowk = &cavk COs Yk — éexck sin Pk (13)
*§upk = éexck COos Yk + dcavk sin Pk (14)
where
1 2Q)
i = —arctg <—Rk) (15)
2 Wexe — Weavk

Following the transformations above the full Hamiltonian (1) takes the form:

H=> hwus! gedupk + Y iolowteSlonciowk + P Auyinblibg +
K k

q

+ Z Z h.g (élpk COS Yk — S{)wk sin 90k> (§upk’ COS Pk’ — Slowk’ SIN Spk’) <Bi(k7k/) + l;k—k’>
k K
(16)
where the new eigenfrequencies are:
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Wiowk — (Wexc + wcavk)/Q - \/(wexc - wcavk)2/4 + Q%{k (17>

wupk == (wexc + wcavk)/2 + \/(wexc - wcavk)2/4 + Q%{k (18)

In turn, lower and upper polaritons as well as vibrons interact with the environment
that inevitably leads to the relaxation processes. We consider the relaxation processes
by means of Lindblad superoperators [12, 13| acting on the general density matrix p which
ultimately describes the entire system including all the polaritons and vibrons. The Lindblad

superoperators for the lower, upper polaritons and vibrons are

[AAOW (/5) = Z 7102Wk <2§lowkﬁ§ifowk - ‘§IrOWk§10WkPA - pA‘éirowkélowk> (19>
k
] N “Yupk N PN N A N N N
Lup (p) = Z 2p (25upkp3:rlpk - Sipksupkp - Pslpksupk> (20)
k

Ly (9) = 32 22 (14 nih) (2hapbly — Bhbas — pblba) + > 2onh, (20fpbq — bablyp — pbal,)
q q 21)

where Viowk, Yupk and Yyip are the dissipation rates of lower, upper polaritons and the vibrons

respectively, and n't = 1/(exp (hwyin/kpT) — 1) is the thermal distribution of vibrons at

an environment temperature 7' and kp is the Boltzmann constant.

Thermalization of the lower polaritons is described by the following Lindblad superoper-

ator:

kiko
AAZVIOWAATMATAATAATAMATAAT
Ly (p) = 9 2810wks S1owlk, PS1owks Slowky — Slowki Slowky Slowka Slowlk; £ — PS1owki Slowke, Slowks Slowk,
k1,ko
(22)

kiko - . . .
here %2 is the rate of energy flow from the lower polaritons having in-plane wavevector

low
k, towards ones with wavevector k;. According to the Kubo-Martin-Schwinger relation, the

rate fyll;ka is defined as

’Yklk? _ 7k2k1 exp hwlOWkQ - hwlowkl
low low ]{IBT
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where T is the effective MeLPPP temperature.
The incoherent pump of the lower and upper polaritons is described by the Lindblad

superoperator:
- . Klowk (t i A A a4
Lpump (P) = Z OT() (2310wkpsirowk - SITOWksloka - ps;rowkfflowk>
k
Rlowk (t) NI ~ A N At ~ N ~t
+ Z T — (2310Wkp310wk — SlowkSjowkP — pslowkslowk>
k
Fupk (B) (o0 ot b oot
+ Z T (QSUPkpsupk - SukaUPkp - psupksqu)
k
Rupk (1) (o~ T U
+ Z up2 <251pkp3upk - Supksipkp - PSukalpk) (24)
k

The seed to the lower polaritons is described by the Lindblad superoperator:

> . Rseedk (1) (0. A. P Ut
Lieed (/)) - 5 se—e2 ( ) <2510WkPSIrOWk - SLWkSIOWkP - psjowkslowk)
k

Fseedi (1) (oot
> % (231Towkﬂslowk — Blowk Sl — prWkSlTOWk) (25)
K

The resulting master equation is
dp i1, - s p M P g R a3 N .
dt  h [P» H } + Lup () + Liow (§) + Luib (p) + Lin (9) + Lpump (P) + Lecea (p)  (26)
Further on we develop a mean-field theory [12] for the system described above. We use the

following definition <121> =Tr <ﬁfl> and the master equation (26) to derive equations for the
avarage polariton numbers n,px = <§£pk§upk>, Nowk = <§Irowk§10wk> and the energy flows
between excitons and vibrons Jypkw = <§upk§f0wk,?)f(_k,>, Sowk/k = <§10Wkn§1TOWk,lA9L,_k/>.

Assuming that at any given time the number of excited vibrons are neglectible nyiLq =

<I§Llaq> < 1 we obtain

dny Kupk (T ) . ¥
0 (= 0) 5 s s U — ) 2D
fyupk K’
dnlowk’ Rlowk’ (t) Rseedk! (t) . .
= —Yowk’ owk! — — - "]: /—Ju )
dt Towk (nl « Vowk! Vowk’ ! g 9 €08 i St Pl ( phk ple )
— 1 Z g Sin QOk//SinSOk/ (Jfgwk”k’ - Jlowk”k’) + 7 Z g Sin Pk Sin Pk’ (Jlt)wk’k” — ‘jlowk’k”)+
k// k//
+ Z {Vllf),vl:// (Miowkr + 1) Towier — Mo (Miowier + 1) nlowk’} (28)
k//
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dJupkk’

o = —1 (Wupk — Wowk! — inb) Jupkk/ — 5 (’Yupk + Yowk’ + 7vib) ‘]Upkk/_
— 1g €OS Py SIN P Nupk (Nowkr + 1) (29)
dJrowkri ,
—a ! (Wiowk” — Wiowk! — Wib) Jiowkk! — 5 (Ytowk” + Vowkr + ib) Jiowkie —

— igsin i SIn Y Mok (Mowkr + 1) (30)

We exclude adiabatically energy flows Jypkk/, Jiowkrk and arrive at

dnu Ru t
—upk - ~Yupk (nupk - o )) a Z Gupidac Mupke (Towic + 1) (31)
dt 'Yupk o
dnlowk’ ( Rlowk’ (t) Rseedk’ (t))
= —Mowk’ | Mowk’ — — + G upkk/ Mupk (Mowkr + 1) +
dt 7 Vowk’ Vowk! Xk,: P P ( )

+ E Glowk k' Mowk” (Mowk + 1) — E Glowk/k" Mowk’ (Mowk” + 1)
kll k/l
k/k// kllk/
+ E {F)/]ow (nlowk’ + 1) MNowk” — Vow (nlowk” + 1) nlowk/} (32)
k//

where we denote

(g COS Pk sin 901(’)2 (/Yupk + Yowk’ + ’7Vib)

Gu kk! = (33)
’ (Wupk — Wiowk! — wvib)2 + %(’yupk + Vowk’ + %ib)z
. . 2
_ (g sin @i 8in i) (Yiowk! + Vowk” + Vvib)
Glowk’k” - P} 1 2 (34)
(Wiowk! — Wiowk” — Wyib)~ + 7 (Mowk’ + Viowk” + Vvib)
We assume that
Kupk (t) = Kpump (t)o(k— kpump) , Klowke (1) = Kpump (t)o (k/ - kpump) ) (35)
Fosedk (1) = Fiseed (1) e*\kIQ/\Kseed\Z’ (36)

where Kgeeq is equal to 0.2 pm™1.

Further, we move from the set of wave vectors to a set of frequencies. Note that since
Egs. (31)-(32) contain the spontaneous term, niwi + 1, one should take into account the
density of states. To numerically simulate the system dynamics, we consider a discrete
finite set of frequencies (wp, wy, wa, ..., wy) with a sampling step equals to dw, that is

wj+1 —w; = 6w, where N means the total number of sampled frequencies (in numerical
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simulations, we choose N = 120). For the sake of simplicity we introduce the ground state
frequency as wy = Wiow(k=0)- To calculate the number of states within the frequency range
w; — 0w < w < w; with j = 1,..., N we approximate the lower polariton dispersion with a
quadratic dependence wigwk = Wiow(k=0) + Qeavk? 50 that it appears explicitly in the following
form:

Dy, = Z I~ <Ln11\4/2LPPP) (2;?)2 / d’k = (2i)2 (Lnll\/{SLPPP> géw

wj —5w<w10wk<Wj

K, w; —0w<wiowk <Wj

(37)

where S is the area illuminated by the pump, L is the thickness of MeLPPP layer, nyerppp
is the density of chromophores in the MeLPPP layer. Unity in Eq. (37) denotes the one
state with fixed wavevector k. Note that the expression for D, is frequency independent
in the case under consideration. If we substitute characteristic values of S = 300 pm?,
L =0.035 pm, nyerppp ~ 10% pm ™ and aeay = 2.2 meV-pm?, then we obtain D, ~ 10°-dw

where dw is measured in eV.

We denote
Nupp = nupkpumpa WupP = wupkpumpa YupP = '.)/upk]pump (38)
NowP = nlowkpumpa WlowP = Wlowkpumpa YowP = '7lowkpump (39>
nloww]- - E Nowk’, wlowwj = Wy, '710wwj - '710wk’|wlowk,:w]. (40>
K, wj76w<wlowk’< wj
Rseedw, (t) = E Rseedk’ (t) (41)
K/, wj—w<wy gy < Wy
Mowd = Mlowk/'=0,  Wlowd = Wlowk’=05  Vowd = Vowk’'=0 (42)
w]wm o k/kll OUJJ - klk// LUJO - k/kll
TNow = Vow ) Now = Now , ) Now = MNow p
Wiowk! =Wj» Wiowk! =Wm k :07 Wiowk!! =Wj Wiowk! =3 k( :0)
43
PP = Phpumpr  Pw; = Pk Wiowk=w;j’ 0 = Pk=0 (44)

where j = 1,..., N. As a result we obtain the discrete set of equations

N
d?’Lu Rpum t
2l luphb = —YupP (nupP - p—p()) - Z Gupw‘j Nypp (nloww]- + ij) - C;’uponupp (nlowo + 1)
dt ’YupP =1
(45)
dn K (t) al
lowP = —YowP (nlowP - &) _Z Glowwj MowP (nlowwj + DUJj) _GIOWOTLIOWP (nlowo + ]-)
dt VowP =1
(46)
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dnlOWUJ]’ Rseedw; <t>
= ~Noww; | Moww,; — +
dt " J ( ! ! 710wwj

+ Gupwj' Nyupp (nlowwj + ij) + Glowwj NowP (nlowwj + ij) +

wmwj

N
+ Z {W/lt})i:m (nlOWWj + ij) Mowwm — Vow (nlowwm + Dwm) Moww; }+
m=1

+ {’7;2]“? (nlowwj + ij) Tow0 — ’Yﬁ:‘g (nlowO 4+ 1) nlowwj} (47)

Rseed (t )
Yow0

dnlowo

dt

= —Yow0 (nlowo - ) + G"up()nuplz’ (nlow[) + 1) + GlowOnlowP (nlowo + 1) +

N
+ Z {71?)0:; (nlow0 + 1) nlOWUJj - ’7;:;: (nlowwj + Dqu) nlowO} (48)

j=1
where we denote
. 2
o - (g cos @psinpy,)” (Yupp + Viowe; + Yvib) 9
upu; = 7 2 (49)
(wupP - wlowwj - wvib) + 1 (’)/upP + Vlowwj + P)/Vib)
. 2
GupO _ (g COsS @p S111 900) (’YupP + Yow0 + 7v1b) (50)

(wupP — Wlow0 — wvib>2 + i(ﬁ)/upP + Yow0 + ’)/vib)Q

(.g sin ¥P sin SOWj)Q (IVIOWP + Noww, + ,YVib)

2 1 2
(wlowP — Wiloww; — inb) + 1 (,YIOWP + Noww, + ’Yvib)

(g sin ¥Yp sin 900)2 ('YIOWP + Yow0 + ’Yvib)

(wlowP — Wlow0 — wvib)2 + %(’VIOWP + Yow0 + 7Vib)2

where j =1,..., N.
We use the quantum regression theorem to calculate the emission spectrum from the
lower polariton branch. To do this, first we obtain the equations for the amplitudes of lower

polaritons, Siowk = (Slowk), and vibrons, by = <l;q> from the master equation (1)

dslowk 1 1

. kk’ 2 k'k 2
dt = —wWlowkSlowk — §’YIOWkSIOWk + 5 <’Ylow Islowk’| ~ Vow (1 + |Slowk’| )> Slowk
k/

+ Zg COS (pkpump S (pksupkpump bkpump,k + /lg S gpkex S (kaIOWkpump bkpumpfk (53)

by —k

It = —1Wyibbkump— VvibDkpump—k T

K73

+ 19 COS Py ump S Pk Supkpump Stowk T 29 S0 Pk mp S Pk Slowkpump Stowk  (94)
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The quality factor of vibron modes in MeLPPP is approximately 100 as follows from the
Raman spectrum of the bare MeLPPP film represented in Fig. S2. This value is much
smaller (factor of six) then the quality factor of the cavity. Therefore we can exclude the
amplitude of vibrons

kpump—k ™7

*
S Slowk —
; upk ow
Wipkpump — Wlowk — Wyib — Yyib/2 T PP

g S Spkpump S Sok S* S (55)
— : lowk lowk
Wlowkpump — Wlowk — Wyib — Znyib/2 pme

and obtain the equation for the amplitudes of the lower polaritons

dSlowk 1 1 ’

. kk 2 k'k 2

- - owk?lowk — T /lowklow 5 low | 2low — Vlow ow. owk —

dt Wlowk Slowk 271 kSlowk + ) M \81 k/\ Y 1+ |81 k’| Slowk
k/

. 2
(g COS Spkpump S1n (,Ok)
-1 3 2 ’Supkeump
wupkpump — Wlowk — Wyib — Yvib /

. . 2
. (9 S Pkpymp SN SOk) 2
—1 : | Stowkpump | Slowk  (56)
Wiowkpump — Wiowk — Wyib — 1Yvib/2

2
Slowk

Applying the quantum regression theorem to equation (56) we obtain the equation for

the correlators <§1TOWk (t 4 7) Siowk (t)>

d <‘§;rowk (t + T) ‘§10Wk (t)> . A R 1 At ~
— = i (S (¢ 5 7) St () = 5wt (S (4 7) Ssc (1)

1 , , A A
52 (19 ot (8) = o (14 Tuoue (1)) ) (o (84 7) i (8))+
k/

) 2 ) ) 2
i (g COS Pl yump SN gpk) Nupkpump (£) (g SiN Vi gy SN gok) Nowkpamp (1) ] <AJr

S (t + 7‘) §1 k (t)>
. . lowk ow
Wapkpump — Wlowk — Wyib + 1%ib/2  Wiowkpump — Wlowk — Wyib + 1Yvib/2

(57)
with initial condition <§ka (1) Biowie (t)> = Niowic (1)

To discretize the equation for the correlators <§1Towk (t 4+ 7) S1owk (t)> we use

<§1Towwj (t + 7) Stoww; (t)> = Z <§1Towk (t + 7) Siowk (t)> (58)

k, wj—0w<wy i <wj
(8w (4 7) 81000 (1)) = (Shousecs (¢ 5 7) S10wsem0 (1)) (59)
where j =1,.., N.
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As a result we obtain

d <S;roww (t + T) Sloww; <t>> . 1 At
dr (Zwlowwj - Q’YIOWUJ]') <Sloww (t + 7-) Sloww (t)>

N

5 > (2 o (4 7) = o (Do + Moy (£ 4 7)) <sl*oww (t + 7) S1owas (t)> +
m=1

—_

1/ o
+ 5 (i maowo (¢4 7) = 3fen? (14 mtowo (£ 5 7)) ) (o, (£ 7) Stonas, (8)) +

. 2 . . 2
(gcos ppsinpu,) nupp (E47) (g5t gpsin g, ) o (t +7)

+i : :
wupP - wlowwj — Wyib + Z")/Vib/2 WiowP — wlowwj — Wyib + Z’Yvib/Q

(3l (4 7) S, (1))

(60)

d <§;rowo (t + 7—) §10W0 (t)> . 1 e R
o = | Wiowo = 5Mowo <810W0 (t + 7) S1owo (t)>

N
Z (fylow nloww] t + T) 710W (Dw] + nloww] (t + T))) <§;rowo (t + T) ‘§10W0 (t)>+
7j=1

N | —

+

4 (g cos @p sin o) *nupp (t + 7) n (g sin @p sin @o)*ruewp (£ +7)
WupP — Wiowd — Wyib + 1Vvib/2  WiowP — Wiowd — Wyib + ©Yvib/2

(Sl (4 7) 810w (1))
(61)

where j = 1, ..., N. In these equations the functions nypp (t + 7), Niowp (t + 7), Noww, (t + 7)
and nyuwo (t + 7) are known from solution of the equations (45)-(48).
The emission spectrum from the lower polarion branch can be calculated from two time

correlation functions <81TOW (t+7) Sloww, (t)> and <31ow0 (t + 7) S1owo (t)> according to

—+00

Sp (w) = Re / (30 (84 7) fowa (1) =77 (62)

0

“+o00

5., () = Re / (3l (0 7) S, (1)) €7 (63)

0

IV. NUMERICAL SIMULATIONS

We generate the system of differential equations based on Eqs. (45)-(48) consisting of the

modes in upper and lower polariton branches at k,ump, the most intense vibron mode with
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energy equals to wyy, = 0.199 eV and the set of equidistant N = 120 modes in frequency
space that fill the bottom of the lower polariton dispersion within the momentum range of
[|kmin] = 0 pm ™ |kpax | = 2 pm~1]. All the modes are shown in Fig. S5 as green dots on top
of the polariton dispersion relations. Modes at the bottom of the lower polariton branch are

shown in the inset of Fig. S5.
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FIG. S5. The dispersion of the lower (blue) and upper (red) polariton branches. The width of the
lines along the frequency axes indicates the FWHM of the polaritons, which is corresponds to the

dissipation rate. The discrete modes are shown as green dots.

To calculate polariton dispersion relations we use the standard parabolic dispersion of the
CaVItY Weavk = Weavo +eay - K2, Where the cut-off frequency at k = 0 is equal t0 Weavo = 2.54 eV
and the curvature parameter o, = 2.2 meVum? is obtained from experimental data in
Fig. Sla. In turn, Frenkel excitons are well-known as dispersionless particles, therefore
it is reasonable to assume the constant energy of wex. = 2.72 eV. Similarly, the coupling
constant between exciton and cavity modes is fixed at Qrx = 55 meV, regardless of the in-
plane quasimomentum k. The photon decay and effective exciton dephasing rates (including
inhomogeneous broadening) are assumed to be k-independent values Yeax = 4.2 meV and

Yexe = 60 meV respectively. The photon decay time is obtained from the measured quality
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factor of empty cavities (Q = 600). The effective exciton dephasing time is assessed from
the linewidth of the inhomogeneously broadened electronic Syo — S singlet transition of
the MeLPPP bare film.

Finally, we use Eqs. (17)-(18) to plot lower and upper polariton branches in Fig. S5,
where the linewidth for both dependencies correspond to dissipation rate of the lower yioux =
Yeavk COS? D+ Yexc sin? ¢ and upper Yupk = Veavk sin® i+ Yexe COS2 @y polaritons, respectively.

The incident angle of the pump beam is 6 = 45° which corresponds to in-plane momentum
Ak pump = 10 pum™'. The pump pulse duration of 150 fs corresponds to tpump = 27 - 30 eV ™1,
Exciton-vibron interaction constant g is left as variable parameter during numerical sim-
ulations. We get the best fit results with ¢ = 0.2 meV. The value agrees well with the
experimental one assessed independently using a cross-section of Raman scattering [10] and
the theoretical approach developed in Ref. [14].

To study dynamics of the polariton condensation and associated nonlinear emission from
the organic microcavity we set the thermalization rate for the lower polaritons at the level
of %‘(‘);“2 = 1077 eV (it corresponds to the best fit result) for wipwk, < Wiowk, and use
the thermal energy kT = 0.025 eV corresponding room temperature 300 K. The vibron
dissipation rate is estimated from the Raman spectrum of MeLPPP ~,;, = 0.0025 eV.

Following experimental conditions we choose |k| < 0.2 pm™!.

The seed pulse duration of
200 fs corresponds to teeq = 2 - 40 eV, Finally, we apply the following initial conditions
to the system: nypp(0) = 0, niowp (0) = 0, Niowo(0) = 0, Nioww,; (0) =0 for j =1,..., N.

We run numerical simulations of spontaneously-formed polariton condensation to un-
derstand the formation of the condensed state. Fig.S6 shows time-integrated polariton
population (n) across the lower polariton eigenstates as a function of dimensionless pump
intensity P. Importantly, the population exponentially decreases with increasing polariton
eigenstate energy below the condensation threshold without any change in the slope of the
exponent, according to Boltzmann distribution of the thermal polariton gas. However, above
the threshold, it exhibits accumulation of polariton population at the ground and nearby
energy states due to bosonic stimulation followed by the formation of the non-equilibrium
Bose-FEinstein condensate.

The integrated polariton density in the vicinity of the ground state as a function of pump

(Fig. S7a. black) demonstrates a S-shape dependence in agreement with the previous reports

on the BEC formation at room-temperature [1]. The integration takes place within +0.2
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FIG. S6. Time-integrated polariton population (n) at different energy states w as a function of

dimensionless pump intensity P.

pum~! according to the experimental configurations. Here we also plot the result of numerical
simulations for the seeded condensate (Fig. S7a. red). One can see remarkable agreement
with the experimental curves represented in Fig. 1b of the main text. Importantly, our
model adequately describes polariton population distribution in (E,k)-space. Fig. S7b and c
demonstrate spontaneously formed and seeded condensates respectively at the incident pump
fluence of P ~ 2P,;,. Here we use the seed pulse carrying 1000 photons that resonantly injects
polaritons into the ground state. As we form macroscopic occupation of the ground state at
the very initial stage of polariton condensation, it boosts relaxation towards the ground state
through the vibron-assisted bosonic stimulation. One can see the predominant population
into the pre-occupied states via the sharp distribution of the polariton population along
the lower branch. Both simulations accurately describe experimental (E,k) distributions

from Fig. 1b,c of the main manuscript as well as contrast dependence on the seed energy.
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Note that theory predicts 11% contrast at the single photon level. In fact, it manifests our
microscopic theory is adequate describing physical mechanisms underlying vibron-mediated

polariton condensation in the organic system at resonant excitation and seeding.
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FIG. S7. a, Emission of the seeded (red) and spontaneously formed (black condensates integrated
over the polariton state within +0.2 ym~! momentum range as a function of pump intensity
P. b and c, Time-integrated energy, momentum (E,k)-distribution of polariton population along
the lower branch for the spontaneously formed and seeded polariton condensates respectively.

Population distributions are simulated at P = 2P,

To peek behind the curtain of the extraordinary nonlinear response of the system, we
examine switching contrast defined in the main manuscript as Contrast = % — 1 under
different exciton-photon (2r) and exciton-vibron (g) coupling constants. Figure S8 shows
the contrast of switching under (n) = 10 seed photons as a function of coupling constants.

In both cases the contrast depends sub-linearly on ¢ and g
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FIG. S8. a, The switching contrast as a function of exciton-vibron coupling (g) with the fixed
exciton-photon coupling Qg = 55 meV. b, The switching contrast as a function of exciton-photon
coupling (2g) with the fixed exciton-vibron coupling g = 0.2 meV. All simulations are done at
the fixed pump fluence of P = 2P;;,. Contrast is obtained by integration E,k distributions over the

ground state momentum range of £0.2 ym™—!

With increasing exciton-photon and exciton-vibron interactions we observe further in-
crease in contrast values followed by saturation regime. The increase of contrast is a quite
intuitive result since both exciton-photon and exciton-vibron coupling terms in the Hamil-
tonian Eq.(12)-(7) favor stimulated polariton relaxation from higher energy excited states
towards the ground state. Further increase of the coupling constants does not improve
switching contrast as the bosonic stimulation is already strong enough to form a polariton

condensate. The highly nonlinear dynamics of the process saturates the polariton population

at finite times in this regime.

V. STATISTICAL ANALYSIS OF SINGLE-PHOTON SWITCHING

In the following, we present a detailed statistical analysis of single-shot measurements
that provide direct evidence of single-photon switching at (n) = 1. Let us consider the
probability of having 0, 1, 2 etc photons in a seed pulse. It is described by the probability
density function (PDF) of the Poisson distribution according to the pulse of the seed beam
expressed for an average photon number (n). Fig. S9 shows the probability for (n) = 9.3,
2.7, 1 considered above and focus in the case of (n) = 1 that is of utmost importance here.

One can see that roughly 92% of the seed pulses contain either one or two photons or no
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photons at all. Only 8% of pulses have n > 3 photons.
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FIG. S9. Probability density function (PDF) of Poisson distribution with an average value (n)

equals to 1 (blue), 2.7 (orange) and 9.3 (green).

Next, we drop the 8% of high photon number realisations from the histogram. Since
the actual distribution of the total polariton population seeded with n > 3 photons is not
accessible, we assume the worst-case scenario and remove the top 8% of polariton popula-
tions. Fig. S10 shows the histogram of the truncated data. Transparent bars at the high
population tail of the histogram correspond to the 72 single condensate realisations that we

removed (8% of 900 shots).
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FIG. S10. Truncated histogram of total polariton population of the condensates seeded with (n) =
1 photons on average. Red dashed line shows the mean value of the truncated data, black dashed
line corresponds to the peak in the distribution of spontaneously formed condensates. The solid

red line is the Gaussian fit of the initial data.

The average total population of the condensate seeded with one and two photon states
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is equal to 225.2 against 207.2 (x 103 polaritons) for the spontaneously formed condensates
leading to the contrast of 8.7%. Considering the truncated data still contains 40% of empty
realizations when there is not any photon in a seed pulse, the contrast for one/two-photon
switching becomes 14.5%. This number should be understood as the lower limit of the
switching contrast as it relies on the worst-case scenario wherein 8% of seed pulses with
n > 3 photons accounts for the top 8% of the total population distribution. In order to
obtain a similar picture for 0- and 1-photon events only (50% realizations are single-photon
events, another half is empty) we remove the next 166 realizations in the high population
tail of the histogram. Fig. S11 shows the histogram truncated at the level of 26.4% from

the top population values.

200 400

150 F T T J150

» 100 {100
C
=
o
O

=50

0

200 400

Total Population (x103 polartions)

FIG. S11. Truncated histogram of total polariton population of the condensates seeded with (n) =
1 photons on average. Red dashed line shows the mean value of the truncated data, black dashed
line corresponds to the peak in the distribution of spontaneously formed condensates. The solid

red line is the Gaussian fit of the initial data.

Although this approach obviously gives non-physical distribution of condensate realisa-
tions, the stringent statistical truncation supports our claim of single-photon switching (i.e.
Contrast > 0) but does not enable for a proper discrimination between one- and two-photon
contributions. To overcome this problem one should apply a reasonable sampling rule to
select realisations according to total population distributions of the condensate seeded by
2-,3-,4- etc photon states. Although, we cannot extract this information from the data
shown in Fig. 4e of the main text, we have recorded the population distribution of the
spontaneously formed condensates. We apply the distribution function of the spontaneously
formed condensates on the statistical distribution we obtained in the presence of the seed

and randomly sample occurrences to investigate whether or not there is a statistical dif-
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ference between spontaneous condensation and one photon seeded condensation. Following
this approach, we randomly sample 662 condensate realisations (73.6% of 900 shots) from
the experimental data represented in Fig. 4e according to the population distribution of the
spontaneously formed condensate. By imposing the distribution of the spontaneously formed
condensates on the seeded results allows us to reasonably exclude multi-photon events, i.e.
such sampling statistically corresponds to single-photon and empty events only. To ensure
the contrast is free from any effects of biased choices we take 12 random samplings of both:
spontaneous and seeded condensate realisations. The result of 12 random samplings is shown
in Fig. S12, where black and red histograms correspond to the spontaneously formed and
seeded condensates.

In all sampling sets we observe a clear change in average total population upon seeding
with the single-photon state as indicated by red and black vertical dashed lines. The average
population of the spontaneous and seeded condensates appears to be equal 209.5 + 1.2 and
220 4= 1.1 (x 10? polaritons) as shown in Fig. S13 by black and red points respectively.

Taking into account that half of each sampling set contains empty events, i.e. no photons
in the seed pulse, we arrive at single-photon switching contrast of 10%. This value is fully
consistent with the overall contrast for (n) = 1 equal to 11% used in the manuscript. In
fact, all 900 shots contains 36.8% -empty events, 36.8% - single-photon events with contrast
10%, 26.4% - two-photon events, etc with cumulative contrast 28% defined from experimental
data for (n) = 2.7, where 6.7% of empty events have been taken into account (see Poissonian
distribution in Fig. S9. From the statistical analysis presented above, we derive single-photon
switching contrast of 10%, ratifying our claim of single-photon switching.

Although in Fig. 4e of the main text we demonstrate the contrast at the single-photon
level by means of averaging over 300 single shots in each measurement, the number of single
shots to observe switching with high fidelity could be further squeezed down to 30 shots as
shown in Fig. S14.

In Fig. S14 we plot mean total polariton population averaged over 30 (a) and 100 (b)
randomly sampled single condensate realizations from the data set in Fig. 4e of the main
text. Analysis of the data averaged over 30 shots reveals single-photon switching with
contrast of 11% and high fidelity of 90% that to the best of our knowledge outperforms the
existing platforms in terms of statistics required for single-photon switching. Moreover, being

averaged over 100 shots (Fig. S14b) the device demonstrate fully deterministic switching
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FIG. S12. Histograms of 12 samplings obtained by randomly picking 662 single shots out of
900 initial realizations according to the total population distribution of the spontaneously formed
condensate. Red bars correspond to the seeded condensate, black to the spontaneously formed
one. Black and red dashed lines indicate the mean total population for the spontaneously formed

and seeded polariton condensate respectively.

capabilities holding a promise for deterministic single shot switching, discussed in the next

section.
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FIG. S13. Mean total population of the spontaneously formed (black) and seeded polariton con-

densates (red), where i is the sampling number from Fig. S12.
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FIG. S14. Mean total polariton population of spontaneously-formed (black dots, grey-shaded area)
and seeded condensate at the single-photon level (red dots) averaged over 30 a, and 100 b single

shot realizations.

VI. OPTIMIZING THE CONTRAST OF THE SINGLE-PHOTON SWITCH

Although we have optimized our experimental arrangements to maximize the effect of
single-photon switching, there is still plenty of room for further improvements within the
rich parameter space of our system. There are several strategies to deal with it, one can
either fight the noise or boost the contrast or address both of them to further improve the

single-photon switching efficiency. Here, we consider the physical limitations of the single-

46



photon switching phenomenon and offer ways to make it deterministic and operational at
the level of a single shot simultaneously.

The intensity noise (or photon noise) of exciton-polariton BEC is a complex subject
that depends on microscopic processes [15-18] as well as driven by many collective effects
and multimode behaviour of the condensate [19-21] On the microscopic level the exciton
component makes polariton Bose gas inherently nonlinear due to pair-particle repulsive
interactions, that severely limits coherence [18, 22] and generates excessive intensity noise
through the interaction with the incoherent excitonic reservoir [15-18, 23]. Alternatively,
a large variety of different degrees of freedom in a solid-state leads to very sophisticated
multimode dynamics of polariton BEC that may also be harnessed to control photon noise
of the condensate [24]. Overall, the highly nonlinear behaviour of polariton condensates
typically results in excessive intensity fluctuations well above the shot noise limit of an ideal
coherent source.

Despite polariton BEC always exhibiting a super-Poisson noise, it also shows significant
spatial and momentum disorder driven by dynamical instability [25-30] and inhomogeneous
depletion of the reservoir (so-called hole burning effect) [30]. The actual mechanisms behind
spatial-momentum disorder are still under debate. The physical origin of this instability
comes from a nonequilibrium nature of polariton condensate, more specifically due to repul-
sive interaction between the condensate and reservoir when the last is not able to follow the
condensate adiabatically (in the strongly nonadiabatic regime). On the contrary, the hole
burning effect is due to spatially inhomogeneous reservoir depletion and acts as an effectively
nonlinear attractive potential leading to self-focusing of polaritons in the condensate. The
latter results in strong filamentation, spatial and momentum disorder. While extensively
studied in theory such nontrivial spatial-momentum disorder is barely evidenced experimen-
tally, pretty much because of the absence of single-shot measurements. To the best of our
knowledge there are only few reports of the dynamical disorder observed in real space of
single condensate realisations so far [28-30]. Our analysis of the single condensate realisation
elucidates strong spatial and momentum disorder dynamically changing from shot to shot.
Fig. S15 shows four consecutive single condensate realisations in a real space.

The strong fragmentation of the condensate in a real space inevitably impose disorder
of the condensate density in momentum space. This disorder is a very important feature

which actually defines intensity noise of the condensate in our measurements. It is worth to
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FIG. S15. Real-space distributions of emission from the system consecutively acquired in the single

shot regime. The white bar scales the image to 20 um.

mention that we applied a k-filter at the detection to increase the switching contrast, but at
the same time it brings an extra noise on top of the intrinsic photon number fluctuation of
the condensate. Indeed, due to its stochastic nature, the emission from the condensate can
either pass through the k-filter (it leads to high intensity) or be filtered out (low intensity),
depending on the density distribution in momentum space of the particular realization as
shown in Fig. S16.

An alternative approach to reducing spatial disorder in our system is by utilising sin-
gle/few mode cavities [31, 32]. Such structures suppress the reservoir instabilities and fluc-
tuations that arise from the multi-mode nature of the flat Fabry-Pérot cavities. Moreover,
the condensation dynamics is different from the cavities with continuous dispersion relation.
Such change in cavity architecture will be extremely beneficial in terms of noise, (pump)

energy efficiency.
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FIG. S16. Typical distributions of emission in momentum space

To quantify the lower limit of the noise in our particular system we collect large statistics
of single condensate realisations without applying any k-filter and compare it with the data
shown in Fig. 4e of the main text. Fig.S17 shows distributions of the total population of
the spontaneously-formed condensate using k-filter (black solid line) and without it (dashed
line) adopted by the number of counts and average value.

This comparison becomes crucial in understanding the origin of noise and the fundamental
limits of the switching fidelity. It discriminates between the intrinsic noise of the condensate
driven by underlying microscopic and collective nonlinear effects, and the noise attributed to
the experimental arrangements and driven by the spatial-momentum disorder. The intrinsic
noise of the condensate appears to be three times less than the noise of the single-photon
switch at the same conditions and can be considered as the physical limit of the noise at
the current arrangement. The fundamental limit of the condensate noise is much more
difficult question to answer, especially in the case of Frenkel exciton-polariton systems.
The complex nature of organic molecules and disordered character of their ensembles make

theoretical studies of organic polariton condensates an extremely challenging task. From
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FIG. S17. Histogram of total polariton population of the spontaneously formed condensates (data
from Fig. 4e of the main text). Black solid line is the Gaussian fit of the data. Black dashed line is
the Gaussian fit of data obtained without k-filtering (adopted by the number of counts and average

value).

an experimental point of view, a lack of reports in this regard also severely limits our
understanding the noise. To explore the lowest boundary of the noise in our particular case

we investigate fluctuations of the condensate in terms of total polariton population from shot-

a?—(n)
(m)? 7

where o and (n) are the standard deviation and mean value of the total polariton population

to-shot and calculate the time-integrated second-order coherence function ¢g*(0) = 1+

distribution. Fig. S18 plots second-order coherence as a function of relative excitation density
(P/ Pup).-

According to these data, the lowest shot noise limit (¢?(0) = 1.002) of the system is almost
6 times lower in standard deviation than the single photon switch noise shown in Fig. 4e of
the main text (¢?(0) = 1.08). While it can be considered as the physical limitation of the
noise in our system, it is still far from the fundamental limit of the shot noise ¢g*(0) = 1) that
would lead to more than 2 orders of magnitude improvement in terms of standard deviation.
Furthermore, the noise analysis and optimizations require comprehensive theoretical and
experimental investigation of interconnections between microscopic and collective effects in
the condensate with dynamical spatial-momentum disorder.

We believe the intrinsic noise of the condensate without k-filter is already at the promising
level and further efforts should be paid to increase the contrast of single-photon switching.
In fact, if we consider even the same experimental single-photon contrast of 11% but without
using k-filter it would already provide a measurable enhancement in signal to noise ratio.

To illustrate the idea, Fig. S19 plots total population of spontaneously-formed and seeded
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FIG. S18. Second-order coherence integrated over the condensate duration as a function of exci-
tation density. The red dashed line shows the lower boundary of the system under investigation,

while the black dashed line corresponds to an ideal coherent light source.

polariton condensates without k-flitter with 11% switching contrast.
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FIG. S19. Histograms of total population of spontaneously-formed and seeded polariton conden-
sates adopted from the noise level (without k-filtering) and applying experimental contrast value

of single-photon switching (11%).

The intuitive way to reduce the intrinsic noise due to quantum fluctuations and therefore
improve switching contrast relies on suppression of polariton losses. Cavity photon lifetime
and the effective exciton dephasing time are among the main factors limiting linewidth of
polariton states. An increase the amount of layers at the distributed Bragg reflectors and
improvement in quality of the structure is a straightforward route to suppress polariton

losses in our system bearing high photonic fraction of the wave function of the ground state.
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It is worth mentioning that the typical quality factors of organic microcavities are currently
100 1000, offering a huge room for technological improvements. We find that the maturity of
inorganic systems is quite instructive in this regards; started out from Q-factor of 400 for the
first strongly coupled GaAs-based microcavity reported in 1992 [33] it increased over three
orders of magnitude by 2017 bringing polariton BEC to the level of thermal equilibrium [34].
Here we simulate single-photon switching contrast with k-filtering as a function of linewidth
of seeded polariton states to see how much one could get from the particular material system
with improved quality factor. Fig. S20 shows the contrast of the single-photon switching as

a function of polariton linewidth.
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FIG. S20. Simulated contrast of the single-photon switching without k-filtering as a function of

linewidth at the ground polariton state.

The linewidth of our system is about 10 meV according experimental data below con-
densation threshold as shown in Fig. S4b. This is a factor currently limiting the switching
contrast to the level of 11%. However, one can achieve a measurable increase in contrast by
further decreasing the linewidth. The current advancement in fabrication of strongly coupled
organic microcavities enables the linewidth of 3 4 meV in half-wavelength cavities [1, 3, 7]
which would double the contrast in our system and up to 200 eV in multi-wavelength struc-
tures [35] potentially corresponding to >30% single-photon contrast. To illustrate the result
we plot histograms of total polariton population calculated for the linewidth below 1 meV.
The distributions in Fig. S21 have been obtained assuming the noise level of spontaneously-
formed condensate from experiments without using k-filter and 30% contrast of single-photon

switching. The separation between the two distributions allows the switch states to be dis-
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tinguished with 98.7% fidelity. Further contrast optimization is feasible albeit it requires

in-depth theoretical and experimental study in a large parameter space of the system.
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FIG. S21. Histograms of total population of spontaneously-formed and seeded polariton conden-
sates adopted from the noise level (without k-filtering) and 30% contrast calculated for the system

with improved linewidth < 1 meV.

VII. PHOTON COUNTING OF SEED PULSES

In this section we provide the calibration data for the incident photon flux of the seed
pulses based on a direct method of counting the seed photons transmitted through the sam-
ple. The seed beam is focused onto the sample within a wavevector range of +0.2um=*. The
light transmitted through the sample is coupled to a single photon avalanche Si photodiode
(SAPD) idq100 (ID Quantique) equipped with a 50 pm multi-mode fiber. To get rid of
the noise we implement a time-gated photon counting scheme using a time-correlated single
photon counting module SPC-160 (Becker & Hickel GmbH). We employ a standard inverse
START-STOP technique to detect the photon events within 1 ns time window allowing for
noise-free measurements. A photon detected on SAPD initiates the photon counting routine
while the signal from the master laser terminates the measurement. We have carried out
photon counting experiments at 500 Hz repetition rate applying five different seed ener-
gies that correspond to 2050, 143, 45, 12 and 3.5 photons per pulse on average, within the
linewidth of the ground polariton state. Further on, we have quantified integrated photon
detection efficiency (n), including transmittance of the sample (7', light coupling (K) and
quantum efficiency (QF) of the SAPD: n =T - K - QF ~ 0.01. Fig. S22 shows an average

photon count rate per seed pulse integrated over 60000 pulses (collection time of 120 s)
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versus the average number of photons per pulse incident on the SAPD taking into account

integrated detection efficiency 7.
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FIG. S22. The average photon counts per pulse (C) detected by the single photon counting setup
within 120 s collection time as the function of the average photon numbers per seed pulse (N).

The blue curve shows model values of (C) expected from theory for Poisson-distributed pulses,

(nynef(n)

according the analytic expression ) o, ~*—=

One can observe a clear linear dependence for the photon counts at the low incident
photon numbers (N) < 1 that saturates in the vicinity of (V) = 1 with the maximum value
of (C) equals 1 at (N) > 1. The upper limit of (C') = 1 relates to an operation principle
of SAPD which generates a constant signal upon photon arrival regardless of the incident
photon flux. The overall trend can be quantitatively explained in terms of summation over
the probabilities to have at least one photon per seed pulse. Obeying Poisson distribution,

the sum is defined as 3°°_, &

m = (n)

———. We plot the analytic expression in Figure S5 (blue
curve). It reproduces our experimental observation in a very precise way which verifies our
photon number calibration and serves as independent proof of the Poisson distribution of

the seed beam.
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