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When particles with integer spin accumulate at low temperature and high
density, they undergo Bose-Einstein condensation (BEC). Atoms, magnons,
solid-state excitons, surface plasmon polaritons and excitons coupled to
light exhibit BEC, which results in high coherence due to massive occupation
of the respective system’s ground state. Surprisingly, photons were shown
to exhibit BEC recently in organic-dye-filled optical microcavities, which—
owing to the photon’s low mass—occurs at room temperature. Here we
demonstrate that photons within aninorganic semiconductor microcavity
also thermalize and undergo BEC. Although semiconductor lasers are
understood to operate out of thermal equilibrium, we identify aregion of
good thermalization in our system where we can clearly distinguish laser
action from BEC. Semiconductor microcavities are a robust system for
exploring the physics and applications of quantum statistical photon
condensates. In practical terms, photon BECs offer their critical behaviour
atlower thresholds thanlasers. Our study shows two further advantages:
thelack of dark electronic states in inorganic semiconductors allows these
BECs to be sustained continuously; and quantum wells offer stronger
photon-photon scattering. We measure an unoptimized interaction
parameter (g 2107%), whichis large enough to access the rich physics of
interactions within BECs, such as superfluid light.

Semiconductor lasers, first realized in the 1960s', are now an essential
underpinning technology, ubiquitous in research and industry due
to their ability to generate bright, coherent and directional radiation
from electricity. A conventional understanding of the laser processin
asemiconductorinvolves a populationinversion of electrons, excited
fromthe valence band to the conductionband, which amplifies its own
light emission within an optical resonator. The apparently extreme
conditions necessary for optical gain suggest that neither the semicon-
ductor’selectrons nor resonant photons can be in thermal equilibrium,
either with themselves or each other. Despite this intuition, however,

steady-state optical gaininsemiconductors arises fromelectrons and
holesin quasi-thermal equilibrium®. Furthermore, itis well known that
adetailed balance of absorption and emission allows electromagnetic
radiation to be in thermal equilibrium with its surroundings. Under
ambient conditions, Planck’s spectrum peaks in the mid-infrared while
visible and near-infrared light may also achieve thermal equilibrium
when interacting with suitable light emission materials*’. This has
been demonstrated for organic dye embedded in and tuned to an opti-
cal cavity resonator with a well-defined ground state®. In this system,
with increasing excitation, the photon population reaches a critical
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Fig.1|Device structure and quantum well spectral information. a, lllustration
ofthe inorganic semiconductor quantum well microcavity. b, Quantumwell
emission spectrum (blue points) and absorption spectrum (red points). The vRS
relation transforms the photoluminescence spectrum into the naively expected
absorption spectrum (orange line) for a semiconductor in thermal equilibrium.
Accounting for the mirror loss (grey line) and bound exciton absorption at

0 ke, 9pn 0 k

930 nm gives good correspondence between the predicted (purple line) and
measured (red points) absorption spectrum. We expect thermalization to occur
to theright of the dashed vertical line, where absorption and emission follow
the vRS relation and the mirrors have high reflectivity. ¢, Electronic dispersion
and thermal population densities following Fermi-Dirac statistics. d, Photon
dispersion and thermal population density following Bose-Einstein statistics.

number where the chemical potential of light approaches the cavity’s
ground-state energy and Bose-Einstein condensation (BEC) occurs’.
BEC has been observed in a wide range of boson systems, including
atoms®’, magnons'®, solid-state excitons", surface plasmon polaritons™
and excitons coupled to light™. Although offering the high temporal
and spatial coherence characteristics of lasers, condensates of light are
distinct as they robustly operatein their ground state, exhibit nonlinear
and many-body physics described by quantum statistical mechanics
and do not require carrier inversion, because of which they manifest
critical behaviour below the laser threshold™**.

In this work, we identify the operating regime of inorganic semi-
conductor microcavities where their electronic and photonic popu-
lations are in thermal equilibrium and thus produce condensates of
light at room temperature. Excited using a continuous-wave laser,
these condensates can be indefinitely sustained, something that was
achieved even for matter-based condensates only recently”. We study
the photon condensate as a function of the light-matter coupling
strength, allowing us to identify the phases of lasing and condensa-
tion, which closely follow theoretical predictions'. This establishes
the underpinning physics of photon condensation in inorganic semi-
conductor microcavities, confirming evidence of this interpretationin
related vertical-cavity surface-emitting lasers' and other semiconduc-
tor systems'®. This is also supported by other recent works developing
the theory of BEC in semiconductor cavities'>*,

Our approach brings key advantages compared with other optical
condensates. Inorganic semiconductor materials have much lower
transition rates from bright to long-lived dark states than those
of organic dyes, which avoids the requirement for low-repetition-
rate pulsed excitation to avoid the shelving of carriers’. Distinct from
the condensation of exciton-cavity polaritons™'**-?2, condensates
of light are only weakly coupled to their surroundings and there-
fore bypass the low temperatures and limited excitation conditions

often necessary to sustain bound excitons. Even for materials with
stable excitons at room temperature, condensed polaritons dissoci-
ate under strong excitation, where they revert to normal laser opera-
tion'**?*, These advantages enable the use of technically relevant
III-V materials as an environment for exploring the physics and
application of quantum statistical condensates despite their low
exciton binding energies.

Figure 1a illustrates the inorganic semiconductor microcavity.
One halfis a GaAs/AlAs heterostructure distributed Bragg reflector
(DBR) and InGaAs quantum well, whereas the other halfis a commer-
cially manufactured DBR on a concave glass substrate with a radius
of curvature of p = 0.2 m (Fig. 1b and Methods). The use of two separate
mirrors allows an independent characterization of the quantum
well and cavity length control. The cavity length [ was locked in posi-
tion with interferometric stabilization (Methods). All the measure-
ments were performed with a longitudinal mode number of g =9 to
ensure that the quantum well emits into a single longitudinal mode.
The commercial mirror has reflectivity R, > 99.995%, whereas the
semiconductor mirror has reflectivity R; > 99.950%; therefore, light
is mainly emitted through the GaAs substrate. The cavity loss rate,
K9=1.6+0.2x10"s™, was estimated from the laser threshold and
reflection measurements (Supplementary Information), and is consist-
ent with the mirror reflectivities, which give k > 10 s,

The microcavity defines a two-dimensional photon mode
spectrum:

m2 WK1 om,
Epn(k,.r) = R + m + EmQ r°—mc ml(r), 1)

whichis afunction of axial position rand emissiondirectionk = {k,, k.}
(ref. 6), m= hn/cA., is the photon mass, A, is the ground-state cavity

cut-off wavelength, k. is the transverse wavevector, 2 = (c/n)/+/ Lp
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Fig.2|Thermalization and condensation of light in the semiconductor
quantum well microcavity. a, Emission near the critical excitation intensity /;
foracavity tuned to A, = 950 nm. The inset shows the spectraabove /; in the
linear scale. b, Images of the thermal cloud for /, < /., (top) and the condensate
forl,> I (bottom). ¢, Condensate intensity as a function of excitation intensity.
Condensate intensity is found by integrating the datainaataround A, = +1nm.
Dataare fitted to a semiconductor laser model (Supplementary Information).
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Deviation from linear behaviours at high excitation intensity is consistent with
heating of the sample. d, Spectra as a function of in-plane momentum for the
thermal cloud at/,=0.2/;. Theinset shows the same for the BEC at /, = 2/ ;..

e, Data points are the summed intensity as a function of wavelength fromd.
Fitting the emission with a Bose-Einstein distribution (black line) gives a thermal
cloud temperature of T=300 + 30 K. f, Plot showing the spatial intensity of the
thermal cloud (red) as the excitation beam position (grey) is varied.

is the transverse cavity trapping frequency, n is the average cavity
refractiveindex and n, is the nonlinear refractive index. The final term
accounts for photon-photoninteractions due tononlinear refraction,
where I(r) is the intracavity spatial intensity distribution.

The absorption of inorganic semiconductors is controlled using
heterostructures, that is, regions of the crystal where the bandgap
is varied via composition. Here we use a single InGaAs quantum well
(Methods) with absorption peak wavelength A,,, =930 nm, which is
far from the band edge absorption of the GaAs substrate at 875 nm.
The quantum well sample without a commercial mirror was ini-
tially characterized by optical excitation with a continuous 785-nm-
wavelengthlaser to find the emission and absorption spectra (Fig. 1b).
Intraband carrier-phonon scattering on 10 s timescales ensures
that carriers maintain a thermal distribution, and therefore, the
absorption exhibits a characteristic Urbach tail, emulated also by a
long-wavelength photoluminescence spectral tail.

Itis well known that the ratio of absorption and emission spectra
insemiconductors at thermal equilibrium follows the van Roosbroeck-
Shockley (VRS) relation**, analogous to the Kennard-Stepanov relation
for organic materials®. Figure 1b compares the measured absorption
spectrum from the semiconductor half-cavity withits predicted absorp-
tion spectrum, calculated from the measured photoluminescence
spectrumusingthe vRS relation. We observe correspondence between
these two datasets when the DBR loss (1 - Ry) is added, which reveals
good thermalization of electrons and phonons for A > 935 nm. Around
the bandgap, the VRS relation breaks down due to bound exciton
absorption, which causes the absorption peak at 930 nm (refs. 27-29)
(Supplementary Information provides a discussion of contributions

to quantum well absorption). At room temperature, excitons in lll-V
semiconductors are weakly bound and dissociate into free electrons and
holes on picosecond timescales”, compared with the typical nanosecond
radiative lifetime of the quantum well. As such, they do not meaning-
fully contribute to the emission spectrum of the quantumwell, whichis
predominantly from the electronic continuum. A Gaussian function
models the excitonabsorption and reveals the correspondence between
VRS and measured absorption across the whole spectral range (Fig. 1b).
The spectra confirm that for A > 935 nm, carriers and phonons in the
quantumwell areinthermalequilibrium, a prerequisite for photon con-
densation®®. Thermal equilibrium breaks down near the exciton absorp-
tionin this IlI-V system, but could be sustained either under cryogenic
conditions or for materials with stable excitons at room temperature.
Thermalization is also possible when blue-detuned from the exciton
peak, namely, A, < 925 nm, which has been confirmed in recent work®.

Semiconductor lasers often use multiple quantum wells to
increase the gainand power. Here only asingle quantum well is neces-
sary to produce a balance of cavity absorption a and mirror loss
(ref.31). Figure 1b shows that the single quantumwell provides a peak of
~1.5% round-trip loss®. Meanwhile, the round-trip mirror loss, 1 - RiR,, is
smaller than 5 x 107* (Fig. 1b, horizontal line). The thermalization para-
meter y = a/k characterizes the extent of thermalization, with photon
condensation expected to be optimal in the range of 0.1<y<10.0
(refs. 16,33). Here y must be large enough for condensation to occur,
but not so large that it increases the critical intensity. Here this
interval lies in the long-wavelength Urbach tail of the quantum well
absorption between 935 <A, <960 nm. We have, thus, designed the
semiconductor mirror’s central wavelength, A,,, = 950 nm, to overlap
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with this region. Since increasing the number of quantum wells would
shift the range of good thermalization to regions where photolumines-
cenceisweaker, itis preferable to use asingle quantumwellinstead of
the multiple wells employed in conventional semiconductor lasers.

Consider now the condensation mechanism for light interacting
with asemiconductor quantum well in amicrocavity. Figure 1c shows
the electronic energy spectrum £, as a function of in-plane electron
momentum, k., (right) and density of electronic states, g, (left),
under optical excitation. Electron and hole populations are governed
by Fermi-Dirac occupancy factors, namely, f. and 1-f,, respectively
(Methods). Their positions are set by quasi-Fermi levels for electrons
(E;(NV)) and holes (E;,(N)), and controlled by the density of optically
excited carriers N. The net rate of photon production at energy E,,
is set by a detailed balance of mode loss (ks(£,,, N)), net absorption
(a(f, - fJ)s(E,n, N)) and spontaneous emission (af.(1-£,)), where
S(Epn, N) is the photon number. With good photon thermalization,
Yy =a/k >1, the photon emission spectrum follows a Bose-Einstein
distribution (Methods):

gph

EgpN)mw ——20
SEpne N~ T 7

@

where the photon chemical potential u(N) = E; (N) — E; (N) is the dif-
ference between the electronic quasi-Fermi levels**'**, Figure 1d
illustrates the photon energy spectrum as a function of k, (right) with
linear two-dimensional density of states g, and occupancy set by the
Bose-Einstein factorf,,. Photonthermalization follows naturally from
the relationship between the Fermi-Dirac and Bose-Einstein occu-
pancy factors, that s, f.(1-£,) = fou(f, —f.). As shown in Fig. 1b, photon
thermalization is expected to occur deep into the semiconductor’s
Urbachtail, below the quantum wellband edge, where £, < Eq,, = hc/Ay,.
Forincreasing carrier density, we would expect the chemical potential
toincrease, until it reaches the cavity ground-state energy, namely,
p=~E. = hc/A.,, where photon condensation would be expected.

Figure 2a shows the emission spectra from the microcavity where
the cut-off wavelength for longitudinal mode order g =9 is set to
A =950 nm, corresponding to £, = E,, — 1.5k; T. At low pump intensity,
we observe a Maxwell-Boltzmann distribution, which is indicative of
thermalized photons according to equation (2)". As the pump intensity
I,increases, emission near A, grows faster than the thermal tail, until
the critical intensity /., is reached. At this point, the ground-state
population becomes dominant, confirmed also by the spatial distri-
bution of light (Fig. 2b). We observe the saturation of the thermal tail
with increasing ground-state population. Figure 2a (inset) shows the
increase in population of the lowest-energy state with intensities above
I =1kW cm™(Supplementary Information). Above the critical pump
intensity, the condensate’s output is stable but deviates fromalinear
response due to heating (Fig. 2c).

The build up of coherence is a characteristic of BEC and so we
also measured the first-order coherence time of the emitted light
using aMichelsoninterferometer (Supplementary Information). The
coherence time increases to >500 ps, which is >10«. The coherence
variation with power matches previous experimental measurements
ondye-based photon BECs** and recent theoretical studies®*®. We also
find that although the thermal cloud is unpolarized, the BEC is pola-
rized with the pump beam, again following the behaviour shown by
dye-based photon BECs**®, The device is relatively efficient, emitting
~300 pW for an input power of 50 mW. The condensation is continu-
ouslysustained and remains stable under arange of cut-off wavelengths
and pump conditions.

Figure 2d explores the thermalization and condensation in more
detail using the momentum-space emission spectrum of the thermal
cloud at /,=0.2/;.. Here we reduced the mirror radius of curvature
to 0.1 m to improve the collection of higher-energy photons from
larger radial positions®. We observe a filled parabola as predicted by

a Thermalization coefficient, y
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Fig.3|Phase diagram for the semiconductor quantum well microcavity.

a, Phase diagram characterizing the spatial emission distribution as a function
of cavity cut-off wavelength A, and excitation intensity. Data points indicate the
critical excitation intensity /.,; extracted from the spectral data (Fig. 2b shows
the methodology). The coloured areas represent the unique regions identified
by using a clustering algorithm on images of the emission distributions taken

at the valuesindicated by the intersecting horizontal and vertical lines. The
clustering algorithm is fed an unsorted list of images that are subsequently
assigned to groups. Four regions are identified: uncondensed/thermal cloud;
photon condensate; break down of single-mode condensation; and higher-order
mode condensation'. Images and details are available in the Supplementary
Information. b, Example images from the four regions identified in a.

equation (1). Since the cavity dispersion is a function of both k. and r,
high-energy photons can occupy low k, at high r. Fitting these spectra
with a Bose-Einstein distribution gives a thermal cloud temperature
of T=300 + 30K (ref. 7) (Supplementary Information), confirming a
thermalized photon gas below the critical intensity. For comparison
with the BEC state, Fig. 2d (inset) shows a measurement at /, = 2/,
where the condensate is visible near k, = 0.

We have also varied the position of the excitation beam relative
to the optical axis (Fig. 2f). The thermal cloud does not shift in posi-
tion from the cavity’s energetic minimum, confirming good spatial
thermalization®", By monitoring the thermal cloud size as a function
of varying pump beam diameters, we have also explored spatial ther-
malization in more detail (Supplementary Information). We find that
the thermal cloud saturates to a size corresponding to a temperature
of T=300 K within error, again confirming thermalization***.,
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radius r, data are fit with super-Gaussian curves (line). Size increase is attributed
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function of I, (points). Data are fit to find n,, using equation (6). ¢, Spectra of the
BEC at A, = 950 nm for increasing /,, values, normalized and scaled. The central
wavelengths are found by fitting spectra with Gaussians. BEC shifts to higher
energy and lower wavelength due to repulsive interactions. d, BEC wavelength
blueshifts as a function of /. Data are fit to find n,, using equation (7).

Condensation occurs above the critical pump intensity, /.;(A,),
whichdependsonthe cut-off wavelength (Fig. 3a). For operation nearer
tothe peak absorption A, ahigher critical pump intensity is necessary
as the quantum well absorption is larger and z(N) must be increased
closer to electronic inversion. We do not consider condensation for
A <935 nm, where exciton absorption causes the vRSrelation to break
down. For increasing A.,, cavity loss eventually exceeds absorption
where photon thermalization is also expected to break down. It is
still possible to observe critical behaviour, but with a higher thresh-
old that suggests a larger value of u(N) than would be necessary to
observe condensation. Thisindicates the beginning of the laser regime.

To explore the photon condensation regime in more detail, we
studied the spatial distribution of the condensed state as a function
of A., and excitation intensity. Photon condensation should exhibit
a signature of robust ground-state occupation. The phase diagram
in Fig. 3a categorizes the types of spatial emission pattern, from the
examples showninFig.3b. Supplementary Information shows the full
set of condensate distribution images.

Below the critical excitation intensity, athermal cloud is observed
for all the cut-off wavelengths; an example is shown in Fig. 3b(i).
Above the critical pump intensity and for 936 <A, < 957 nm, condensa-
tion in the lowest-energy cavity mode is observed (Fig. 3b(ii)). Mean-
while, for A, > 957 nm, a higher-order mode (Fig. 3b(iv)) occurs at the
critical intensity, suggesting laser operation. The presence of lasing
here, rather than condensation, can be explained by the decrease
in y below the value of 0.1; there is insufficient absorption to allow
the system to thermalize before light is lost from the cavity'®*. As
the photons cannot reach thermal equilibrium, BEC cannot occur;
instead, above I, lasing occurs. Of particular interest is the behav-
iour at A, = 956.5 nm, where condensation occurs just above /., but
as the pump intensity is increased further, a multimode distribution
(Fig. 3b(iii)) is observed. This is consistent with the expected phases
of photon BEC fromboth simulation' and measurement on dye-based
condensates™.

Interactions in photon condensates are mediated through
refractive index variations due to free-carrier effects, heating or the
Kerr effect, leading to relatively small dimensionless interaction para-
meters, thatis, & < 10~*(refs. 6,42). For dye-based condensates, non-
linear refractionis associated with heating of the dye and has an overall
repulsive effect where dn/dT is negative, that is, the refractive index,
effective cavity length and cut-off wavelength are reduced with heating.
Evidence of device heating is clearly seen in the saturation of light
output versus pump response (Fig. 2c). However, dn/dT is positive in
GaAs (refs. 43,44), and therefore, heating would have an attractive
influence on the condensate.

As the intracavity condensate intensity /, increases, we see an
increaseinthesize of the condensate (Fig.4a). Thisisarepulsive effect
that requires anegative refractiveindex change, attributable to varia-
tionsinthe excited carrier density N, where dn/dNis negative for InGaAs
quantum wells**¢, Supplementary Information discusses distinguish-
ing the influences of excitation beam and condensate intensities on
refractiveindex changes. Relating the observed increase in condensate
radius to /, (Fig. 4b), we compute a dimensionless interaction para-
meter g =0.0025+ 0.0004 (Methods). Evidence of repulsive inter-
actions can also be seen in the wavelength of the BEC (Fig. 3¢), which
shifts to higher energy as I increases. Using the energy shift, we com-
pute adimensionless interaction parameter of g =0.0022 + 0.0004.

These values are higher than those reported for dye-based con-
densates®*, despite the measured effect also being opposed by the
effect of heating. The excited dense electron-hole plasma within the
semiconductor must be the origin of the observed photon interac-
tion, but the exact mechanism(s) (for example, carrier dispersion,
inhomgeneity, bandgap renormalization and timescales) here require
further research before explicit comparison with other condensates
of light can be drawn. The interaction strength could be increased by
mitigating heating, either by increasing the excitation beam size or
the excitation wavelength, reducing the longitudinal mode order or
increasing the number of quantum wells.
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This work provides arobust new physical system for investigating
photon BEC, through the use of an inorganic semiconductor quantum
well in an open microcavity. Unlike monolithic cavities, we directly
vary the cavity length to control the system’s ability to thermalize,
thereby identifying the boundary between photon BEC and lasing.
Wealso seelow [, values within the condensate regime, due to opera-
tion below electronic inversion in the quantum well’s Urbach tail™.
Combined with the inherent ground-state operation and control of
spatial trapping, condensationin semiconductor open microcavities
could allow for the design of efficient and large-mode-area coherent
light sources.

Although organic-dye-based photon BECs have been instrumental
inthe foundation ofthe field, photon BECsin semiconductor environ-
ments overcome fundamental limitations of dye- and exciton-based
systems. The continuous operation enabled by semiconductors is
key for practical applications, and the strong interaction between
photons observed in this work enable fundamental experiments that
currently seem elusive in dye-based experiments. Semiconductor
setups promise access to superfluidity of light***’; combined with
the ability to sustain the condensate indefinitely, vortex formation*®
could beinvestigated. The use of spatially shaped potentials*’ with the
available interaction strengths here would allow the Josephson effect
to be achieved between photon BECs***!, opening the role of ther-
malized light in quantum technology applications under ambient
conditions.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Sample preparation

The samples were grown by molecular-beam epitaxy on two-inch
semi-insulating double-side-polished gallium arsenide (GaAs(001))
substrates on a DCA P700 MBE system. Following oxide removal, a
300 nm GaAs buffer layer and 32.5-pair GaAs(67.4 nm)/AlAs(80.1 nm)
DBR stack and lower 126.8 nm of the GaAs cavity region were grown
at 590 °C before the substrate temperature was reduced to 480 °C
for the deposition of the 8 nm In,;Ga,,As quantum well and 20 nm
GaAs capping layer. Substrate temperatures were measured using kSA
BandiT band edge thermometry®. The temperature was then raised to
590 °C for completion of the structure with 32.6 nm GaAs and then a
5.0 nm AlAs window layer to limit surface recombination®*and 5.0 nm
GaAs cap. The optimal growth temperature for the InGaAs quantum
well was determined by measuring the room-temperature photolu-
minescenceintensity inaseries of calibration samples withouta DBR.
The presence of the 5 nm AlAs window layer was critical for obtaining
strong luminescence from this near-surface quantum well, with the
photoluminescence intensity being 100 times higher compared with
acontrol sample with no window layer present.

Experimental setup

We assembled an open-access microcavity (Fig. 1a). The commercial
mirror was cut down to adiameter of <1.4 mm, to allow the two halves
of themicrocavity to approach withaminimum separation of <1 pmat
the optical axis. We adjusted the cavity length so that the longitudinal
mode number was g = 9. The optical cavity length Lis controlled viaa
piezo actuator, which is stabilized to the interference pattern of a
secondary light-emitting diode light source. Here we used the image
of interference rings from a reflected 840 nm laser diode (Thorlabs,
LED840L) through a commercial mirror (LAYERTEC), measuredona
camera (Blackfly, S BFS-U3-16S2M), to monitor the fluctuating cavity
length. This is then used to drive a proportional-integral-derivative
locking loop using a piezoelectric positioning stage (Thorlabs,
NFL5DP20M) to lock the cavity length to within our spectrometer
resolution.

We excite the quantum well using a 785 nmlaser diode (Thorlabs,
L785H1) focused through an objective lens (Mitutoyo, M Plan Apo
NIR 20X) and the cut-down commercial mirror. The emission is col-
lected through the substrate mirror using an objective lens (Mitutoyo,
M Plan Apo NIR 50X) and split on a beamsplitter between a camera
(Blackfly, S BFS-U3-16S2M) and spectrometer (AvaSpec, ULS2048L).
Two-dimensional spectra are measured using an imaging spectrom-
eter (Acton 300, Princeton Instruments) combined with a cooled
charge-coupled device camera (PIXIS 100, Princeton Instruments).
We filter the camera image using a 925 nm long-pass filter (Thorlabs)
to remove bulk GaAs emission and pump light.

Detailed balance for asemiconductor quantumwellina
microcavity

Thenetrate of photon productioninthe nth cavity mode for anexcited
carrier density Nis set by adetailed balance of modal emission, absorp-
tion and cavity loss. The steady-state photon number rate equation
can be written as a,f.(1-f,) + a,(f. - f.)s, = k,,S,,, where s, is the photon
number in mode n, a, = a is the modal absorption rate and x,, = k is
the modal cavity loss rate. fg/lv = exp{(Ecjv(ke) — E¢c/y(N))/k T} + 1are the
Fermi-Dirac probability functions, where £, (k.) are the conduction/
valenceband energies at constant crystal momentumk,, such that the
photonenergyE,, = E.(k.) - E,(k.), and E;,,(N) are the quasi-Fermilevels.
We also identify the net modal material loss rate as a’(N) = a(f, - f.),
and the spontaneous emission rate r, = af (1 - f,). Each mode can
be identified with an emission energy E,, through the dispersion
relation (equation (1)) so that the modal photon numbers can be
expressedass, = s(E,,, N). Then, the photon number spectrummay be
written as

1
e(Eph*ll(N»/kBT -1 + K/rsp ’

3

SEgnsN) =

where (eEm=rMYkT _1)f (1 —£,) = (f, — f.)- This expression is expected
for a driven-dissipative semiconductor BEC'**°. We can also express
the spontaneous emission in terms of the net cavity loss rate a’(N)
suchthat

1

(eCEmntkaT _ 1) (1 + L) '
a’'(N)

4)

S(Epn, N ) =

Under low excitation, f, - f.= 1, and with good photon thermali-
zation, «’(N) = a and k/a =y <« 1, the photon number in the nth
mode follows a Bose-Einstein distribution with chemical potential
u(N) = E;.(N) - E; (N). Under high excitation, a Bose-Einstein distri-
bution is maintained provided a’(N) > k (ref. 19). In the case where
«’(N) > kand accounting for the density of photon states g,,, the total
photonspectrumis

gph
eEn—nN)/keT _ 1"

S(Epns N ) ~ )

Photoninteraction

The dimensionlessinteraction parameter used to quantify interactions
within a condensate can be expressed as g= —(m‘;hcﬁnz)/(zmqn)
(refs. 7,54). We can relate the condensate radius r increase (Fig. 4a)
to the nonlinear refractive index n, using equation (1). Here we fit
super-Gaussians to the observed mode profiles. Although these are
notsolutions to the nonlinear Schrodinger equation, the fitting is close
andallows us to accurately extract the e 2beam width. Nonlinear refrac-
tion may occur due to the excitation beam and BEC, where additional
analysis shows the BEC dominates (Supplementary Information). We
thustake /(r) asthe BEC intensity /,(r), found through the measurement
of the output power (Supplementary Information). We set the energy
change fromtheincreasein condensate size, fromaninitial size of r,,
according to 1/2m,,,(*r* equal to the interaction term —m,,c*n,/n’l,
and rearranging, we find

2c2lyn,
rz\lriznit_ B2’ ©

which we can fit to the measured condensate size. Here /, is taken as
the peak intensity, giving a lower bound interaction strength. From
fitting, we also find r,,;, =17 + 1 um, matching the expected condensate
size fromthe cavity geometry of 17 + 1 pm. Thisindicates we are seeing
condensation into the lowest-energy state of the system.

Forthe changein condensate wavelength, we can find the corres-
ponding refractive index change An = n,l, through

A= Ay + 2l @)

where A, is the wavelength at the phase change to BEC.

Data availability
Dataused are available viaZenodo at https://doi.org/10.5281/zenodo.
11370546 (ref.55)
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