PHYSICAL REVIEW X 11, 011018 (2021)

Polariton Laser in the Bardeen-Cooper-Schrieffer Regime
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Microcavity exciton polariton systems can have a wide range of macroscopic quantum effects that
may be turned into better photonic technologies. Polariton Bose-Einstein condensation and photon lasing
have been widely accepted in the limits of low and high carrier densities, but identification of the expected
Bardeen-Cooper-Schrieffer (BCS) state at intermediate densities remains elusive, as the optical-gain
mechanism cannot be directly inferred from existing experiments. Here, using a microcavity with strong
polarization selectivity, we gain direct experimental access to the reservoir absorption in the presence of
polariton condensation and lasing, which reveals a fermionic gain mechanism underlying the polariton
laser. A microscopic many-particle theory shows that this polariton lasing state is consistent with an open-
dissipative-pumped system analog of a polaritonic BCS state.
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I. INTRODUCTION

Collective quantum effects, formed through spontaneous
symmetry breaking, have been intensively studied in a variety
of physical system, such as Bose-Einstein condensation
(BEC) [1,2] in ultracold atomic gasses and the Bardeen-
Cooper-Schrieffer (BCS) state in superconductors [3]. While
the original concepts of such quantum phases were developed
for closed systems in thermal equilibrium, generalization to
open quantum systems has been a fruitful path for studying a
wider range of effects in physical systems. One such
generalization is quantum phases induced by an external
driving field, such as light-induced superconductivity [4] and,
in the context of semiconductors, an early prediction where
the coherence of an external light field results in electron-hole
(e-h) pairs exhibiting features similar to Cooper pairs in
BCS states [5]. Another generalization is the concept of
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quasithermal equilibrium. For example, excitons (bound
electron-hole pairs) in semiconductors do not exist in thermal
equilibrium, but after creation might live long enough to
assume quasithermal equilibrium and during that time exhibit
exciton BEC [6] or BCS [7], similar to BEC or BCS in closed
systems. When the excitons are strongly coupled to a cavity
photon mode, polaritons are formed, which is the focus of this
publication. Polaritons have been discussed to exhibit a range
of many-body phases that bridge phenomena of both matter
and light systems and involve both fermionic and bosonic
quantum statistics [8,9]. Two of the most studied phase
transitions in the polariton system include, below the Mott
density, the transitions from a thermal gas to a polariton BEC,
accompanied by the emission of coherent light, or polariton
lasing [10] [Fig. 1(b)], and, far above the Mott density, a
conventional photon laser transition [11] [Fig. 1(d)]. In
between the two, a transition to a BCS-like polariton laser
has been postulated theoretically [12-14] [Fig. 1(c)], with
only a few previous experimental attempts at demonstrating a
polariton BCS state [15]. As we illustrate in Fig. 1, while all
three lead to coherent emission, they have distinct micro-
scopic characteristics such as gain mechanism, quasiparticle
type, and e-h distribution functions.

Exciton-polariton BEC takes place at carrier densities n
much below the Mott transition density nypo 7 <K Ayors
where electron-hole pairs are tightly bound by the Coulomb
interaction to form excitons, which satisfy bosonic
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commutation properties [Fig. 1(b)] [16]. The electronic
distribution functions are far below Fermi degeneracy, i.e.,
their value is far below 1 (unity), and correspond to the
exciton wave function. Coherence is formed via bosonic
final state stimulation into the polariton ground state. In
contrast, conventional photon lasing takes place in the limit
of high densities n > ny,, where Coulomb interaction is
screened, leading to uncorrelated, fermionic electron and
hole plasmas. The electronic distributions are Fermi degen-
erate. Coherence is formed via stimulated scattering into a
cavity mode when fermionic gain is provided by population
inversion between the conduction and valence bands. In
between the polariton BEC and photon laser regimes, # is
high enough to disallow tightly bound exciton states, but
low enough to allow sufficient electron-hole Coulomb
correlations to form overlapping Cooper-pair-like e-A pairs.
In this intermediate regime, absent a cavity, an excitonic
BCS state, with a coherent population of degenerate and
weakly Coulomb-bound e-# pairs, has been predicted since
the 1960s [6,7,17-19], though not yet demonstrated. In a
strongly coupled microcavity, different types of polariton
BCS states have been proposed, with Coulomb or photon-
induced electron-hole pairing [8,13,14].

Despite the distinct microscopic characteristics of the
three phases, there is no additional symmetry breaking
between them [20]. This poses a challenge to identify the
different phases experimentally. Polariton condensation or
lasing has been identified when the emitted light transforms
from thermal to coherent [22,23] while maintaining a
polaritonic dispersion with nonlinear interactions; the non-
linear interactions manifest themselves in frequency shift
[24] and coherence properties [25] of the emission, thereby
distinguishing the state from a photon laser. Whether such a
polariton laser originates from a BEC- or BCS-like state,
however, is unclear—both a polariton BEC and a polariton
BCS-like state would emit coherent light and show strong
nonlinearities. The essential difference lies in the electronic
media, which have been difficult to access experimentally,
except for the exciton component of a polariton BEC [26].

In this work, we gain direct access to the electronic
component in the presence of lasing, by using an unconven-
tional polarization-selective cavity and a special measure-
ment technique, combining off-resonant continuous wave
pump with a resonant probe in time-resolved spectroscopy.
Through measurement of both the absorption and emission
spectra of both the polariton lasing mode and its electronic
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FIG. 1.

Comparison of the polariton BEC, polariton BCS, and photon laser. (a) A schematic of the subwavelength grating (SWG)

based microcavity that allows access to the electronic reservoir of a polariton system. Quantum wells (QWs) are embedded in the cavity
formed by a SWG and a distributed Bragg reflector (DBR). Fields polarized parallel to the bars (TE) are well confined in the cavity while
the perpendicularly polarized fields (TM) transmit through the SWG. (b)—(d) Illustrations of three possible many-body states in the
system with different quasiparticles in the electronic medium. (b) Polariton BEC with bosonlike excitons (bound electron-hole, e-h,
pairs at low density), (c) polariton BCS (bound e-/ pairs at elevated density), and (d) a conventional photon laser with plasmas of
unbound e-h pairs. Polaritons are formed in (b) and (c) via strong photon coupling. The table summarizes key properties of the three
many-body states. Thick green (blue) border lines indicate properties that distinguish a polariton BCS from a polariton BEC (photon
laser). The properties confirmed for our system are highlighted correspondingly in green and blue.
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reservoir, we identify fermionic gain above the Mott
transition in the polariton laser, which distinguishes it from
a polariton BEC. At the same time, bound electronic states
persist, characteristic of a polaritonic BCS state but differ-
ent from a conventional photon laser. To clarify the nature
of the observed polariton laser, we developed a microscopic
many-particle theory for the Coulomb correlated electron,
hole, and photon system. The theory correctly predicts the
experimentally observed emission frequency and absorp-
tion spectra, and reveals distribution functions and inter-
band polarizations resembling those of an ideal (7 = 0 K)
polariton BCS state [13,14], but modified by -cavity
dissipation and thermal dephasing.

II. EXPERIMENTAL METHOD

To access the electronic media in the presence of
polariton lasing, we use a cavity that simultaneously
supports weakly and strongly coupled modes which,
importantly, are in orthogonal linear polarizations. As
shown schematically in Fig. 1(a) and detailed in
Appendix A, the top mirror of the A/2 cavity is made of
an Al ;5GaygsAs high-contrast subwavelength grating.
The grating has very high reflectivity for transverse-
electric- (TE) polarized light, but low for transverse-
magnetic- (TM) polarized light [27]. As a result, TE
polaritons are formed while TM excitons remain in the
weak-coupling regime [32]. Using such a cavity, we can
access the reservoir (or bath) of the TE modes through the
TM modes if they share a common electron and hole
reservoir. This is readily achieved under nonresonant
pumping. The observation of equal TE and TM emission
outside the grating independent of the pump polarization
confirms efficient scattering between exciton modes of
different polarization [27]. Moreover, within the grating
area, the weakly and strongly coupled modes differ only
over a small range of in-plane wave vector g near g =0
compared to the large range of g occupied by all excitons
or polaritons. This ensures that the large-g modes,
unmodified by strong coupling, do not have a significant
difference of population between TE and TM polarizations
despite very different dispersions and decay rates of the TE
and TM modes near g = 0. The large-g; modes account
for most of the total carrier population, as the TE ground
state polariton density is estimated to be 3.6 x 107> of the
total carrier density below threshold and 1.2 x 1073 even at
the highest power used. Hence, the TE and TM modes
share the same electron and hole reservoir, and via
polarization-resolved spectroscopy, we can access simulta-
neously the optical properties of the polariton system and
its underlying electronic media.

To identify the gain mechanism in the TE-mode lasing
regime, we monitor the TM-mode absorption spectrum of
the system via a separate, weak probe laser. To cleanly
separate the photoluminescence (PL) and absorption, we use

a two-color time-resolved spectroscopy. A continuous-wave
pump is used, at 784 nm, about 30 meV above the exciton
resonance, focused to a Gaussian spot of about 3 ym in
diameter at the center of the square grating. A resonant
pulsed laser of about 150 fs pulse width is used as a probe,
overlapping with the pump spatially. We first measure the PL.
without the probe using spectrally resolved real-space and
Fourier space imaging through a 4f confocal relay into a
spectrometer. We then measure, in the presence of the PL,
the probe absorption, using a streak camera. The reflected
probe appears as a resolution-limited sharp peak in time in
the streak image whereas the PL, produced under cw
pumping, has uniform intensity in time. Hence, the PL is
readily subtracted from the reflection [33].

III. POLARITON LASING VERSUS
PHOTON LASING

We measure two distinct types of lasing transition for
the TE-polarized modes in devices with different cavity-
exciton detunings. In devices with negative to small
positive detunings, polariton lasing was measured with
typical features that have been so far identified with those
of a polariton BEC. In more blue-detuned devices, we
observe clear features of a photon laser. We show an
example of each type in the top row and bottom row of
Fig. 2, respectively. Additional examples of other detunings
are shown in Ref. [27]. The corresponding TM spectra and
animations of detailed evolution of the spectra with power
for the polariton and photon lasers are shown in Ref. [27].

In a polariton laser (top row in Fig. 2), the ground state
remains distinct throughout the measured densities, with
only slight line broadening below threshold and resolu-
tion-limited linewidth above threshold. Its frequency
blueshifts continuously with power and remains well
below the cavity or exciton resonances [Figs. 2(a) and
2(c), top]. These features suggest the ground state remains
as a coupled state between electron-hole pair and photon;
they are the same as widely reported for polariton BECs in
the literature [22,23,34].

In stark contrast, in a photon laser (bottom row in Fig. 2),
the lower polariton modes can no longer be discerned as the
pumping density increases [Fig. 2(a), bottom middle panel;
also see real-space spectra in Ref. [27]]. A mode with a
rather broad linewidth emerges near the cavity resonance
frequency near the threshold and becomes pinned at the
cavity frequency above threshold [Fig. 2(c), bottom]. These
features are fully consistent with the dissociation of bound
states, both tightly bound exciton and e-# pairs at the many-
body level, before transition to photon lasing. The result
suggests that electron-hole plasma is formed before a phase
transition threshold is reached. This may be because of both
a heavier effective mass of the lower polaritons that leads to
a higher threshold density and a larger exciton fraction that
leads to stronger scattering-induced dephasing.
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FIG.2. Emission properties of a BCS-like polariton laser (top row, detuning of —2.4 meV) and a photon laser (bottom row, detuning of
3.5 meV). (a) Fourier-space spectral images of TE-polarized emission from below to at the lasing threshold at g ,, ~ 0 at pump powers as
labeled. The top middle panel is at the pump power where the g = 0 mode has the largest linewidth. The bottom middle panel is at the
pump power where the ¢ = 0 mode is much weaker than the peak at TM exciton energy and cannot be discerned. The dashed lines
mark the exciton resonances measured outside the grating region by reflection without a pump. The dotted (solid) curves are the
calculated empty cavity (polariton) dispersions assuming no in-plane confinement; they are based on the measured exciton energy and
the lower and upper polariton energies measured from TE reflection without pump (Appendix C). (b) The emission intensity of the TE
¢ = 0 mode versus the pump power. The dashed line is a reference of linear dependence. (¢) Pump power dependence of the emission
photon energy (open green squares) and linewidth (filled orange circles) of the TE g = 0 modes. The empty cavity at g = 0 (dotted
lines) and exciton (dashed lines) resonances are also shown. In (b) and (c), the gray region corresponds to where the TE ground state is
much weaker than the peak at TM exciton energy and cannot be discerned; in (b), the vertical solid lines mark the lasing threshold.

Similar photon lasing transitions in polariton cavities
have also been studied in earlier works [24,35,36]. Like in
our observations, the photon lasing transitions were accom-
panied by significant linewidth broadening, many times
more than that of a polariton lasing transition [24,36], as is
consistent with the disappearance (retaining) of a bound
state for photon (polariton) lasing transition. In some of
these works, the photon lasing frequency was reported to be
below the original cavity resonance when the detuning is
within about 10 meV, which was attributed to a redshift
of the cavity resonance at high carrier densities [35,36].
However, no quantitative models were given to explain
such a shift, and the carrier densities are likely much higher
than that used in this study. The detuning of our polariton
and photon lasing devices are similar in magnitude, —2.4
and +3.5 meV, respectively, for the examples shown in
Fig. 2. The photon lasing we observed takes place close to
the original cavity resonance despite a higher threshold
density than that of polariton lasing. This confirms that
there is negligible shift of the cavity resonance in our
devices at the carrier densities we used.

IV. GAIN MECHANISM OF THE
POLARITON LASER

While the observed polariton laser shows spectral
features distinct from a photon laser and similar to a
polariton BEC, the absorption spectra of the electronic

media reveal a many-body phase different from BEC.
As described above, with linear polarization selectivity of
the cavity, we are able to probe the electronic gain of the
strongly coupled TE mode via the weakly coupled TM mode
using time-resolved reflectance of a pulsed probe laser. We
show examples of the TM reflection spectra of a polariton
laser in Fig. 3(a). Without pump, we measure TM absorption
at the exciton resonance below the band continuum and
above the TE polariton energy. With increasing pump
power the exciton absorption becomes stronger. At even
higher pump power but still below threshold, the discrete
exciton resonance is no longer resolvable and the spectra
have the shape of an absorption edge of the band continuum.
This implies that there is strong screening and band gap
renormalization to lower energies, and that the carrier
density is already near the Mott density. Close to threshold,
a peak above unity emerges; its height and width increase
with further increase of the pump power [Fig. 3(a), inset].
This shows optical gain due to population inversion.
Corresponding TE emission and reflection spectra are
provided in Appendix C.

A condensed version of the experimental data, including
the evolution of the resonances and gain with the pump
power, is shown in Fig. 3(b). The TM exciton resonance
blueshifts with increasing pump power but quickly broad-
ens and becomes nonresolvable, corresponding to the Mott
transition at moderate pump power well below threshold.
In contrast, the discrete TE resonance continues to exist
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FIG. 3. Measured and calculated gain and energetic positions of a polariton laser. (a) TM reflection spectra for a BCS-like polariton

laser at different pump powers. The horizontal black lines mark reflectivity of 1 (see Appendix B for calibration of the reflectivity). Inset:
enlargement near the gain. (b) Measured pump power dependence of the energetic positions of the TE g; = 0 mode (red squares), TM
exciton (blue circles), and the spectral bounds of gain (gray triangles). Error bars on the bounds are obtained by dividing the standard
deviation of the reference of unity reflectivity by the local slope at the boundary. The empty cavity resonance is marked by the black
dotted line. The polariton lasing threshold, marked by the black dashed line, coincides with the onset of the fermionic gain. Red lines are
linear fitting to TE polariton energy below and above threshold. The exciton mode, extracted from TM reflection spectra (Appendix D),
is no longer resolvable above 1500 yW, due to dissociation of the excitons above the Mott transition. (c) Calculated pump density (7,,)
dependence of the energetic positions of the TE ground state (red solid line), TM exciton (blue solid line), gain region (gray area,
determined from TM response spectra given in the Supplemental Material [27]), ideal polariton BEC/BCS quasichemical potential
assuming density n = n,, (black dash-dotted line), the TE emission without e-/ interaction corresponding to an ideal photon laser (red
dashed line), renormalized band gap (green dash-dotted line), and empty cavity resonance (black dotted line). az = 14 nm and E, are

the exciton Bohr radius and quantum well band gap energy, respectively. Effective electron temperature T[K] = 40 + 50n pa%.

despite the Mott transition and the presence of gain in TM;
it blueshifts continuously with increasing carrier density
throughout the pump powers used. Lasing takes place as
the polariton ground state frequency enters the gain region
and the frequency stays within the gain region at higher
pump power, showing clearly a lasing transition driven by
fermionic population inversion.

The total carrier density per quantum well (QW) at
threshold is estimated to be ng ~ 4 x 101 cm™2 > nyy
(see Appendix E for details), consistent with the onset of
population inversion and fermionic gain. We note that
density estimates in polariton systems typically carry large
uncertainties; therefore they should be used not for iden-
tification of the many-body phases but rather as a con-
sistency check. In our experiment, regardless of the exact
value of the density, the carrier reservoir that screens the
electron-hole interaction in the TM exciton also screens
the electron-hole interaction in the TE polariton; hence the
direct observation of the Mott transition in TM confirms the
fermionic nature of the gain medium.

We summarize our experimental observations as follows.
The spontaneous phase transition is evidenced in the
characteristic superlinear increase of the emission intensity
at zero in-plane wave number, accompanied by sharp
linewidth narrowing [Figs. 2(b) and 2(c)]. These are
common for the formation of all three possible phases in
the system. However, distinct from a photon laser, we
observe a well-defined single mode across the transition
threshold, with an emission linewidth that remains narrow
and emission frequency well below the cavity or exciton

resonance frequencies without sudden shifts [Figs. 2(a)
and 2(c)]. This shows the emission originates from a
bound state of electron, hole, and photon. Furthermore,
we distinguish our system from a BEC-like state by
measurement of fermionic gain in its electronic reservoir
due to population inversion, at a carrier density above
the Mott density [Figs. 3(a) and 3(b)]. Therefore, these
observations are suggesting the possibility of a polariton
BCS state: we highlight in the table in Fig. 1 the properties
consistent with polariton BCS, and outline with thick green
and blue borders which of these properties distinguish it
from a polariton BEC in the low-density regime or a photon
laser in the high-density regime, respectively.

While we have observed a BCS-like polariton laser and a
photon laser in our devices, a transition in the BEC regime
was not observed, possibly due to limited polariton life-
time. The transition from the BCS regime to photon lasing
is expected with increasing excitation. However, we pres-
ently can only increase the power to about twice the BCS
threshold before sample deformation takes place. Within
twice the BCS threshold, we did not observe a large shift of
the lasing mode, which suggests the system remains in the
BCS regime.

V. THEORETICAL MODEL OF THE SYSTEM

To analyze the microscopic picture underlying the
experimental observation, we develop a theory based on
a nonequilibrium Green’s function approach to treat self-
consistently the entire fermionic system as an open
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dissipative and pumped system. The theory needs to
correctly predict both the frequency shift due to density-
dependent Coulomb interaction effects and the onset of
fermionic gain even at the presence of Coulomb interactions.
The highest degree of agreement between theoretical results
and experimental data is obtained if low-frequency artifacts
in the gain spectra [37,38] are avoided, which we achieve by
including electronic correlations due to screening and the
resulting partial cancellation of self-energy and e-h vertex
contributions (cf. Ref. [39]). Early theories that laid the
foundation of the concept of polariton BCS states used
localized two-level states represented as fermions to model
the electronic system [12]. Later work considered a realistic
electronic band structure and two-dimensional Coulomb
interaction in the Hartree-Fock (HF) approximation [13,14],
but was limited to a closed, quasiequilibrium, 7 =0 K
polariton system, which we call an “ideal polariton BCS
state.” A more recent work considered an open, dissipative
and pumped system, but utilized a contact potential rather
than a two-dimensional Coulomb potential [40]. Since
BCS states are characterized by strong correlations among
electrons and holes widely distributed in the configuration
space, we use in our theory the two-dimensional Coulomb
potential and electronic correlations and thereby extend
the description of the electronic system in Refs. [13,14,40]
beyond the Hartree-Fock approximation. We also treat the
two bright linear-polarization components (TE and TM)
together with the carrier distributions functions fully self-
consistently [41]. The incoherent pump is parametrized by
the pump density n,,.

In the following, we summarize our theory, which is
based on a nonequilibrium Green’s function approach to
treat self-consistently the entire fermionic system as an
open dissipative and pumped system. In this section we
present the equations of motion that we use in the
numerical simulation.

Since all two-time Green’s functions entering the
dynamically screened Hartree-Fock theory are evaluated

E/\

in the equal-time limit, our theoretical approach can be
viewed as an extended version of the semiconductor
Bloch equations [43,44] for the interband polarizations
with zero center-of-mass wave vector and as a function of
the relative electron-hole wave vector k. Given in terms
of electron and hole annihilation operators, we have
Py (k) = (aj 132 ke 51/2k)€" ™", where the subscripts
+ (—) refer to circularly polarized bright interband tran-
sitions in the spin basis from the 3/2 (—3/2) heavy-hole
band to the —1/2 (1/2) conduction band, where Ay ~ E,,
with E,, denoting the band gap energy, to make P(k) slowly
varying in time. The Coulomb interactions entering the
semiconductor Bloch equations are diagrammatically
shown in Fig. 1(a) of Ref. [45]. We omit electron-hole
exchange effects, since in GaAs the exchange splitting is on
the order of weV [46], while all effects that we are
observing are on the order of meV.

Since our cavity has a linear-polarization anisotropy, we
transform the interband polarizations from the spin basis to
the linear polarization basis:

Pi(k) = —=[Py.(k) + P_(K)], (1)

G-

P,(k) = é[h(k) —P_(K)]. @)

The optical selection rules are shown in Fig. 4. We assume
the effective electron e and hole & masses to be equal,
m, = my, (an approximation that is reasonable for heavy-
hole states in GaAs quantum wells). As indicated in the
figure, both x- and y-polarized light fields induce optical
transitions and interband polarizations, P, and P, respec-
tively (red dashed lines) that provide equal amounts of
population (or recombination in case of population inver-
sion) in the two spin states (+1/2 for electrons and +3/2
for holes). This is the reason why, in the Hartree-Fock
approximation, both excitonic interband polarizations,

3
J=73

FIG. 4. Sketch of selection rules. Selection rules involving heavy-hole and conduction bands in a thin GaAs quantum well. Both x- and
y-polarized light fields induce optical transitions and interband polarizations, P, and P, respectively (red dashed lines) that provide
equal amounts of population (or recombination in case of population inversion) in the two spin states (4-1/2 for electrons and +3/2 for

holes). For further explanation, see text.
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P, and P, are affected by a shared electron reservoir
(in other words, both P, and P, experience the same
phase-space filling from charge carrier populations in both
spin states).

We assume that there is no spontaneously formed dark
interband coherence or dark condensate, e.g., P (k) =
(an3/2,-kGe12x), shown as dashed gray line in Fig. 4,
where the superscript ‘“2” refers to the angular momentum
transfer (in units of #) required for the transitions (dipole
allowed transitions have angular momentum transfer of
+1). A coupling between P, and P, due to phase-space
filling requires nonzero electron-spin (or hole-spin) coher-
ences or spin imbalances (optically induced magnetism).

We neglect electron-spin coherences such as f el 2(k) =
<az.l j2kbe~1/2k) and hole-spin coherences such as

ff/ 23/ 2(k) = (012’3 /2.x8h.-3/2k)> since the optical creation
of these spin coherences requires a combination of bright
and dark interband coherences. Finally, we neglect spin
imbalance, being defined, e.g., for the conduction band as

Afe(k) = <a1,1/2,kae.1/2,k> - <az,_1/2,kae.—1/2,k>’ since the
optical generation of spin imbalance cannot be achieved by
a linearly polarized light field. Only a superposition of
cross-linearly polarized fields could optically generate a
spin imbalance; however, in our case the pump beam is
linearly polarized and above threshold we also have only
linearly polarized (x-polarized) lasing light. We further
clarify potential sources for spin coherences and spin
imbalances at the end of this section.

In the x-y basis the polarization equation in the screened
Hartree-Fock approximation reads [compare, for example,
Egs. (12.19) and (15.2)—(15.4) in Ref. [44]]

ih 5 P(K) = [en(K) = o ir] P ()

1= 2 ) (k) + i 2 Po(K)|

(3)

where 7 =x, y, y is a phenomenological dephasing
constant, the band-to-band renormalized transition energy

n’k?
gtot(k) = W + Eg + ZZHF(k), (4)

where m, is the reduced e-h mass, my! = m;! + m;!, and

¥HF(K) is the unscreened Hartree-Fock self-energy,
1 :
SHE(K) = - > Vi f (K, (5)
k/

where Vi _,, is the unscreened two-dimension Coulomb
potential,

2re?
Ve = , 6
! &pq ( )

with e being the free-electron charge, ¢, the background
dielectric constant, and A the cross-sectional area of the
system. The correlation term in Eq. (3) consists of the
electron and hole correlation self-energies and the electron-
hole vertex contribution,

0
iho Pe(k)| = [Z (k) + Z7(K)]P (k)
. a vertex
+ing,Pek)| ™)

The correlation self-energy is

1 oo
K J—>

lg5(=w) + f(K) ImV**'(k — K, w)
ga(k) - Ea(k/) — ho + i7pl

(8)

Here, v, is an effective damping constant (subscript p/ for
plasma), which, for simplicity, is taken as a parameter
instead of calculating it self-consistently with the self-
energy, £,(k) = (A?k*/2m,) are the unrenormalized band
energies (a = e, h), and gz(w) the Bose function:

1
=—. 9
98(@) eholksT _ ©)

This form of Z™(k) is strictly valid in quasithermal
equilibrium. If the system is not in quasithermal equilib-
rium, the present form is an approximation that assumes the
plasmons to be in quasithermal equilibrium, described by
the Bose function, while the carrier distributions f(k) can
be arbitrary, i.e., not restricted to quasithermal equilibrium.
We call this the equilibrium plasmon approximation.

The dynamically screened Coulomb potential is given in
terms of the inverse plasma dielectric function

Vi(q.0) = €,/(q. @) V§. (10)

We use a plasmon-pole model for the screening (see, for
example, Ref. [47]),

2
0] 1 1

-1 —1(1 pl _

1 (4:) €b< 2w, [a)—l—iﬁ—a)q w+i5—|—wq]>’

(11)

where ¢ is an infinitesimally small positive constant,
the two-component effective plasmon pole dispersion is
given by
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q h2q2 2
Rw? = h2w§ﬂ<1 +;> +Cpy (—Zm ) . (12)

r

and the g-dependent squared plasma frequency is

2me’q (n®  n"
2 = w2 (q) = i) a3
o =ape = ZE (L)

Here, n“ (a = e, h) denotes the density of the electrons and
holes,

a de a
0 _2/<2ﬂ)2f (), (14)

and, as mentioned above, we assume equal masses,
m, = my;, = m, and thus n° = n" = n. The screening wave
vector is k = k, + kj,, with

Ko = o Sk = 0). (15)

The e-h vertex contribution is taken to be the one
derived in Ref. [39], with the additional simplification of
making an effective quasiparticle approximation that repla-
ces the frequency dependence by unrenormalized energy
differences, thus neglecting quantum memory effects,

a vertex
ih—Py(k
l ot (k)

1
=D AWiwP (k). (16)
k/

corr

with

AWe o — 2/00 dhw [gg(—w) + f(K')ImV*'(k — K, @)
w2 T ) — e, (K)o iy

(17)

Furthermore, in Eq. (3) the effective Rabi frequency is
1
Qi (k) = <a§Ef +ZZv§_k,Pf(k’)>. (18)
k/

The coupling coefficient,

ay = %dcv(k)lpcav(ZQW)\/m’ (19)

is given in terms of the interband dipole matrix element
between the conduction band (subscript ¢) and the valence
band (subscript v) d.,(k), or more precisely, a matrix
element of the k-gradient operator (for more details about
interband matrix elements in semiconductor models with
periodic boundary conditions, see Ref. [48]), the light mode
function W, (zqw) evaluated at the position of the quan-
tum well, and the background dielectric function ¢,. We
assume d,., (k) to be independent of k up to a certain cutoff
value kp,y; in other words, a, = a“ for |k| < ky,, and zero

for |K| > kpa. In the low-density limit, the coupling
coefficient can be related to the conventional polariton
splitting 2Q when the polarization is written as P(k,t) =
®(k)p(t) with a normalized wave function ®(k ), which in
the low-density limit is the 1s exciton wave function,

V4 27[613

q’ls(k) :W’

(20)
via

Q= NQwa"*q)ls(r = 0), (21)

where Ny is the number of quantum wells in the cavity.
The equation for the distribution function reads

o 1K) = @l (k)" Py (k) + 940", ()]

12 r)

0
- h_f(k) relax a

ot ’ (22)

pump

with a relaxation term

ho JK)| = =relf () = £ 00)] = 1l (). (23)

relax

where (k) is the Fermi function,

1

frk) = elea®)=u]/ksT 31

(24)

yr an effective intraband relaxation rate, and y,, the
nonradiative decay rate. At each time instance, the Fermi
function is normalized to the same density as f(k). We
model the pump process by assuming the relaxation into a
Fermi function to be sufficiently fast so that the pump term
can be taken as

he )| =) - s, (9)

pump

where f, (k) is taken to be a Fermi function normalized as

n, =2 / (‘2{:;2 fp(K). (26)

We use the pump density n,, as an input parameter to our
theory. For simplicity we assume here that all thermal
functions entering our model, including the bath distribu-
tion function f,(k), are at the same effective temperature
T. This temperature can generally be different from the
lattice temperature, since it accounts for the dynamical
equilibrium between the creation of carriers high in the
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bands and the electron-hole recombination (and other
loss) processes.

For comparison with a system without e-/ interaction,
we omit the Coulomb interaction in Eq. (18) and the e-h
correlation (16). A complete omission of the Coulomb
interaction, however, would imply that there is no band gap
reduction and hence the system cannot lase at the cavity
frequency, which in our case is below the band gap.
Therefore, we do not completely omit the self-energy.
However, the e-h correlation (16) effectively cancels that
large imaginary part of the correlation self-energy (8).
Hence, for the purpose of this study we omit both the
correlation self-energy (8) and e-h correlation (16), and
keep only the Hartree-Fock self-energy (5).

Finally, the light field amplitudes are determined as
follows. For the y polarization (TM) we take E, to be a
weak external perturbation field, E, = E., for example,
a spectrally wide short femtosecond pulse. To model the
TE field, for which we have a high-Q cavity, we use the
quasimode equation,

., 0 . Now o
lhEEx = (hweyy — hwy — 1Yoy ) Ex — %zk:ak' P.(k),

(27)

where y.,, is the cavity decay rate.

The numerical values for the parameters used in the
calculations are given in the Supplemental Material [27].

To briefly summarize, we solve numerically the equa-
tions for the wave-vector-dependent X and Y interband
polarizations, Eq. (3), the wave-vector-dependent carrier
distribution, Eq. (22), and the light field amplitude at
the position of the quantum wells, Eq. (27), fully self-
consistently as time-differential equations until the steady
state is reached. The solution of these equations yields
the theoretical results shown below, notably, the spectral

position of the polariton emission, cf. Fig. 3(c), and the
k-dependent distribution and interband polarization func-
tions, cf. Figs. 5(a) and 5(b). We limit ourselves to s-wave
solutions, meaning that all k-dependent functions depend
only on the magnitude of the wave vector, k = |k|, and
ranges between 0 and k,,. After numerically Fourier
transforming the results to frequency, we find the TE
emission frequency from the maximum of the spectral
intensity of the TE light field, |E,(w)|*. Examples of these
spectra, for the parameters used in Fig. 3(c), are shown in
the Supplemental Material [27]. To obtain the TM exciton
resonance and gain spectra, we add a small ultrafast
(femtosecond) external light field E,,, to probe the system.
Specifically, we replace E, by E,. in Egs. (3) and (22).
The TM spectra are then given by the susceptibility
(@) = 6Py (@)/Eper (@), where SPY(w) is the perturba-
tion-field-induced total TM polarization. For the interpre-
tation of the experimental results, we use only exciton
frequency and the spectral location of the gain, not the
gain line shape. However, figures of the gain line shape,
together with additional details of the theory and parameter
values used in the calculations, are given in Ref. [27]. The
gain line shape that we obtain is free of the artificial
absorption below the gain, which one obtains in an
unscreened Hartree-Fock theory, as was discussed, e.g.,
in Refs. [37,38]. It is important to note, however, that we
verified that none of our qualitative conclusions would
change if we would use an unscreened Hartree-Fock theory.
Only the quantitative agreement between theory and
experiment shown below [cf. Figs. 3(b) and 3(c)] would
be slightly less good.

Before presenting our numerical results, we want to
briefly come back to the issue of spin coherences and spin
imbalances mentioned above. Within the screened Hartree-
Fock theory and the Coulomb interactions shown in
Fig. 1(a) of Ref. [45], all source terms for spin coherence

fe_l/ 21/ 2(k) involve polarization with angular momentum

60

1.0 = 0.8
T Looceeeme, b = c
(@) N (b) 3 50 © Ideal
- 0.6 .7 BCS
s o, | \JdealBCS E ol Ideal s
5 s 5 | BEC.
= 0.51 i 044 fli‘Photon\. o 30 Lo
o - K ilaser N, ) e
ﬁ N N % 20 'a 2
a 0.24Full s, o T [K]=40+501 &,
calculation 10
0.0 : i 004 : — 0l T=50K~=7 :
0 2 4 6 0 2 4 6 8 0.0 0.2 0.4 0.6 0.8

Wave vector (units a;)

FIG. 5.
n

Wave vector (units a;)

. . -2
Pump density n (units &)

Carrier distributions and wave functions. (a) Distribution functions at 7 = 50 K. Solid lines: full calculation at pump densities
»a3 = 0.3,0.45, and 0.6 (threshold pump density n! ~ 0.3a53?), y = 1.5 meV. Short dashed lines: without e-h interaction at n,a3 =

1.6 (green) and 2.6 (red), n}',‘ & lagz, y = 0.15 meV. Black lines: ideal polariton BCS at densities na% = 0.6 (long dash-dotted line), 1.2
(dash-dot-dot line), and 1.8 (short dash-dotted line), showing that at large densities fpcs(k = 0) saturates at about 0.6. (b) Corresponding
magnitudes of polarizations (effective wave functions); same line styles as in (a). The dashed magenta line shows the 1s exciton wave
function normalized to a density of 4 x 10 cm~2. (c) Pair gap energy of ideal system (red line) and phenomenological estimate of the

pair gap energy of the experimental system (green and blue lines).
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transfer 2, for example, (1/A)> . V¢ . P% (k)PP (k).
Hence, unless we would find experimental indications of a
spontaneous dark coherence such as P (k), which does
not couple directly to the cavity mode and therefore does
not exhibit polariton effects similar to P, and which would
still need to be strong enough to give observable effects on
the meV scale, we do not expect, and hence neglect,
optically induced spontaneous spin coherence. The reason
to neglect optically induced spontaneous spin imbalance,
e.g., Af,(k), lies in the fact that its source term is
proportional to products of TE and TM fields, such as
Qi (k)*Py (k). Since in steady state there is no TM field
(a small TM field exists only transiently when we probe the
system’s TM response), these source terms are negligible in
our experimental configuration.

VI. THEORETICAL RESULTS AND DISCUSSION

Figure 3(c) shows a representative theoretical result, with
parameters chosen to correspond to the experiment (cavity-
exciton detuning 1 meV, cavity decay rate 0.2 meV, exciton
binding energy 12 meV, normal-mode splitting 12 meV).
We use a pump-dependent effective electron temperature to
account for pump-induced heating, T[K] = 40 + 50n,a3
(T models the dynamic equilibrium between high-energy
pump and e-h pair recombination). The results are rather
insensitive to the exact input parameters; qualitatively
similar results for fixed temperature are shown in Ref. [27].

The results reproduce all observed experimental features
with excellent agreement. For the TM exciton, we obtain a
blueshift accompanied by strong band gap renormalization.
At nj, ~ 0.1ny4q, the exciton merges with the renormalized
band gap and dissociates, which corresponds well to the
observed disappearance of the exciton resonance into band-
edge absorption. Further increasing density, we obtain gain
due to population inversion, in agreement with the mea-
sured gain in TM field.

Gain in the TM field implies direct gain in the TE field. This
is because the equations for the TE and TM interband
polarization differ only in that they contain different light
field amplitudes. The Coulomb interaction terms as well as the
distribution functions that enter the equations, for example, as
the inversion or Pauli blocking factor, are the same. Therefore,
TE lasing is expected as the polariton resonance enters the gain
region, as is observed experimentally [Fig. 3(b)].

The Mott transition and fermionic gain reproduced by
the theory confirm that the observed lasing transition is
not an exciton-polariton BEC. At the same time, Coulomb
effects continue to play a substantial role in the laser,
rendering characteristics distinct from the photon laser but
similar to the ideal polariton BCS state. A first manifes-
tation is the spectral shift of the lasing state. As shown in
Fig. 3(c) and in agreement with experimental results, the
lower polariton (LP) experiences a blueshift of about
2 meV before the TE laser threshold is reached, at which

point it levels off (i.e., its slope decreases), and across the
threshold the blueshift is continuous, remaining signifi-
cantly below that of the photon laser but tracking closely
the ideal BCS state. In comparison, with Coulomb inter-
actions turned off, we obtain photon lasing near the cavity
frequency similar to the observed photon lasing.

With the theory reproducing the spectral properties
measured in the experiment, we furthermore use the theory
to examine the reciprocal-space carrier distribution func-
tions f(k) and the electron-hole interband polarization
|P(k)|, which characterize the microscopic mechanism of
the lasing transition. As shown in Fig. 5, both f(k) and
|P(k)| of the polariton laser are qualitatively similar to
those of an ideal BCS state but different from those of a
photon laser.

As seen in Fig. 5(a), f (k) of both the ideal BCS state and
the polariton laser saturate only slightly above 0.5 (the
minimum value required for fermionic gain), for example,
the value of the red solid line close to k = 0 is approx-
imately 0.51, and in additional calculations using the
unscreened HF approximation (not shown), the corre-
sponding value is about 0.56, while f(k) of the photon
laser approaches unity above threshold. Sharp kinetic holes
can develop in the distribution functions of the photon
laser, shown here with a small dephasing of 0.15 meV for
clarity, but not in the polariton laser or the ideal BCS state.
These results for the polariton laser and the ideal BCS state
are largely insensitive to the value of the dephasing.

Equally important is the interband polarizations |P(k)|,
corresponding to the order parameter [Fig. 5(b)]. For a
photon laser, it is sharply peaked below—and zero at—the
transparency wave vector, which corresponds to the qua-
sichemical potential. In contrast, |P(k)| of both the BCS
polariton laser and the BCS state (cf. Ref. [14]) do not
vanish at the transparency wave vector and are instead
broadly distributed in the reciprocal space, indicating
bound states even at densities n where the mean distance
between polaritons becomes comparable to the Bohr radius
ag, i.e., naj ~ 1. The magnitude of |P(k)| in our polariton
laser is smaller than that of the ideal BCS due to cavity
dissipation and dephasing.

Lastly, we estimate the BCS gap corresponding to the
minimum pair-breaking excitation (superscript xc) energy
2mingE*°(k), which is discussed in detail in the
Supplemental Material [27]. The phenomenological esti-
mate uses the same formal expression of the excitation
energies of electrons and hole in BEC/BCS state E*°(k)
and a minimization with respect to k. As shown in
Fig. 5(c), the pair gap opens at a density corresponding
to the BCS regime [see Fig 3(c)] and increases to about
7 meV at twice threshold. From Fig. 5(c) we see that the gap
is substantially smaller than that in the ideal system, which
is expected due to cavity dissipation and dephasing and is
consistent with the reduced order parameter |P(k)|. Such a
reduction of the gap due to losses was predicted in
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Ref. [11]. Further discussion and results for the dependence
of our phenomenological gap estimate on the dephasing
rate are given in Ref. [27].

Our theory correctly reproduces not only the shift of the
TE emission, including the size of the overall shift between
zero pumping and threshold, and the leveling off of the shift
above threshold, but also the behavior (shift and vanishing)
of the TM exciton and the occurrence of TM gain, which
sets in at a pump density (or pump power) at which the TE
threshold occurs. The concurrence of these various theory-
experiment agreements with our presently used theory is an
important indication that the agreement is not coincidental
or an artifact of fitting parameters. In addition to the theory
presented here, we have developed several other theories
that did not reproduce the various agreements just men-
tioned, in spite of the fact that some of those theories had
fitting parameters with substantial effect on the predicted
polariton shift.

VII. CONCLUSION

In conclusion, we demonstrate a system that exhibits
spontaneous symmetry breaking (polariton condensate or
laser) which, although having spectral features commonly
identified in a polariton BEC, is shown to take place above
the Mott transition, with physical characteristics consistent
with an open-dissipative-pumped system analog of a
polaritonic BCS state (see note added).

We summarize our results in the table in Fig. 1, where we
highlight in green the properties we used to distinguish our
polariton state from a polariton BEC in the low-density
regime, and in blue from a photon laser in the high-density
regime. Distinct from a photon laser, our polariton laser is
formed by a bound state of electron, hole, and photon,
manifested in spectral features including an emission
linewidth that remains narrow and emission frequency
well below the cavity or exciton resonance frequencies
without sudden shifts. These spectral features closely
resemble a polariton BEC. However, we show that
spectral features of the laser emission alone is insufficient
for identifying it to be in the BEC or BCS regime.
Fermionic gain in the electronic reservoir was measured
in our system, suggesting a BCS-like state.

The experimental observations are described by a fer-
mionic many-particle theory that extends the ideal BCS
theory to an open, pumped, and dissipative system at
nonzero temperature. The theory, validated by the experi-
ments, furthermore reveals at the microscopic level that our
polariton laser crucially involves the electron-hole inter-
actions typical for the formation of a polaritonic BCS state,
and has electron distributions and interband coherences that
are qualitatively similar to the zero-temperature polariton
BCS states. The pair-breaking excitation gap, which can
neither be ruled out nor confirmed with our present
experimental setup, is found to be substantially reduced

from that of an ideal polariton BCS state due to the elevated
electron temperature, dephasing, and cavity dissipation.

Future theoretical work may include extensions of the
theory that would account for bosonic effects within a
fermionic theory. For example, the theory should account
for (bosonic) populations of normal-state TE polaritons and
TM excitons, i.e., incoherent polaritons and excitons that
form a bath. One possible way to achieve this could be the
extension of the self-energy to the level of the 7-matrix
approximation where sidebands in the single-particle spec-
tral function can be associated with excitonic populations
[50-54], but now generalized to include polariton effects in
the TM channel. Furthermore, the treatment of screening
should be improved by accounting for excitonic screening
in the low-density regime. This could be achieved through
a generalization of the screening function developed in
Ref. [55]. A further extension would account, at a micro-
scopic level and ideally without phenomenological param-
eters, for bosonic scattering in the fermionic framework in
order to describe consistently an open and pumped system
with bosonic gain via polariton scattering from an incoher-
ent bath and fermionic gain.

Future experiments to directly probe the BCS gap using
intraband terahertz spectroscopy [26] could yield important
information [56]. It will be interesting to examine the
possibility of a crossovers among polariton BEC, polariton
BCS, and photon lasing state, determine whether a non-
Hermitian phase transition may take place [21], and explore
conditions to realize other possible phases of the electron-
hole-photon coupled system.
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Note added.—Recently, the observation of a light-driven
BCS-like state in semiconductors (in contrast to ours not
formed through spontaneous symmetry breaking but through
an external coherent light source) has been reported [49].
Additionally, we obtained further corroboration of our
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polaritonic BCS gap estimates, as well as a more detailed
understanding of the fluctuation modes that could be
probed with interband transitions and possibly terahertz
spectroscopy [56].

APPENDIX A: MICROCAVITY SAMPLE

The samples have three sets of four 12-nm-wide GaAs
quantum wells with 4 nm AlAs barriers embedded at the
three central antinodes of a 1/2 AlAs cavity. The bottom
mirror is a distributed Bragg reflector (DBR) with 30 pairs of
Aly 15Gag gsAs/AlAs layers. The top mirror consists of 2.5
pairs of DBR and an Al ;5Gag gsAs subwavelength grating
suspending over the DBR. The grating is about 80 nm thick,
with a 40% duty cycle and a grating period of 520 nm. The
lower polariton (LP) and upper polariton (UP) resonances of
each device are measured by reflection and low-power
photoluminescence spectroscopy [see examples in Fig. 2(a)
and Appendix C]. The exciton resonances are measured
from the unetched part next to the device. Using the
measured LP, UP, and exciton resonances, we estimate
the cavity resonance frequency, detuning, and normal-mode
splitting for each grating device. The size of the gratings is
7.5 x 7.5 ym?. The different reflectance under the grating
and outside the grating leads to laterally confined, fully
discrete TE-cavity and TE-polariton modes as evident from
Fig. 2(a). The sample is kept at 10 K in a Janis ST-500 or
Montana CR-509 cryostat for all the measurements.

APPENDIX B: MEASURING THE BANDWIDTH
OF THE OPTICAL GAIN

To determine the gain bandwidth requires measurement
of the absolute reflectivity, which we obtain by a two-step
calibration process. We first calibrate the reflectivity by
normalizing the reflected pulse laser intensity on the sample
to that on a gold mirror mounted in the cryostat next to the
sample. There is still error due to imperfect reflection from
the gold mirror as well as laser fluctuation and slight changes
in the optical path when moving between the sample and the
mirror. We then estimate and correct for the error using a
spectral regime well below any cavity resonances but still
inside the DBR stop band, where the reflectivity should be
unity at no or low pump powers. As shown in Fig. 3(a), such
a spectra region corresponds to 1.53-1.54 eV, where the
reflectivity is close to 1 and varies within about 2.4%. Hence
we use the mean of the reflectivity in this spectral region
between 0 and 500 W pump power as a reference of unity.
This allows us to accurately determine deviation from unity
in the reflection spectra.

Gain is identified where a local maximum of the
reflectivity between 1.54 and 1.55 eV is above unity as
determined from above. The uncertainty of the gain
boundary is estimated by dividing the standard deviation
o of the reference reflectivity by the local slope at the
boundary.

APPENDIX C: ANGLE-INTEGRATED TE
SPECTRA OF A BCS-LIKE POLARITON LASER

In Fig. 6 we show the TE-polarized reflection and
emission spectra of the device shown in Figs. 3(a) and 3(b)
of the main text at different pump laser powers integrated
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FIG. 6. Measured TE reflection and emission spectra of a
BCS-like polariton laser. The spectra at different pump laser
powers are displaced vertically for clarity. Because of the finite
in-plane size of the grating, the polariton modes are fully
discrete, shown as multiple discrete peaks or dips in the spectra.
The reflection (solid lines) is integrated in both ¢, and g, where
all the modes are detectable; the emission intensity (dashed
lines) is only integrated along g, at g, ~ 0; therefore, only the
modes with nonzero intensity along ¢, = 0 are detectable [32].
For example, at lowest pump laser power (0 yW for reflection
and 5 uW for emission), the lowest energy peak in both
reflection and emission spectra corresponds to the LP ground
state. The second lowest energy peak in emission spectrum is
the second excited state that has a node at g, = 0, and it also
shows up in the reflection. In between these two peaks, there is
another peak in the reflection spectrum corresponding to the
first excited state that has a node at g, = 0. In the reflection
spectrum, only one UP mode can be resolved. The UP mode has
low emission intensity and appears only as a very small peak in
the emission spectrum. All the detected modes match closely in
frequency between the reflection and emission spectra.
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over g. LP and UP resonances are clearly seen in the
reflection spectra at low pump powers. The multiple
discrete LP modes due to the finite in-plane size of the
grating are also clearly resolved at low pump powers. As
the pump power increases, the emission intensity from LP
ground state increases sharply, much faster than other
modes, signaling lasing. At the highest power, the oscil-
lations near the lasing peak in the reflection spectra are
artifacts due to the subtraction of the strong lasing
emission, as discussed in the main text. To get the energies
of LP and UP modes at zero pump, we do curve fitting for
TE reflection spectra with the model,

Ry (E) = b_ZCiLi(Ev Ey;. ), (C1)

(T2
L,(E.Ey.T';) = (E— Ey)* + (T;/2)%

(C2)
where b, c¢;, Ey, and I'; are the fitting parameters.
L;(E, Ey;,T;) represent the resonances with energies Ey;
and FWHM TI';. The number of resonances used in the
model depends on the number of resonances visible in the
spectra. We use the energy of the lowest one in the LP (UP)
regions as LP (UP) ground state energy. In all our data, the
emission frequencies of the lowest polariton or photon
mode are obtained from TE emission spectra by curve
fitting with the model,

Ig(E) = Zcifi(E» Ey, T;), (C3)

where c;, Ey;, and I'; are the fitting parameters. Each of the
peaks f;(E, Ey;,T';) is either Lorentzian,

(Ti/2)?

i = s C4
i =Ry + 27 “
typically at low pump power, or Gaussian,

f; = e~ (E=Ea)?/{2li/(2v2In2)1} (C5)

typically at high pump power, depending on which model
returns a smaller mean squared error.

APPENDIX D: EXAMPLES OF EXCITON
ENERGY ESTIMATE

We fit the TM reflection spectra to estimate the exciton
energy at low pump powers, with the model

Rom(E) = b_zcifi(E’ Ey;,T;). (D1)

The four peaks f;(E,Ey,T';) used in the fitting are,
from high energy to low energy, a broad TM cavity mode,

7 T T T
—— 1200 p
—— 1000 pW|
—— 760 yW
6 —— 500 yW [
200 pW
—— 50 pW
20 pw
5F s5uw |1
— 0w
Q
2 4 j\/\/
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[any 3 ,_—j/\/\/
2 ».—\/\/\/
1 ,——_—_—\’v\/\/
1.530 1.540 1.550 1.560 1.570

Photon energy (eV)

FIG. 7. TM-polarized reflection spectra at low pump power.
These spectra are used for the exciton energy estimation in
Fig. 3(b) of the main text. The spectra at different pump laser
powers are displaced vertically for clarity.

light-hole exciton, and two heavy-hole exciton peaks
possibly due to the inhomogeneity among the quantum
wells. The energy of the lowest peak is used as the exciton
energy. The line shapes of each peak are either Lorentzian
or Gaussian [see Eqgs. (C4) and (C5)] depending on which
combination gives the smallest mean squared error. We
show the complete series of data used for Fig. 3(b) of the
main text in Fig. 7 and examples of curve fitting at two
different pump powers in Fig. 8. At even higher pump
powers we expect a redshift of the band gap and
observe that the discrete peaks are no longer resolvable
[see Figs. 3(a) and 3(b) of the main text] and therefore this
energy estimation is not applied to those pump powers.

APPENDIX E: ESTIMATING THE CARRIER
DENSITY IN THE EXPERIMENTS

We estimate an experimental pump density, correspond-
ing to the pump density n, in the theory, based on the
absorption of the pump laser and the PL decay time of the
TM-polarized emission:

A
q>pump = P%”/aa (El)
11
npump = qumpTzw. (E2)
Here @, is the population of carriers excited by the

pump in unit time. P is the pump laser power measured
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FIG. 8.
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Examples of exciton energy estimation from TM reflection spectra at pump powers 0 xW (a) and 2000 #W (b). The blue curve

is the experimental spectra and the red curve is the fitted spectra. The black curve is the lowest energy peak used in the fitting, whose
position is taken to be the exciton energy, and the gray curves are the other three peaks described in the text.

before the objective lens. # = 0.7 is the transmission of the
objective lens, « is the total absorption of the pump, /ic/2 is
the photon energy at the excitation wavelength, and 7 is the
average lifetime of carriers. A is the diffusion area of the
carriers measured from real-space PL (example and pump
power dependence given in the Supplemental Material [27],
and Ny is the number of QWs in the cavity. To determine
a, we measure independently the reflectivity of a TM-
polarized laser at the excitation wavelength of 784 nm. At
this wavelength, the top mirror has low reflectivity; the
bottom mirror has very high reflectivity and there is
negligible transmission through the bottom mirror and
therefore negligible absorption in the substrate. The mate-
rials of the DBR and grating layers also have larger band
gap than the QWs and their absorption should be very small
and is ignored. We assume the pump laser is either reflected
or absorbed by the QWs, and obtain @ = 1 — R. @ and A
vary among different devices. For the device shown in
Figs. 3(a) and 3(b) of the main text, a~ 0.3 and
A ~ 32 ym?. We determine 7 from the decay time of TM
emission, measured by time-resolved PL of the TM
emission with a pulsed excitation laser centered at the
same wavelength as the cw pump laser used in the main
measurement. It is found to be around 600 ps with the
excitation power ranging from 1 to 300 xW. Nonradiative
processes are ignored.

Below threshold, in the linear regime, the steady-state
carrier density 7g,pmie, 18 €qual to the pump density 7,
Above threshold, it is necessary to account for the strong,
superlinear emission from the lasing mode. We assume
that all decay processes other than the laser emission
are still linear and proportional to the carrier density.
Therefore, we subtract the emission rate of the laser
®Dy,er from the pump to get an estimate of the carrier
density:

1 A

Imod:
NC mode s

Dyyer = A
’1C01 qcol

(E3)

1

o (E4)
A Now

Nearrier — (q)pump - q)laser)

Here N, is the collected photon count from the
emission of the lasing mode, 7., = 2.85 x 1073 is the
independently calibrated total collection efficiency, and
A, JAg, ~7.51s the ratio of the area of the lasing mode
to the area of collection in Fourier space, which also varies
among devices.

To estimate ground state polariton density, we use

1
np = Orprrp Af,
LP

(Es)
where @ p is the emission rate of the polariton ground state,
calculated similarly as @y, but with the emission photon
count and the mode area of the polariton ground state.
Above threshold, the lasing state (BCS-like polariton lasing
or photon lasing) is used in this estimation, ®;p = ®y,e;.
7Lp = 1.5 ps is the polariton lifetime and A;p ~ 5.3 ym? is
the real-space area of the polariton mode.

In this density estimation, quantities P, 4, Now, 1, col»
R, 7, and N, are directly measured. «a is estimated from R.
A, A, - Ay,» and App are estimated based on measured
1D spatial profiles of the emission along x and y directions.
71 p 1s estimated from measured emission linewidth. This
density estimation aims to provide an upper bound of
density but should be within small uncertainty.

APPENDIX F: SUMMARY OF ALTERNATIVE
THEORETICAL APPROACHES

In this Appendix, we briefly summarize important
features of alternative theories that we developed and that
failed to explain the experimental data. Common to the
alternative models we tried, is the use of spin-dependent
exciton-exciton interactions accounting for fermionic
exchange that are commonly used in bosonic models,
and that we quantitatively developed in a nonperturbative
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(in the Coulomb interaction) fashion leading to spin-
dependent T matrices; see Ref. [57]. Using the excitonic
T matrices, it is straightforward to calculate the resulting
polariton shift as a function of polariton density [58]. In
order to understand the fact that the shift, as a function of
density, levels off at a certain density (or pump power in the
experiment), we extended the first version of the theory and
included spin-dependent (fermionic) phase-space filling.
However, the effect of phase-space filling on the polariton
shift is opposite to the observation: the shift increase
nonlinearly as a function of density, rather than leveling
off as in the experimental observation.

We further refined the model, accounting for each
polarization (TE and TM) to have both coherent (zero
center-of-mass momentum) and incoherent (nonzero
center-of-mass momentum) exciton densities, as well as
an electron-hole plasma reservoir, given by an adjustable
ionization ratio (fitting parameter, in practice not chosen to
be the same as the conventional Saha equation predicts).
The condensation fraction, i.e., the fraction of the excitons
in the TE zero center-of-mass momentum state, is also a
fitting parameter. The model also accounts for interactions
(Coulomb and phase-space filling) between bright and dark
excitons, and the dark exciton fraction is a fitting parameter.
The screening of the excitonic 7T-matrix interactions due to
the plasma reservoir is included in the model. The model
ensures, in a phenomenological fashion, that the single-
particle distribution function, which is a sum of exciton
contributions (proportional to the squared 1s exciton wave
functions) and steplike (Fermi function) contributions, does
not exceed unity.

Within this model, the only way we found to obtain the
experimental feature of the LP shift leveling off at threshold
was to adjust the condensation fraction as a function of
density. This is reasonable, because we know that the
condensation fraction is zero below threshold and nonzero
above. Increasing the condensation fraction above thresh-
old yields indeed the leveling off of the LP shift. However,
we found that the condensation fraction required to yield an
appreciable effect (similar to the experiment) was unreal-
istically large. Only if the condensate density was compa-
rable to or larger than the reservoir density did we obtain
the leveling off in a way similar to the experiment.
Analyzing our experiment clearly excludes the possibility
that the condensate density is as large as the reservoir
density. Hence, the earlier model was unsuccessful in
modeling our experiment. In contrast, the present model
reproduces all salient features of the experiment shown
Figs. 3(b) and 3(c).
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