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ABSTRACT: Bose polarons are mobile particles of one kind
dressed by excitations of the surrounding degenerate Bose gas of
particles of another kind. These many-body objects have been
realized in ultracold atomic gases and become a subject of
intensive studies. In this work, we show that excitons in electron−
hole bilayers offer new opportunities for exploring polarons in
strongly interacting, highly tunable bosonic systems. We found that
Bose polarons are formed by spatially direct excitons immersed in
degenerate Bose gases of spatially indirect excitons (IXs). We
detected both attractive and repulsive Bose polarons by measuring
photoluminescence excitation spectra. We controlled the density of
IX Bose gas by optical excitation and observed an enhancement of
the energy splitting between attractive and repulsive Bose polarons
with increasing IX density, in agreement with our theoretical calculations.
KEYWORDS: polarons, excitons, heterostructures, semiconductors

A mobile particle of one kind in a degenerate Bose or
Fermi gas of particles of another kind gets dressed by

excitations of the surrounding medium, becoming, respectively,
a Bose or Fermi polaron. Such polarons have been realized in
ultracold atomic Bose1−5 and Fermi6−10 gases. A recent finding
of excitonic Fermi polarons in degenerate electron gases in
two-dimensional (2D) semiconductor heterostructures (HS)
initiated intensive studies of these new quasiparticles.11−19

Degenerate Bose gases of excitons20 or exciton-polaritons21

can serve as a medium for excitonic Bose polarons. In this
work, we present experiments with electron−hole (e-h)
bilayers in GaAs HS hosting two types of excitons: spatially
indirect, or interlayer, excitons (IXs), and spatially direct, or
intralayer, excitons (DXs), see Figure 1a,b. The photoexcited
DXs behave as polaronic impurities in a degenerate Bose gas of
IXs, Figure 1c. We observe spectroscopic signatures of two
kinds of such polarons: attractive and repulsive Bose polarons
(ABPs and RBPs, respectively). The ABPs are the stable low-
energy polaron quasiparticles whereas RPBs are the long-lived
excited states in the many-body continuum.
Semiconductor HS’s containing e-h bilayers are suited for

studying ultracold neutral e-h matter (Figure 1a). The layer
separation drastically increases e-h recombination lifetimes,
which allows such systems to reach low-temperature quasi-
equilibrium states even under optical excitation.22 As
summarized in ref 23, e-h bilayers can exhibit a variety of
quantum phases, depending on the two key parameters:
dimensionless density naX2 and dimensionless layer separation
d/aX. Here aX = ℏ2κ/(μe−he2) is the exciton Bohr radius, κ is

the d ie l ec t r i c cons tan t o f the semiconduc tor ,
= +m m( )e h e

1
h

1 1 is the reduced e-h mass, and me (mh)
is the electron (hole) effective mass. In our GaAs system d =
19 nm (center-to-center separation, Figure 1a) is not much
larger than aX ≈ 13 nm, so the most experimentally relevant
phases are as follows. At low densities, naX2 ≪ 1, electrons and
holes form a Bose−Einstein condensate (BEC) of tightly
bound, hydrogen-like IXs.24,25 At moderate densities, naX2 ∼ 1,
IXs become weakly bound and Cooper-pair-like, so that the
BEC crosses over to a Bardeen−Cooper−Schrieffer (BCS)
state.26−28 At high density, naX2 ≫ 1, the IX binding energy is
exponentially small (or perhaps, zero), so that the state of the
system is best described as a correlated Fermi liquid of
electrons and holes. These three regimes can be expressed as
the condition on the energy scale

=E n( / )n
2

e h (1)

which has the meaning of the Fermi edge, i.e., the sum of the
Fermi energies of noninteracting electrons and holes. This
quantity is much smaller, of the order of, and larger than the IX
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binding energy EIX ∼ ℏ2/μe‑haX2 in the BEC, BCS, and Fermi-
liquid regimes, respectively.
The experiments were done with GaAs HS containing two

15 nm-thick quantum wells (QWs) separated by a 4 nm-wide
AlGaAs barrier. Electrons and holes were optically generated,
and their density was controlled by the laser excitation power
Pex. Electrons and holes were driven into different QWs by an
applied voltage (Figure 1a). This significantly increased e-h
recombination time, to τ ∼ 1 μs, allowing the system to cool
down and form the aforementioned quantum phases. Further
details regarding the sample and the measurements are
presented in Supporting Information (SI).
Previous photoluminescence (PL) studies of this system28

are consistent with the BEC-BCS crossover occurring with
increasing Pex. Here we study photoluminescence excitation
(PLE) spectra. The PLE signal is a measure of optical
absorption in the system. The absorption is dominated by
spatially direct (intralayer) optical transitions, e.g., photo-
excitation of DXs. Absorption via spatially indirect (interlayer)
transitions is much weaker and is not observed. However, the
DX density is always much smaller than the IX density due to a
fast interlayer e-h relaxation and long IX lifetime.29 The IX
densities in the PLE experiments were estimated to be in the
range n = (0.3−11) × 1010 cm−2. These estimates are based on
the measured blue shift δE of the IX PL energy and the
“capacitor” formula30 δE = (4πe2d/κ)n, which becomes
increasingly more accurate as n gets larger.29,31

Our principal finding is a set of peaks in the PLE spectra,
which display a pronounced n-dependence. As labeled in
Figure 2a, we attribute the two lowest-energy peaks to ABP
and RBP formed from DXs containing heavy holes (hh) and
the next pair of peaks those containing light holes (lh). The
photoexcited DXs behave as many-body objects dressed by
excitations of the surrounding IX Bose gas. As the IX density
increases, an approximately linear increase of the ABP and RBP
energies (Figure 2b) as well as their splitting ΔABP−RBP (Figure
2c) is observed. This behavior is reproduced within a
theoretical model (solid line in Figure 2c) to be discussed at

the end. This model treats the DX-IX interaction and phase-
space filling32 (PSF) effects in a unified fashion. According to
this model, at low n the RBP evolves into a free DX and the
ABP into a DX-IX biexciton, so that the energy splitting
ΔABP−RBP should approach the DX-IX biexciton binding energy
EXX in the low density limit. There are two possible biexciton
types in our CQW, (h-e-h)(e) and (e-h-e)(h), where the
parentheses group together particles residing in the same QW.
The calculated EXX = 0.88 and 0.96 meV for, respectively, (h-e-
h)(e) and (e-h-e)(h) are close to the measured ΔABP−RBP = 0.8
meV, see Figure 2c and Sec. IV in SI.
In Figure 3 we compare two energy scales: the energy shift

δPLE of the lowest-energy ABP peak in the PLE spectra (Figure
2a) and the spectral width ΔPL of the PL line (Figure 3b). We
measure δPLE with respect to the lowest-density ABP position
1.536 eV (Figures 2a, 3a). In turn, we define ΔPL as the energy
difference between the shoulder on the low-energy side at half-
maximum intensity and a peak on the high-energy side of the
PL line (Figure 3b). The peak appears at high enough densities
and is a signature of Cooper-pair-like excitons (Figure 3b) in
the BCS phase.28 At the high densities, the PL line width ΔPL
is approximately equal to the Fermi edge energy En as
described in ref 28 and briefly outlined in SI. Figure 3c shows

Figure 1. Diagram of an electron−hole bilayer. (a) Electrons (e) and
holes (h) are confined in separated layers. (b) Absorption (PLE) and
emission (PL) in bilayer heterostructure. Spatially indirect excitons
(IXs) and direct excitons (DXs) are shown by the ovals. (c) Free DXs
(left) and DX-IX bound states (right) interact with surrounding IXs
and form repulsive and attractive Bose polarons (RBP and ABP).

Figure 2. Measured PLE spectra. (a) PLE spectra vs. the laser
excitation power Pex at bath temperature T = 2 K. The first two peaks
in the order of increasing energy correspond to ABP and RBP for DXs
containing heavy holes (hh). The next two peaks correspond to ABP
and RBP for DXs containing light holes (lh). The higher-energy peaks
originate from higher QW subbands. (b) Polaron energies vs. IX
density. (c) Measured (squares) and calculated (line) ABP-RBP
energy splitting for the hh DXs. The calculations [eq 5] use the
estimated EXX = (0.88 + 0.96)/2 = 0.92 meV and g3 = 0.084 × 10−10

meV cm2.
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that δPLE and ΔPL are close. This implies that δPLE ∼ En, i.e., the
energy shift of the ABP peak, is of the order of Fermi edge
energy (n estimated from the shift δE of the IX PL energy
using the “capacitor” formula also gives En ∼ δPLE). As alluded
to above, this energy shift δPLE comes from a combination of
Coulomb interaction and PSF effects; see more at the end.
With increasing temperature, the quantum-degenerate Bose

gas of IXs evolves into classical IX gas at low densities and e-h
plasma at high densities, respectively. The ABP and RBP lines
vanish, and the PLE spectrum becomes step-like (Figure 3, line
a3). The step-like PLE and the box-like PL have the same
origin: the density of states being flat in 2D. At high
temperatures, the absorption edge in the dense e-h system
drops in comparison to low temperatures (Figure 3, lines a1
and a3), as expected for the reduction of the PSF in a classical
e-h gas.32

At the highest e-h densities in our experiments, the Fermi
edge energies En are above the IX binding energy EIX = 3 meV
(SI, Sec. IV) and, therefore, IXs are in the high-density regime.
Still En are below the calculated DX binding energy EDX = 8−9
meV (SI, Sec. IV), and so the polaron approach remains
sensible.
We now discuss higher-energy peaks in the PLE spectra

(Figure 2a). We attribute the third and fourth peaks (in the
order of increasing energy) to lh DXs. Indeed, at the lowest IX
density, the separation of ∼7 meV between this pair of peaks
and the first pair of peaks agrees with the calculated lh-hh

splitting;33 see SI for details. At finite density, the lh DXs
become Bose polarons and their ABP-RBP energy splitting
increases with n similarly to the case of hh DXs (Figure 2a,b).
However, for lh lines the energy increase with n is slower than
for the hh lines (Figure 2a,b). This suggests that the PSF and
Coulomb interaction effects are weaker for lh polarons
compared to hh polarons when the hh IX states are occupied.
The PLE peaks seen at even higher energies originate from

higher-order QW subbands. For instance, we assign the peak at
1.548 eV (Figure 2a) to hh2, the heavy holes in the second
subband. We do so because the splitting of approximately 12
meV of these peaks from the hh DX peaks (Figure 2a) matches
the calculated splitting between the hh and hh2 subbands in 15
nm QWs33 (see also SI). The hh2 peaks disappear at relatively
low densities (Figure 2a) which limits their analysis.
Now we discuss our theoretical model of excitonic polarons.

In this model, the ABP corresponds to the DX-IX biexciton
dressed by excitations of the IX Bose gas while the RBP
corresponds to a dressed free DX (at least, at low n). Our
numerical study of four-body systems (SI, Sec. IV) reveals that
biexcitons are stable only in the symmetric channel, e.g., when
the total spin of the two identical particles in the same layer
[electrons for (e-h-e)(h) and holes for (e)(h-e-h)] is zero.
Accordingly, at low IX densities n, we can treat DXs and IXs as
composite bosons interacting via a short-range effective
potential, which is binding in the symmetric and nonbinding
in the antisymmetric channel. At the mean-field level, the n-
dependence of the polaron energies is linear: ERBP(0) (n) = ng1,
EABP(0) (n) = ng2 − EXX. These energies are referenced to the bare
DX energy. Parameter g1 can be estimated within the Hartree−
Fock approximation,32,34,36 which includes the Coulomb
interaction and PSF effects to the lowest order and yields

=ng E0.45 n1 (2)

for the hh case (SI, Sec. VII). We also expect g2 ≈ g1, at least,
away from ultralow density regime. Qualitatively, the idea is
that since the DX-IX biexciton is weakly bound, being
“tethered” to one of IXs does not affect the interaction of
the DX with other IXs too much.
An improvement over the naive mean-field theory is the T-

matrix approximation where the polaron energy is derived
from the equation E = Re Σ(E), with Σ(E) = nT(E) being the
DX self-energy.32,35,36 The essential physics of the problem can
be modeled by the T-matrix of the Fano−Feshbach form

= +T E g g
E

E E
( ) 1 3

XX

ABP
(0) (3)

We take gi’s to be constant, thus neglecting any energy or
momentum dependence of DX-IX scattering. We also assume
them to be real, so we neglect the imaginary part of T(E) and
the corresponding broadening of the spectral lines as well.
Parameter g3 characterizes the width of the DX-IX bound-state
resonance. Parameter g1, already introduced above, represents
nonresonant DX-IX scattering. For the g1 = g2 case, this model
predicts

= ±E ng E
1
2

1
2ABP,RBP 1 XX ABP RBP (4)

= +E ng E( 4 )ABP RBP XX
2

3 XX
1/2

(5)

Hence, the n-dependence of the energy splitting ΔABP−RBP is
controlled by g3. (This dependence is approximately linear

Figure 3. PLE energy shift and PL energy width. (a) PLE spectra at T
= 2 K, Pex = 24 mW (line a1); T = 2 K, Pex = 0.01 mW (line a2); T =
20 K, Pex = 24 mW (line a3). At high temperatures (line a3), the
excitonic peaks have vanished and the spectrum has become step-like,
corresponding to the density of states of a 2D e-h plasma. δPLE
denotes the shift of the hh-ABP line with increasing density. The low-
energy (high-energy) dashed line corresponds to the ABP energy at
the low (high) density and low temperature. With increasing density,
the ABP energy in PLE spectra increases by δPLE (a1 and a2). With
increasing temperature, the PLE spectrum becomes step-like (a3) and
the absorption edge in the dense e-h system drops in comparison to
low temperatures (a1 and a3). (b) PL spectrum at T = 2 K, Pex = 24
mW, estimated e-h density n = 1.1 × 1011 cm−2. The PL enhancement
at the Fermi edge comes from Cooper-pair-like IXs.28 The PL width
parameter ΔPL is the energy difference between the shoulder on the
low-energy side at half-maximum intensity and a peak on the high-
energy side of the PL line. (c) ΔPL and δPLE vs. IX density. T = 2 K.
The observed relation δPLE ∼ ΔPL indicates that the ABP energy shift
is close to En.
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within the range of n in Figure 2c, eventually crossing over to a
square-root law at n outside our experimental range.) For a
quick estimate, we choose g3 = ℏ2(π/2)(1/m + 1/mDX), which
gives the correct residue of the pole in T(E) [eq 3] in the limit
n → 0 (SI, Sec. V). With mDX = m ≡ me + mh = 0.285m0 for the
hh exciton mass we find g3 = 0.084 × 10−10 meV cm2. The
corresponding ΔABP−RBP(n) is shown by the line in Figure 2c.
It agrees reasonably well with the experiment. Next, we find g1
= 0.21 × 10−10 meV cm2 from eq 2. In comparison, by fitting
eq 4 to the two lower data sets in Figure 2b, i.e., hh ABP and
RBP, we obtained g1 = 0.34 × 10−10 meV cm2 (SI, Sec. VII).
This level of agreement is rather good for such crude estimates.
As mentioned in the introduction, the Mott transition (or

crossover) from the excitonic to the correlated e-h Fermi liquid
regime is expected to occur in our system at high n. The
corresponding transition from Bose to Fermi polarons may
result, which can be an interesting topic for future work.
In summary, we presented spectroscopic evidence for

excitonic Bose polarons in electron−hole bilayers. These
polarons are many-body objects formed around spatially direct
excitons in a degenerate Bose gas of spatially indirect excitons.
The energy splitting between attractive and repulsive branches
of the Bose polarons grows with the indirect exciton density.
We interpreted this behavior within a theoretical model
employing the estimated biexciton binding energy and exciton
interaction parameters.
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I. SAMPLE

The sample used in this study is a coupled quantum
well (CQW) heterostructure grown by molecular beam
epitaxy. The CQW consists of two 15-nm-wide GaAs
QWs separated by a 4-nm-thick Al0.33Ga0.67As barrier.
An n+ GaAs layer with nSi ∼ 1018 cm−3 serves as a
uniform bottom gate. The CQW is positioned 100 nm
above the n+ GaAs layer within the undoped 1-µm-thick
Al0.33Ga0.67As layer. The CQW is located much closer to
the bottom gate to minimize the effect of fringing electric
fields in excitonic devices with patterned top gates [1].
The top semi-transparent gate is fabricated by applying
2 nm of Ti and 7 nm of Pt on a 7.5 nm-thick GaAs cap
layer. Applied gate voltage Vg = −2.5 V creates an elec-
tric field in the direction normal to the quantum wells.
The corresponding band diagram of the CQW is shown
in Fig. 1a of the main text. The applied voltage drives
optically generated electrons (e) and holes (h) to the op-
posite quantum wells. This process is fast, so that the
densities of minority particles (e’s in the h-layer and h’s
in the e-layer) are orders of magnitude smaller than the
densities of majority particles (e’s in the e-layer and h’s
in the h-layer).

II. OPTICAL MEASUREMENTS DETAILS

The PLE spectra (Fig. S1) probe spatially direct opti-
cal absorption within each QW. A spatially indirect ab-
sorption is much weaker and is not observed in PLE.
The PL and PLE were measured ∼ 50µm away from
the laser excitation spot and ∼ 300 ns after the excitation
pulse, where a cold and dense e-h system of temperature
close to the lattice temperature was formed [2]. To fa-
cilitate comparison with prior PL measurements [2], we
use similar optical excitation and detection protocol, as
follows. The e-h system is generated by a Ti: Sapphire
laser. An acousto-optic modulator is used for making
laser pulses (800 ns on, 400 ns off). A laser excitation
spot with a mesa-shaped intensity profile and diame-
ter ∼ 100µm is created using an axicon. The signal is
detected within a 50 ns window, which is much shorter
than the IX lifetime, so that the signal variation during
the measurement remains negligible [2]. The exciton
density in the detection region is close to the density
in the excitation spot because the separation is shorter
than the IX propagation length and the time delay is
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FIG. S1. Gaussian fits to the ABP and RBP peaks in the mea-
sured PLE spectra (points, same as Fig. 2a of the main text).
The individual fits are shown by the thin lines and their sum
by the thick line. The peak energies found from the fits are
presented in Fig. 2b of the main text.

shorter than the IX lifetime [2]. The IX PL spectra are
measured using a spectrometer with resolution 0.2 meV
and a liquid-nitrogen-cooled CCD coupled to a PicoStar
HR TauTec time-gated intensifier. The experiments are
performed in a variable-temperature 4He cryostat.

III. PLE SPECTRA

We used Gaussian fits for rough estimates of the ABP
and RBP peak energies (Fig. S1). The actual ABP and
RBP PLE lineshapes are complicated. In particular,
their low-energy sides appearing near 1.536 eV have
a non-Gaussian shoulder-like form at the high densi-



2

ties (Fig. S1). This shoulder is more pronounced at
Pex = 2.5−7.5 mW and its position is close to the lowest-
density ABP position (Fig. S1). The shoulder marks the
onset of absorption close to k ∼ 0 vertical optical tran-
sitions, which are lower in energy than the ABP peak
by ∼ En at high densities due to the PSF and Coulomb
interaction effects, as shown by schematic in Fig. 1b and
outlined in our theoretical model. The analysis of the lh-
ABP and lh-RBP lines is also challenging because they
appear on a background of optical transitions between
free heavy holes and electrons, see the main text. Never-
theless, the variation of all the observed polaron energies
with density are sufficiently strong and systematic (Fig. 2
of the main text). The peak energies found from the fits
shown in Fig. S1 are presented in Fig. 2 of the main text.
We note that the fit accuracy is lower for the highest Pex,
in particular, due to the RBP peak broadening.

A comparison of PLE data in this work with PL data
in Ref. 2 is presented in Fig. 3 in the main text. This
comparison is discussed below.

In Ref. 2, the PL spectra at high densities were simu-
lated without taking into account the Fermi edge singu-
larity and compared with the measured PL spectra (see
SI note 3 in Ref. 2). In these simulations, the PL intensity
of electron-hole plasma is determined by the product
of the electron and hole distribution functions. At high
temperatures, the simulated and measured PL spectra
are close (Fig. S4b in Ref. 2). At low temperatures, the
simulated PL has the box-like shape with the width ∼ En
and the ’box’ sharpness on the high-energy side deter-
mined by the temperature and on the low-energy side by
the damping of one-particle states, and the measured PL
is enhanced at the Fermi edge energy in comparison to
the simulations (Fig. S4a in Ref. 2). This PL enhancement
was analyzed and attributed to the Fermi edge singular-
ity due to the Cooper-pair-like IXs at the Fermi edge in
Ref. 2.

At high densities, the energy shift of the ABP peak in
PLE spectra δPLE is close to the spectral width of the PL
line ∆PL as shown in Fig. 3c, and ∆PL is close to En as
outlined above. This supports a note in the main text:
the energy shift of the ABP peak is of the order of Fermi
edge energy, δPLE ∼ En.

The above comparison of δPLE and En applies to high
densities where the PL linewidth is close to En [2]. At
low densities, the PL linewidth is determined by the ho-
mogeneous and inhomogeneous IX broadening and the
relation between the measured δPLE and ∆PL, presented
in Fig. 3c, is not analyzed here.

With increasing temperature, the ABP and RBP lines
vanish and the PLE spectrum becomes step-like, reflect-
ing the functional form of the e-h joint density of states
in 2D (Fig. S2). At high temperatures, the absorption
edge in the dense e-h system decreases compared to the
low-temperature data (Fig. S2), as discussed in the main
text.
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FIG. S2. PLE spectra at Pex = 7.5 (a) and 24 (b) mW at T = 2, 10,
and 20 K. At high temperatures, the excitonic peaks vanish and
the PLE spectrum becomes step-like as 2D density of states.

IV. EXCITON BINDING ENERGIES

Few-body e-h bound states that can form in the CQW
are listed in Table S I, together with their calculated bind-
ing energies. They include indirect excitons (IXs), direct
excitons (DXs), and DX-IX biexcitons. The details of the
calculations are presented below.

Complex QW 1 QW 2 h = hh h = lh
IX e hh 2.99

DX e-h 8.24 9.44

DX-IX e-h-e hh 0.96 1.26

DX-IX e h-e-hh 0.88 0.73

TABLE S I. Calculated binding energies of various e-h com-
plexes, in units of meV, for zero gate voltage Vg = 0; ’hh’ and
’lh’ stand for the heavy hole and light hole, respectively.

The first step of the calculation is to solve for the single-
particle states of the QWs. The electron states were de-
termined from the Hamiltonian

He =
1

2me
P2 +Ue(z) , (S1)

where z is the coordinate perpendicular to the QW plane,
P = (p,−iℏ∂z) is the momentum operator, p = ℏk⊥ is the
in-plane momentum, and me = 0.0665m0 is the effective
electron mass in GaAs. The hole states were determined
from the Hamiltonian [3, 4]

Hh = −
1

2m0

∑
i j

PiDi jP j +Uh(z),

D̂i j =
(1

2
γ1 +

5
4
γ2

)
δi j − γ2 Ji J j,

(S2)
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FIG. S3. In-plane dispersion εh(k⊥) for the first three hole
subbands in units of meV. The dashed lines are the dispersions
obtained by neglecting the coupling between heavy and light
holes (the off-diagonal terms of Hh).

where γ1 and γ2 are the Luttinger parameters, m0 is the
free electron mass, and J = (Jx, Jy, Jz) is the spin-3/2 angu-
lar momentum operator. The confining potentials Ue(z)
and Uh(z) were chosen in the form

Ue,h(z) =

 0 inside QW,
Ue,h outside QW.

(S3)

For all the parameter values in our calculations we used
those given in Ref. 5. We numerically diagonalized the
Hamiltonians in Eqs. (S1) and (S2) and obtained the en-
ergy levels and wavefunctions φi(z) where i = e(h)n
for e(h) states of QW n = 1, 2. The energy-momentum
dispersions of the first three hole subbands are plotted
in Fig. S3. To facilitate comparison with published re-
sults [3, 4] (that appears to be good) the momentum on
the horizontal axis is expressed in units of π × 106 cm−1.

Next, to define the effective mass mh of the heavy hole
(hh), we fitted its dispersion to a parabola over a range of
momenta 0 < k⊥ < a−1

X , where aX = (κℏ2/e2)(m−1
e +m−1

h ) is
again the exciton Bohr radius. We found mh = 0.217m0 =
3.26me, so that aX = 12.7 nm. Note that a−1

X is about 0.25 in
the momentum units used in Fig. S3. The light hole (lh)
dispersion is non-monotonic. For simplicity, we decided
to neglect this dispersion altogether, i.e., to treat the lh
mass as infinite.

To compute the binding energies of interest we ap-
proximated the momentum-space Coulomb interaction
potential between particles of charge ei and e j by

Ṽi j(k⊥) =
2πeie j

κk⊥

∫
dzdz′|φi(z)|2 |φ j(z′)|2 e−k⊥ |z−z′ | , (S4)

which we further simplified as follows. For particles in
the same layer, we used [4]

Ṽi j(k⊥) =
2πeie j

κk⊥
1

1 + k⊥ρi j
, (S5a)

Vi j(r) =
π

2ρi j

eie j

κ

[
H0

(
r
ρi j

)
− Y0

(
r
ρi j

)]
, (S5b)

where the effective well widths ρen,en = 4.5 nm, ρhn,hn =
3.81 nm, and ρen,hn = 4.17 nm (all for hh), were deter-
mined by numerically evaluating the integrals in Eq. (S4)
and fitting the result to Eq. (S5a) at 0 < k⊥ < a−1

X . Equa-
tion (S5b) is known as the Rytova-Keldysh potential.
This function approaches the Coulomb potential eie j/κr
at r≫ ρi j and diverges logarithmically (eie j/κρi j) ln(ρi j/r)
at r ≪ ρi j; H0(z) and Y0(z) are the Struve and Neumann
functions, respectively. Note that in the considered
GaAs system the difference between the Coulomb and
the Rytova-Keldysh potentials is not so significant as in,
e.g., some transition metal dichalcogenide heterostruc-
tures [6].

For particles in opposite layers, we used ρi j = 0, i.e.,
the Coulomb law:

Ṽi j(k⊥) = 2π
eie j

κk⊥
e−k⊥d, (S6a)

Vi j(r) =
eie j

κ
1

√

r2 + d2
, (S6b)

where d = 19 nm is the center-to-center layer distance.
These interlayer and intralayer potentials are plotted in
Fig. S4. We neglected intersubband mixing because the
energy separation between the subbands is relatively
large, 5–7 meV, see Fig. S3.

We computed the DX and IX binding energies EX and
ground-state wavefunctionsϕX(k⊥) by numerically solv-
ing the Wannier equation,

[εe(k⊥) + εh(k⊥)]ϕX(k⊥) +Ω−1
∑
k′
⊥

Ṽek,hn(k⊥ − k′⊥)ϕX(k′⊥)

= −EXϕX(k⊥) (S7)

following Ref. 7. Here X ∈ {DX, IX} is the exciton type,
εe,h(k⊥) = ℏ2k2

⊥
/2me,h are the e(h) dispersions, and Ω is

the area of the system.
Finally, we calculated the biexciton binding ener-

gies using the stochastic variational method (SVM), a
highly accurate numerical technique for solving few-
body quantum mechanics problems [8]. To this end
we adopted the SVM code previously developed [9] for
zero-thickness 2D layers (ρi j ≡ 0) and modified it to work
with the interaction potential of Eq. (S5). We also used
the SVM solver to verify the exciton binding energies
EX computed by the diagonalization method and found
them to be in excellent agreement. Table S I summarizes
the results for all the binding energies we calculated.
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V. EXCITON-EXCITON INTERACTION

A. IX-IX interaction

Theoretical investigations of Bose polarons have been
stimulated primarily by experiments with cold atoms.
Transferring these methods to excitons must be done
with caution because of important differences between
two classes of systems. Atoms reach quantum de-
generacy at very low temperatures in the nK or µK-
range. Since IXs have much smaller mass, their degen-
eracy temperature Tdeg = 2πT0 with T0 ≡ ℏ2n/m [10] is
many orders of magnitude higher, e.g., Tdeg = 20 K for
m = me +mh = 0.285m0 and n = 1011 cm−2.

Atoms typically form dilute, weakly nonideal BECs
(Bose-Einstein condensates) for which the details of the
interatomic interaction potential are unimportant. In-
stead, the interactions are parametrized by the s-wave
scattering amplitude, which is proportional to the on-
shell two-body T-matrix. In 2D, this T-matrix has a uni-
versal low-energy form

T(E) ≃
4πℏ2

m

[
ln

(
−
ℏ2

ma2

1
E

)]−1

, E→ 0, (S8)

where a is referred to as the scattering length. The T-
matrix enters in equations for many key quantities of
the system. For example, the chemical potential ζ of the
BEC is given by

ζ = Tn (S9)

to the leading order in na2
≪ 1. In this equation, T needs

to be evaluated at energy E ∼ −ζ [11, 12], so that Eq. (S9)

is a self-consistent equation for ζ as a function of n. The
solution can be presented in the form

g̃ ≡
ζ

T0
=

m
ℏ2

ζ
n
≃

4π
ln (1/na2)

. (S10)

The dimensionless parameter g̃ is a measure of BEC
nonideality. For example, it determines the interaction-
induced condensate depletion via g̃/(2π) [12]. These
formulas apply if g̃ ≲ 1 [13, 14], which translates to the
condition on the boson density na2 ≲ 10−6. Despite the
small numerical factor on the right-hand side of this in-
equality, it is not uncommon to have it fulfilled for cold
atoms. In contrast, such densities are unrealistically low
for IXs in GaAs heterostructures. As a result, scatter-
ing length a is not useful for describing these excitonic
systems. Their properties crucially depend on details
of the IX-IX interaction and they are typically strongly
coupled, g̃≫ 1.

One common model for the interaction potential of
two IXs is

VIX(r) = Vee(r) + Vhh(r) + 2Veh(r) , (S11)

where r is the distance between the centers of mass
of the IXs. As one can see from Fig. S4, potential
VIX(r) has a strong repulsive core and rapidly decreas-
ing tails. Equation (S11) is essentially classical, e.g.,
it neglects fermionic and bosonic exchange of IXs [15]
at distances r ≲ aX. However, due to the strong IX-
IX repulsion [9, 16], excitons tend to avoid each other
and these exchange effects should be small at densities
n≪ a−2

X ∼ 6 × 1011 cm−2 studied in our experiments.
At r ≫ d, the IX-IX potential approaches VIX(r) ≃

e2d2/κr3. The corresponding s-wave scattering length a
is given by [14] a = e2γE d2/AX, where γE = 0.577 is the Eu-
ler constant and AX = ℏ2κ/me2 = 2.3 nm. For d = 19 nm,
we find a = 500 nm, so that in our experiments na2

≫ 1.
In this regime Eq. (S10) fails and is replaced by

g̃ ≡
m
ℏ2

ζ
n
=

 Cg

√

na2 , n≪ 1/d2, (S12a)

4πe−2γE
a
d
, n≫ 1/d2, (S12b)

which is specific to the interaction law (S11). The nu-
merical constant Cg ∼ 5 in Eq. (S12a) can be estimated
from Ref. 17 and work cited therein. The physics be-
hind Eq. (S12a) is simply that the energy per particle is of
the order of the dipole-dipole repulsion energy of near-
est neighbors. In contrast, Eq. (S10) is valid when the
energy per particle is dominated by the kinetic energy.
Note that Eq. (S12b) is the same as the ‘capacitor formula’
introduced in the main text. From these equations, we
find ζ ∼ 30–300 K, T0 ∼ 0.3–3 K, and g̃ ∼ 40–80 in our ex-
periments, indicating that IXs form a strongly correlated
Bose gas rather than a weakly nonideal BEC. The large
value of g̃ is not a cause for concern; it simply shows
that the s-wave scattering length a is not a meaningful
control parameter for such dense many-body systems.
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B. DX-IX interaction

The interaction between impurities and host bosons in
cold atom gases and in excitonic systems also has some
qualitative differences. In the context of cold atoms it
is common to describe this interaction using another
parameter of dimension of length — the size of the
impurity-host dimer. If this length is much larger than
the scattering length a of the host bosons, the impurity
can attract many host particles. As a result, the ABP be-
comes a multi-particle cluster with energy much lower
than the dimer energy [18]. A related effect is formation
of multimers (trimers, quadrimers, etc.) in a few-body
bosonic systems [19]. In our case, the size of the DX-IX
bound state, defined by the relation

aXX =
ℏ(

2µEXX
)1/2
≈ 15 nm, (S13)

is much smaller than the IX-IX scattering length a ≈
500 nm. [Here µ = (m−1

DX +m−1)−1 is the reduced mass of
DX and IX, m is the IX mass, and mDX is the DX mass. We
used EXX = 1.11 meV, which is the average of the hh and
lh values in Table S I.] This means that the IX-IX repulsion
is strong compared to the DX-IX attraction. Therefore no
multimers or multi-exciton clusters can appear and the
excitonic ABP is essentially a dimer.

As mentioned in the main text, the DX-IX bound states,
e.g., (e-h-e)(h) biexcitons, which Eq. (S13) refers to, are
stable only when the spins on the two e’s form a singlet.
The spin dependence of the interaction of the excitons
comes from the symmetries of their orbital wavefunc-
tions. It indicates that exchange plays an important role
in the DX-IX interaction unlike the case of the IX-IX in-
teraction discussed in Sec. V A above.

The exchange effects can be analyzed as follows. Tak-
ing the (e-h-e)(h) complex as an example, we note that in
GaAs each of the four particles involved can exist in two
spin states, sz = ±1/2 for the e’s and Jz = ±3/2 for the h’s,
yielding 24 = 16 combinations total. In this Hilbert space
we can select a basis of spin wavefunctions that are ei-
ther even or odd with respect to interchange of e’s or h’s.
The corresponding orbital wavefunctions must have the
opposite parity and therefore different scattering ampli-
tudes. Following Ref. 16, we can describe the DX-IX in-
teraction using four different T-matrices Tu

v , where u and
v refer to e and h, respectively, u, v ∈ {s, a} and s(a) indi-
cates symmetric (antisymmetric) orbital wavefunction.
The u = v = s channel is a singlet. The spin degeneracy
triples if u or v is switched from s to a, so that the origi-
nal 16-fold degeneracy is split into four channels of spin
degeneracy 1, 3, 3, and 9. In the present case, the prob-
lem is actually simpler because we can neglect exchange
between particles residing in different QWs, e.g., the h-
exchange in the (e-h-e)(h) DX-IX complex. Thus, we can
disregard the spin of the two h’s. We need to consider
only the four e-spin states that split into an antisymmet-
ric triplet, described by a T-matrix Ta

a = Ta
s ≡ Ta and

a symmetric singlet, characterized by another T-matrix
Ts

a = Ts
s ≡ Ts.

Some properties of these T-matrices are known from
general principles. The triplet channel is non-binding,
the singlet channel supports bound state(s). Therefore,
Ta(E) is analytic at all negative energies E < 0 whereas
Ts(E) has a pole at E = −EXX. In the asymptotic low-
energy limit E → 0, both Ta and Ts have the universal
form [cf. Eq. (S8)]

Tu(E) =
Ṽu

1 − L(E)Ṽu
, (S14)

L(E) =
1
Ω

∑
|k|<Λ

1
E − εk − εDX,k

≃ −
µ

2πℏ2 ln
(
−
ℏ2Λ2

2µE

)
.

(S15)

This expression represents the sum of all ladder dia-
grams for two particles — an IX with dispersion εk =
ℏ2k2/2m and a DX with dispersion εDX,k = ℏ

2k2/2mDX
— interacting via a short-range effective potential Vu(r)
such that Ṽa > 0 and Ṽs < 0. Parameter Λ ∼ a−1

X is the
high-momentum cutoff. If the binding energy EXX be-
longs to the range of validity of Eq. (S14), then Ṽs can
be deduced from the condition that Ts(E) has a pole at
E = −EXX:

Ṽs = −
ℏ2

µ
π

ln (ΛaXX)
, (S16)

which entails

Ts(E) =
2πℏ2

µ

[
ln

(
−

EXX

E

)]−1

≃
2πℏ2

µ
EXX

E + EXX
, E→ −EXX .

(S17)

Accurate calculation of Ta and Ts at arbitrary energies
and momenta requires solving the four-body scattering
problem numerically, which goes beyond the scope of
the present work. (Currently, our numerical codes can
only solve for the bound states, see Sec. IV.) However,
we can estimate Ta and Ts by combining Eqs. (S14), (S15)
with the Hartree-Fock approximation for Ṽa(s) = Ṽd ±

Ṽx [15, 16, 20]. Due to the exciton charge neutrality, the
Hartree (or direct) term Ṽd is negligible compared to the
Fock (or e-exchange) term Ṽx, so that

Ta(s)(E) ≈ ±
Ṽx

1 ∓ L(E)Ṽx

. (S18)
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The equation for the Fock term is

Ṽx = −

∫
d2k

(2π)2

∫
d2k′

(2π)2 W(k,k′) ,

W(k,k′) = Ṽe1,e1(k − k′)Φ(k,k′; k,k′)

+ Ṽe1,h2(k − k′)Φ(k,k; k,k′)

+ Ṽh1,e1(k − k′)Φ(k,k; k′,k)

+ Ṽh1,h2(k − k′)Φ(k,k′; k′,k) ,

(S19)

where

Φ(k,q; k′,q′) ≡ ϕ∗DX(k)ϕ∗IX(q)ϕDX(k′)ϕIX(q′) . (S20)

For comparison with previous work, we can write

Ṽx = Cx
ℏ2

2µe−h
,

1
µe−h

≡
1

me
+

1
mh
. (S21)

Using ϕDX(k), ϕIX(k) found as described in Sec. IV, we
obtained the numerical coefficients Cx = 3.81 for hh and
3.24 for lh. Interestingly, they are only slightly larger
than the analytical result Cx = 4π − (315π3/1024) = 3.03
for the DX-DX interaction in a zero-thickness QW [20].
In physical units, we find

Ṽx = 0.28 × 10−10 meV cm2 (S22)

for (e-h-e)(h) with h = hh.
At this point we can compare the Hartree-Fock esti-

mate Ṽs
≈ −Ṽx with Eq. (S16). In fact, we can get them

to agree perfectly by fixing the numerical factor in the
momentum cutoff parameter, making the ‘large loga-
rithm’ in Eq. (S16) equal to ln (ΛaXX) = 0.59, which corre-
sponds toΛ = 1.5/aX. With this adjustment, Eq. (S17) for
T̃s reproduces the accurate value of the binding energy
EXX = 0.96 meV in Table S I. It may now be tempting to
use Eq. (S18) for T̃a with the sameΛ. However, doing so
would generate a spurious pole in T̃a(E) at a relatively
small (by absolute value) energy

E = −
(
ℏ2Λ2

2µ

)2 1
EXX
≈ −10 meV . (S23)

We believe it is a sign of going beyond the range of
validity of the approximation. Therefore, it may be better
to revert to the lowest-order perturbation theory formula

Ta(E) = Ṽx = const . (S24)

We take Eqs. (S17), (S22), and (S24) for two-body DX-
IX scattering as the basis for the further analysis of the
many-body Bose polaron problem in Sec. VII.

VI. BOSE POLARONS IN WEAKLY INTERACTING 2D
SYSTEMS

There have been numerous theoretical studies of Bose
polarons in all physical dimensions: 3D, 2D, and 1D.

Some examples of methods developed to tackle the 2D
case with short-range interactions include the Fröhlich
polaron model, which was treated by the Feynman vari-
ational method [21] and by perturbation theory [22], a
truncated-basis variational approach [23–25], diffusion
quantum Monte-Carlo calculations [18, 26], functional
renormalization group theory [27], a T-matrix approxi-
mation [28], and variational mean-field (coherent-state)
methods, both static and dynamic [29–31].

The problem of a Bose polaron in a dense excitonic
system with realistic interaction laws [such as Eq. (S11)]
has received much less attention. Some nonperturbative
calculations within the hypernetted chain method have
been reported [17]. Unfortunately, those results are not
directly relevant for the present study because of a differ-
ent geometry of the problem (an e-h quadrilayer instead
of the bilayer).

In general, the goal is to find the dispersion E = E(P)
of the Bose polarons, which is determined by the peaks
of the spectral function

ADX(P,E) = −2 Im GDX(P,E) , (S25)

where

GDX(P,E) = −i

∞∫
0

dteiEt/ℏ
〈[

aP(t), a†P(0)
]〉

≡

[
E −

ℏ2P2

2mDX
− Σ(P,E) + i0+

]−1
(S26)

is the retarded Green’s function of the impurity (in our
case, a DX) and ak(a†k) is the impurity creation (anni-
hilation) operators. To analyze the polaron resonances
probed in optical experiments it is sufficient to consider
P = 0 only, and so we suppress the momentum argument
P in the formulas below.

Within the T-matrix method the self-energy of the Bose
polaron is given by

Σ(E) = nT(E) , (S27)

which is similar to Eq. (S9). Ultimately, we have to
resort to a phenomenological expression for T(E) when
analyzing the data in the main text. This expression dif-
fers from the weak-coupling theory formula given below
in this Section; however, as we will see, it retains some
of its structure.

A formula for the T-matrix of a weakly-coupled BEC of
spinless bosons has been proposed by Raith and Schmidt
(RS) [32]. In our notations, it looks as follows:

T(E) =
Ṽ

1 − LRS(E)Ṽ
, (S28)

LRS(E) =
1
Ω

∑
|k|<Λ

u2
k

E − ωk − εDX,k
, (S29)
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where

ωk =
√
ε2

k + 2ζεk , (S30)

uk =
1
2

(√
ωk

εk
+

√
εk

ωk

)
(S31)

are the Bogoliubov excitation energies and coherence fac-
tors. RS derived Eq. (S28) by summing a subset of ladder
diagrams. Identical expressions have been also obtained
within the truncated-basis approach [25]. Focusing on
the equal-mass case mDX = m, it is easy to show ana-
lytically that LRS(E) = L(E) [cf. Eq. (S15)]. Hence, these
theories predict, surprisingly, that T(E) is no different
from the vacuum two-body T-matrix given by Eq. (S14).
Therefore, to adapt this approach to the spinful case, we
can use our results from Sec. V B and try

T(E) =
3
4

Ta(E) +
1
4

Ts(E) , (S32)

assuming equal concentrations of all IX spin states.
In our model the triplet term Ta(E) = Ṽx is energy-

independent, and so it shifts the self-energy by a fixed
amount

∆Σ =
3
4

Ṽxn , (S33)

which is equivalent to a shift of the DX chemical poten-
tial. This suggests an improved approximation

Σ(E) = ∆Σ +
1
4

nTs(E − ∆Σ)

= ∆Σ +
πℏ2

m
n
[
ln

(
−

EXX

E − ∆Σ

)]−1

. (S34)

(We used 2µ = m in the denominator assuming mDX =
m.) The resultant spectral function ADX(E) has peaks
at energies that solve the equation E = ReΣ(E). The
higher-energy solution is the RBP:

ERBP ≃ ∆Σ(n) +
πℏ2

m
n

ln
(
1/na2

XX

) , n≪ a−2
XX . (S35)

This equation is different from those previously derived
for spinless bosons [18, 22] in two aspects. One is the
addition of∆Σ(n), the other is the extra factor of 1/4 in the
second term. Both differences originate from the electron
spin. The ‘repulsive’ nature of the RBP is manifested in
its energy increase with n, which is due to the positive
sign of Re T(E). Note that Re Ts(E) > 0 at −EXX < E <
EXX, which can be thought of as a ‘level repulsion’ at
energies above the bound-state resonance. At the face
value, Eq. (S35) predicts a diverging ERBP at n → 1/a2

XX.
This is referred to as the strong coupling regime for the
Bose polaron. In fact, at large n, this solution of the
equation E = ReΣ(E) has the asymptotic behavior ERBP ≃

∆Σ(n) + EXX.

The lower-energy solution corresponds to the ABP. It
depends on n as

EABP ≃ ∆Σ(n) −


πℏ2

m
n + EXX , n≪ a−2

XX , (S36a)

πℏ2

m
n

ln
(
na2

XX

) , n≫ a−2
XX . (S36b)

Note that Eq. (S36b) is the same as Eq. (S35). However,
the ‘reduced energy’ EABP − ∆Σ(n) now decreases with
n, which is a signature of DX-IX attraction.

The DX spectral function computed numerically from
Eqs. (S25), (S26), (S33), and (S34) is plotted in Fig. S5(a).
To regularize the δ-function-like ABP peak we added a
damping constant −iΓ to ∆Σ. Both the ABP and RBP en-
ergies increase with IX density n, in a qualitative agree-
ment with the experiment. The rate of increase is how-
ever somewhat smaller. The distance ∆ABP−RBP between
the two peaks as a function of n is shown in Fig. S5(b).
The starting point, ∆ABP−RBP = EXX is in a good agree-
ment with the measured value, the subsequent rate of
increase is about twice slower. In the context of the po-
laron problem, the integrated weight (or so-called quasi-
particle residue) of the spectral peaks is often discussed.
As shown in Fig. S5(c), the spectral weight is steadily
transferred from the RBP to to ABP as n increases, which
is also apparent from Fig. S5(a). Finally, in Fig. S5(d) we
present the evolution of the peak widths. The ABP peak
maintains the constant width equal toΓ (which we added
by hand). The RBP peak widens with n. This widening
originates from the imaginary part of the T-matrix and
represents collisional broadening of an unbound DX be-
ing scattered by IXs.

The described T-matrix theory is certainly an approx-
imation. It does not capture several additional effects as
follows. In Sec. V B we suggested that the ABP is essen-
tially a dimer. In fact, the ABP can still be dressed with
Bogoliubov-like excitations of the medium, i.e., density
oscilations localized near the dimer. Such excitations
would produce spectral weight above the lowest-energy
ABP state. This spectral weight can be substantial. In the
strong-coupling polaronic regime, it may even exceed
that of the ground ABP state. Conversely, for the RBP,
which is a metastable state, these local modes typically
have negative energies, producing spectral lines below
the main RBP peak [33]. Therefore, a non-negligible ab-
sorption can be present everywhere in between ABP and
RBP energies.

VII. A PHENOMENOLOGICAL T-MATRIX MODEL

The T-matrix theory of Sec. VI gives a qualitative but
not quantitative agreement with the experiment. It is
also not fully satisfactory for several conceptual reasons.
First, Eq. (S29) disagrees with the perturbation theory
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FIG. S5. (a) Calculated DX spectral function for different n us-
ing EXX = (0.96+0.88)/2 = 0.92 meV and damping Γ = 0.3 meV.
The lower-energy and higher-energy peaks correspond to the
ABP and RBP, respectively. (b) The ABP-RBP energy splitting
deduced from panel (a) (line). The squares are experimental
data from Fig. 2 of the main text. (c) ABP and RBP spectral
weight vs. n. (d) ABP and RBP peak width vs. n.

formula [22, 34]

Σ = nṼ +
nṼ2

Ω

∑
|k|<Λ

εk

ωk

1
E − ωk − εDX,k

(S37)

already in the order O(Ṽ2) unlike other theoretical cal-
culations [29, 33], which do agree with Eq. (S37). The
perturbation theory indicates that the response of the
BEC to the impurity is suppressed at energy scales be-
low ζ where it behaves as a fairly ‘rigid’ medium with
excitation energies much larger than the bare particle en-
ergies, ωk ≫ εk. In contrast, the RS theory [32] and the
truncated-basis method [25] (at the single-Bogoliubov-
excitation level) predict that the interaction among host
bosons practically do not affect the response of the BEC.
(If mDX = m, there is no difference at all, see Sec. VI.)

Second, as explained in Sec. V A, the IX system is
strongly correlated, so diagrammatic approaches, per-

turbative or otherwise, are uncontrolled. In the same
vein, formulas like Eqs. (S29) or (S37) assume unrealistic
(extremely short-range) IX-IX interaction law.

It may therefore be prudent to retain only the basic
properties of the theory outlined in the previous sec-
tion and make phenomenological assumptions about all
quantities that are difficult to compute reliably. Return-
ing to Eq. (S34), we can argue that it represents splitting
of the self-energy into a non-singular part with a slow
E-dependence and a singular part that has a pole at some
energy

E(0)
ABP = −EXX + ng2 . (S38)

This leads us to the model introduced in the main text:

T(E) = g1 + g3
EXX

E − E(0)
ABP

. (S39)

As stated therein, this model predicts the polaron ener-
gies

EABP,RBP =
1
2

(2ng1 − EXX ± ∆ABP−RBP) , (S40)

∆ABP−RBP =
(
E2

XX + 4ng3EXX

)1/2
, (S41)

which agree fairly well with the measured peak ener-
gies. Here we already set g1 = g2 because it is physically
reasonable if the DX-IX biexciton is weakly bound and
because it helps to reduce the number of phenomeno-
logical parameters. This model also predicts the polaron
spectral weights (quasiparticle residues)

ZABP,RBP =
1

1 − (dΣ/dE)
=

1
2
±

1
2

EXX

∆ABP−RBP
, (S42)

which depend on n similar to what is shown in Fig. S5(c).
We can use the formulas of Secs. V B and VI to

crudely estimate g1 and g3. For the case of g1, we
take ng1 = ∆Σ(n), i.e., g1 = (3/4)Ṽx, see Eq. (S33). For
g3, we use Eqs. (S17) and (S32) to obtain g3 = πℏ2/2µ.
These are the estimates quoted in the main text, e.g.,
g1 = 0.21 × 10−10 meV cm2 for hh. It is also possible to
extract g1 from the measured peak positions by fitting
them to Eqs. (S40) and (S41). Doing so for the hh points
in Fig. 2b, we obtained g1 = 0.34 × 10−10 meV cm2. A
better physical understanding of these parameter values
and other spectral characteristics of the excitonic Bose
polarons warrants future experimental and theoretical
work.
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