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PACS numbers:
Supplementary Note 1: CQW heterostructure

The CQW heterostructure (Fig. 1b) is grown by molec-
ular beam epitaxy. CQW consists of two 15-nm GaAs
QWs separated by a 4-nm Alyz3GagerAs barrier. n*
GaAs layer with ng; ~ 10'8 cm™ serves as a bottom elec-
trode. The CQW is positioned 100 nm above the n* GaAs
layer within the undoped 1-um-thick Algz3GagerAs
layer. The CQW is positioned closer to the homogeneous
bottom electrode to suppress the fringing in-plane elec-
tric field in excitonic devices [1]. The top semitranspar-
ent electrode is fabricated by applying 2-nm Ti and 7-nm
Pt on a 7.5-nm GaAs cap layer. Applied gate voltage
Vg = —=2.5'V creates an electric field in the z direction.
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FIG. S1: Optical measurements. (a) The e-h system is generated
by laser pulses 800 ns on, 400 ns off (shown schematically by
black line). The measurements are performed 6t = 300 ns after
the laser excitation pulse within 7,, = 50 ns window (gray area).
(b) The laser excitation spot is mesa-shaped (shown schemati-
cally by black line). The measurements are performed ~ 50 ym
away from the edge of the mesa-shaped laser excitation spot
within ~ 20 yum window (gray area). x ~ =100 um corresponds
to the device edge. The DX PL (red line) closely follows the
laser excitation in time (a) and space (b) due to the short DX
lifetime. The I-EHP PL (blue line and dots) extends in time (a)
and space (b) due to the long I-EHP lifetime.
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FIG. S2: Variation of the spectra within the signal accumula-
tion window. The I-EHP spectrum measured during the 50 ns
window (black line) and during the first half (red line) and
within the second half (blue line) of the window. The sum
of the spectra within the half-windows (green dashed line) is
close to the spectrum within the window (black line). These
measurements show that the spectrum variation during the
window is negligibly small.

Supplementary Note 2: Optical measurements

The experiments are designed to facilitate lowering
the temperature of the optically generated e-h system,
as outlined in the main text. The creation of cold I-EHP
is facilitated by separating the e-h plasma from the laser
excitation in space and time: (i) The measurements are
performed 6t = 300 ns after the laser excitation pulse
within 7., = 50 ns window (Fig. Sla). This delay 6t al-
lows for cooling the photoexcited e-h system to low tem-
peratures close to the lattice temperature. At the same
time, 0t ~ T and T,, << 7 enable the density staying high
and nearly constant during the measurements. (ii) The
measurements are performed ~ 50 ym away from the
edge of the mesa-shaped laser excitation spot (Fig. S1b).
This separation further facilitates cooling of the photoex-
cited e-h system. At the same time, the density in the
signal detection region does not drop substantially in
comparison to the excitation region since the separation
is shorter than the I-EHP (and IX) propagation length
in the heterostructure (Fig. S1b). To further reduce the
heating of e-h system, the laser excitation is resonant to
the direct exciton energy (Eex ~ 1.545 eV). The resonant
excitation increases absorption for a fixed Pex and min-
imizes the energy of photoexcited e-h pairs. The laser
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FIG. S3: PL energy shift and linewidth. (a) The PL energy shift
OE vs. Pey. OE is counted from the IX energy at the lowest Pe,.
(b) The PL linewidth A (full-width-half-maximum) vs. Pey. (c)
A vs. OE. (d) n estimated from A vs. n estimated from OE.
T = 2 K for all data. The estimates use 6E = 4me*dn/e and
A ~ Ege + Epy = mh?n(1/me + 1/my,). The estimates from SE and
from A give similar #.

pulses are 800 ns on, 400 ns off. The off time is longer
than 6t to enable the cooling, yet is as short as possible,
justlonger than 6t +1,,, to enhance the density for a given
Pey.

The e-h system is generated by a Ti:Sapphire laser
(Eex ~ 1.545eV). An AOM is used for making laser pulses
800 ns on, 400 ns off (Fig. Sla). The mesa-shaped laser
excitation spot with ~ 100 ym diameter is formed using
an axicon (Fig. S1b). The DX PL closely follows the laser
excitation in time (Fig. Sla) and space (Fig. S1b) due to
the short DX lifetime. The I-EHP (and IX) PL extends in
time (Fig. S1a) and space (Fig. S1b) due to the long I-EHP
(and IX) lifetime.

The 50 ns window is long enough to collect sufficient
I-EHP (or IX) signal yet much shorter than the I-EHP (or
IX) lifetime so the signal variation during the window is
negligibly small. To verify this, the measurements were
performed within the first half and within the second half
of the window and these measurements show similar
spectra (Fig. S2).

The 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 in-
tensifier. The experiments are performed in a variable-
temperature 4He cryostat.
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FIG. S4: Simulations of I-EHP PL spectra. (ab) The simu-
lated I-EHP PL spectra without taking into account the Fermi
edge singularity (red lines) and the measured I-EHP PL spec-
tra (black lines). T = 2 K and Py = 24 mW, Ty = 2 K and
ng = 101 em™2 (a). T = 25 K and P, = 24 mW, Tj, = 25 K and
g = 7.6 X 1012 cm™2 (b). (c) n estimated from the PL spectrum
fit vs. n estimated from 6E, T = 2 K.

Supplementary Note 3: PL energy shift and lineshape

The density n in I-EHP can be estimated from the
PL energy shift 6E using the “capacitor” formula 6E =
4ne*dn/e. n in I-EHP can be also estimated from the
PL linewidth A ~ Ege + Ep, = mh?*n(1/m, + 1/my). The
estimates from OE and from A give similar # in the high-
density regime, n > 4 x 10! cm™2 (Fig. S3d). The esti-
mates extended to the low-density regime show a devi-
ation from this similarity, increasing for lower densities
(Fig. S3d). The deviation is expected since in the low-
density regime, the equation for 6E is less accurate and A
is determined by the homogeneous and inhomogeneous
IX broadening, as outlined in the main text.

The I-EHP PL spectra are simulated without taking
into account the Fermi edge singularity and compared
with the measured I-EHP PL spectra (Fig. S4). The sim-
ulations are outlined below. Due to the small photon
momentum, the optical transition occur for the same
absolute values of electron and hole momenta k. = ky,.
For the constant 2D density of states, the PL intensity

PR PR .
at energy E; = 7t + 7= is determined by the product

of the electron and hole distribution functions I(E;) «
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FIG. S5: Comparison of the sharpness of the high-energy side
of the spectrum in the simulations and in the experiment in
the high-density I-EHP regime. (a) The simulated I-EHP PL
spectrum without taking into account the Fermi edge singu-
larity (red line) and the measured I-EHP PL spectrum (black
line). The dashed green (blue) line shows the sharpest PL in-
tensity decrease on the high-energy side of the spectrum in the
experiment (simulation). T = 2 Kand Pe, = 24 mW, T = 2K
and ng = 10" em™2. (b) The sharpest PL intensity decrease on
the high-energy side of the spectrum in the experiment (green
circles) and in the simulation (blue squares). The sharpness
is similar indicating that the temperature of the dense opti-
cally created e-h system lowers to the bath temperature in the
experiments T, ~ 2 K.

fe(ki) fu(k;), where E; is counted from the lowest PL en-
2 (1212 -1
ergy, ki = ke =kn, fon = (exp EZrSZth:FT) + 1) , kp the Fermi
momentum. For low temperatures kg1 << Efe, Ern, the
PL line I(E;) is step-like with the sharp steps both on
the low-energy side and the high-energy side and the
width A ~ Ege + Epn = Ep. The step sharpness on the
high-energy side is determined by the temperature. To
account for the finite step sharpness on the low-energy
side the following approximation is used. I(E;) is con-

volved with X&) 1

— EEPER describing the damping of
one-particle states [2], where the broadening parameter
y(E;) is assumed to decrease to zero at the Fermi level as
(Er — Ei)* [31.

At high temperatures, the simulated and measured
I-EHP spectra are close, with the intensity reduction at
the high-energy side following the thermal distribution
(Fig. S4b). At low temperatures, the simulations show
step-like I-EHP spectra with the linewidth A ~ Eg + Epp,
similar to the spectra of spatially direct EHP in single
QWs [4], and the measured I-EHP PL is strongly en-
hanced at the Fermi energy in comparison to the simu-
lations due to the Fermi edge singularity (Fig. S4a).

b .
T=2K o o*°
350
T=20K 9
lo]U lol;
n(cm?)
oa\e C
P, =24 mW
\\.
2 6 10 s 15 25
n (10'° cm2) T(K)

FIG. S6: The spectrum skewness M. (a) M3 vs. density and
temperature. The density 7 is estimated from the energy shift
OF = 4me?dn/e. (b) M3 vs. nat T = 2 K and 20 K. (c) M3 vs.
temperature at n = 10! cm™. The lines are guides to the eye.
The Fermi edge singularity characterized by high positive M;
is observed in dense I-EHP at low temperatures.

For the dense I-EHP, the density ng; estimated from
the PL spectrum fit is close to the density estimated from
the energy shift 6E (Fig. 4c). ng: (Fig. 4c) is close to the
density estimated from the PL linewidth A (Fig. 3d).

The e-h temperature T, in the high-density I-EHP
regime can be estimated from the sharpness of the high-
energy side of the spectrum. The simulations were per-
formed for the bath temperature in the experiment and
the sharpness of the high-energy side in the simulations
and in the experiment are close (Fig. S4a), indicating
that the temperature of the dense optically created e-h
system lowers to the bath temperature in the experi-
ments Ten, ~ 2 K. This is further supported by Fig. S5
presenting the sharpness of the high-energy side of the
spectrum in the simulations and in the experiment for
different densities in the I-EHP regime (Pex 2 4 mW). Fig-
ure S5 shows that the sharpness in the simulations and
in the experiment are similar, indicating that the temper-
ature of the dense optically created e-h system lowers
to the bath temperature in the experiments Ten, ~ 2 K.
A higher sharpness corresponds to a lower temperature
and Fig. S5 shows that the sharpness is even higher in
the experiment. A higher sharpness in the experiment
may be related to neglecting the excitonic effects in the
simulations.

Supplementary Note 4: The spectrum skewness M;

Figure 56 shows the spectrum skewness M3 vs. tem-
perature and density. This figure is similar to Fig. 3
showing M3 vs. temperature and Pex. The density 7 is
estimated from the energy shift 5F = 4me?dn/e. Figure S6
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FIG. S7: Shift-interferometry measurements. (a) Interference
fringes Ilintert(y) for ox = 1.5 um, T = 2 K, Pex = 2.5 mW. (b) The
amplitude of interference fringes Ainterf V5. 0x for Pey = 2.5 mW
(black points) and 0.2 mW (red squares), T = 2 K. Gaussian fits
are shown by the black and red lines, respectively.

shows that the Fermi edge singularity characterized by
high positive M3 is observed in the dense I-EHP at low
temperatures, that is in the high-n — low-T part of the
n — T diagram.

Supplementary Note 5: Shift-interferometry measurements

In the shift-interferometry measurements, a Mach-
Zehnder interferometer is added in the signal detection
path as in Ref. [5]. The spectrometer grating is replaced
by a mirror and an interference filter of linewidth 5 nm
adjusted to the I-EHP (or IX) PL wavelength is added
to select the entire I-EHP (or IX) PL line for the studied
Pe and T. The rest of the laser excitation and signal
detection, outlined above, is kept unchanged.

The emission images produced by each of the two
arms of the Mach-Zehnder interferometer are shifted
relative to each other along x to measure the interfer-
ence between the emission of [-EHPs (or IXs), which are
separated by 6x in the layer plane. Iinters = (I — L1 —
1))/ vI1D) is calculated from the measured PL inten-
sity I for arm 1 open, I, for arm 2 open, and I, for

both arms open (Fig. S7a). In ”the ideal experiment”,
the amplitude of interference fringes Ainterf(0x) gives the
first order coherence function g1(6x) and the width of
g1(0x), the coherence length, quantifies spontaneous co-
herence in the system [5]. In practice, the measured
Ainterf(0x) is given by the convolution of g1(6x) with the
point-spread function (PSF) of the optical system in the
experiment [6]. The CQW contain no point source for the
precise measurement of PSF. NA = 0.27 of the objective
in the experiment gives a lower estimate for PSF width
Epsr ~ 0.9 um for the optical system. The dependence
of £ on the parameters shows that the coherence length
in the e-h system is sufficiently large in comparison to
the spatial resolution of the optical system &psp. Other-
wise, the measured & would be determined by &psr and
practically would not depend on the parameters [6]. Fig-
ure 7b shows examples of the measured Ajnters(0X). £ are
taken as the half-widths at 1/e height of Gaussian fits to
Ainterf(éx)-

“equal contribution
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