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Abstract—The fine structure of the emission spectrum lines is studied for a quasi-two-dimensional electron-
hole liquid (EHL) embedded in SiGe/Si quantum wells. It is shown that the patterns observed in the spectra
of the two-particle (IR band) and four-particle (visible band) recombination can be explained by the presence
of both heavy and light holes in the condensed phase. Comparison of the experimental data and calculated
photoluminescence spectra of EHL allow determination of its main parameters, e.g., the equilibrium density,
work function for pairs of particles, and light hole–heavy hole splitting at the G-point of the Brillouin zone
for quantum wells that are 3.7–5.1% Ge.
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INTRODUCTION
Components containing quantum-dimensional

heterostructures are now widely used in electronics.
For instance, quantum wells (QWs) are used as chan-
nels in high electron mobility transistors (HEMTs).
The spatial separation of 2D electron gas (2DEG) and
dopants allows us to obtain record operating frequen-
cies in devices operating on the basis of this principle.
Such components are widely used in high-frequency
radio electronics, including wireless communication.
Work is now under way to create and develop micro-
electronic components with 2D electron (or hole)
channels based on graphene, monolayers of transition
metal chalcogenides, gallium nitride, silicon-germa-
nium (SiGe) heterostructures, and so on.

Apart from DEG consisting of carriers of one type,
we can obtain dense 2D plasma of charge carriers in
heterostructures with quantum wells. Such plasma is a
degenerate two-component gas. At low temperatures
in such plasma, a quantum transition can occur that
produces exciton gas and spatially bound regions of
degenerate plasma—i.e., an electron–hole liquid
(EHL). Unlike 2DEG, EHL consists of charge carri-
ers of both signs and coexists with exciton gas.

A curious feature of multiparticle states (including
an EHL) in SiGe heterostructures is the possibility of
registering their luminescence in both the IR and vis-
ible bands. Such radiation is observed in the simulta-
neous recombination of two holes and two electrons
from opposite valleys [1]. Since the energy of the emit-
ted quantum is in this case close to the double width of

the forbidden band, it is referred to as 2Eg-lumines-
cence. Simultaneous registration of photolumines-
cence spectra in the IR and visible bands is very infor-
mative when analyzing the electron spectrum of mul-
tiparticle states in a SiGE/Si quantum well. This is
because analysis of the emission spectrum of two-
component Fermi liquid in particular enables us to
investigate experimentally the density of states and the
mechanisms of scattering of carriers in quantum wells,
which is important for understanding the fundamental
properties of DEG in such structures.

A fine structure in the EHL spectrum in a QW of
Si1 – xGex with x = 4.5% was recently observed in both
the visible and IR bands [2]. The shape of the con-
densed phase line was explained in terms of a multi-
component Fermi liquid containing both heavy and
light holes. Joint analysis of 2Eg and IR luminescence
spectra allowed us to determine the energy of the
ground states for each type of holes, working function,
and EHL density. The main reason for hole-state
splitting is the embedded strain fields in pseudomor-
phous SiGe films. We can alter the strain and thus the
valence-band splitting in two ways: the first approach
is to apply compensating uniaxial pressure to the het-
erostructure; the second is to use samples with quan-
tum wells of different composition. In this work, we
analyze the effect the composition of SiGe solid solu-
tion has on the properties of quasi-two-dimensional
EHL. The experimental technique and approach used
to approximate the experimental data fully correspond
to those described in [2].
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Fig. 1. Emission spectra in the visible (2Eg) and IR bands
for the structures with SiGe/Si quantum wells with Ge
concentrations of 3.7–5.1% at an excitation density of
0.1 W cm−2 and a temperature of 5 K (solid lines). The
curves are an approximation of the experimental data by
the model of a liquid with light and heavy holes lh–hh
(Δ4 and Δ2 electrons).
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EXPERIMENTAL

The investigated samples were SiGe/Si-hetero-
structures with single QWs of SiGe, grown by means of
BULLETIN OF THE RUSSIAN ACADE
molecular-beam epitaxy. The QW width was 5 nm in
all the structures. The solid solution composition var-
ied from 3.7 to 5.1%. To analyze the EHL electron
spectrum in a SiGe QW, we used a setup that allowed
us to measure simultaneously the spectra of photolu-
minescence structures in the visible and near-IR
bands [2]. Photoluminescence structures were ana-
lyzed on an ActionSpec SP2500 grating spectrometer
with subsequent detection by a cooled PyLoN CCD
matrix. The samples were placed in a f low helium
cryostat, allowing optical measurements in the tem-
perature range of 4.2–300 K.

RESULTS AND DISCUSSION
Figure 1 shows the EHL emission spectra in the

visible (2Eg) and infrared (IR) bands at an excitation
density of 0.1 W cm−2 and a temperature of 5 K. Under
such conditions, the EHL line predominates, allowing
us to analyze it in detail and estimate the main EHL
parameters. The weak short-wave peak observed in the
2Eg spectra in each of the investigated samples corre-
sponds to the biexciton luminescence.

The IR spectrum of EHL in a first-order approxi-
mation is a convolution of the electron and hole distri-
bution functions in the condensed phase. The long-
wave step in the EHL emission line in the IR spectra is
thus clear evidence of patterns in the density of states.
This step is most distinct for the sample with a germa-
nium content of 4.5%. The rough profile of the step is
due to the homogeneous broadening that emerges due
to the short lifetime of excited states generated during
the recombination of holes with energies much lower
than the Fermi energy [3].

The 2Eg spectrum can be qualitatively described by
a double convolution of the electron and hole distribu-
tion functions [2, 4]. The steps in the density of states
for the EHL emission in the visible band are thus
apparent as kinks in the spectral line contour. As with
IR spectra, homogeneous broadening results in some
smearing of these kinks. However, signs of patterns in
the density of states are observed for the 2Eg spectra of
each investigated sample.

The patterns in the combined density of states that
determines the shape of the EHL line could be due to
both the electron and hole subsystems [2]. In the first
case, an additional step appears as a result of electron
valley splitting (Δ2–Δ4) in the SiGe layer; in the sec-
ond case, it results from the coexistence of heavy and
light holes (hh–lh) in EHL. The choice between the
two models of EHL can be made on the basis of a
simultaneous approximation of the shape of the EHL
line in the IR and 2Eg spectra.

The lines in Fig. 1 are an approximation of the
shape of the EHL line in the IR and visible bands by
one set of parameters in terms of the lh–hh (Δ2–Δ4)
model for the combined density of states. These
parameters are the concentration of carriers in EHL,
MY OF SCIENCES: PHYSICS  Vol. 82  No. 4  2018
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Fig. 2. Dependence of EHL density, light hole–heavy hole
splitting in the center of the Brillouin zone, and the bond-
ing energy of the condensed phase of a pair of particles,
depending on a SiGe layer’s composition. The solid line is
the theoretical dependence of the splitting in a strained
layer of solid solution with the same composition.
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electron- or hole-state splitting (depending on the
model), and the binding energy of carriers in EHL.
The only independent parameter for the IR and 2Eg
spectra is the scale factor that determines the ratio of
the emission intensities in the corresponding bands.
The details of this approach and the necessary mathe-
matical manipulations were described in [2].
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
As we can see from Fig. 1, the Δ2–Δ4 model, which
assumes discontinuity in the density of states for the
electron subsystem, describes the 2Eg spectra satisfac-
torily; however, it does not reproduce even qualita-
tively the shape of the IR-emission line. At the same
time, the hh–lh model, which assumes discontinuity
in the hole density of states, allows us to describe qual-
itatively the shape of the emission line in both the IR
and 2Eg spectra. We may therefore state that the EHL
spectrum in the first-order approximation is deter-
mined by the hole subsystem, while electron valley
splitting plays no significant role.

It should be noted that the lh–hh model, while
providing a qualitative description of the shape of the
EHL emission line, does not allow us to quantitatively
describe the line in the IR spectra. This can be
explained by the electron–hole correlations in the
vicinity of the Fermi surface, the broadening of one-
electron states far from the Fermi surface, and the
superposition of exciton radiation and the short-wave
wing of the FHL line (in the IR spectra).

Figure 2 shows the working functions for EHL, its
density and hole-state splitting, depending on the
structure composition. These values were determined
by approximating the shape of the emission line in
terms of the lh–hh model. For hole-state splitting, we
can also see the theoretical dependence obtained for a
strained layer of a solid solution; it displays an inverse
dependence on the Ge content. These results show the
approach of the hard shift of hole subzones cannot be
used to describe the electron spectrum of a quasi-two-
dimensional EHL in a SiGe/Si quantum well.

As can be seen from Fig. 2, the equilibrium con-
centration of EHL and the bonding energy of a pair of
particles diminish as the Ge concentration grows. The
latter is expected, since EHL becomes unstable with
growing Ge concentration [5]. One unexpected result
is the observed reduction in splitting between light and
heavy holes as the Ge concentration in a QW grows.
This could be a consequence of the complicated
dependence of the exchange-correlation energy for
two hole subzones in an EHL.

CONCLUSIONS

The emission spectra of an EHL localized in shal-
low SiGe/Si quantum wells were obtained experimen-
tally. Based on an approximation of the shape of the
EHL emission line in the IR and visible bands by a set
of parameters, it was shown that patterns observed in
the spectra of two-particle (IR band) and four-particle
(visible band) recombination are explained by the
presence of both heavy and light holes in the con-
densed phase. Comparison of the calculated and
experimental photoluminescence spectra of EHL
allowed us to determine its main parameters (density
and working function for a pair of particles) and the light
: PHYSICS  Vol. 82  No. 4  2018
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hole–heavy hole splitting at the G-point of the Brillouin
zone for quantum wells that were 3.7–5.1% Ge.
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