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ORDERED ELECTRON-HOLE
CONDENSATE AS A PERSPECTIVE LASER 2D
ENVIRONMENT AT ROOM TEMPERATURES

A comparative analysis of the processes governing the formation and stability of the electron-
hole (EH) exciton continuum in 3D and 2D semiconductors has been carried out on the basis of
theoretical and experimental results obtained by the authors, as well as literature data. Using
the phase diagrams, luminescence spectra, and lux-lux dependences, a substantial increase
of the excitonic binding energy 𝐸ex and the EH continuum stability as compared with those
in the 3D case is demonstrated. The role of physical factors responsible for the growth of
the excitonic binding energy 𝐸ex and the EH continuum stability in the 2D case, namely,
the exciton binding at shallow impurity centers, image forces, and the correlation factor, is
analyzed. The peculiarities of the exciton-polariton and electron-hole continua are considered
taking the Bose–Einstein and Fermi–Dirac statistics into account. Tasks for further theoretical
studies are formulated, and the advantages of the application of macroresonator 2D ditches
as optoelectronic devices of the new generation, which do not need the complicated and costly
MBE technology, are indicated.
K e yw o r d s: electron-hole condensate, exciton continuum, capture centers, 2D excitons,
macroditch resonator, induced radiation.

1. Introduction

Modern optoelectronics and nanophotonics have
formed a demand for low-threshold and high-efficien-
cy lasers that can further increase the processing and
transmission rates of information signals by using
photons instead of electrons, provide a higher local-
ization of radiation both in space and time, and solve
the problem of impedance matching for electrical cir-
cuits inherent in traditional electronic schemes. In
this paper, by analyzing the experimental and the-
oretical results obtained earlier by us and other au-
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thors, we show that the electron-hole (EH) conden-
sate is a promising 2D laser medium at room tem-
peratures. High concentrations of EH plasma at its
intensive excitation (in particular, using lasers) are
a precondition for the formation of a stable exciton
EH fluid. This fact was established relatively long ago
as a result of studies of EH droplets. The latter, as
the increasing exciton concentration reaches a cer-
tain critical limit, undergoes a gas-liquid phase transi-
tion, which in traditional 3D semiconductors, in most
cases, takes place at cryogenic temperatures (see, e.g.,
works [1–3]). This fact is associated with low values
of the exciton binding energy for most semiconductor
materials, in particular, groups III-V with the pre-



Ordered Electron-Hole Condensate

dominantly covalent type of interatomic bond. The
quantum gas-liquid transition in the EH system with
the change of the distance between spatially sep-
arated electrons and holes in quantum wells and
the criteria for the existence of a metastable phase
were considered in work [4]. In our works [1, 5, 6],
it was shown for a wide class of semiconductors (Si,
GaAs, InP, GaN) that the exciton binding energy
at the surface and, accordingly, the stability of 2D-
surface exciton states are substantially higher than in
the bulk.

2. Analysis of Basic Theoretical
Relationships and Experimental Results
for Ordered Electron-Hole Condensate

The parameters of the exciton continuum were ana-
lyzed on the basis of phase diagrams (Fig. 1), pho-
toluminescence spectra (Fig. 2), and lux-lux charac-
teristics (Fig. 3). The results obtained revealed an in-
crease in the exciton binding energy due to the fol-
lowing factors:

∙ the number of particles required to screen the EH
interaction in the 2D case is smaller than that in the
3D one,

∙ the quantum size effect,
∙ the influence of the surface centers of exciton cap-

ture,
∙ specular image forces,
∙ the influence of correlation forces at high exciton

concentrations [7].
The coordinate dependences of the corresponding

components of the binding energy in the electron-
hole subsystem are illustrated in Fig. 4. In the case
where the electron and the hole are located in the
same plane, a two-dimensional exciton is described
by the Schrödinger equation written in the 2D Carte-
sian coordinate system as follows:[︂
− ~2

2𝜇*
𝜕2

𝜕𝑥2
− ~2

2𝜇*
𝜕2

𝜕𝑦2
+
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]︂
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𝜇* =
1

𝑚𝑛
+

1

𝑚𝑝
,

(1)

where (𝑥, 0) is the the electron coordinates, (0, 𝑦) the
hole coordinates, 𝑧 =

√︀
𝑥2 + 𝑦2 is the distance be-

tween the electron and the hole, 𝜇* is the reduced ef-
fective mass, and 𝑚𝑛 and 𝑚𝑝 are the effective masses
of the electron and hole, respectively. The eigenvalues

Fig. 1. Phase diagrams of 2- (left) and 3-dimensional (right)
EH condensates [7]

Fig. 2. Photoluminescence spectra of the initial (left) and
anode-bombarded (right) ZnO at various excitation levels; the
dash-dotted curve is the form of the EH condensate curve the-
oretically calculated for 𝑛0 = 5× 1018 cm−3 and 𝑇 = 4 K [6]

Fig. 3. Dependences of the intensity of stimulated radiation
by 3D EH plasma in GaAs (1 ) and quasi-2D EH plasma in
Si3N4–GaAs structures (2 ) on the excitation intensity. In-
set: schematic representation of quasi-2D EH plasma expan-
sion outside the excitation region [5]

of Eq. (1) for the energy spectrum 𝐸 and the ampli-
tudes 𝐴 for the bound states (𝐸 < 0) in the 2D case
look like

𝐸𝑛𝑠 = − 𝑅𝑦

(𝑛+ 1/2)2
, 𝐴𝑠 =

𝐴0

(𝑛+ 1/2)3
, (2)

where 𝑛 = 0, 1, 2..., 𝑅𝑦 = 𝑞4𝜇*

2𝜀2~2 is the ground state
energy (Rydberg), and 𝐴0 = ~2𝜀

4𝜇*𝑞2 the Bohr radius
of two-dimensional exciton.

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 7 613



V.G. Lytovchenko, L.L. Fedorenko, D.V. Korbutyak et al.

Fig. 4. 𝑟𝑠-dependences of the binding energy components in
the electron-hole subsystem: 𝐸kin is the kinetic energy, 𝐸cor

the correlation energy, 𝐸exc the exchange Coulomb energy, 𝐸eh

the binding energy of electron-hole liquid [7]

For comparison, in the 3D case,

𝐸𝑛𝑣 =
𝑅𝑦

𝑛2
, 𝐴𝑣 =

𝐴0

𝑛3
, 𝑛 = 1, 2... . (3)

For a free exciton (𝐸 > 0), the spectrum is con-
tinuous,

𝐸kin =
~2𝑘2

2𝜇* . (4)

By comparing Eqs. (2) and (3), one can see that
if the dielectric constant 𝜀 is constant, the binding
energy of the ground state in the 2D case is 4 times
higher than in the 3D case. This is a result of the
motion quantization along the coordinate perpendic-
ular to the plane. Furthermore, an additional fac-
tor that increases the exciton binding energy is the
growth of either of the effective masses, which re-
duces the non-binding contribution to the binding en-
ergy from the kinetic energy of motion 𝐸kin (4) along
the corresponding coordinate [7]. We should also con-
sider the peculiarities of the lattice state in the two-
dimensional case where 𝜇* can grow, and 𝜀 can de-
crease at the contact with vacuum or vice versa, the
increase of 𝜀 at the contact with a metal and the de-
crease of 𝜇* due to the inter-valley redistribution or
elastic lattice deformation.

The above-indicated factors affecting the energy
𝐸𝑛𝑠 include the exciton binding at surface centers,
similar to the “dusty plasma” effect [8], when the gi-
ant forces of the oscillators of bound excitons reveal
themselves [9],

𝑓𝑡 = 8

(︂
𝜇*

𝑚0

𝐸𝑒

𝐸𝑡

)︂3/2
𝜋𝐴3

𝑠

𝑉
𝑓ex ≫ 𝑓ex, (5)

where 𝐸𝑒 is the exciton binding energy, 𝐸𝑡 the ex-
citon binding energy at the defect, 𝑉 the unit cell
volume, 𝑓ex and 𝐴𝑠, are the oscillator strength and
radius, respectively, and 𝑚0 is the mass of a free elec-
tron. The key issue, which has not been fully clarified
and needs to be resolved when considering this phe-
nomenon, is the finding of the relation between the
exciton binding energy and the oscillator strength,
the parameters of surface centers (in particular, their
concentration), which is important from the applica-
tion viewpoint.

Among the external factors affecting the exciton
binding energy in the 2D case, we should distinguish
the influence of the adjacent medium by means of
specular image forces [10, 11],

𝑉𝑓𝑚 ∼=
𝑞2

𝜀1

𝜀1 − 𝜀2
𝜀1 + 𝜀2

1

4𝑑
, (6)

where 𝑉𝑓𝑚 is the potential energy of an electric charge
in the electrostatic field at the point located at the
distance 𝑑 from the interface, and 𝜀1,2 are the dielec-
tric constants of two adjacent media (semiconductor
and insulator or metal). If 𝜀2 < 𝜀1 (𝜀2 is the dielec-
tric permittivity of insulator), excitons are repelled
from the surface, otherwise, if 𝜀2 > 𝜀1 (𝜀2 is the di-
electric permittivity of a metal), they are attracted
to the surface at frequencies 𝜔 much lower than the
plasma resonance frequency 𝜔𝑝, due to the known re-
lation [10]

𝜀2(𝜔) ∼= 1−
𝜛2

𝑝

𝜛2
. (7)

In work [10], it was shown that, provided 𝜀2 > 𝜀1
(𝜀2 describes a metal) and in a vicinity of the inter-
face (𝑑/𝐴𝑠 ∼ 0.1, where 𝐴𝑠 is the exciton radius),
the exciton binding energy 𝐸ex > 10𝑅𝑦. This factor
leads to a significant increase of 𝐸ex and the lifetime
growth of the exciton state with respect to electron-
hole pairs, which is important while developing 2D
low-threshold emitting macroditch systems.

Let us consider another important factor that sta-
bilizes the electron-hole continuum located outside
the EH condensate region in the phase diagram
(Fig. 1). This is a correlation interaction (or, in terms
of quantum chemistry, a crystal field), which re-
flects the influence of the field regularity associated
with a multiparticle interaction through the Coulomb
potential.
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In the low-temperature interval, excitons are al-
most ideal bosons with the spins equal to zero or one,
which makes the phenomenon of Bose–Einstein con-
densation (BEC) possible. At higher temperatures,
the deviation from this ideal behavior is associated
with the presence of a term in the commutator of
the exciton creation and annihilation operators re-
lated to the exciton interference (see, e.g., work
[12]). However, at high concentrations, the behav-
ior of excitons can differ significantly from that of
bosons due to their interference. There is the clas-
sic work [13], where excitons, owing to the indi-
cated factor, are described as fermions whose degen-
eracy temperature, by order of magnitude, is equal to
the energy of interaction between neighbor magnetic
moments.

In what follows, we also consider an electron-hole
Fermi system under conditions of rather high exci-
tation intensity, which makes the interference effects
between the excitons substantial. For such a system,
a phenomenon similar to the Wigner crystallization
of an electron gas [14] becomes feasible. The growth
of the ground state energy of such a system in the 2D
case, if compared with the 3D one, takes place due
to the growth of the correlation correction (with the
negative sign corresponding to the attraction) as a
result of the reduction of the average distance 𝑟𝑠 be-
tween the particles in the 2D case as compared with
that, 𝑟𝑣, in the 3D case:

⃒⃒
−𝑞2/𝑟𝑠

⃒⃒
>

⃒⃒
𝑞2/𝑟𝑣

⃒⃒
. From

the physical point of view, the correlation interaction
is responsible for a higher ordering degree in the sys-
tem, in which the distance between the charged par-
ticles, 𝑟𝑣(𝑛) ∼ 1/𝑛1/3, always remains larger than the
effective exciton radius, 𝑟𝑣(𝑛) > 𝐴𝑣, or, in the two-
dimensional case, 𝑟𝑠(𝑛) > 𝐴𝑠, where 𝑟𝑠(𝑛) ∼ 1/𝑛1/2.

Nevertheless, in real solid-state radiating exciton
structures at excitation levels close to and higher than
the population inversion (i.e. at sufficiently high ex-
citation intensities), the concentration of nonequilib-
rium charge carriers (NCCs) may exceed the limits
of exciton existence on the phase diagram (Fig. 1)
in both the 2D and 3D cases. As a result, if the
excitation increases, the exciton subsystem decays
into electron-hole pairs, at which, provided the corre-
sponding amplification, the forced generation of radi-
ation with a certain low-energy shift takes place (see,
e.g., work [15]).

The influence of the correlation factor can be esti-
mated on the basis of the Wigner crystallization crite-

rion through the Mott electron localization constant
𝐶*

M (see, e.g., work [7]),

𝑛1/3𝑎* = 𝐶*
M

∼= 5× 10−2, (8)

where 𝑛 is the NCC concentration, and 𝑎* the effec-
tive Bohr radius of an electron.

Condition (8) is based on the requirement that
the potential energy of attraction Δ𝐸pot should ex-
ceed the kinetic “loosening” energy 𝐸kin (Δ𝐸pot >
> 𝐸kin), i.e.

𝑛1/3 <
𝑚𝑛𝑞

2

𝜀~2
𝑛1/3 and 𝑛1/3 <

2𝑞2

3𝜀𝑘𝑇
(9)

in the degenerate and non-degenerate cases, respec-
tively. Estimates show that criterion (8) is not obeyed
in the degenerate case at the NCC concentration of
about 1018 cm−3. In the non-degenerate case, it is
obeyed only at sufficiently low temperatures (𝑇 ≤
≤ 32 K). Thus, the energy of correlation interaction
is an additional factor. At sufficiently low tempera-
tures but sufficiently high excitation levels, at which
the exciton interference can no longer be neglected,
it is aimed at ordering the structure of the EH con-
tinuum (Fig. 4).

3. Discussion and Conclusions

It should be noted that the role of various indicated
factors remains unclear at length and is a subject of
intense researches (see, e.g., works [16–18] and refer-
ences therein). In any case, a reduction of the dielec-
tric screening and an enhancement of the Coulomb
interaction lead to intense exciton and multiparticle
effects in 2D systems.

From whence, it follows that the excitation of the
exciton 2D condensate as an active material for pro-
ducing the stimulated radiation has considerable and
principal advantages over the bulk case. Moreover,
the 2D dimensionality conditions are satisfied even
in a rather thick layer with nano-sized crystallites,
which forms a nanocomposite film in a macroreso-
nant ditch (see, e.g., work [19]). Figure 5 illustrates
an example of such a structure with a resonator of
the vertical type.

An essential feature of the condensed exciton EH
state at temperatures below the critical phase transi-
tion temperature, when the interference factor is low
and excitons are bosons, is the possibility of BEC
[3, 20]. Under this condition, the particles collapse
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Fig. 5. Schematic diagram of a 2D-like device of the vertical
type as a source of stimulated radiation: 𝑇ip III is the mode
supported by the active ZnO layer

Fig. 6. Dispersion of surface exciton-polaritons: 0 corresponds
to the dielectric constant of the environment, 𝜀 the dielectric
constant at high frequencies, L the longitudinal wave disper-
sion, S the dispersion of the surface exciton-polariton wave [21]

into a macroscopic single-phase condensate, which re-
veals, in contrast to phonon polaritons, the spatial
dispersion [21]

𝜀(𝜛, 𝑘) = 𝜀∞

(︂
1 +

𝜛2
𝐿 −𝜛2

𝑇

𝜛2
𝑇 −𝜛2 + 𝛽𝑘2 − 𝑖𝜛Γ

)︂
, (10)

where 𝛽 = ~𝜔𝑇 /𝑀 is the spatial dispersion coef-
ficient, 𝑀 is the sum of the effective electron and
hole masses, Γ the phenomenological damping factor,
and 𝜔𝑇 and 𝜔𝐿 are the transverse and longitudinal
exciton frequencies, respectively. The condensate in
the state with unlimited lifetime exhibits the collec-
tive quantum behavior like a superfluid liquid [22]. At
the beginning of researches, the BEC was observed
only in rarefied atomic gases at micro-Kelvin temper-
atures. At present, encouraging results of the laser
generation in micro-resonator ditches have been ob-
tained. They showed a high efficiency of laser gener-
ation at room temperatures due to the dominance
of exciton-polariton oscillations [23]. The deep dis-
persion of exciton-polariton particles, in particular,
in the region with the negative values of dielectric
constant – in the frequency interval from 𝜔𝑇𝑂(min)

to 𝜔𝐿𝑂(max), Fig. 6 – leads to extremely small ef-
fective masses, which are 104 ÷ 105 times smaller
than the free electron mass. This occurs owing to the
corpuscular-wave origin (“half-matter–half-light”) of
exciton-polaritons [24].

The low density of states ensures their high occu-
pancy even at extremely low excitation levels. This
circumstance gives a prospect of obtaining the ex-
tremely low-threshold and effective exciton-polariton
microsources of induced radiation.

From the aforesaid, a conclusion can be drawn that,
when the pump intensity increases, the condensed
exciton state limited by the phase diagram (Fig. 1)
goes beyond those limits to the state of heated EH
gas, where the stimulated radiation generation takes
place. Hence, the role of the exciton condensate is
similar to that of a metastable level with a relatively
long lifetime in laser systems and consists in the pre-
accumulation of the NCC concentration in order to
achieve the population inversion, which is required
for the induced radiation emission to start.

On the basis of a comparison between the macro-
and microditch resonators from the viewpoint of
the feasibility and efficiency of their application as
induced-radiation sources, the conditions and the fac-
tors giving rise to the exciton binding energy growth
and, accordingly, the stability of the condensed EH
state in the near-surface layers, which were consid-
ered above, allow the following advantages of the 2D
EH continuum confined by a macroditch resonator to
be distinguished:

∙ a possibility to enhance the specular image force
factor by introducing a boundary layer with a higher
refractive index, 𝜀2 > 𝜀1, into the active material (for
example, if 𝜀2 corresponds to a metal);

∙ the application of a metal layer to increase 𝐸ex;
the layer is used as an element of the end mirror of the
resonator ditch and, at the same time, as an adjacent
medium for the specular reflection;

∙ the creation of additional surface centers of exci-
ton capture, which enhance the stability of the con-
densed state, similarly to the “dusty plasma” effect;

∙ the action of correlation forces; under certain spe-
cific conditions, it can be an additional factor in main-
taining the EH subsystem in the ordered state.

Those advantages, together with the simplicity
of the resonator macroditch formation technology,
make promising the development of 2D sources of
induced radiation as more technologically attractive
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in comparison with 2D systems based on microres-
onant ditches. This is another demonstration of the
prospects of using 2D semiconductor systems as a ba-
sis for creating a new generation of optoelectronic de-
vices [25].
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ЕЛЕКТРОННО-ДIРКОВИЙ УПОРЯДКОВАНИЙ
КОНДЕНСАТ ЯК ПЕРСПЕКТИВНЕ ЛАЗЕРНЕ 2D
СЕРЕДОВИЩЕ ДЛЯ КIМНАТНИХ ТЕМПЕРАТУР

На основi теоретичних i експериментальних результатiв,
отриманих авторами, та детального лiтературного огляду
зроблено порiвняльний аналiз процесiв формування i утри-
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мування електронно-дiркового (ЕД) екситонного контину-
уму у 3D та 2D напiвпровiдниках. За дiаграмами фазового
стану, спектрами фотолюмiнесценцiї i люкс-люксовими за-
лежностями продемонстровано суттєве збiльшення енергiї
екситонного зв’язку 𝐸ex та стабiльностi ЕД континууму в
2D порiвняно з 3D випадком. Розглянуто вплив визначаль-
них фiзичних чинникiв, вiдповiдальних за пiдвищення 𝐸ex

та стабiльнiсть ЕД континууму у випадку 2D: зв’язування
екситонiв на мiлких домiшкових центрах, сил дзеркального
вiдображення та кореляцiйного чинника. Розглянуто осо-
бливостi екситонно-поляритонного та електронно-дiркового

континуумiв з урахуванням статистик Бозе–Ейнштейна та
Фермi–Дiрака з урахуванням можливостi формування 𝑒-ℎ
кристалу. Сформульованi завдання для подальшого теоре-
тичного розгляду, а також названо переваги i перспективи
використання макрорезонаторних 2D кювет, що не потребу-
ють складної та витратної МПЕ технологiї, для створення
оптоелектронних пристроїв нового поколiння.

Ключ о в i с л о в а: електронно-дiрковий конденсат, ексти-
ноний континуум, центри захоплення, 2D екситони, макро-
кюветний резонатор, вимушене випромiнювання.
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