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ApstraCT. [In highly excited semiconductors at low enough temperatures nonequilibrium electrons, holes
and excitons condense into droplets of a metallic degenerate Fermi liquid, the so called electron—hole liguid.
General properties of this new quantum liquid are reviewed including possible types of its phase diagram; the
strong dependence of the phase diagram on the band and crystalline structure of the semiconductor,
magnetic field etc,; the kinetics of electron—hole drop nucleation, growth and decay. Electron—hole drops can
easily be accelerated by some external forces up to velocities close to that of sound. Intense movement of
drops also occurs because of the so called phonon wind-drag by intense flows of nonequilibrivm phonons,
arising in recombination processes inside the drops themselves or in the thermalization of excited carriers.

1. Introduction

In quantum many-body theory the usual way of describing a macroscopic system is in
terms of elementary excitations such as phonons, magnons, electrons and holes, etc.,
above some ground state. The convenience and usefulness of the elementary excitation
concept itself are obvious if the excitation interaction is negligible or small enough
compared to its energy, and the system of elementary excitations can be treated as a gas.
It fails, however, in the vicinity of second-order phase transitions, where for some group
of elementary excitations the interaction becomes strong, resulting in sharp changes in
the nature of the excited states and of the corresponding physical properties. Similar
conditions can be achieved far from equilibrium if some excitation modes are intensely
pumped and the number of elementary excitations in these modes becomes large
enough. Condensation of nonequilibrium charge carriers in semiconductors into the
metallic degenerate Fermi liquid of electrons and holes is today one of the best-studied
examples of this phase transition far from equilibrium. Arising in highly excited
semiconductors, the electron-hole liquid (EHL) has been the subject of numerous
theoretical and cxperimental investigations for the last fifteen years and the results of
this work are summarized in several reviews [1-97]. In this article the presentation
partially follows that in [9].

2. Interaction and bound states in the system of nonequilibrium charge carriers
In the case of semiconductors the so-called free charge carriers, electrons and holes, are
the most important type of elementary excitations. At distances much larger than that

between atoms they interact via the usual Coulomb forces, reduced by dielectric
screening, e
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Here V' is the potential energy of two point charges, e, and e,, and r,, is the distance
between them. The overwhelming majority of the phenomena in the physics of

+ This article is based on the paper Electron—Hole Droplets in Semiconduciors (from Modern Problems of
Condensed Matter Sciences, Vol. 6, 1983, pp. xi-xxxvii, published by Elsevier North-Holland) and includes
material from a lecture presented at the Enrico Fermi Summer School, 1983, which subsequently appeared in
Nuovo cimento (Italian Physical Society). Permission to use this material is gratefully acknowledged.
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semiconductors can be understood in terms of free charge carriers, neglecting their
interaction, because usually this interaction is small compared to the thermal kinetic
energy kyT if the temperature T is not too low and the concentration of electrons and
holes n is not too large:
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The values of the dielectric constant & for semiconductors are typically large, ¢ 2 10, and
it is one of the most important properties determining the usefulness of the free-charge-
carrier concept itself. For T~ 100K the inequality (2) is fulfilled at all concentrations
up to n~10'® cm ™ *. The problem to be considered here is what happens to the system
of free charge carriers if the temperature is low enough and the charge carrier density is
high enough, so that the above-mentioned inequality is violated and the interaction
becomes strong.

The conditions of high concentration and low temperature are incompatible in
intrinsic (pure enough) semiconductors at thermodynamic equilibrium. In this case

nw( o eXp T (3

and, as the temperature decreases, decreases much faster than the temperature itself (£,
is the energy gap, i.c. the minimum energy necessary to produce one electron-hole pair).
But concentration can be made arbitrarily large al any temperature, under non-
equilibrium conditions, when additional electron hole pairs are artificially produced by
some external source (illumination, injection through contacts and so on). In this sense
the subject of this article is a system of nonequilibrium charge carriers at low
temperatures. However, the nonequilibrium nature of this system will be understood
herein some restricted sense. The reason is that there exist two very different time scales
in the problem under consideration: the thermalization time 7 and the recombination
time (nonequilibrium charge carrier lifetime) ,>> 7. This means that charge carriers,
initially produced with kinetic energies much larger than kg T, thermalize very fast, i.e.
acquire a nearly equilibrium energy distribution corresponding to the crystal lattice
temperature. But after that they exist for much longer time intervals in such a quasi-
equilibrium state, and the only nonequilibrium parameter is the total number of
carriers, which is fixed at an arbitrary value by the external excitation source and does
not correspond to formula (3). In this sense the nonequilibrium charge carrier system
will be treated approximately in what follows as an equilibrium system of electrons and
holes, but with an arbitrarily fixed total number of particles. Some of its unusual
properties arising only from the nonequilibrium nature of the system will be described
in the last section of this paper. One of the best known manifestations of the Coulomb
interaction between electrons and holes is the existence of Wannier-Mott excitons,
bound states of the electron and hole, similar to the hydrogen atom and positronium.
The resemblance of the Wannier-Mott exciton to the positronium is closer than that to
the hydrogen atom for two reasons: unlike the electron and the proton, the effective
mass values of the electron and hole in semiconductors differ usually by no more than
one order of magnitude, and the lifetime of the exciton is finite owing to the possible
recombination of the electron and the hole. But guantitatively excitons differ
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drastically from both the hydrogen atom and positronium. Evaluated by the well-
known Bohr formulae the exciton binding energy E,, and the effective radius a,, are

1 e*m ,

= (107110 |

Ty a3 ( Jev, (4a)
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where e, # and m are respectively the electronic charge, Planck’s constant and the
reduced effective mass of the electron and hole. They differ from the Rydberg and the
Bohr radius by several orders of magnitude because of the above-mentioned large
values of the dielectric constant and the refatively small values of m, which are usually
smaller by an order of magnitude than the free electron mass. One important
consequence of these numerical estimates, which is fundamental to the whole of the
following discussion of the properties of the interacting charge carrier system and to the
vakidity of cquations (4) themselves, should now be explained. Values of a,, which are
large compared to interatomic distances in the host crystal justify not only the
applicability to the problem of excitons of the interaction law in the Coulomb form (1),
but also the possibility of treating this problem as that of two particles interacting in a
spatially homogenous effective medium, i.e. ignoring details of the real crystal structure
and crystal potential, which manifest themselves only indirectly in the values of
effective mass and dielectric constant. Because the values of E_, are small compared to
the binding energies of atoms and valence electrons, even at such high concentrations
as will be discussed later, the interaction of free charge carriers, including exciton
formation, does not noticeably influence the host crystal structure, its bound electron
and phonon spectra cte. In other words, within some approximation, free charge
carricrs and excitons constitute an autonomous subsystem for which the host crystal
represents a neutral spatially uniform background, some kind of vacuum determining
the energy spectrum of carriers (effective masses) and their interaction (dielectric
constant}. The evolution of the properties of this subsystem, depending on the
temperature T and the concentration n, may be understood from simple qualitative
considerations, based on the following observations:

(1) It is, as a whole, an clectroneutral assembly of many oppositely charged
particles, interacting according to the Coulomb law (1) and, therefore,
analogous to a system of electrons and nuclei {(protons, for example). The values
E., and a., (4) for this system are the natural quantum scales of energy and
length in the same way as the Rydberg and the Bohr radius are the natural
scales of energy and length in atoms, molecules and solids, because no other
quantities of energy and length dimension can be constructed from e?/¢, A and
m—the only intrinsic dimensional parameters entering the dynamics of the
system under considcration.

(2) The most fundamental qualitative difference of the electron hole system from
that of the electron—proton system is the absence of heavy particles in the
former, since the effective masses of electrons m, and holes m,, are usually of the
same order of magnitude. Therefore, the adiabatic approximation—one of the
most fruitful concepts in molecular and solid-state physics—is not valid in our
problem because its accuracy is (m,/my,)' /%,
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At high temperatures and low enough concentrations, when

1< ity T wex"j _ La {5)
w Pl 2T | >

the free-charge-carrier system is nearly a perfect gas or, more correctly, nearly a perfect
completely ionized plasma. Exciton concentration is negligibly small, owing to the
thermal dissociation, and interaction is weak as inequality (2) is automatically fulfilled.
The system also remains nearly perfect even at arbitrarily low temperature if the
concentration is large enough, nal, > 1, but in this case the system is a degenerate
plasma, and the interaction is weak compared to its Fermi energy. In the intermediate

concentration range
T 32 Ee B
(5 o] e
B

which exists apparently only at low temperatures where kg7 S E,,, the interaction
becomes strong and its influence on the system properties dominating, This is the range
of nontrivial states of the system and the main subject of the following discussion.
If the concentration is not large, nal «1, then as the temperature decreases,
violating inequality (5), the majority of electrons ard holes combine into excitons.
Recalling the above-mentioned analogy of excitons to atoms, we can treat this state of
the nonequilibrium charge carrier system as an atomic gas or a weakly ionized plasma.
Proceeding with this analogy, one can expect at still lower temperatures the formation
of excitonic molecules, biexcitons, proposed initially by Moskalenko [ 10] and Lampert
[11]. The existence of biexcitons is established with certainty now, both theoretically
and experimentally [12, 137, but, unlike excitons, which differ from hydrogen atoms
only quantitatively, they differ qualitatively from hydrogen molecules in some respects.
The reason for this difference, very important for the following analysis of the strongly
interacting electron-hole system, is the above-mentioned absence of the adiabaticity in
the electron—hole problem. For this reason in biexcitons, unlike the hydrogen molecule,
not only the electrons but also the holes are strongly delocalized, which results, as will
be shown now, in a sharp reduction of the molecular binding (dissociation) energy Ep,.
In figure 1 the usual interaction potential of two hydrogen atoms in the singlet state
is shown schematically. It would be essentially the same for excitons if m, <« my, and the
natural quantum scales a,, and E,, are used instead of the usual atomic Bohr radius and
Rydberg. The dissociation energy differs from the potential weli depth U, by a small
amount, equal to the zero-vibration energy 3hwq, ~(m/M)*U,. Here m and M are
electron and proton masses. If it were possible to reduce smoothly the heavy particle
mass M, the ground-state energy level would shift upwards, as shown in figure 1, due to
the increase of zero-point vibration amplitude and energy. For this reason the relative
contribution of zero-point vibrations to the total biexciton energy is greater by more than
an order of magnitude than in the molecule H, and almost completely compensates the
adiabatic attractive potential. For a difference of electron and hole masses within one
order of magnitude, such qualitative estimates give E; <01 E,, for the biexciton
dissociation energy. This value is confirmed both by more accurate variational
estimates and by the available experimental data [12, 13]. For hydrogen the ratio of the
molecular dissociation energy to the atomic binding energy is 0-35. Since (m,/m,)' ' is
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Figure 1. Interaction potential of two excitons in reduced ‘excitonic” units (E,,, 4,,). The arrow
indicates the direction of the ground-state energy level shift as the eleciron to hole mass
ratio changes from 0 to 1.

always of the order of unity, the zero-point vibration amplitude in a biexciton is of the
order of a_, and probably even larger since the dissociation energy is so small. Thus
holes are indeed completely delocalized inside the excitonic molecule and this molecule
is a very loosely bound system.

S0, at low enough temperatures and concentration, fulfilling the condition {6), the
nonequilibrium electron-hole system exists in the form of a gas of excitons, biexcitons
and free charge carriers. According to the same analogy of electron-hole and electron—
nuclei systems one would expect that, at still lower temaperature or higher con-
centration (gas pressure), the nonequilibrium clectron—hole system would undergo
something like a gas-liquid phase transition, accompanied by the forration of some
condensed phase (liquid) of nonequilibrium charge carriers [14]. The word ‘liguid’ is
used here in its usual meaning: a system of a2 macroscopically large number of particles
occupying a macroscopically large velume and bound together by internal interaction
forces. It is characterized by a definite equilibrium density {(concentration of electron—
hole pairs) n,, binding energy {(work function) per electron-hole pair E; and surface
tension, i.¢. the capacity to form a sharp, stable boundary, separating it from the gas
phase, Contrary to the usual behaviour of the electron-hole plasma or the exciton gas,
it does not tend to spread over the whole crystal volume, but occupies only a definite
part of it, V;= N/n,, where N, is the total number of particles in this phase. But sharing
these general features with any other known liquid, the electron-hole liquid (EHL) is
unique in many other properties, which will be described below.

In this article the modern status of EHL study and understanding will be bricfly
presented, illustrated by a few experimental and theoretical results. Comprehensive
review of the subject, including full lists of references, may be found in the monographs
[7-9]
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3. Thermodynamics of the electron—hole Hguid

3.1. The electron—hole liquid: qualitative description

In this section, the main properties and manifestations and the existence region of
the EHL in different types of semiconductor will be discussed under the assumption of
thermodynamic eguilibrium within the charge carrier system, ie. neglecting the
electron—hole recombination process, which, as explained above, is a good starting
approximation. In this casc the considerations in the preceding section may be
conveniently illustrated and essentially supplemented by a schematic phase diagram
{figure 2} on the plane of variables (7", 7). Here T is the temperature, and 7 is the mean
concentration of clectron hole pairs: fi=N/V. N is the total number of pairs and V the
volume of the excited region, which for simplicity is considered to be uniformiy excited.
In figure 2 as a scale of temperature and concentration their values are used at the
spatially uniform gaseous and liguid phases of the nonequilibrium carrier system. The
shaded region G+1L is that of the parameter values where the spatially uniform
distribution appears to be unstable and there occurs separation into liquid-phase
droplets with equilibrium density 5T, surrounded by exciton, biexciton and free-
carrier gas with equilibrium density n(1'). Here n(T) and n(T) are correspondingly the
right and left branches of the curve limiting the region of phase coexistence in figure 2.
In figurc 2 as a scale of temperature and concentration their values are used at the
so-called critical point (T, n.), i.e. at the point at which the difference between gas and
liquid disappears. At T/7,>1 there is no density at which the phase transition occurs,
i.e. the nonequilibrium carrier concentration increases continuously with increase of
excitation level. The value T, is likely to be determined by the particle binding energy in
the condensed phase E,. There exists the well-known empirical correlation kT, ~ 0-1 E,
[15] valid for many liquids as well as for the nonequilibrium carrier liquid phase in
semiconductors. According to the above consideration of energy and length scales in
the nonequilibrium carrier system the orders of magnitude of the main parameters of
the condensed-phase and its existence regiom may be estimated: n,~n~a_>,
10ky T, ~ Fy~ E.,, i.e. the mean interparticie distance in the condensed phase should be
of the order of a., and the binding energy per electron—hole pair of the order of E__.

{a) (b}

Figure 2. Possible types of nonequilibrium charge carrier system phase diagrams. The letters G
and L denote the existence region of spatially uniform gas and liquid states ; ML and IL
metallic liquid and insulating liquid. The coexistence region of electron-hole droplets and
gas is hatched.
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Let us now discuss the structurc and the main physical propertics of the condensed
phase. At this stage the above-mentioned fundamental difference between the
nonequilibrium carrier system and that of the elcctron and nuclei system, that is, the
absence of heavy particles, acquires decisive significance. Because of this there is no
temperature at which crystallization, ie. the formation of a “solid’ phase in the
sonequilibrium carrier systern, is possible. Essentially, because (m,/m,)"* is not a small

meter, there is no length dimension scale, except a,,. Therefore, if crystallization
occursed, the particle zero-vibration amplitude around the equilibrium positions
would be of the order of a,,, that is of the order of interparticle distances, and this,
according to existing melting criteria, should already result in melting at zero
temperature. Hence the non-equilibrium carrier condensed phase is a liquid with
extreme quantum properties. However, there exist liquids very different in structure
and properties: molecular, metallic, ionic {electrolytes), and so on. Proceeding from the
exciton analogy to hydrogen atoms, one might suppose that the nonequilibrium carrier
condensed phase is a molecular liquid of biexcitons, weakly bound with each other.
However, this is not correct, and the analogy itself at this peint is not unambiguous.
Indeed, the closest analogues to hydrogen, the alkali metals, condense not into
molecular but into metaflic liquids. The reason for this qualitative difference is a
considerable difference in binding (dissociation) energy £ of the corresponding
molecules. The strongly bound (Ep=~0-35Ryd) molecule H, with a completely
saturated valence bond and. therefore. interacting with other surrounding molecules
only via weak Van der Waals forces, appears to be stable and energetically the most
favourable structural unit in the liguid phase. Intermolecular distances here exceed
essentially interatomic distances within a molecule, and the interaction of
each atom with its partner within the same molecule exceeds by several orders of
magnitude its interaction with neighbouring molecules. The molecules Na,, K ,, Cs,,
etc. (Ep, <01 Ryd) which are much more loosely bound owing to the presence of filled
electron shells, do not survive in the condensed phase. Intramolecular binding is not
strong enough to provide an energy advantage for a liquid whose components are
molecular rather than atomic, where each atom would interact strongly with a few
nearest, approximately equidistant, neighbours. In this latter case an intense electron
exchange among all nearest neighbours results in complete electron delocalization, i.e.
in the formation of a metallic liquid.

The exciton binding in the excitonic molecule is also rather weak, as explained
above, owing to the absence of heavy nuclei and the correspondingly large zero-point
vibration amplitude. Moreover, large zero-point vibration amplitudes not only weaken
the intramolecular bond but, in addition, if molecules existed in the liquid phase, these
large zero point vibrations would greatly increase the overlap of the wavefunctions of
excitons in neighbouring molecules and the electron exchange between them. As a
result, the condensed phase in the charge carrier system: in semiconductors cannot be a
molecular hiquid. Like liquid alkali metals it is a metallic liquid, where neither excitonic
molecules nor excitons themselves are present {14]. Flectrons and holes in this
electron—hole liguid (EHL) are ‘free’ in the same sense as electrons are free in metals:
they move freely and more or less independently of each other (without violating
macroscopic electroneutrality) within the liquid volume, but they cannot leave it,
unless they are supplied with additional energy exceeding the so-called work function.
The main gualitative difference of the EHL from ordinary metals is the complete
quantum delocalization of both electrons and holes. From the above-mentioned
estimates of the main condensed-phase parameters, the temperature of Fermi
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degeneracy Ty of the carriers in it is
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so throughout the whole domain of its existence the EHL is a degenerate two-
component Fermi liquid.

Within this geperal picture the EHL parameters and properties in different
semiconductors and under different experimental conditions can be rather diverse.
They are extremely sensitive to the peculiarities of the electron specirum of the
semiconductor and to any external influence. In those semiconductors where the
clectron and hole masses differ by an order of magnitude or more the heavy carriers
may appear to be nondegenerate at temperatures of the order of the critical one. In
these semiconductors the spatial correlation {(short-range order) in the heavy-carrier
arrangement already resembles the short-range order in the fon arrangement in molien
metals, but still shows pronounced quantum effects, especially at T« T,. To produce a
crystal with long-range order, even at T=0, a difference in carrier effective mass of
more than two orders of magnitude is necessary [16], which is unlikely in intrinsic
serniconductors, Still more essential is band degeneracy and, especially, the so-called
multivalley band structure, i.e. the presence {duc to crystal symmetry) of several
equivalent electron or hole groups, or both. Such are the band structures of many well-
known semiconductors: Ge, 8i, C, GaP, A™VBY! group compounds, cte. It appears that
in this case, m,, £, and T, are much greater than they would be in semiconductors with
the same effective-mass values and dielectric constant, but with the simple single-valley
spectrum both for electrons and holes. The origin of this phenomenen is not difficult to
explain qualitatively [17]. The particle energy in the EHL is composed of kinetic
{Fermi) energy, which is positive, and potential energy from the Coulomb interaction,
which is essentially negative, because due to the correlation in particle movement each
particle is surrounded mainly by oppositely charged particles. The equilibrium density
is determined by the minimum condition for total energy, i.e. by some balance of these
two contributions, as shown in figure 3. A transition from the single-valiey to the
multivalley case at a fixed concentration would disturb this balance, as the Fermi
| energy, determined by the number of particles in cach valley, would be essentially

E{n)

Elt A, R

Figure 3. Concentration dependence of the EHL energy E, in single valley (full line) and multi-
valley (dashed line) cases.
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fuced, while the potential energy dependent in a first approximation only on the
n distance between the particles, i.e. on their total concentration, would be virtually
changed. The disturbed balance would resuit in a spontancous contraction of the
em to such a concentration that the growth in the Fermi energy would compensate
further increase in potential energy. Thus both concentration and binding energy
much greater in the new equilibrium position than in the initial one, corresponding
‘the single-valley band structure (figure 3), ie. the multivalley band structure
nsiderably increases the EHL stability and the range of its existence in the plane of
. variables (i, 7). The exciton binding energy does not depend on the number of
s, Since the clectron and hole which comprise the exciton each belong to only one
the corresponding valleys. In the same direction and for similar reasons the EHL
sability is also enhanced if the effective masses are strongly anisotropic. Indeed, the
Fermi encrgy depends on the density of states, ie. on the so-called density-of-states
. effective mass my=(n, m;m;)'">, where m; are the principal values of the effective mass
" \ensor the relationship Ey = @*hi%/2mg) (3/mn)*. Thus, if, starting from the isotropic
. gasem, , 3 =m, one of the masses, e.g. my, increased, at a fixed concentration n, then Fy
. would evidently decreasc ~{m/m,)'/>. In the same way as in the muitivalley case, the
decrease in Ep results in an increase in equilibrium density and EHL binding energy. At
_the same time, the mean distance between particles in an exciton is mainly determined
by the smallest of the masses, since, in the case of anisotropic masses, the exciton is
elongated in the direction in which the quantum delocalization effect is most strongly
pronounced, i.e. in the smallest mass direction. Even at m; — w0, a,,, diminishes only by a
factor of two, E_, correspondingly increases four-fold, while E, grows as (m,/m)'".
Such external actions as uniaxial stress or magnetic field, lowering the crystal
symmetry, destroy the valley equivalence, so electrons (holes) remain only in some of
thein if the action is strong enough. Choosing a different stress or field direction, one
can produce a different number of equivalent valieys in the same semiconductor and so
it is possible to change the EHL parameters within wide fimits.
Intervalley electron transitions are comparatively rare. Therefore, in discussing the
EHL structure, clectrons (holes) from different valleys may be approximately
considered to be different types of particles. From this standpoint, the EHL in
multivaliey semiconductors is a multicomponent Fermi liquid, and external actions
make it possible to change the number of its components or their relative con-
centrations arbitrarily. In certain cases these changes occur via a first-order phase
transition [ 18], which is easy to understand on the basis of the above discussion of the
increase in binding-energy in the multivalley case. The possibility of varying all the
main EHL parameters within wide limits enables us to observe many new physical
phenomena and makes the EHL an ideal model for studying collective phenomena in
multielectron systems.
Compared to all known liguid, the EHL has the least mass density,
(m, +myny ~ma_> ~(107° 10™ %) kgm >, Together with the small binding energy this
is also the cause of its extreme sensitivity to any external influence: electric and
magnetic fields, crystal deformation, and so on. In particular, the liguid is easily
accelerated and flows inside the crystal. One should bear in mind, however, that, owing
to electric neutrality, this flow is accompanied neither by an electrical current nor by
any transfer of matier, As a hole represents the absence of an electron, an electron-hole
pair has an effective mass, but not a real one (with a precision of E/c? ~ 1073 kg, where
E, is the energy gap width in the semiconductor in question and c is the light velocity).
The above-estimated mass density is the effective mass density, which determines the
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EHL inertial properties and its response to external forces, but does not describe the
matter content. Like the exciton, which is essentially the excitation energy quantumina
crystal. the EHL is spatially condensed excitation energy with density
n By~ 10 m” 3 and its Aow is first of all a transfer of excitation energy. This encrgy
drastically changes the crystal properties, transforming it into a new phase state. In the
region where it is concentrated, n, of the interatomic bonds per unit volume are broken,
and the n, electron-hole pairs thus formed are in a metallic Fermi liguid state as
described above.

These transformations are especially spectacular at excitation levels and tempera-
tures corresponding to the G +L region in the phase diagram of figure 2. In this
parameter region the EHL exists as macroscopic droplets—the so-called electron-hole
drops (EHD).

According to the above comsiderations, EHID are mobile semimetaliic phase
regions inside insulating crystals, while from another point of view they are stable
bunches of excitation energy. EHD motion is transfer of excitation energy as well as
that of metallic conductivity and all other EHL properties. The ability to move freely
inside a crystal without damaging it is one of the most remarkable features of EHID,
distinguishing it from other macroscopic objects and emphasizing its quantum nature.

3.2. Theory of the electron—hole Fermi liquid

The central problem of EHL theory is finding the dependence of the EHL phase
diagram parameters on electron and hole spectra and other semiconductor character-
istics. Two main parameters—the dielectric constant and some mean electron and hole
mass—determine the effective Bohr radius and Rydberg, i.c. the scales along the n and
T axes in the phase diagram. In addition, the shape of the phase diagram may depend
on the electron and hole mass ratio, the anisotropy, the number of equivalent valleys in
the valence and conduction bands, the frequency dependence of the dielectric constant,
etc. A priori three qualitatively different situations are possible:

(1) The binding energy per electron—hole pair in the EHL |E|| exceeds E, +3Ep,
the energy per single exciton in a molecule. In this case the EHL is energetically
the lowest state of the non-equilibrium carrier system and at a sufficiently low
temperature condensation occurs at any n <#, In this case the phase diagram
has the qualitative appearance shown in figure 2(a).

(2) E,<E,.+1E,. In this case the biexciton gas of low density (n—0), existing in a
Bose-condensed state at low enough temperatures is the ground state of the
nonequilibrium charge carrier system. However according to Brinkman and
Rice [ 19] the effective interaction of biexcitons at low temperatures is strongly
repulsive because of the absence of heavy particles and, consequently, the
dominating role of quantum effects [19]. Thus with an increase in the level of
excitation, the energy per excitonic molecule increases (decreases in absolute
value) and at some ii=n,, becomes equal to 2E;; after that condensation
oceurs. The qualitative appearance of the phase diagram is illustrated in figure
4(a) for this case. Letters BG mark the area of gas degeneracy of the excitonic
molecules. In the same way as the phase diagram in figure 2(a) was compared
with the alkali-metal phase diagram, the phase diagram in figure 4(a) may be
called hydrogen-like. However, the essential difference from the phase diagram
of hydrogen is that the region in the hydrogen phase diagram corresponding to
the classical molecular liquid and crystal corresponds to the quantum
molecular gas region in figure 4.
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Figure 4. Phase diagram types, corresponding o a gas of Bose condensed excitonic molecules,
BG being the ground state of the electron-hole system.

(3) So far the complete electron and hole delocalization in the EHL has been
assurned to correspond to the usual metallic or, more exactly, semi-metallic
nature of their energy spectrum, However, it is known [20-22] that in certain
special cases, e.g. at single almost isotropic valleys for both electrons and holes,
the semimetallic spectrum is unstable at low temperatures. Coliective bole and
electron interaction results in gap formation at the Fermi level and the
spectrum becomes of insulator type. With increase in temperature or density
the gap decreases and disappears; a semi-metallic state is restored. The phase
diagram corresponding to this possibility is shown in figures 2{b} and 4(b),
where the letters IL denote insulating liquid of the above type and ML a semi-
metallic liquid. The region of separation into liquid and gaseous phases is
hatched in figures 2 and 4. In different temperature intervals different phases
coexist: one gaseous (G or BG) with one liquid (ML or IL). The B-BG and
IL--ML transitions are likely to be second-order phase transitions and phase
coexistence is impossible for them.

3.2.1. Ground-state energy: dependence on band structure

The question of which type of phase diagram corresponds to which type of
semiconductor may be solved either by a quantitative theory, accounting for all the
band structure peculiarities and other semiconductor parameters mentioned above, or
experimentally. Quantitative theories of the EHL were initiated by Brinkman et al.
[23], Combescot and Noziéres [24], Brinkman and Rice [ 197, Vashishta er al. [25,26].
The results of these and many other papers are described in reviews [7,9]. Here [
summarize only the most general results and then illustrate the EHL theory by a more
complete examination of some simplified but correctly solvable models.

The most important factors for the determination of the type of phase diagram are
the effective mass anisotropy and, especialily, the multivaliey structure of the electron
and hole spectra. For the simplest case, when both the valence and conduction bands
have one extremum with isotropic masses, all the existing calculations indicate
|E,|<E. +Ep,, ie. in favour of one of the phasc diagrams of figure 4. The largest

calculated values for £, arc 0-99E,, for the ML phase [257] and 1-08E,, for IL. The
corresponding value of n (T—0) is 0-03a;? for the ML case. However, the energy
difference |E,— E,, —+Ep| docs not exceed a few per cent and, possibly, does not exceed
the calculation accuracy. As explained above, the multivaliey band structure essentially
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enhances E; without noticeably changing E,, and E,,. For semiconductors with an
extremely anisotropic electron spectrum, particularly the so-called quasi-one-
dimensional (polymer) and quasi-two-dimensional (layered) systems, or those with a
large number of equivalent valleys, the problem of the EHL and its phase diagram turn
out to be solvable exactly and analytically [27-29]. For such model system, as we shall
now demonstrate, in agreement with the qualitative reasoning given above, the binding
energy per particle pair in the EHL appears to be much greater than the exciton and
excitonic molecule binding energies, and its equilibrium density is n>»al>.

In the usual approach to the calculation of the ground-state energy of many
interacting fermion systems this energy is expressed as a sum of three contributions

E(n) = E(){n) + Eexch(n) + Ecorr(n)' (7)

Here E, is the kinetic energy of the noninteracting particles, £, is the Hartree—Fock
exchange energy and E,,,, the correlation energy due to dynamic spatial correlation of
the particles. The calculation of £, and E,_, is straightforward for any system and does
not present any difficulties. It is the last term in (7) which depends on the complicated
dynamics of the many-particle system and presents the main problem in the E{n)
calculation. In the case of the Coulomb interaction there exists a well-known general
formula, expressing E.,,, in terms of the polarizability of the systern x{k, ), dependent
on wave-vector k and frequency ax

L1 [1dA [dPkdo | dny(h,io; ) Ok i 5
E“""“”‘%LTJ ) [1+4n;{(k, g o don ‘*)J' ®

Here x(k,iw; 4) is the polarizability for an imaginary frequency im, of the system of
particles with charges + \;" e {+ for holes) at concentration (density) i; @ is the first
approximation of y. In what follows it is natural to use ‘excitonic’ scales, i.. to put
¢*fe=h=m=1. Then £ is measured in units of E, and the only parameter in (8) is the
dimensionless concentration n (nal). The only limiting case permitting a strict
calculation of (8) is that of high density n> 1. In this case y~y® and higher-order
corrections are of the order pp ' ~n~ 3«1, This is the well-known random-phase
approximation (RPA), described in any textbook on quantum many-body theory.
Generally speaking, it is not appropriate for the EHL theory any more than for the
theory of common metals, because the equilibrium densities corresponding to the
minimum energy are of the order of unity. However, we shall now present a few model
systems where the EHL equilibrium densities are n,>1 and the RPA treatment
appears to be adequate. The general feature of these models is that, owing to
peculiarities of their band structure (multivalley, anisotropic), the Fermi momentum py
and encrgy are anomalously small, and there exists a concentration range where

5 l«prwnt? (9)

holds. These model systems are:

(1} Quasi-one-dimensional, i.c. the system of conducting filaments with neglible
transfer of electrons and holes from one filament to another and the density of filaments
N (number per unit of surface area perpendicular to their direction) satisfics N. az>»1
(ie. N> 1 in dimensionless units). a,, here is given by (4) with m the longitudinal mass.
In this model p;: is determined by a linear concentration of carriers in every filament,

n

| pe=5 1 (N<naN*3) (10)
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brackets here and below the range of concentrations satislying inequalities (9) is
Quasiwtwo-dimensional, ie. a system of parallel conducting planes (layers) with
rplane distance c< 1 (in units of a,)

pr=02mnc)’?, (¢ lxn«e™H) (1

3) Multivalley or with large effective mass anisotropy; if the number of valleys v or
gﬁﬁ'eciivc-mass ratio M/m can be considered as a large enough parameter for both
rons and holes, M and m—principle values of the mass tensor

3 on WP
roa=n(2 ) Gancnety )
TV

== v{M/m)*/%, if one of the effective masses M is much larger than the other two,
4 7= (M /m), if one of the cffective masses m is much smaller than the other two. In
b cases it is the smallest mass m which enters the exciton binding energy and the
ective radius and, therefore, the definition of length and energy scales.

4) An electron—hole system in a strong magnetic field #'>1 (in units
Gne3m2c/82h3). In this case, which is similar to the guasi-one-dimensional case, all
: carriers are confined to the lowest Landau level and move freely in narrow ‘Landau
bes’ along the magnetic-field direction. The number of tubes per unit area of the plane
rthogonal to the magnetic field is #/2n:

PF:27T2£{;>’7 (H <n< HY3). (13)

In all these systems, owing to the respective large parameter A=N,c¢™ 1, v, M/m or

]2, a concentration range exists which satisfies the inequalities (9) (as indicated in
formulae (10)13) in brackets).

In this range, owing to the first inequality (9), the RPA is valid and, therefore

e e A d’p
(b, ia; A) & O, s /1)=4— k.X 24 ¥ fi®)

gi(p + k) e 8i(p) (14)
T iETh (2n '

[edp+ Ky —ep)]* + 0

In (14) £, ,(p) arc Fermi distribution functions of electrons and holes, and g{p) their
dispersion laws; 4 is the dimensionality of the system under consideration, which is
unity for the cases of filaments and the strong magnetic field, two for the layered system
and three for the multivailey system. ¥, is the matrix element of the bare Coulomb
interaction, accounting generally for structural peculiarities of the system {electron and
hole confinement to filaments, layers, ‘Landau tubes’, etc.). But for wave-vectors which
are small compared to the inverse structural unit length (N2, #°%/%,¢7 1), which are
only essential for the following eonsiderations, this matrix element is always nearly
equal to the Coulomb interaction Fourier transform, i.e. Vi~ 4nk 2. The dominating '
contribution to the integral over wave-vectors in (8), as one can easily check below,
comes from [k|~n'* and w~n'/2, which owing to the second inequality (9) are large
compared to py and Ep respectively. Therefore, only the values of 7' corresponding to
such momenta are needed, and in (14) [k|>pp2|p| and e{p + k)~ efk)>&(p). Then
formula (14) reduces to

¢,(k) n () 5

1Ok iz =24 Y A

Hn KPR o] A, ”Z [k|*[e2(k)+ ]
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It should be remembered that £,(k) (but not |k|*) depend here only on the d components
of the wave-vector k. In the multivalley case contributions to (15} of both electrons and
holes should be averaged over all equivalent valleys, which may be differently oriented
in momentum space. Alfter substitution of (15) into (8) and the introduction of new

integration variables k =(64min)''* ¢ and o =(dnin)'?C,

, 8 :
‘Ecorr(n) = 5? (4%?1)1/4 fddé dgf(gw é' -

Here i, {) is a rational function depending on no other parameters than m,/m,. The
evaluation of £ (n) now becomes straightforward and results in

r

C (4 e ,
Lrord M= — oy | = & — 1625 4,n14,
corr it} 5[r(i)]“ d (7? n) 625 4t “6)

The constant A, depends on the dimensionality d of the system and very slowly on the
electron and hole effective-mass ratio, but does not depend on the concentration » or
the parameter A. In the case m,=m,, As=1,A4,~L2and 4,=2.

The most remarkable features of {16) are universal for all models, that is, the
dependence of E_,,, on concentration as n'/* and its independence of A, whereas the
values of Eo(n) and E,,.(n) are strongly reduced in these models, owing to the large
values of A.

The exchange energy in all these models appears to be small compared to the
correlation energy, because, like Fyfn), it is determined only by the concentration in one
filament, layer, valley, etc. Therefore, (7} transforms to

E(n)=Ey{n)— An'/4, an

‘ where 4~ 1-625 4. Itis easy to check that for all cases under investigation E(n) reaches
Y its minimum in the concentration interval where inequalities (9) are valid. Let us
demonstrate this claim for a quasi-two-dimensional system, where Ey{n)=1nnc. Then

| A 195,
AN
2 nminzn,(T=0)=(~-—> 02147, (18)
t 2nc
A 4/3 )
EminEEl(T=0)=—yv<¥> T 09913, (19)
2 \2=n

Numerical results here and below correspond to the case m, =my. Thus both the
equilibrium concentration n, and the binding energy of the EHL are large (in units of
a.tand 2E,, respectively) if ¢ is small enough compared to a,,. From (18) p, ~¢ ' ®
the equilibrium density and both inequalities (9) are satisfied.

Not only the ground-state energy and the equilibrium density at zero temperature,

, but the wholc thermodynamics of the EHL can be calculated for these models in the
§ same way. For all temperatures T < T, the correlational contribution to the thermo-
; dynamic potential is the same as that given by (16), because the corresponding
general formula differs from (8) only by changing the integration over  to a sum over
w;=2njT. But, as was scen, the principal contribution to this integral comes from
w~n'"?»>pl* < E >T. So for nonzero temperatures Eqn) in (17) bas only to be
replaced by the chemical potential of the noninteracting Fermi gas ug(n, T) in order to Fi
obtain the equation of state of the electron—hole system: u(n, T)= poin, T)—S4n'/4.
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uin, T) is the chemical potential of an electron-hole pair. For a quasi-two-
ensional system this looks like

uln, T)=2T In (cxp [’i’—;f]—« 1)—3/1;11*'4. (20)
dependence {20) of p on n at different temperatures 18 shown schematically in figure
he family of curves gfn, T)has a typical van der Waals appearance and describes the
vistence of two phases. All the parameters of the phase diagram can be found from
). including the equilibrium concentrations of both phases n(1) and n(T) The
ical point is 1, x0036c P 2 01T =0), T,~0102¢” "*~0-103E(T =0). Note
excellent agreement with the empirical rule k7, =01 E,, mentioned above. Three
ore qualitative results obtained from the analysis of equation (20) are worthy of
special notice. The critical temperature appears to be very closc to the Fermi
egeneracy temperature, corresponding to n=n.. This means that the electron-hole
. liquid actually exists only as a degenerate Fermi liquid. In the vicinity of the eritical
. point the gas phase is a completely 1onized electron hole plasma and the transitionis a
. gas-liquid type transition from a nondegenerate to a degenerate plasma. And, finally,
. within the model under consideration no other phase transitions occur except that of
- gas—-liquid type with EHL formation,

: Results for other models are similar and 1 will mention only the case of the strong
magnetic field. In this case E; and T, increase~#%7, and n; and n,~#%":
EAT=0)= —042¢° " n, <0034 % 7 or E, ~ H*® ny ~ #°7 ifmy,»m, and electrons
only are in the ultraquantum limit. As is known, the binding energy of the exciton
increases in this limit as In? #, and therefore, in a strong enough field the EHL becomes
energetically favourable for arbitrary band structures. The most interesting property of

winT)

\..._......Y........J

ex

Equation of state of quasi-two-dimensional EHL in the p—n plane (chemical
potential-concentration plane) according to equation (20).

Figure 5.




410 L. V. Keldysh

| the EHL in a strong magnetic field is that it is insulating at low temperatures, as, owing

{ to the one-dimensional character of the carrier movement, the appearance of the gap at
the Fermi level becomes inevitable [30,31]. This gap suppresses the scattering of
carriers by phonons and thus greatly increases the EHL mobility. The coherent nature
of the gap gives one reason to expect properties similar to superfluidity. The EFL is the
only condensed matter which can be studied experimentally (in laboratories) in strong
fields, corresponding to the uftraguantum limit. For usual matter the critical field for
this regime is of the order 10'°G (10° T) and is inaccessible on Earth. However, such
high fields are postulated under some astrophysical conditions {(neutron stars, ete.).

Thus for semiconductors with multivalley band structure or sufficiently pronoun-
ced effective mass anisotropy the phase diagram of the nonequilibrium carrier system is
certainly of the simplest shape, as depicted in figure 2(a). It is only in the case of single
valley and not too anisotropic spectra of electrons and holes that the phase diagram of
figures 4 (a) and (b) might be realized: 4 (b) for almost isotropic and not very different
electron and hole masses and 4(a) for extremely different, moderately anisotropic
masses. It should be emphasized once again that the accuracy of the existing
calculations for single-valley, weakly anisotropic spectra does not enable us fo
eliminate completely the possibility that the phase diagram type of figure 2 is perfectly
general. '

The gas-liquid transition in the nonequilibrium carrier system is closely connected
with the metal-insulator transition: from a weakly ionized poorly conducting cxciton
gas to a metallic EHL. The problem of the coexistence of these two transitions was first

1 discussed (for mercury vapour condensation) in the well-known paper by Landau and
! Zel'dovitch [32]. The phase diagrams of figures 3 and 4 illustrate two different
possibilities: complete coincidence of these transitions (figures 2{a) and 4(a)) and the
case where the metal-insulator transition in some temperature interval occurs in the
phase which is already condensed (figures 2 (b} and 4 (b)). Many authors (Inscpov and
Norman [33], Rice [7,34], Ebeling et al. {35]) proposed still another possibility: that
‘ the metal-insulator transition should stilf occur in the gaseous phase owing to the
L screening of the Coulomb interaction, resulting in exciton destruction (the so-calied

5 Mott transition). However, well-known qualitative reasoning (M ott} [ 36] as well as the
P subsequent calculations show the Mott transition to be that of the first order and,
i consequently, to be accompanied by a specific volume change and a phase separation.
- Thus the dense phase formed in this transition possesses all the typical features of the
' EHL and there is no reason for the occurrence of still ancther phase transition at a
further density increase.

3.2.2. The influence of crystal ionicity

Not only may the structure of the electron spectrum be different in different

semiconductors, but also the nature of the electron—hole interaction may also be

different. All the preceding considerations, as well as the theoretical papers mentioned

above, are based on the assumption that the interaction is purely Coulombic and its

specific character in a particular crystal is determined by only one constant—the

dielectric constant. This assumption is well established for covalent semiconductors

such as germanium and silicon. However, compounds such as gallium arsenide or

cadmium sulphide are partially ionic and a noticeable contribution to their polariza-

" bility is due to the ion displacement, ie. their lattice deformation. In such semi-
‘ conductors the inertia of the heavy ions results in the Coulomb interaction becoming




ig at low temperatures, as, owing
ient, the appearance of the gap at
ap suppresses the scattering of
L mobility. The coherent nature
“to superfluidity. The EHL is the
ntally (in laboratories) in strong
usual matter the critical field for
gssible on Earth. However, such
conditions {neutron stars, etc.).
ructure or sufficiently pronoun-
nonequilibrium carrier system is
{a). It is only in the case of single
i holes that the phase diagram of
isotropic and not very different
ifferent, moderately anisotropic
¢ the accuracy of the existing
specira does not enable us to
gram type of figure 2 is perfectly

:rrier syster is closely connected
iized poorly conducting exciton
of these two transitions was first
ell-known paper by Landau and

and 4 illustrate two different
s {figures 2(a) and 4(a)) and the
aperature interval occurs in the
'b)). Many authors {Insepov and
sed still another possibility: that
‘he gaseous phase owing to the
.citon destruction (the so-called
soning (Mott) [36] as well as the
» be that of the first order and,
: change and a phase separation.
ses all the typical features of the
il another phase traunsition at a

wtrum be different in different
i—hole interaction may also be
he theoretical papers mentioned
ion is purely Coulombic and its
ied by only one constant—the
ed for covalent semiconductors
ds such as gallium arsenide or
2 contribution to their polariza-
ice deformation. In such semi-
Coulomb interaction becoming

The electron—hole liguid in semiconductors 411

-ded in time intervals of the order of the period of the lattice vibrations or, in other
is, the dielectric constant becomes frequency dependent in the optical-phonon
yency region. In the random phase approximation (RPA) the introduction of the
tipn with optical phonons into the calculation of the EHL energy corresponds
to the replacement of ¢ in (1) by the frequency-dependent dielectric constant (),
w? —w?

g{w)=£_ &y (21)

£, 07—y
¢ &, and &, are the static and high-frequency (electronic) values of the dielectric
natant; o, is the frequency of the longitudinal optical phonon. Such interaction
surally changes the exciton, biexciton and EHL binding energies and their ratios.
“Divect calculations [ 7, 38-40] using (21) show that, in many polar semiconductors
en with a small degree of crystal ionicity, the EHL becomes energetically more
surable than the biexcitonic gas, even with a single-valley spectrum and complete
eitive mass isotropy.
Finally let us make one more remark concerning the general status of EHL theory.
¢ absence of heavy particles of nuclear type and the crystallization connected with
them, the possibility of changing all the main parameters within a wide range, the
comparatively easy accessibility of the so-called extreme conditions (i~n,, T'~ T, or
Ay, superstrong magnetic fields), the possibility of observing directly binding energy
and particle energy distribution in recombination radiation spectra, all these
properties make the EHL an ideal model for the experimental and theoretical study of
. the guantum electron liquid—one of the fundamental objects of condensed-matter
. physics. Therefore, it is no wonder that practically all the methods invented for a
theoretical description of the clectron liquid in metals have also been tested in the EHL
computations. As a matter of fact, all these methods are one or other modification of the
RPA. Their general aim is to supplement the RPA treatment, which is asymptotically
exact at very high densities nal» 1 {a, is the Bohr radius), in order to obtain a
reasonable description at electron densities na3 ~ 1071073, usual for metals. Taking
into account certain factors (usually short-range electron-electron and electron—hole
correlations, i.e. local-field corrections) and ignoring others, they are semi-empirical in
the sense that there is no rigorous proof of the approximations used and no estimates of
their accuracy within the theory itself for the density interval mentioned above. It is
only the agreement with experiment that enables us to evaluate their real effectiveness.
The same problem confronts FHL theory by changing only the scales of length a, and
Rydberg by a, and E,,. From this standpoint the success of the theory in application to
the EHL would demonstrate the adequacy of the quantum many-body theory methods
referred to above for the treatment of multielectron systems with densities typical for
atoms, molecules and condensed media. However, the excellent agreement between the
EHL theory and experimental data in Ge and Si described below should not be over-
estimated. Owing to the multivalley band structure and the strong effective mass
anisotropy, the FHL equilibrium density in these semiconductors is abnormally great
and really close to the limit of applicability of RPA. From this point of view, the absence
of quantitative agreement between theory and experimental data in scmiconductors
with a simpler electronic spectrum might not be accidental, but may reflect the real
limitations of the methods used in the domain of the usual ‘metallic’ densities
na3 ~1073-107'. Further experimental data on the EHL in different semiconductors
and its systematic analysis will provide a final evaluation of these methods and
probably indicate how to perfect them.
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2.3. Some experimental results

Many excellent experimental studies of the EHL in semiconductors have been
performed during the last fifteen years and are reviewed in [8, 1. Only very few of them
will be presented here in order to illustrate the most general and important EHL
manifestations.

EHI. experimental studies were started by Pokrovski and Svistunova [417] in 1969,
In the spectrum of low-temperature luminescence of germanium they found the
radiation due to the recombination of electron-hole pairs in the EHL.

The appearance of this radiation had a threshold character at decrcasing
temperature or increasing cxcitation level in accordance with the phase transition
picture; its spectrum reflected the Fermi distribution of recombining carrier energies.
Hence the equilibrium concentration in the FHL in germanium was determined to be
my 22 x 1077 m . Figure 6 [42] shows the luminescence spectrum of Ge consisting of
the luminescence line of the free excitons (FE) and the recombination radiation line of
the EHL for a very special choice of temperature at which the intensities of both lines
are comparable. At the same excitation level but at a few tenths of a degree higher in
ternperature the EHI line completely disappears, but at a few tenths of a degree lower
in temperature it becomes dominating and the exciton line decreases sharply. The line
shape of the EHL luminescence corresponds to the calculated recombination radiation
of a degenerate electron—hole plasma {solid line). Its full width equals the sum of
electron and hole Fermi energies, and therefore only slightly depends on temperature; it
is much larger than the Hine width of exciton luminescence, which is kg 7. The energy
difference between the long-wavelength edge of the FE line and the short-wavelength
edge of the EHL line is just the work function ¢=|E, —E_] of the EHL. Thus
luminescence data contain information concerning the main EHL parameters n,, E,
and also the electron and hole energy distribution in the EHL, n,, and so on. Their
study at different temperatures makes possible the reconstruction of the whole phase
diagram of the nonequilibrium charge carrier system, as was done first for germanium
[43] and silicon [44]. Up to now luminescence spectra have been the main source of
information about the EHL and the only source for many direct-gap semiconductors
with short lifetimes of non-equilibrium charge carriers.

EHL FE

N

Luminescense intensity {a.u.}

) L ] ] I | ) 1
705 710 715

hy {meV)

Figure 6. Low-temperature (3-5K) luminescence spectrum of germanium, exhibiting frec
cxciton (FE) and electron-hole liguid (EHL) recombination radiation lines [42]. The
spectral resolution is indicated by the arrows.
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1e phase diagrams of nonequilibrinm charge carrier systems that have been most

tely studied are in silicon and, more especially, germanium. The former is

ed in figure 7. Both of them are undoubtedly of the simplest type of figure 2 {a)

g to the multivalley band structure and the large effective mass anisotropy in both
sumrand silicon. In both cases very good quantitative agreement of theoretically
ted values and experimental data (247, difference} is now achieved:

AT =0)=6meV, n(T=0)=23 x 108%m 3, TL=67K, n,=06x10**>m™3

E{T=0)=23meV, n(T =0}=3-5x 10%m™ 3, 7,=28K, n,=1-2x 10**m 3

ilicon. Note again the very accurate fulfilment of the rule kT = 01E(T =0). In
ition, another relation of the same type, namely n =constn(7 =0} has been
ssed empirically [8] and theoretically justified by Vashishta et al. in [9] with
~02, but its accuracy is much poorer.
F, values in germanium and silicon are relatively large, approximately 15 E,,.
e exists direct experimental evidence that this is due primarily to the multivalley
d structure: the uniaxial stress of crystals, reducing the crystal symmetry and,
refore, the number of equivalent valicys, significantly reduces the EHL binding
tgy, critical temperature and equilibrium density [17]. In figure 8 the dependence of
encrgy maxima of free excitons and the EHL luminescence lines on the uniaxial
s P is depicted. The shift of the exciton position is approximately linear and follows
wat of the band gap E,. But the EHL lines at small stresses shift in the opposite
ction so that their distance from the exciton line, reflecting the EHL binding energy,
_ decreases. And only for P> P ~27 x 10°kgm™?, when all the electrons occupy only
_ the two lower valleys instead of four in unstressed germanium {these two remain
_equivalent for this stress direction) the further shift of the EHL line becomes the same as
that of the exciton line, i.e. the EHL binding energy becomes constant but smaller than

30

T(K)

0 i | i It [ j i
12 14 16 18 20
log r {cm=3)
Figure 7. Phase diagram of noncquilibrivm charge carrier system in silicon [447.
EHP nondegencrate electron hole plasmac 3 theoretical Mott transttion curve,
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Figure 8. Stress dependence of positions of the maxima of FE and EHL lines, shown in figure 6
for T=3K [17].

at zero stress. The same experiments [17] demonstrated that non-uniformity of the
stress results in the fast movement of EHDs in the direction of increasing stress. At
moderate stresses P2 P, they travel for a distance of the order of 1 cm with velocities
close to that of sound. This phenomenon provided makes possible the aggregation of a
e cloud of small EHDs into one ‘large drop’ [45]—a macroscopic volume of the EHL,
21 which is very convenient for the investigation of the properties and the many new
SEN fascinating phenomena in the EHL, including its direct visualization, as described by
Wolfe and Jeffrics [97].
5 There exist many manifestations of two-phase coexistence in the non-equilibrium
L ; carrier systém at T <T,. One of the most spectacular is the time dependence of the
o ' exciton concentration in the gas phase ng after excitation of a specimen by a short
intense illumination pulse at t=0 (figure 9) [46]. It differs drastically from the usual
exponential decay with lifetimes of 4-8 us which one observes in this type of experiment
but at higher temperatures or lower excitation levels. Instead, the concentration of

i
1
i
H
i

A {relative units)

107!

i i 3 L3 i ; i
6] 40 80 120 160 200

tius)

Bl Figure 9. Time decay of exciton concentration under the conditions of existence of EHL in a .
| germanium sample, excited by an intense short pulse at t=0 [46]. The values 2'5, 1-9, 1-8 Figure

’ and 1-3 show preliminary attenuation of the exciting pulse compared to some maximum
value.
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citons cogxisting with the EHL remains virtually constant during time intervals
exceeding 20-30 times their lifetime, because evaporation of new excitons from the
HDs just compensates their recombination in the gas phase, maintaining the
gilibrium value n,~n(T) (saturated vapour pressure). And only after the disap-
rance of all EHDs due to recombination and evaporation, does the remaining
exciton concentration decrease fast with the usual lifetime. Obviously, the time interval
sf constant (quasi-equilibrium} exciton concentration increases as the imitial total
olume of the EHL increases. This also agrees with the data given in figure 9, where the
umbers on different curves designate the attenuation of the preliminary exciting-pulse
_ relative to some maximum value.

. The Fermi liquid nature of the EHL was first demonstrated by the observation of
 the oscillatory dependence of its luminescence intensity on magnetic field [47]. This
- dependence is shown in figure 10 together with the Landau levels of electrons and holes,

. asa function of the magnetic-field strength ¢, and the crossing of these levels with the
. Fermi levels Eg, and Eg,. The reason for these oscillations is the samc as for the de
. Haas-van Alphen effect. Like any other thermodynamic quantity, the equilibrium
. eoncentration of the EHL oscillates as a function of the quantizing magnetic field, and,
therefore, the probability of radiative recombination also oscillates [48]. At still larger
fields all electrons arc in the lowest Landau level, i.e. the ultraquantum limit is reached.

Hkg}

Figure 16. Magnetic-field dependence of the intensity of EHL luminescence in germanium,
H|[100], T=15K. Also shown are Landau levels in conduction and valence bands,
crossing electron and hole Fermi levels [47].
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An approximately linear increase of the equilibrium EHL density with magnetic field
strength was reported in this regime [49], closely corresponding to the above
theoretical prediction. But any experimental evidence for the existence of the insulating
fiquid phase is still lacking, and it remains one of the most intriguing possibilities of
futare EHL rescarch.

Other manifestations of the Fermi liguid state of the EHL are the observation of
plasma resonance [ 5071, Alven waves | 517 and the direct measurement of conductivity
[52], which appeared to be rather large, corresponding to a carrier momentum
relaxation time 107 1°-10~ "' 5, limited probably be electron-hole scattering. It should
be noted that the relaxation time of the momentum of the EHD as a whole, measured in
experiments with EHID movement, appears to be two orders of magnitude larger,
because obviously interparticle collisions inside the EHD do not contribute to this
relaxation, and it is determined only by electron-phonon scattering. All the data
described above, like many other, refer to germanium and silicon.

There are numerous reports on the observation of the EHL and the establishment
of its phase diagram in many other semiconductors, most of them reviewed by
Kulakovskii and Timofeev in [9]. However, as a rule, these data are less complete and
conclusive as compared with those on germanium and silicon and obtained only from
sponianeous- or stimulated-luminescence data. In conmection with the above dis-
cussion of possible types of phase diagram, special interest attaches to materials with
one valley and a more or less isotropic spectrum, such as gallium arsenide or cadmium
sulphide. Though it is too early to draw any final conclusions, it seems that, in spite of
the above-mentioned theoretical estimates, experimental data on these semiconductors
give evidence in favour of a phase diagram of the type of figure 2 (a). The cause of this
discrepancy (perhaps not the only one) may be that all these semiconductors are
partially ionic, which, as explained above, changes the stability conditions of the EHL.
Accounting for the frequency dependence of the dielectric constant in some cases
eliminates the qualitative contradiction of theory and experiment concerning the type
of phase diagram, but fails to produce quantitative agreement similar to that achicved
for germanium and silicon: calculated values of the EHL binding energy remain smaller
and equilibrium densitics cssentially larger than those reported in experimental studies.
Also the results of calenlations by different authors are noticeably different. Perhaps the
reason is the inadequacy of the RPA and other methods closely related to it because of
the relatively small { ~ 10~ %) equilibrium density in the single-valley semiconductors.

4. FElectron—hole drops

4.1. Kinetics of electron—hole drop nucleation, growth and decay
The concepts of phase diagram, phase transition, phase coexistence, etc., strictly
speaking, refer to systems in thermodynamic equilibrium. For a description of the
nonequilibrium charge carrier system in semiconductors they are applicable only
approximately, according to the smallness of the thermalization time, i.¢. the relaxation
time of the carrier kinetic energy, compared with their lifetime, determined by
recombination processcs. This time ratio reaches 10*-10° in the case of Ge and Si and
10--10? in the so-calied direct-band semiconductors of groups A" BY and A" BY, of
which gallium arsenide and cadmium sulphide are typical examples. Thus with a
greater or lesser degree of accuracy thermalization occurs if the lattice temperature is
not too low. But even if carrier thermalization may be considered complete, the finite
carrier fifetime gualitatively changes some details of the phase diagram and produces
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te a number of phenomena and propertics that distinguish the EHL from any other
.id. The reason is that the condensation process itself, i.e. the formation of liquid-
se nuclei and their further growth to the macroscopic EHD, is much slower than
~malization, as it requires the participation of a macroscopically large number of
icles. At this stage the finite carrier lifetime plays a decisive role. It Iimits the EHD
t41, complicates the nucleation process, etc. However, it does not limit the existence
e of the EHD if some excitation source continuously produces new electron—hole
- whose condensation compensates the recombination in the EHL volume.
FProm this point of view, all experiments with the EHL can be divided into two
sentially different groups: stationary and pulsed. In the latter the specimen is excited
2 short intense pulse with duration less than the carrier lifetime, and subsequent
D formation and decay are obscrved. The growth (or decay) kinetics for every
ividual FHD is described by a simple balance equation {3, 53] for the total number
particles in it:

d /4
( r R*ru,l) 4nRyv[n—nLRY] - f—R3nh (22)

del 3
ere R is the spherical EHD radius, # is the exciton concentration in the gaseous
se, vy is their thermal velocity, y the so-called accommodation coefficient, i.e. the
bability of an exciton approaching the EHD being absorbed, 7, and »; the carrier
time and their equilibrium concentration in the EHL. The first term on the right-
and side is the difference between the number of excitons captured by the EHD surface
m the surrounding gas and the number evaporated from this surface. The flow of
porated excitons from the detailed-balance condition is expressed in terms of the
concentration nfT, Ry=n{T)exp{20/n,RT7] (0 is the EHL surface tension), which
uid be in equilibrium with EHD of radius R at a given temperature in the absence of
ecombination. The second term on the right-band side of equation (22) is the
recombination rate in the EHD volume. A complete quantitative description of the
ondensation kinetics in the nonequilibrium charge carrier system is based on the
nucleation analysis and the time evolution of the EHD size distribution function
[353-59]. But the qualitative picture of the phenomena and the significance of the
recombination process in them can already be understood from equation (22).

. Figure 11 presents schematically three curves corresponding to temperatures
T,>T,>T, and describing the connection of An=n—nJT) {(gaseous-phase super-
saturation} with the EHDD radius R in a stationary state, obtained by equating the’
righthand side of equation {22 to zero. The domain of parameter values (An, R) above
such a curve corresponds at a given temperature to growing EHD, i.e. dR/dt >0, and
the domain under this curve to decaying EHD, dR/dt < (). The typical U-shaped form of
the curves for T, and T, is due to the combined action of two factors. At small R surface
tension diminishes the work function of the droplet and in this way increases the
pressure of the saturated vapour above it. At larger R the supersaturation, necessary to
support the drop in a steady state, increases because the exciton flux must compensate
for the recombination inside the drop, and this flux is proportional to supersaturation
and surface area, while the number of recombining particles grows with the volume of
the drop. The first of these effects is common to any liquid. The second is due to the
finite lifetime of nonequilibrium carriers and is specific to the EHL. It produces in the
curves An{R, T) of figure 11 a characteristic minimum at R=R (T},
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Figure 11, Super-saturation of the exciton gas against steady-state clectron hole drop radius for
different temperatures T> T, > Ty. At a temperature T, R, (T) is the minimum stable
EHD radius and Ang, (7 the minimum saturation necessary for EHID existence.

The supersaturation corresponding to this point,

20 % |2

Anmﬁu( T) =2 {ng(’r) 3WJ 5 (24)
is at a given temperature the minimum supersaturation; only above this can the EHD
exist. Therefore, because of kinetic factors, the threshold nonequilibrium carrier
concentration for condensation is n(T)+ Any,,(T), and not simply n{T), determined
from the thermodynamic equilibrium conditions of the EHL and the carrier and
exciton gas.

There are two stationary values of R for every An>An_ .. However, it is easy to
understand that only one value of R, that on the ascending (R > R_,) branch of the
curve An{R), is stable, because the signs of dR/dr at the (n, R) plane sections close to this
branch, are such that, even after an accidental small deviation of R from its stationary
value at given An, R returns to its original value. By contrast the stationary values of R
at the descending (R < R,,;.) branch are unstable: after a small deviation they do not
return, but tend either to R—0 or to the ascending branch. They correspond to the so-
called critical nuclei, well known in condensation theory. The average picture
considered above does not enable us to describe their formation process, as according
t0{22) droplets with sizes less than that of a critical nucleus at given An do not grow, but
evaporate. Critical nucleus formation requires a big fluctuation to overcome the
thermodynamic barrier, separating the exciton gas (in figure 11 it corresponds
conventionally to R—0} from the EHL, consisting of macroscopic EHD with radii on
the ascending branch. The reverse process is also possible; then the barsier is overcome
in the opposite direction from the liquid phase side: a fluctuational decrease of the
stationary existing EHD to the critical embryo size with its subsequent evaporation. In
a more elaborate description, accounting for fluctuations and EHD size distribution
[54--39], stable R values correspond to sharp maxima of a distribution function and
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41 embryo size to a decp minimum. The greater the embryo size and the smaller
he less is the probability of a fluctuation necessary for this embryo formation.
sefore, when An rising reaches Any,, the EHD existence becomes possible;
ally, however, they do not appear as an enormous time is required for their
gtion. The gascous phase remains metastable. Only at considerably larger An,
?Qnding to a smaller size of the critical embryo, does intense formation of EHD
£ Anis then lowered again, all EHD diminish in size according to the An(R} curve
gure 11 but continue to survive down to An values only slightly exceeding An,,.,
s the probability of their evaporation due to fluctuations already becomes
rwhelming. Thus, at concentrations not greatly exceeding the condensation
<hold value, the nonequilibriume carrier system possesses pronounced hysteresis
1 25 the EHD number and the total volume of the liquid phase depend not only on
present excitation level, but also on its prehistory. This behaviour is typical of first-
er phase transitions and is not in the least peculiar to the EHL. But the EHL is
que inasmuch as the memory of initial conditions is preserved in it during times
many orders of magnitude greater than the lifetime of the electrons and holes of which it
composed [61,62].

With a decrease in temperature the minimum value R, (T) of the stable radius of
¢ EHD quickly diminishes and at sufficiently low temperatures becomes ~n; ',
5 means that droplets containing only a few pairs of particles are involved.
sntially these are not yet EHL droplets but the so-called multiexciton complexes.
is clear that continuing the curves in figure 11 into the range of stili smaller R is
caningless. Therefore, at such and still lower temperatures the An(R) dependence
assumes the appearance depicted in figure 11 by the curve T; with no minimum and no
sscending branch corresponding to critical embryos. Therefore, there exists no
hermodynamic barrier to EHD formation. And this changes the condensation picture
stically [54-59]. Hysteresis phenomena are completely absent. The system
ponds to an increase in excitation level, first of all by increasing the number of
complexes being formed. The size of each of them remains very small and they grow
only slowly with excitation level. Close to threshold these are complexes of a few
excitons and it is only at essentially larger excitation levels that they acquire all the
characteristic features of EHL drops, including definite and constant values of n, and E,.
Just such a picture was observed at low temperatures in Si [63] and later in other
semiconductors. Under such conditions nonequilibrium charge carrier condensation
loses all the typical features of a first-order phase transition, A difference between the
gaseous and the condensed phase gradually develops as the excitation level increases,
corresponding rather to a second-order phase transition picture {64, 65]. Perhaps it
would be more correct to speak of the absence of a well-defined phase transition,
because the formation of the multiexciton complexes has no definite threshold. The
process only weakly depends on the temperature and becomes noticeable at carrier
concentrations determined by the competition between the elastic capture of excitons
and their recombination.

Figure 12 shows schematically the EHD existence region under stationary
excitation conditions, taking into account the above discussion on the role of the
charge carrier finite lifetime and the absence of equilibrium associated with it. For
comparison the branch ny(T) of the phase diagram of figure 2 (a) corresponding to the
system in the thermodynamic equilibrium is also shown.

In the case of pulse excitation it is the mutual influence of EHL and exciton gas that
most noticeably manifests itself. Generally the decay kinetics of both phases appear to
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Figure 12. Electron-hole drop existence region accounting for the effect of charge carrier finite
lifetime. The broken line is the n{T) low-density branch of the phase separation curve of
figure 2 {(a).

be essentially nonexponential. At sufficiently low temperatures EHIY evaporation
maintains the exciton concentration at a nearly constant level (saturated vapour
pressure) for a time longer by more than an order of magnitude than the exciton lifetime
and several times greater than the charge carrier lifetime in EHDs themselves, as shown
in figure 9 and explained above. At higher temperatures it is evaporation and not
recombination that is the dominant decay mechanism for sufficiently small droplets. In
this case the reduction of the EHD radius occurs not exponentially with time but
linearly [8]. EHDs completely disappear in a time interval which at small initial
supersaturation may be considerably less than the carrier lifetime, recombination
occurring mainly in the gaseous phasc.

The most powerful method of direct observation and investigation of EEDs is that
of light scattering [66-71]. In this type of experiment both the EHD radii and their
number can be measured. In figures 13 and 14 the temperature dependences of these
quantities are shown at a fixed excitation level. Typical values of EHDD radii in
germanium are 1-10 ym and increase as the temperature increases. The number of
drops per unit volume N decreases rapidly at higher temperatures, typical values being
10°-10"*m . Both temperature dependences can be easily understood in terms of the
above considerations. The number of drops is determined by the nucleation process
which increases very rapidly with supersaturation. At a given excitation level
immediately after the excitation source is switched on, nucleation still starts and the
exciton concentration is the same for any temperature. This means that the relative
supersaturation is much higher at low temperatures than at higher temperatures,
because the threshold concentration decreases rapidly with temperature. Therefore, at
low temperatures the nucleation process is very fast. While growing, these EHDs
absorb excitons, supersaturation reduces and the birth of new nuclei stops. The total
number of nonequilibrium charge carriers is fixed by the excitation source, and it
relates the radii of the EHD with their number. So at low temperatures many small
drops arise, and at higher temperatures a smaller number of larger drops. It is
interesting that under stationary conditions all drops have the same radius, since it is
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Figure 14. Electron-hole drop radii under the same experimental conditions as in
' figure 13 [70].

determined, as figure 11 shows, only by the exciton concentration in the gas phase.
Strictly speaking, this claim refers only to drops in a volume whose linear dimensions
do not exceed the exciton diffusion length, which is ~ ! mm in germanium. Different
curves in figures 13 and 14 correspond to different rise times of the same excitation level
and thus demonstrate the dependence of the drop number on the initial supersatur-
ation and the subsequent memory of this initial period of their formation.
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Figure 14 shows also that, corresponding to different experimental conditions, both
curves tend to saturation at the same limiting value R=10pum. Indeed detailed
investigation [70] shows that neither a further increase in excitation level nor in
temperature results in EHD radii exceeding this value. Reaching it, all the curves
become constant. The only exceptions are the ‘large dropy’ artificially produced by a
nonuniform strain of the crystals mentioned above. The reason for this sharp limitation
on the EHD radii in unstrained crystals is explained below. The unusual quantum
nature of the accommodation coefficient y is alsc worthy of notice. There exists
experimental evidence that y is relatively small, ~01, but increases with temperature.
The probable reason seems to be the absence of heavy particles and the pronounced
quantum effects for excitons. In some approximation the EHI? may be treated as a
potential well for excitons with a sharp boundary. The width of the boundary is
~my '? ~a, much smaller than the exciton de Broglie wavelength A(mk,T) ™12, if
kg T «< E,,. However, it is a well-known quantum-mechanical effect that the reflection
coefficient for slow particles from a potential well tends to unity as the particle encrgy
tends to zero. In other words, the probability of exciton penetration into the EHD tends
to zero as (kyT/E,)"/*. This effect is absent in ordinary gas-liquid systems, because
owing to the presence of heavy nuclei the de Broglie wavelength of the atoms remains
small in atomic units at all temperatures and the interface boundary cannot be treated
as sharp.

4.2. Moving drops

One of the most remarkable features of EHDs is their high mobility. They can be
accelerated by spatially nonuniform magnetic and electric fields, deformations, and so
on. Among these possibilities nonuniform deformation is the most effective. As a matter
of fact, the forbidden gap E,, i.. the electron-hole pair energy at rest, is known to
depend on stress. Therefore, in nonuniformly strained crystals the energy of every
electron-hole pair and of the EHD as a whole is different at different points, being
equivalent to some potential energy. This means the existence of forces proportional to
the local deformation,

fo — ny grad (Dikaki)a } (25)

Dy=D@ +DY.
Here f is the volume force density, Di§'™ the deformation potentials for electrons and
holes, and ¢, are the deformations. The movement of the drop is damped owing to the
scattering of carriers by thermal phonons. But at low temperature the damping is
reduced by the Fermi degeneracy of the carriers and decreases as T3. At liquid helium
temperature the value of the damping coefficient is of the order of 10°s~! in
germanium. That means that at stresses of the order 10"kgm ™2 EHDs can be
accelerated to a speed close to that of sound, as was experimentally demonstrated in
[17]. Up to now there exists no experimental evidence of EHD movement with a
velocity exceeding that of sound, perhaps because of additional damping or even the
disintegration of the drop by coherent radiation of Mach waves. But even with smaller

velocities they can travel during their lifetime macroscopic distances as large as
Gl-1cm.

4.3. The phonon wind
Atexcitation levels reasonably exceeding the threshold value another set of phenomena
related to the so-called ‘phonon wind’ becomes crucial for condensation kinetics
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1. The point is that most of the excitation energy eventually d?ssipa.tcs into heat,
\to phonons. Phonons are emitted both during the thermalization process Qf
dibrium carriers immediately after their creation and as a result of their
uent recombination. Therefore, the arcas where carrier generation takes place
s exist and where excitation energy is concentrated arc sources of strong
ibrium phonon fluxes. Interacting with carriers, free or bound in excitoss,
ons and EHDs, phonons are partially reabsorbed and iransfer their energy and
tum (or, more accurately, quasimomentum) to the carriers. The average
stain transferred to the carriers per time unit is equivalent to an effective force
on the carriers. [ts value is proportional to the phonon flux densiiy, the direction
_ determined by that of their propagation. In a certain approximation EHL
: forces produced by the phonon wind are similar to the electrostatic forces in a
rmly charged liquid. In fact, every clement of the EHL volume is a source of
Hy propagating phonon flux, whose density decreases in inverse proportion to the
re of the distance. Consequently any two elements of the EHD, whether they are
a the same EHD or belong to different EHDs, repel each other with a force

sly proportional to the square of the distance between them, i.. asif in agreement
the Coulomb law. Thus the EHL may be characterized by some effective charge
sity p which has nothing to do with any real electric charge, but can be expressed in
s of the concentration of electron-hole pairs, their recombination rate, the emitted
non spectrum, the effective cross-section of their absorption, etc.
nPE, D*m?

p=CH s

. 27
7,  hids® @7)

re D is the deformation potential, d the crystal density and s the sound velocity. Only
g-wave phonons with momenta |k|<2p, interact with carriers. Therefore, the
eificient C accounts for the part of dissipated energy released in these phonons.
rude estimates give C~ 1077, p~ 10> CGSE in Ge and p~ 10* CGSE in Si.

One of the most striking manifestations of the phonon wind is the instability of large
L volumes [73]. The phonoen wind strength grows in proportion to the EHD linear
and, as the droplet radius exceeds some critical value,

R _(15 o’)”
< \2mp?

\

{o is the EHL surface tension), the force produced by the phonon wind exceeds that of
the surface tension. The EHD becomes unstable to quadrupole deformation and
ivides into two drops with radii less than R, as shown in figure 15.

‘This process is guite similar to the fission of a large atomic nucleus. Thus the EHD
cannot grow to sizes farger than R_. This explains the limitation on the radii of EHDs
discussed above and in figure 11 the curves must be limited both at small and large
values of R: n; 13 S R<R,. According to theoretical estimates and some experimental
data in germanium R, ~ 10 gm and in silicon R~ 1 um. This claim does not contradict
the observation mentioned above of much larger drops in germanium [45], because
these drops are strain confined. There exist experimental indications that in silicon such
large drops do not exist, owing to the much more intense phonon wind. Instead, under
the conditions of a strain-produced potential well, a cloud of small droplets arises,
hanging in the field of the phonon wind produced by themselves [ 74]. The formation of
an EHL volume with size considerably exceeding R, is also possible as a result of a
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{a) (b {c)

Figure 18, Deformation (b) and division (c) of electron—hole drops induced hy phonon wind.

short intense exciting pulse, immediately producing an electron—hole pair con-
centration n=n, in a given volume, The subsequent events, shown in figure 16, remind
one of a microexplosion. Under the action of the phonon wind the EHL surface
becomes unstable: the so-called capillary wave amplitudes increase, so that EHDs with
sizes of the order R, begin to break off from it. This process continues until the whole
EHL volume transforms into a cloud of EHDs, flying away due to mutual repulsion:
the bigger the initial EHL volume, the greater the velocities of the drops. A similar
flying-apart also occurs in the case on an exciting pulse producing not a single large
EHL volume, but a dense cloud of small EHDs. This EHD cloud flying off in different
directions at near-sonic velocities was observed experimentally for the first time by
Damen and Worlock [71]. The dynamics of this process, shown in figure 17, has been
well studied experimentally [75, 76]. It is extremely anisotropic owing fo the
anisotropy of the sound velocity and the deformation potential [77]. Impressive
photographic images of the cloud of EHDs ejected from the excitation region under
stationary and pulsed conditions are shown in figures 18 and 19 [77,78]. The ejection
of EHDs from the initial excitation region was shown to occur not only because of their
mutual repulsion. It is clearly visible in figures 17 and 19 that the EHD clouds move
away as a whole from the point where they were born. Evidently the phonon flux
produced in the carrier thermalization process is of considerable importance. However,
it is quite unexpected that this flux should exist after the end of the excitation pulse,
During a time some orders greater than the carrier thermalization time the phonon
wind source, the so-called ‘hot spot’, exists in the initial excitation region [79]. It is
likely that the optical and short-wave acoustic phonons with a small free-path length,
generated during the thermalization process, cannot leave the generation region, but

(a) (b) {c)

Figure 16. (a) Formation of a large EHL volume, {b) growing capillary wave in§tability of
surface and {¢) decay of an initial volume into a cloud of flying-away electron -hole drops.
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Depth x (mm)

17. Positions and shapes of electron—hole drop cloud, measured by absorption of
4 =339 um radiation at different delay times after a short exciting pulse [75].

e 18. Anisotropic electron-hole drop cloud under conditions of stationary excitation,
sharply focused at the central point of the image [77].

_gradually decay and produce a phonon wind of long-wave acoustic phonons with
‘macroscopically large mean free-paths. Such phonons interact strongly with the charge
carriers.

EHD motion from the excitation region also occurs under intense stationary
excitation [ 80, 811, It determines the size and shape of the sample area where EHDs and
the surrounding excitonic gas are dispersed, and, therefore, defines the conditions of
EHD generation, growth and decay. Together with such large-scale movements in the
nonequilibrium carrier system, the phonon wind changes its small-scale structure:
phonon fluxes emanating from each individual EHD induce correlation in their
relative position and movement, blow out excitons from the EHD neighbourhood,
decrease its growth rate even at R <R, etc.
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tmm

Figure 9. Time-resolved images of electron—hole droplet could after puise excition. Delay
times are shown in the right upper corners {781

The phonon wind is only one of the manifestations of the interaction of EHD with
different types of crystal deformations, static or dynamic (ultrasonic, phonons, and so
on). Many other electrical, magnetic and optical phenomena, connected with the EHI,
have been observed and described in reviews [1-97]. To date the EHL has been studied
and understood most completely in germanium and silicon owing to the high mobility
and long lifetimes of the carriers in these semiconductors. In many other semi-
conductors the experimental data are much scarcer. Undoubtedly the investigation of
these materials will greatly increase the number of EHL manifestations and transform-
ations in semiconductors under high excitation conditions,
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