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Research on the electron-hole liquid in a semiconductor is reviewed. The basic properties of the
liquid, their theoretical description, and methods for studying them experimentally are discussed.
The behavior of an electron-hole liquid in external electromagnetic and stress fields, the motion of
droplets of the liquid, and the interaction of the liquid with nonequilibrium phonons (the phonon
wind) are described.
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INTRODUCTION

The discovery of the electron-hole liquid (EHL) in semi-
conductors is one of the most interesting events in solid state
physics over the past 15 years. In 1968, Keldysh1 pointed out
that electrons and holes might condense into a metallic liq-
uid at low temperatures. In 1969 an EHL was discovered
experimentally in germanium: by Pokrovskii and Svistun-
ova,2 from the appearance of a new line in the recombination
spectrum; by Asnin and Rogachev,3 from structural features
in optical absorption; by Vavilov, Zayats, and Murzin,4 from
absorption in the far-IR range; and by Bagaev, Galkina, Go-
golin, and Keldysh,5 from the behavior of a new line in the
recombination spectrum upon deformation of the crystal.11

The discovery triggered a program of active research on the
EHL. It was discovered in silicon and later in many semicon-
ducting compounds. Some truly elegant experimental tech-
niques were developed for studying its properties: the prop-
erties of the ground state, the phase diagram, the formation
kinetics, and the responses to external agents. It turned out
that the EHL is an ideal entity for a comparison of theory
and experiment and for testing and refining the methods of
many-body theory. Research on the EHL has also proved
beneficial to the physics of semiconductors, revealing the
variety of phenomena at high excitation levels. Theoretical
methods developed in various fields of physics have been
called upon to interpret these phenomena. The EHL, which
is formed not by "genuine" particles, but by quasiparticles or
quantum excitations of a semiconductor, behaves at a mac-
roscopic level in a manner analogous in many ways to that of

"Certain manifestations of an EHL had been observed even earlier,6-7 but
they were not interpreted correctly.

an ordinary atomic liquid. Several features of the EHL (its
pronounced quantum nature and the finite lifetimes of its
constituent particles) give rise to some new effects, which are
clearly of general physical interest.

The number of publications on EHLs is now approach-
ing 103. Reviews have been published.8"13 The present state
of the problem is outlined most comprehensively in Ref. 14.
Our purpose in the present review is to give a general picture
of the EHL and of the clear understanding of its properties
which has now been achieved. In Section 2 we describe the
basic properties of nonequilibrium current carriers: elec-
trons, holes, and their possible bound states (excitons, biexci-
tons, and the EHL). We also discuss the relationship
between the condensation of excitons and the metal-insula-
tor transition. Section 3 deals with the properties of the
EHL: the characteristics of its ground state, its surface prop-
erties, its phase diagram, and its condensation and decay
kinetics. Section 4 reviews the basic methods for experimen-
tally studying the EHL and its behavior in external electro-
magnetic and stress fields. Section 5 deals with the motion of
electron-hole droplets, and section 6 describes phenomena
associated with the interaction between an EHL and non-
equilibrium phonons (the phonon wind).

2. EXCITONS, BIEXCITONS, AND THE ELECTRON-HOLE
LIQUID (EHL)

The excited state of the electron system of a semicon-
ductor reduces to a set of one-particle excitations: electrons
(e) and holes (h), which are free charge carriers. An electron
occupying a state in the unfilled lower band (the conduction
band) carries a negative charge, while a hole with a free state
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in the filled upper band (the valence band) carries a positive
charge. Electrons and holes have effective masses mc and
mh, and the interaction between them is a Coulomb interac-
tion (in accordance with the magnitudes of the charges that
they are carrying), weakened by the static dielectric permit-
tivity of the semiconductor, e0.

At equilibrium at low temperatures, kB T<Eg (Eg is the
width of the gap between the valence band and the conduc-
tion band), there are essentially no excitations in an intrinsic
semiconductor. In a nonequilibrium state, e.g., in a semicon-
ductor subjected to electromagnetic radiation with fieo>Eg,
electrons and holes appear. The Coulomb attraction
between them may result in their binding in a hydrogen-like
state: a Wannier-Mott exciton (see Ref. 15, for example). The
binding energy21 and the dimensions of an exciton can be
estimated from the Bohr formula and from the values e0 ~ 10
and m^i ~(0.1-0.3)/n0, which are typical values for germa-
nium, silicon, and other semiconductors (m0 is the mass of a
free electron):
£«=^~10~2-10~3Ry'aex = -^F~10-100A, (2.1)

where m~l = m~l + m^'. The binding energy of an exci-
ton is thus considerably lower than the characteristic atomic
energies, and its radius is considerably larger than atomic
dimensions. The exciton thus causes a negligible perturba-
tion of the semiconductor lattice and is a macroscopic for-
mation which "senses" the lattice only on the average,
through parameters such as £0 and me>h. By analogy with the
atomic world we would expect the scale values of the ener-
gies En and of the distances aex also to be characteristic of
all the many-particle states which arise in an e-h system.

At temperatures kB T<En most of the carriers which
form in a semiconductor become bound in excitons. At ex-
tremely low temperatures, biexcitons, excitonic mole-
cules,16'17 and also three-particle charged complexes
("trions"17"19: eeh and ehh) may form. With increasing exci-
tation level, the density of excitons and biexcitons increases,
and they may condense into an electron-hole liquid.1 The
equilibrium density of an EHL can be expected to be
n°~a~3 and its binding energy E°,~En. In the theory of an
electron gas the density of the system is customarily repre-
sented by the dimensionless parameter rts=(3/4m )1/3ae~ \
where n is the density of electrons. In the case of EHL we
would thus have rs ~ 1.

The detailed picture of phase transitions which occur in
a given semiconductor depends on the relations among the
binding energies EeK, £b and E ? [Eb = E^ + (ED /2) is the
binding energy of a biexciton, and ED is the dissociation
energy of a biexciton]. The various possibilities are analyzed
in Ref. 20; here we simply note that an EHL can form only if
E°>E^,Eb. In certain cases, e.g., in germanium and sili-
con, the binding energy of the EHL is quite high:
E°~ 1.5J?M. The dissociation energy of a biexciton is very
low because it has no heavy particles. Theoretical21'22 and
experimental23"27 research have revealed £D~(10~2-
2)Here and below, the binding energy (of an exciton, a biexciton, etc.) is a
positive quantity, equal to minus the energy of the ground state (of the
exciton, the biexciton, etc.) reckoned from the lowest energy of a nonin-
teracting e-h pair, per e-h pair.

lQ~l)Ea; i.e., the dissociation energy is about an order of
magntitude smaller than (at the corresponding scale) that of
the hydrogen molecule (E0 = 0.348Ry). For this reason,
biexcitons can be observed experimentally in such semicon-
ductors as germanium and silicon only under special condi-
tions such that the formation of an EHL is suppressed.

An EHL exhibits many of the familiar properties of li-
quids. Its density n°, for example, is maintained constant by
internal forces. The condensation of excitons, like an ordi-
nary gas-liquid transition, is a first-order phase transition: It
occurs when the exciton gas becomes supersaturated, and it
is accompanied by a stratification of the gas into two phases,
one with a high density (the liquid) and the other with a low
density (the gas). There are critical values of the density (nc)
and of the temperatures (Tc); Stratification does not occur
at T>TC. The interface has a positive surface energy at
T<TC: The EHL has a surface tension. If there are not
enough excited carriers in a semiconductor to fill the entire
sample with the liquid, the EHL exists in the form of elec-
tron-hole droplets (EHDs), whose shape is approximately
spherical because of the surface tension and whose dimen-
sions are definitely macroscopic: of the order of a few mi-
crons. An EHL can flow thorugh a crystal: The droplets are
easily accelerated by external agents (e.g., by a nonuniform
deformation of the semiconductor; see Subsection 4b2).

Two circumstances distinguish the EHL in a funda-
mental way from ordinary liquids: the absence of heavy par-
ticles and the finite lifetime of the electrons and holes. Since
there are no heavy particles, the zero-point vibrations in an
EHL have a large amplitude (incidentally, this is also true of
all bound states of the e-h system)—of the order of the dis-
tance beween the particles. The large zero-point vibrations
have the consequence that the EHL does not crystallize even
at8 T = 0. An EHL can crystallize only20 if the electron and
hole masses differ by a factor greater than 102, but this situa-
tion is unlikely for a semiconductor.

Other consequences of the large zero-point vibrations
are a collective behavior of the electrons and holes in the
liquid and a metallic nature of the spectrum of excitations of
the liquid. Even if the binding energy of a biexciton in a low-
density system exceeds the binding energy of the EHL, with
increasing density (certainly at rs ~ 1) the exchange repul-
sion between biexcitons28 must work against the existence of
a molecular phase. Furthermore, at rs ~ 1 there is no exciton
bound state (more on this below). Only under certain condi-
tions, e.g., in a semiconductor with isotropic bands, can the
coherent pairing of electrons and holes give rise to a gap in
the spectrum of one-particle excitations and cause the EHL
to become an insulator [by analogy with the semimetal-(exci-
tonic insulator) transition29"3'].3>

3lThe isotropic model with mt = m^ is the least suitable for the formation
of a metallic EHL; see Subsection 3bl. Strictly speaking, at T= 0 the
spectrum of one-particle excitations of the EHL always has a gap; at low
densities, this gap coincides with £„, while at high densities it is expon-
entially small.29"32 At small but nonzero temperatures, fcBr<EeI, the
gap disappears with increasing n, and a metal-insulator transition occurs
in the system (more on this below). An insulating EHL of low density
[rs = 4 (Refs. 33 and 34) or 3 (Ref. 35)] and with a low binding energy
[EM = (1.07 — 1.1 )En ] may form in such a system, but it would be more
favorable than a gas of biexcitons (£b = 1.03E,,; Ref. 22).
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The Fermi energy of the electrons and holes in an EHL
is

e, h)
2me,

(2.2)

Since k B 71 c ~ 0. IE ° (Ref. 36) and £ ° ~£ex, the EHL is
always a degenerate Fermi liquid; in contrast with the situa-
tion in a metal, both the negatively and positively charged
particles are degenerate.

The finite lifetime is a consequence of the circumstance
that the electrons and holes are excitations of the semicon-
ductor which tend to recombine (annihilate). An important
point to note, however, is that the carriers have time to be-
come thermalized before they annihilate (at fia>>Et the car-
riers are "hot," i.e., far from the extrema of the correspond-
ing bands, when they appear), and they then become bound
in excitons and an EHL. In semiconductors the thermaliza-
tion time is usually ~ 10~9 s; the binding times depend on
the carrier density and may be of the same order of magni-
tude. The lifetime is determined by the probabilities for var-
ious recombination processes. If an electron and a hole can
undergo a radiative recombination, emitting a photon, the
lifetime is ~ 10~9 s. In so-called indirect semiconductors,
however, in which the extrema of the conduction and va-
lence bands are at different points in the Brillouin zone, di-
rect radiative recombination is forbidden by quasimomen-
tum conservation. Recombination is accompanied by the
emission of phonons (quanta of the lattice vibrations), which
gives rise to long lifetimes, up to 10~4-10~5 s. Germanium
and silicon, in which the EHL has been studied most thor-
oughly, are in fact indirect semiconductors. As is always the
case when a large number of nonequilibrium processes are
occurring simultaneously, the sequence (and variety) of
events depends on the hierarchy of their scale times. Re-
search on the EHL presents some exceedingly rich oppor-
tunities. It becomes possible, for example, to study the for-
mation of a two-component liquid in deformed germanium
and silicon (Subsection 4bl).

The finite lifetime has some important consequences.
First, two possibilities arise for an experimental study of the
EHL: with static or pulsed excitation. While a quasiequili-
brium EHL is observed in the case of continuous excitation
(the carriers which annihilate are replaced by newly pro-
duced carriers), the EHL appears and disappears in the case
of pulsed excitation. Second, the emission which accompa-
nies the recombination embodies extensive information
about the properties of the EHL (Subsection 4a). Third, there
are some unusual phenomena associated with the recombin-
ation: a recombination magnetism of electron-hole droplets
(Subsection 4d), the absence at extremely low temperatures
of the hysteresis effects which are usually characteristic of
first-order phase transitions (Subsection 3e), and the excita-
tion of nonequilibrium phonons (the phonon wind), which
influence the spatial distribution of the EHL (Section 6). The
recombination of carriers in the liquid and the action of the
phonon wind have the effect that the EHL is usually ob-
served as a cloud of small droplets (Subsection 3e and Sec-
tion 6). Only in external force fields, e.g., in nonuniformly
compressed germanium samples, can a single large electron-

hole droplet form with a radius as large as 0.5 mm (Subsec-
tion 4b3).

We will conclude the review with a discussion of some
interesting possibilities associated with the behavior of a sys-
tem of nonequilibrium current carriers.

a) Superfluidity and superconductivity of an EHL

The collective interaction among carriers can give rise
to a gap at the Fermi surface of an EHL, as mentioned above.
The scattering of current carriers by phonons is then sup-
pressed,37 and there can be a relaxation-free transfer of the
excitation energy concentrated in the EHL. We wish to
stress that, in contrast with a superfmid flow in helium, we
are dealing here with a transfer of energy but not mass38

(Subsection 5c). Superconducting pairing—an alternative
event—is also possible in principle in an EHL.8'39

b) Bose condensation of biexcltons

While a gas of biexcitons is preferred to an EHL from
the energy standpoint at low temperatures and densities, this
gas can in principle undergo a Bose condensation.40'20 (Bose
condensation of excitons is prevented by their attraction to
each other.20'41) In order to achieve a high condensation tem-
perature, however, we need a high density of biexcitons, and
we do not know whether the biexcitons will first turn metal-
lic. Certain recent discoveries indiate that a Bose condensa-
tion of biexcitons may occur at T<0.5 K in germanium
which is compressed nearly along a (001 > axis.27 Such a deep
cooling of an excited electronic system would be extremely
difficult to arrange, however, and it might be an experimen-
tal impossibility.42

c) Metal-insulator transition

One of the most important directions in solid state
physics is research on the metal-insulator transition (see Ref.
43, for example). A system of nonequilibrium carriers in a
semiconductor is a very convenient system for the experi-
mental study of such transitions, since the density of the
system can be varied over a broad range by varying the exci-
tation intensity. At low temperatures and at sufficiently low
densities, the system is an insulator because of the formation
of excitons. As the density is increased, at rs < /f, an exciton
gas should become metallic because of the screening of the
Coulomb interaction. A modification of the Mott criterion43

yields r? = 6-10 (Refs. 43-45) or isotropic bands with
me = mh • Another criterion, which is more justified46 at
rs > 1—the vanishing of the gap in the spectrum of one-parti-
cle excitations of the exciton system with increasing den-
sity—yields values C = 2 (Ref. 47) and 1.8 (Ref. 46). The
latter estimate has been confirmed by experiments in uniax-
ially compressed germanium and silicon.48'49 We thus see
that the metal-insulator transition should occur in the same
density range as the transition from an exciton gas to an
EHL. Just how the two transitions are related is not clear
either experimentally or theoretically. There are two possi-
bilities here. First, the metal-insulator transition is also a
gas-liquid transition.50"52 Second, two phase transitions oc-
cur, each with its own critical points and with a triple point
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at which three phases coexist: an insulating gas, an insulat-
ing liquid, and a metallic liquid.47'53 This possibility in the
case of mercury was first pointed out by Zel'dovich and Lan-
dau.54 There is some evidence for this situation for the EHL
in germanium and silicon: It has been established experi-
mentally that while the EHL coexists with an exciton gas at
low temperatures, r< T c, at T~ Tc the EHL coexists with a
nondegenerate e-h plasma.55'56 It is not clear, however,
whether this transition is a sharp one57 or a gradual one,58'48

because of thermal ionization of excitons. The discovery of
two distinct transitions, with Tc

m = 7 K and
T1 = 4.5 ± 0.5 K, and of a triple point at ~ 4 K in deformed
germanium has recently been reported.59 In general, this in-
teresting topic requires further research, both experimental
and theoretical.

d) Equilibrium EHL

If a semiconductor has a narrow band gap, the sponta-
neous generation of e-h pairs followed by their binding in an
EHL may be preferred from the energy standpoint60

(E°>Ef). In its ground state, such a medium should be a
metal with a carrier density equal to that of the EHL, n°. The
possibility of this situation in layered dichalcogenides (TiS2

and TiSe2) is supported by calculations61 based on the model
of a semiconductor with a highly anisotropic spectrum (Sub-
section 3b2).

3. BASIC PROPERTIES OF AN EHL

The most important characteristics of an EHL are its
equilibrium density n°, the binding energy per e-h pair (E°),
the work function of the EHL with respect to the escape of an
exciton (q> = E0

t-E^), the Fermi energy E? = £ £' + £•{?>,
the surface tension a, the critical density «c, the critical tem-
perature Tc, the lifetime T, , and the radius (R ) of the elec-
tron-hole droplets. Table I shows values of these characteris-
tics for the EHLs in germanium and silicon. Electron-hole
liquids are also observed in several semiconducting com-
pounds, but they have not been studied to the same extent as
in germanium and silicon; some data on compounds are
shown in Table II. In the semiconductors in the lower part of
this table, the EHLs have short lifetimes, ~ 10~9 s. All these
are direct-band semiconductors.

a) Spectrum of a semiconductor in the presence of an EHL

To see the meaning of the quantities <p, E°, and EF, we
consider the changes in the spectrum of a semiconductor
upon the formation of a metallic EHL in it. Figure la shows
a schematic spectrum (double lines) of an indirect semicon-
ductor: the parts of the curves of the electron and hole ener-
gy as functions of the quasimomenta, £(c'h) (k(e>h|), near the
extrema of the corresponding bands [at the points kj,e) and kg1'
with ki^/kS1']. For isotropic and parabolic bands we would
havee(f l(k*'1) = (k^ - ku) )2/2nij,j = e, h.

The interaction between nonequilibrium carriers re-
sults in a change in the spectrum. Let us find the quantity of
greatest importance to the discussion below: E (n), the energy
of the ground state (at T = 0) of the metallic phase of A'' e-h
pairs in a volume V, per pair, reckoned from the bottom of

the bands (n = N /V). The equilibrium density of the EHL,
«°, and the binding energy E ° are found by minimizing E(n):

AE
dn

= 0, £?=-£(«?).

The chemical potential of the EHL at T = 0 is

Jn=nj

(3.1)

(3.2)

It follows4' that when an EHL is preferred from the energy
standpoint (E ° > 0) the electron and hole Fermi levels lie in
the band gap of the unexcited semiconductor, and the inter-
action between carriers in the EHL causes shifts of the elec-
tron and hole bands as shown by the solid lines in Fig. la.
The hatched regions show states which are filled up to the
corresponding Fermi levels: E'g =Eg —E° — EPisthe re-
normalized gap width. The band curvature changes slightly
during the shift (the masses are renormalized by ~ 10%;
Ref. 119).

The changes in the spectrum of a semiconductor upon
the appearance of electron-hole droplets in some regions in
the semiconductor are illustrated by Fig. Ib, which shows
the energy of an e-h pair as a function of the spatial coordi-
nates. The hatched region is the region filled by a droplet.
The dashed line shows the ground state of an exciton outside
the droplet.

The bands of a real semiconductor are usually far more
complicated than as shown in Fig. la. Germanium and sili-
con, for example, are multivalley semiconductors. The ger-
manium conduction band has four energy-degenerate abso-
lute minima (valleys) at the boundary of the Brillouin zone
along (111) directions (Fig. 2a). Silicon has six electron val-
leys along (100} directions. The hole band of germanium or
silicon has an absolute maximum at the center of the Bril-
louin zone, is fourfold degenerate at this point, and splits
into nonparabolic light- and heavy-hole bands in the case5'
k 7^0. As we will see below, these complications of the elec-
tron spectrum make the metallic EHL more stable.

b) Binding energy and equilibrium density

The most important theoretical problem in research on
the EHL in a specific semiconductor is to calculate E (n), the
ground-state energy of the metallic phase of the electrons
and holes which are undergoing a Coulomb interaction.
Knowing E (n), we can determine [see Eq. (3.1)] the equilibri-
um density n° and the equilibrium binding energy E ° of the
EHL; and by comparing E° with En and Eb we can deter-
mine whether it is possible for a metallic liquid to form in the
given semiconductor. Calculations of E(n) in various semi-
conductors have been carried out in many papers, which are
discussed in detail in the reviews in Refs. 40, 11, and 14.

Three basic problems arise in a calculation of E (n).
First, it is necessary to take into account the complicated
band structure of the specific semiconductor. Second—and
this is a complication of fundamental importance—there is

4)As was shown by L. V. Keldysh.63

"Detailed data on the band structures of germanium and silicon are given
in Ref. 40.
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TABLE I. Basic characteristics of the electron-hole droplets in germanium and sili-
_» 28.42.55-57.62-95

n"
1017 cm"3

rs

£°[<p], meV

£ei, meV

£p [£p, £{?], meVr

fe, K

nc, 10" cm"3

o, 10~* erg/cm2

Sign of charge
ofEHD

T;, /iS
R, fj.m

Ge

1.8
2 0
2.2

2,3±0,1

0,6

5.3 ri,15T
6,1 1 1,95
5.9 1.75
6.2 |_2.05j

6.0±0.2
ri.8±0.2~|
|_1.9±0.3j

1.9±0.2
4.15

6.1 [2.4; 3.7]
6.4+0.4 '

6.26±0.12
5.9
8
7.2
5
7.91
6.'5±0.1
6!7±0.2
7.o±o;i
0.93
0.7
0.6
0 845
Oi436
o;s±o,2
0.89±0,05
Oi83
3.5
2.5
1.84
3,7
2.3
1.8
1.8—2,6
2,6±0.3

2+0.5
2.3— 2'6

' 1
3

-j-

40
2-20

T) Theoretical paper

Reference

62,28 T

63 ij

84 T

42*)
76

28

62-65 T

62. 28 T

63 T

64 T

«5 T

42*)

42*)

76

85

80

61 T

42*)

76

64 T

67 T

68 T

69 T

!0 T

81

82
55
61 T

67 T

68 T

69 T

70 T

81
55
71 T

7S T

7S T

74 T

75 T

**)
8»
84
85
86

87
74
88
71. 78
75 T

72 T

89, 90

"*)
42 *)

SI

34
31
32

33±1
33.5±0.5

35±0i5
33

36±1
0,9

20.3 r5-7T
21 6.3
22 7.3 1
22.9 8.2
22.1 Ll.U
22.9±0.5[8.2]
24 0 [9 3]
24J2 [9:5]
24.0±o!2
[9i3±0 2]

' 14,7

21.2
[7.5; 13.7]
22.2±o;2
[7.9; 14.61
[7 16; 14. Oj
20,8
28
21.6
29:i
28±2
27±1
23±1

12
8

10.4
4:22

12±2

32
87.4
35:0
50

125±60
< 110

20
28±5

—

0.15
<1

Reference

62, 28 T

63 T

64 T

42*)

66

77

78, 79

66

28

62-65 ,f

62, 28 T

63 T

61 T

65 T

66 T

42 *)

77

78

66

94 T

86

64 T

42 *), 66

77

78

64 T

67 T

69 T

70 T

B«

57

66

64 T

67 T

69 T

70 T

56, 66

74 T

75 T

66 T

,*)

91

91

93

66

76 T

42,)

"*)

*Data averaged over many experimental studies.
"Calculated from the Langmuir formula, (3.13).

no small parameter in the problem: We have rs ~ 1 for the
EHL. Finally, in semiconducting compounds with a high
degree of polarity (and with a pronounced dispersion of the
dielectric permittivity) we cannot use a statically screened
Coulomb interaction. We will begin with the case in which
the dispersion of the dielectric permittivity can be ignored.

1) Isotropic model; germanium and silicon

It is customary to write E (n) as the sum of kinetic, ex-
change, and correlation energies:

E (n) = £Kln (n) + £exc (n) -f ECOT (n). (3.3)
The component Ekin, which is the energy of the degenerate
ideal Fermi gas, and the component Eexc, which is the
change in the energy caused by the exchange repulsion of
like carriers by each other, can be calculated exactly for any
complicated spectrum of a semiconductor.63 In the simplest
case of a semiconductor with isotropic bands
[pF = fifirPn)1'3 is the Fermi momentum] we would have

3 PF _2,21 (3.4)
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TABLE II. Characteristics of the electron-hole liquids in semiconducting compounds.63'96""8

Compound

AgBr

SiC

Ge0,86Si|),i5

GaP

GaS
AlAs
Gag,08Al0,82As
Pbl,
CdS

CdSe

ZnS

ZnO

CdTe

ZnSe

ZnTe

GaAs

n\, loi'cmf3

100
80

110
78
8.5
5

70
71

15')
74
86

120±20
45CO
125
160
14
55
39
20
10

8
8.35;4
8,3

49
200

9.8
33
2.9
2i4

32
10
6.6
2'.50:34
0.37
Oil

<p, meV

30
55
19

19.5±4
"3,8
3
6

11.9
8—11

15.5
17.5±3
15-21
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The basic complexity is in determining £„„, which takes
into account the correlation between carriers. Various meth-
ods of the theory of an electron gas modified for a multicom-
ponent e-h system have been used to calculate this compo-
nent. Hubbard's modification121 of the random phase
approximation120 (RPA) was used in Refs. 62,28, and 65; the
Nosieres-Pines interpolation122 was used in Ref. 63; and the
self-consistent scheme of Singwi et al.124 was used in Refs. 64

and 123. All these methods lack a rigorous basis. Historical-
ly, they have been used in the theory of metals. Ions play a
major role in metals, however; their effects are difficult to
take into account and become an independent problem. For
this reason, experiments do not provide a direct test of the
merits of these methods. In the case of an EHL there is no
such complication; the spectra of many semiconductors
have been studied thoroughly, and the theoretical methods
can be tested directly.

These studies can be summarized by saying that in a

,09

,0.) Quasimomentum

FIG. 1. Change in the electron spectrum of a semiconduc-
tor upon the formation of electron-hole droplets (see the
text proper for an explanation).

Distance
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P <* 3 kgf/mm2 P > #7 kgf/mm2

b) c)

FIG. 2. a—Valence band and conduction band of germanium; b, c—their
changes during uniaxial compression along a {111) direction (schematic).
The hatched regions are filled with carriers in the EHL state.

model semiconductor with isotropic bands and me = mh a
metallic EHL is apparently not preferred from the energy
standpoint [E^QME^ (Ref. 62) or 0.99£ex (Ref. 123)].
Calculations carried out for germanium and silicon yield
similar results, which are in excellent agreement with experi-
ment (Table I). The multivalley nature, the anisotropy, and
the complexity of the bands all promote a metallic phase (as
was first pointed out in Refs. 5 and 125). For example, if
there are vc electron valleys, the energy component Ekia,
which makes a positive contribution to E (n), decreases by a
factor of v2'3. As for the dependence ofEexc and Eem on the
details of the band structure, we note that in the range
0.2 < T-S < 3 the dependence of one of these energy compo-
nents balances that of the other,126 at least in the random
phase approximation, Hubbard's approximation, and the
self-consistent scheme. The sum of EeK and£cor, expressed
in units of /?„, is essentially independent of the band struc-
ture and can be approximated well by the expression126

W — F ± F - 5.0879rs +4,8316 „ ,. ,,
£coul = -C'exc-1-ccor — — r|-)-3.0426r8 + 0,0152 "' * '

The use of (3.6) substantially simplifies calculations of n?and
E°. All the structural features of the electron spectrum are
incorporated in Ekin, which is given by the following expres-
sion for a semiconductor with ve ellipsoidal electron valleys
(with longitudinal and transverse masses m^ and mCii) and
two spherical bands of light holes (with a mass wh,L) and
heavy holes (mh_H):

- —), (3-7)
mj v. f "

where
2/3

Quantities which depend directly on electron-hole correla-
tions (the binary correlation function, for example, turn out
to be quite different when calculated by these methods; the
differences are attributed to the different extent to which
correlations are taken into account.

2) Semiconductors with a highly anisotropic electron spectrum

Expression (3.6) does not hold for systems with an ex-
tremely pronounced anisotropy (e.g., multivalley semicon-
ductors and semimetals with ve>h > 1, quasi-one-dimensional
systems in which the distance between filaments is small in
comparison with aex, and quasi-two-dimensional systems

with closely spaced layers). The energies E (n) of such systems
can be calculated asymptotically exactly,127 as was first
pointed out in Ref. 128 for the case of an electron liquid in an
ultrastrong magnetic field. The qualitative conclusion that
the anisotropy promotes the formation of a metallic phase
remains in force here: An EHL in such a system should be
dense, with rs < 1, and should have a large binding energy E °
>EC!i. In this case E^ turns out to be negligibly small in
comparison with Ecor, which is given by

(3.8)A
r~374'

where the coefficient A ~ 1 depends on the mass ratio of the
electrons and holes, their anisotropy, and other details of the
electron spectrum. A formal criterion for a strong anisotro-
py is that the following inequalities be satisfied in some den-
sity range:

-$-«i. (3-9)_ 3 / 4 „
fs <§. '

For multivalley semiconductors, for example, we would
have #/cex pf ~ v1 /3rs, and with v> 1 and rs < 1 inequalities
(3.9) can be satisfied. We then have127

n? = E\= (3.10)

where B and C are determined by the characteristics of the
bands. It would be interesting to see an experimental test of
the predictions of this model. To some extent, such a test has
already been carried out (for an EHL in an ultrastrong mag-
netic field; Subsection 4d). We note in this connection that an
empirical dependence for ̂ coui which literally corresponds
to (3.8) and which differs from (3.6) has been proposed in
Refs. 129:

The best agreement with the calculated results is obtained
with b = 3.5 and p = 0.24 (in the model of a highly aniso-
tropic system we would have/> = 0.25).

3) Un/ax/a/ty deformed germanium and si/icon

That a metallic EHL becomes more stable with increas-
ing complexity of the electron spectrum is illustrated nicely
by the situation in uniaxially deformed germanium and sili-
con. A uniaxial deformation disrupts the equivalence of elec-
tron valleys and lifts the degeneracy of the valence band at
k = 0. For example, when germanium is compressed along
the [111] axis one of the electron valleys drops to a lower
point on the energy scale, while the three others rise (Fig. 2, b
and c). If the sample contains carriers, the intervalley scat-
tering of electrons and the transitions between the bands of
light and heavy holes will cause electrons to flow to a lower
valley, and holes to a higher valley. As a result, the state
density at the Fermi level decreases; Ekin increases; the bind-
ing energy of the EHL decreases; and its density decreases.
These effects were first seen experimentally in Ref. 5. At a
pressure PZ 3 kgf/mm2, the splitting of the electron valleys
exceeds E($, and all the electrons populate the [1 1 1] valley.
At />£ 10 kgf/mm2 the hole splitting exceeds E(£}. As
P — * oo , germanium becomes a single- valley semiconductor
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with simple ellipsoidal bands. Corresponding changes in the
spectrum in silicon are caused by compression along the
[001] axis (two valleys become lower: [001] and [001]). The
behavior of the EHL in uniaxially deformed germanium and
silicon has been studied in detail experimentally (Subsection
4a and Section 2). The observed decrease in the stability of
the EHL is described satisfactorily by the calculation meth-
ods listed above (the calculations have been carried out
for28'123-64 P—* oo and also for finite pressures, with
allowance for the nonparabolic shape of the valence
band130-132). The agreement between the results of the differ-
ent studies, however, is significantly worse than for unde-
formed germanium and silicon.

4) Polar semiconductors

In a polar semiconductor the retardation of the ions in
an alternating electric field gives rise to a pronounced disper-
sion of the dielectric permittivity at frequencies correspond-
ing to a longitudinal optical (LO) phonon,133 <»L:

(3.12)
e (o>) = —60(0'

where £Q<OO| is the static (high-frequency) dielectric permit-
tivity. The optical activity of LO phonons gives rise to a
strong interaction of these phonons [the interaction is pro-
portional to (e~l —So1)1'2] with the electron subsystem,
which in turn causes a polaron shift and a renormalization of
the masses (see Ref. 134, for example). This interaction is
also important to the behavior of nonequilibrium carriers. If
the typical electron frequencies (El/fi, EF/fi, E^/ty were
much greater than <aL (if the ions were not able to "keep up
with" the carriers), there would be a smaller dielectric per-
mittivity £„ in expression (2.1) for ECK and in Coulomb's
law, e^/er. In a polar semiconductor, however, the electron
frequencies are typically comparable to <UL , so that the inter-
action with LO phonons weakens the interaction between
carriers and leads to a decrease in the binding energies E^
and E °. The characteristics of the ground state of the EHL in
polar semiconductors have been calculated in Refs. 65, 97,
and 135 (for CdS, CdSe, ZnS, ZnO, AgBr, GaP, AlAs, CdTe,
CnSe, ZnTe, GaAs, GaSb, InSb, InP, SiC, lead chalcogen-
ides, and thallium halides) and in Ref. 105 (for CdS, CdSe,
ZnS, CdTe, and GaAs) (Table II). A simplified version of the
random phase approximation (the plasmon-pole approxima-
tion)135-105 and Hubbard's approximation65-97 have been
used. Finally, a model of highly anisotropic systems (Subsec-
tion 3b2) was used in Ref. 136; calculations were carried out
for multivalley polar semiconductors; lead and tin chalco-
genides and thallium halides. In contrast with the situation
in germanium and silicon, there are large discrepancies
between the results of different calculations and also
between the calculated results and the experimental results.
Possible reasons for these discrepancies are inadequate in-
formation on the characteristics of the electron spectrum of
these semiconductors and an inadequate accuracy of the cal-
culation methods. The situation is aggravated by the circum-
stance that in polar semiconductors, q> is the difference
among three large quantities, <p = E° — Ep — E^ (Ep is the

polaron shift), of which £« is usually not calculated but
taken from experiments. For this reason, a 10% error in the
determination of the E ° can lead to large errors in the deter-
mination of q>. It may be concluded that the possibility of the
formation of, and the characteristics of the ground state of,
an electron-hole liquid in a semiconducting compound re-
quires further study, both theoretical and experimental.

c) Surface properties

We have been discussing the properties of a spatially
homogeneous electron-hole liquid. In reality an EHL exists
in the form of droplets, whose surface inhomogeneity leads
to several new properties. First, there is the finite surface
energy, which can be estimated in order of magnitude by
Langmuir's arguments6' (see Ref. 137, for example):

Second, near a surface there may be quantum oscillations in
the carrier density, analogous to the Friedel oscillations in a
metal (Fig. 3). Finally, the spatial profiles of the electron and
hole densities are not identical near a surface because of the
difference in their work functions, ff|c) and W (h) : A surface
dipole layer must form on a droplet. In addition to this di-
pole layer, which arises even at T = 0, the difference between
work functions should give rise at nonzero temperatures to
the formation of a net surface charge on a droplet because of
the preferential thermionic emission of carriers with the low-
er work function.

The surface tension of the EHL in germanium (and to a
lesser extent in silicon) has been studied experimentally by
various approaches: 1) on the basis of its effect on the con-

0,2 -

-5.0 -3.0

FIG. 3. Profiles of the electron and hole densities, nf and nh, near the
surface of an electron-hole droplet in germanium.75 The distance z is ex-
pressed in units of ara (177 A in Ge). Since the binding energy of an elec-
tron is greater than that of a hole, n, falls off more sharply than nh.

s)More-rigorous arguments138 lead to the following relation (which also
holds for an EHL'39) among a, the isothermal compressibility
X = [(»°)3^ "(«?)] ~' and the thickness of the transition layer at the sur-
face, L ~ aa: x<r = L.
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densation kinetics of the EHL83-87'91-93 (Subsection 3e); 2) on
the basis of the appearance of capillary resonances88 (Subsec-
tion 4b and Section 2); 3) through the use of a as an adjustable
parameter determined by comparing the theoretical and ex-
perimental shapes of the phase diagram69'74 (Subsection 3d).
The surface charge of electron-hole droplets in germanium
was studied in Refs. 89 and 90 on the basis of the displace-
ment of a droplet cloud in a static electric field.7* Some re-
sults of this research are listed in Table I.

Theoretically, the surface properties of the EHL have
been studied by the method of the Hohenberg-Kohn-Sham
density functional method,141'142 which has proved success-
ful for metals, nuclei, etc. (see, for example, the review by
Lang143). A gradient expansion and a variational method141

were used in Refs. 71, 72, 74, and 144-146; the self-consis-
tent Kohn-Sham scheme142 was used in Refs. 73 and 75.
Among the advantages of this self-consistent scheme is the
possibility of obtaining quantum oscillations of the carrier
density (Fig. 3); one of its disadvantages is the length of the
numerical calculations. We might note in this connection
that a modification of the self-consistent scheme as proposed
in Ref. 147 was used in Ref. 73; this modification has been
asserted by the authors to be simpler and stable in numerical
calculations. Some results calculated for germanium and si-
licon are listed in8' Table I. Also shown here are values of a
found from the Langmuir formula, (3.13). The agreement
with experiment is good. The sign found for the charge on
the electron-hole droplets in germanium by a variational
method is incorrect—at odds with the experimental results.
This discrepancy is not surprising since the gradient expan-
sion can be justified for slightly inhomogeneous systems (on
the scale of aex,) but in the case of an electron-hole droplet
the thickness of the transition layer near the surface is ~aex

(Fig. 3).
We have two more comments on this topic. First, the

papers cited here have generally dealt with the surface prop-
erties of an EHL occupying a half-space. This approach is
not valid for an electron-hole droplet consisting of a few e-h
pairs. The ground-state energy of a droplet with j = 10-
10 000 pairs in germanium was calculated in Ref. 149 by the
density functional method. Atj< 120, oscillations reminis-
cent of the shell effects in atoms were found in the ground-
state energy. On the average, the energy can be described
well by E;= -£?y' + 47r//3<7(3/47r«?)2/3 with a =1.8
X 10~4 erg/cm2. Second, the anisotropy of the electron
spectrum of a semiconductor gives rise to an anisotropy in
the surface tension and to a deviation of the droplet from
spherical shape. Electron-hole droplets in deformed germa-
nium and silicon were analyzed theoretically in Ref. 150.

d) Exciton-EHL phase diagram

If the lifetime of the nonequilibrium carriers is substan-
tially longer than the thermalization time, an equilibrium
state which can be described by means of the ordinary ther-

modynamic relations is reached in the electron system. The
partitioning of the system into phases at temperatures below
the critical temperature occurs because at T< Tc the den-
sity dependence of the chemical potential fj,(n, T) becomes
nonmonotonic, and the inverse function «(//, T) becomes
multivalued. The coordinates of the critical point, «c and
Tc, are determined from the condition for an inflection
point in//(«, T):

_o (3.14)
-u-

At T< Tc the densities of the liquid, n,(T), and of the gas,
ng(T) are found by equating the chemical potentials and
pressures in the two phases:

u.(nt, r) = u.(reg, T), (3.15)

P(B,, T) = p(ngt T). (3.16)

Since
, df 2 0/ (3 17)

we must know the free energy/(n, T) per e-h pair in order to
determine the shape of the phase diagram. The free energy
f(n, T) has been calculated asymptotically exactly only for
systems with a highly anisotropic spectrum (Subsection 3b
and Section 2): layered (quasi-two-dimensional) semicon-
ductors.60 An exact equation of state and the exact shape of
the phase diagram have also been derived.

The basic approximation used in the theory of the EHL
in germanium, silicon, and other semiconductors which do
not satisfy the conditions of a strong anisotropy consists67 of
using the expression for the free energy of a highly degener-
ate Fermi liquid (for kB T<EF):

f (ri) =£(«) — 4- v(re)(fcBr)2, (3-18)

where

(3.19)

7)There is an alternative explanation for the drift of electron-hole droplets
in an electric field: their entrainment by fluxes of electrons and holes.140

8)The surface tension and the sign of the charge have also been calculated
for deformed germanium and silicon72-74-75 and for GaP (Ref. 148).

and E(n) is the energy of the ground state of the metallic
phase (Subsection 3b). This expression can be derived47 for
an EHL in the random phase approximation if
k B T

c <&op (o)p = ^(4ire2n°/£0mr) is the plasma frequency),
and only if the density is not too low (rs 51). This expression
can be used to determine the coordinates of the critical point
and the shape of the liquid branch of the phase diagram, but
it cannot be used for the gas branch far from the critical
point. For the gas phase, on the other hand, we can use the
ideal gas approximation. The densities of free carriers, exci-
tons, and biexcitons (nc, nex, and nb) at equilibrium are de-
termined19 by the corresponding work functions of the EHL:
«,- aexp( - W(J}/kBT), W(c} ~ \/2E°,, W(ex) = <p,
W(b) =2(p — ED. Since the condition E0,>2q> holds in ger-
manium and silicon (Table I), and the dissociation energy of
a biexciton is small (Section 2), the '"atmosphere" around an
electron-hole droplet consists primarily of excitons. We thus
have
/ (»g) « /ex (»ei)
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where vex and Mex are the degeneracy and mass of the exci-
ton state density. Far from the critical point the exciton pres-
sure is low, and from the condition p(n, ) = 0 we find

»l(r)-»![l -4»(W], where *. = -£fol^.
1 (3.21)

The equilibrium exciton density is determined from the con-
dition//, = /*„:

This is the ordinary expression for the saturation vapor den-
sity in the ideal gas approximation (see Ref. 137, for exam-
ple).

The values ofnc,Tc, and Sn were derived theoretically
for germanium and silicon91 in Refs. 67 and 70. The ideal gas
approximation cannot be used to determine the shape of the
phase diagram near T ° . The nonideal nature of the electron
gas and also the thermal dissociation of excitons were taken
into account in Refs. 68 and 151. The heterophase fluctu-
ations (liquid nucleation centers in the gas phase and gas
bubbles in the liquid phase) were taken into account in Refs.
69, 70, and 66, with the result that it was possible to repro-
duce the experimental shape of the phase diagrams in germa-
nium (Fig. 4) and silicon quite accurately. The results of this
approach and of the previous approaches are shown in Table
I. All the methods yield numerical values in order-of-magni-
tude agreement with the experimental values. The lowest
values of Tc are found in the fluctuation model. In the case
of germanium, these values are also the values which agree
best with the experimental values.

The theoretical determination of the characteristics of
the phase diagram simplifies substantially if approximation
(3.6) (Refs. 126 and 132) or (3.1 1) (Ref. 129) for E^ is used.
In each case the equation for nc and Tc , in reduced exciton

Liquid

FIG. 4. Phase diagram for the transition between an exciton gas and an
EHL in germanium. Points—experimental81; curve—theoretical.69

"And also for uniaxailly compressed germanium and silicon64'130'132 and
the polar semiconductor CdS, CdSe, ZnS, CdTe (Ref. 105), and GaAs
(Refs. 64 and 105).

units, depends only on n°. In these models the following scal-
ing relation thus holds:

-̂ 3- ~ const* (3.23)

Using relation (3.11), we can also derive some other scaling
relations, e.g.,129

k%T* ** 0. l£j. (3.24)

A corresponding relation holds in the exactly solvable model
of a highly anisotropic system,60 mentioned above; this rela-
tion is apparently a common relation for first-order phase
transitions.36 The scaling relations for the EHLs in germani-
um and silicon have been checked experimentally.66-132-152

The shape of the liquid branch of the phase diagram has
been determined experimentally from the temperature de-
pendence of the spectrum of the recombination radiation of
an EHL (Subsection 4a), while the shape of the gas branch
has been determined from the thresholds for the appearance
of an EHL.56-58-92-153-154 Attempts to use (3.22) to describe
the gas branch of the experimental phase diagram in germa-
nium have yielded a value for <p (Refs. 58and 153-156) which
is substantially (~30%) lower than the spectroscopic value
(Subsection 4a). A similar result has been observed in sili-
con.56-92 This matter is the so-called problem of the differ-
ence between the thermodynamic and spectroscopic values
of <p (Subsection 3e).

e) Condensation and decay of an EHL; dimensions of an
EHL

The finite carrier lifetime has been ignored in the study
of the ground state and thermodynamics of EHLs. This sim-
plification is justified for germanium and silicon, where the
carrier lifetimes are more than 102 times the scale times for
the thermalization and formation of excitons. Even in these
semiconductors, however, recombination makes the transi-
tion between excitons and an EHL quite different from an
ordinary gas-liquid transition. The EHL must be supplied a
flux of electrons to compensate for recombining e-h pairs.
The dimensions of the electron-hole droplets thus cannot be
arbitrarily large, and the gas of excitons must be supersatur-
ated; i.e., its density must exceed the thermodynamic-equi-
librium value nex T in (3.22). We wish to stress that this su-
persaturation occurs in addition to the supersaturation
which is characteristic of any first-order phase transition
and which is associated with the positive sign of the surface
energy of the interface. This supersaturation has a curious
consequence: At extremely low temperatures, where the
thermal evaporation of excitons from the droplets is slight,
the exciton-EHL transition can occur without the hysteresis
phenomena characteristic of first-order transitions.

In this subsection we will be discussing the processes
which determine the size (R ) and density (nd) of electron-
hole droplets and the density of the exciton gas between
droplets (neK) in the case simplest to deal with theoretically:
that of a spatially uniform excitation. (In the case of nonuni-
form excitation, the phonon wind has a decisive effect on the
behavior of the EHL; see Section 6.)

Experimentally, the condensation and decay of EHLs
have been studied most thoroughly in germanium and sili-
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con. The exciton lifetime rex in these semiconductors
(~ 10~6 s) varies from sample to sample and is determined
primarily by radiationless recombination processes, whose
mechanisms have not been studied adequately. The carrier
lifetime in an EHL, r, (measured for germanium in Refs. 125
and 157-159 and for silicon in Refs. 160-163), in contrast, is
an internal characteristic of the EHL and does not change
even if the sample is doped to a level of 0. 1 n, . This lifetime is
determined by radiative recombination (whose probability is
proportional to n, ) and by radiationless Auger recombina-
tion, with the energy of the recombining pair being trans-
ferred to a third carrier (with a probability <x n]}:

. <3-25)

A, arb. units
1

The quantum efficiency of the radiative recombination,
<? = Bw,(Bw,-fC»j)-!> (3.26)

is quite high in germanium125-157-'59: Q~ 0.25-0.8. In sili-
con, the higher density of the EHL makes Auger recombina-
tion the dominant process, and we have160 Q~5-10~*. The
value of C was calculated for germanium and silicon in Ref .
164, and the results agree well with experimental data.

For a given exciton generation rate g(t ) (per cm3), the
values ofR, nd , and nex are related by balance equations for
the numbers of particles in the liquid and exciton phases,
which were first used, in a simplified form, in Ref. 125 (see
also Refs. 8 and 9) and, with surface tension, in Refs. 1 65 and
166:

vn.T, (3.27)

T»d, (3.28)

where ura T = is the average thermal velocity
of the excitons, and NntT(R ) = neXiT exp(2ff/n,/J^Br) is
the thermodynamic-equilibrium density of excitons at the
surface of a droplet. Equation (3.27) describes the change in
the number of pairs in a droplet due to recombination and
the exchange of excitons with the gas phase. Equation (3.28)
is constructed in an analogous way. [More-comprehensive
balance equations, incorporating free carriers, were used in
Refs. 153 and 167-170. Because of the low density, free car-
riers usually have little effect, but in magnetic and micro-
wave fields they give rise to some interesting effects (Subsec-
tion 4e).]

Equations (3.27) and (3.28) must be supplemented with
a condition determining the droplet density «d. For steady-
state excitation, however, «d remains constant even for a
substantial length of time after the excitation is turned off,
and Eqs. (3.27) and (3.28) are sufficient for understanding
many aspects of the situation. At low temperatures (at T$ 3
K in germanium), for example, nn, T

 K l°w> and t^e decay of
droplets is exponential:

For a long time after the pumping is turned off the relation
n ex~ M exr holds171 (Fig. 5). With increasing temperature,
evaporation becomes important, and the functional depen-

20 W SO 80 mo HO 1W 160 180 WO
Delay time, /us

FIG. 5. The amplitude (A ) of the microwave conductivity of a sample in a
strong pulsed microwave field as a function of the delay of the puncturing
pulse at various temperatures.171 (A ocneA). The amplitude is normalized
to a unit maximum value; the curves are labeled with the temperatures.

dence R (t) becomes nonexponential.153'155

From (3.27) we find an equation for the steady-state
radius of an electron-hole droplet for a given value of nex

(with g = const)166:

n« = n (R) ,where n (R) = nex, T (R) +1-^_. (3.30)

Figure 6 shows a typical function n(R ). Steady-state elec-
tron-hole droplets exist if nex > nmin and if the radius is no
less than /Zmin given by the condition165-166

At wex > nmin, Eq. (3.30) has both stable and unstable solu-
tions Rs and Rc; R" is the steady-state size of the droplet for
a given nex. Experimentally, however, it is g which is given,
and «ex depends on the density of the droplets which form, as
can be seen from (3.28). For this reason, a complete under-
standing of the processes requires an analysis of the droplet
formation mechanism, to which we now turn.

The density of electron-hole droplets depends on the
particular experimental conditions172'166'173 (see, for exam-
ple, Fig. 7), and is not affected by the number of any sort of
fixed nucleation centers. Heterophase fluctuations play a
leading role in the formation of the nucleation centers.101

101

Gu,
T-ZK

nim

10' 10-

6 Yhe functjon n(R ) in (3.30) for an EHL in germanium at T = 2 K.

10)Even in the purest germanium samples, the density of the electron-hole
droplets, «d S 108 cm"3, is far lower than the impurity density,
nim > 10'° cm~3; the impurities may serve as nucleation centers.
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FIG. 7. Experimental temperature dependence of the density of electron-
hole droplets in germanium for long and short rise times of the excitation
pulses.166 The inset at the upper left shows the shape of the exciting pulse.

This is a well-known circumstance in the case of ordinary
gas-liquid transitions, characterized by the appearance of
metastable states and hysteresis effects. Hysteresis effects
are also observed in the course of condensation of excitons in
germanium174-180-166'84-85-87 and silicon.92-93 These effects
are seen as differences in the threshold excitation intensities
when the pump is turned on and off and as a dependence of
the density and sizes of the electron-hole droplets on the rate
at which the excitation is turned on (Figs. 7 and 8). During
steady-state excitation in germanium, the conditions under
which the droplets appear are "remembered"111 for lOMO5 s
(Ref. 85). The individual droplets may therefore exist long
enough for a succession of —109 generations of pairs in each
droplet. (By way of comparison, 109 human generations
would be the lifetime of the universe starting with the Big
Bang.) The hysteresis effects in an e-h system with a finite
particle lifetime of course have some distinctive features. At
extremely low temperatures, T< TH (TK ~ 1.3 K in germa-
nium175-85 and TH ~ 10 K in silicon92-93), no hysteresis is ob-
served. In this case the phase transition should be more remi-
niscent of a second-order transition. This may be the
situation which we are observing at low temperatures in sili-
con, where the appearance of an EHL is preceded by the

10

2.0 2.5 3.5 T,K

FIG. 8. Experimental temperature dependence of the radius of the elec-
tron-hole droplets in germanium for long and short rise times of the exci-
tation pulses.16*

formation of exciton-impurity complexes181 (see also Refs. 9
and 18 la).

Essentially everything we know about the condensation
of excitons (including the problem of the difference between
the thermodynamic and spectroscopic values of <p] can be
explained165-182-175-84-176 by the kinetic condensation theory
of Becker, Doring, and Zel'dovich183-137 generalized to allow
a finite carrier lifetime. 12) It turns out that the probability for
the appearance of a liquid-phase nucleation center with j
particles is proportional to exp( — #,/*„ T), where

in ,
(3.32)

The sum of the first two terms in (3.32) is the thermodynamic
potential of a nucleation center in the limit T, — »• oo : The first
term is the positive surface contribution, while the second,
equal to ( ̂ ex — fit )j, reflects the circumstance that conden-
sation is thermodynamically favored if nex > nex,r. In an or-
dinary gas-liquid transition at small values of/, the surface
contribution is predominant, and the gas phase turns out to
be separated from the liquid phase by a barrier (Fig. 9a),
which also explains the appearance of metastable states. The
third term in (3.32) changes this picture substantially (Fig.
9b). At »„ < «„„„, ty increases monotonically with increas-
ing j, despite the condition «ex > n^f. There are no stable
droplets. At «M > n^n , 0, becomes nonmonotonic. In addi-
tion to the unstable (critical) radius R c (with the maximum
4>j ) there is a stable radius R" (with a minimum <P, ).

It is usually necessary to superheat a liquid in order to
initiate the inverse transition to the gas phase. In this case
the barrier can be overcome by fluctuations from the side of
either the gas or the liquid at «ex > «ex r. However, the bar-
rier heights for these transitions Ac and A d (Fig. 9b), are

FIG. 9. The effective thermodynamic potential 9 (R ) for nucleation center
of radius R for (a) r, -> oo and (b) T,«B. The upper curves in both parts
of the figure correspond to lower supersaturations: 1,
5-7—«„ > n^T; 5—«„ = nmill; 6, 7—«„ > n^.

u)The hysteresis in silicon lasts a considerably shorter time,'3 ~ lOOr,,
apparently because of a greater effect of the phonon wind.

u)An intermediate approach was taken in Ref. 166: The finite lifetime T,
was incorporated in equations like (3.27) and (3.28), while the classical
Becker-Doring formula was used for the formation rate of nucleation
centers. This approach yields good results if T> TH and «„ > n^,,. The
results of some numerical calculations based on this theory are reported
in Ref. 86.
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FIG. 10. Effective thermodynamic potential #, in
(3.32) for germanium at (a) T = \ K and (b) 2 K. a—
From top to bottom: nei/n^T= I; 2-104; 7-104;
105; 2-105; 3-105; 4-105; 106; 2-106

[«„ r(l K) = 3-105 cm-3 ]; b—1:1.25; 2; 2.1; 2.15;
2.2; 2.3; 2.5 [n«,r(2 K) = 1.7-10" cm"3 ]. At
T = 1 K, there is no barrier in $3 •

generally different and behave in different ways as functions
of the degree of supersaturation. Specifically, A d increases,
andAc decreases, with increasing «M. Since the rates of both
processes are porportional to exp( — Ac>A/k9 T), there may
exist an interval of «ex in which both the formation of new
droplets and the fluctuational decay of existing droplets oc-
cur exponentially slowly. This situation would explain the
existence of memory.175

At extremely low temperatures, T<TH, where recom-
bination outstrips evaporation in the liquid, the barrier dis-
appears from <Pj (Fig. 10), taking with it the possible occur-
rence of hysteresis.175'184'185 The numerical values found for
TH in germanium and silicon in Refs. 175, 184, and 185
agree with the experimental results (as discussed above). For
direct-band semiconductors with short values of T, , there
should be no barrier anywhere in the region in which an
EHL exists, 1850<r<7-c.

The disappearance of the barrier at low temperatures is
a common feature of first-order transitions in systems with a
finite particle lifetime.186 In the limit T-* 0, the solution of
(3.31), Rmin -^•R0 = 2cr/n°lq>, becomes independent of T,.
Using the Langmuir formula, (3.13), we find that the number
of particles in such a droplet is j0 = 4/37r3/J0

n°~0-3 < 1-
Since the condition Rc </?min holds for an arbitrary super-
saturation, there is no barrier in #, if the temperature is low
enough (the barrier goes into the region/< 1). It is a simple
matter to estimate186 TH:

(3.33)

2.0 2.5

FIG. 11. Temperature dependence of the radius of electron-hole droplets
in germanium at three excitation intensities P with t0 5 3 /is (see Fig. 7).166

[a parameter 0 < £ < 1 to reflect the degree of inelasticity of
the collisions of excitons with droplets can be introduced in
(3.27) and (3.28)]. For an EHL in germanium with£ = 0.2-1,
expression (3.33) yields TH »1.3 K. Setting^— 1 for silicon,
we find T?z6 K. Agreement with the experimental value of
10 K is achieved with g~ 10~2. This value corresponds to
the value found in Refs. 92 and 93 by fitting the predictions
of the condensation theory to experimental data.

We note in conclusion that many of the experiments
carried out in germanium indicate that a mechanism is oper-
ating to retard or limit the growth of droplets with radii
above 10-20 fim (Refs. 172, 166, 187,188; see, for example,
Figs. 8 and 11). This mechanism is not explained by the inter-
pretation discussed above. An attempt was made in Ref. 166
to improve the agreement between theory and experiment by
incorporating the diffusion of excitons in (3.27) and (3.28).
The recombination instability of droplets due to the conden-
sation flux of excitons to the droplets and the recombination
flux of carriers within the droplets was studied in Ref. 189.
Efforts to solve this problem have revealed the role played by
the phonon wind (Section 6), which has also explained many
other phenomena involving electron-hole droplets.190'191

4. EXPERIMENTAL METHODS; EXTERNAL AGENTS

Figure 12 shows a schematic representation of experi-
ments on EHLs. The semiconducting sample is placed in a
cryostat and cooled to the desired temperature (1-6 K in the
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FIG. 13. Photoluminescence spectrum of germani-
um at195 T= 3.04 K. 1—Experiments; 2, 3—theo-
retical, with and without allowance for the finite
width of the spectrometer slit.
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case of germanium). The excitation source is usually a cw or
pulsed laser. By using excitation sources with various wave-
lengths one can achieve either a surface excitation of the
sample or a more or less uniform excitation. The recombina-
tion radiation can be detected with spectral, spatial, or tem-
poral resolution. A laser beam whose wavelength is in the
transparency region of the given semiconductor, is used to
probe the EHL (the absorption or scattering of the light is
measured). The pickups—various contacts on the surface of
the sample—are used to measure the photocurrent, heat and
sound pulses, etc. A wide variety of external agents can be
used; for example, the sample can be placed between the pole
tips of a magnet, in a microwave resonator, or in a clamp for
the application of pressure.

a) Recombination radiation

Recombination radiation is one of the basic sources of
information about nonequilibrium carriers. When an EHL
forms, a characteristic line appears in the luminescence spec-
trum (Fig. 13). The basic features of ths line can be under-
stood by examining the energy diagram of the EHL (Fig. 1).
The line is asymmetric; it has a width ~Ef; and its high-
energy wing is shifted on the low-energy side of the exciton
line by a distance equal to the exciton work function q>. The
shape of the line depends slightly on T (on the thermal
spreading of the Fermi distribution at kB T<Ef) but does
not depend on the excitation intensity. Finally, in accor-
dance with the characteristic features of a first-order transi-
tion, this line appears in the luminescence spectrum when a
threshold is reached (as T is reduced or as the excitation
intensity is raised). The electron-hole liquid has been discov-
ered on the basis of these pieces of evidence.2 Study of the
luminescence has subsequently been used widely to deter-
mine the equilibrium parameters of the EHL,125'157'192-194

their temperature dependence,81'195-86-161'56-79 and their de-
pendence on external agents (a magnetic field196"201'158 or
deformation of the semiconductor5'202'157-24-79'163-66). The

716 f?v, meV

gas branch of the phase diagram has been determined174-153

from the thresholds for the appearance of the EHL line, and
hysteresis phenomena have been studied. 174-84-173>175>85'92

Extensive information on the appearance and decay of EHLs
comes from study of the kinetics of the lines in the recombin-
ation spectrum in experiments with pulsed excita-
tion. 155-160-161-158-203-204 Spatially resolved measurements of
the luminescence can be used to study the motion of elec-
tron-hole droplets and the formation and shape of the cloud
of droplets.89-205"209 The intrinsic recombination radiation
yielded the first photographic image of a huge droplet in
nonuniformly compressed germanium210 (Subsection 4b and
Section 3).

In indirect semiconductors the radiative recombination
is accompanied by the emission of phonons, and the line is
shifted by the corresponding energy,13' fct>ph . The selection
rules generally allow recombination involving phonons of
several modes14'; the line doubles; and so-called phonon rep-
etitions form (and may partially overlap). In the case of al-
lowed transitions (e.g., transitions involving a longitudinal
acoustic phonon in germanium), the spectral density of the
recombination radiation of the EHL is

(fcv) de«» de<h>/e

- Eg—
(4.1)

where v is the photon frequency, pA is the state density of
the electrons and holes, M0 is the transition matrix element
for the band extrema, and /e>h = [exp[(e — E(^\T}}/
kBT]+\}~1 are the Fermi distribution functions. The
shape of the line depends on two adjustable parameters: the
EHL temperature T, which may differ from the sample tem-

13)A recombination of electrons and holes in an EHL in germanium in-
volving a plasmon has recently been observed.210"

14>The selection rules for such transitions in germanium were discussed in
Ref. 76.
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perature T0, and the density n , ( T ) [which determines
E £b)(r)]. The value of q> is found from the shift of the high-
energy boundary of the EHL line with respect to the exciton
peak.

Expression (4.1) gives a satisfactory description of the
shape of the allowed phonon repetitions in germanium and
silicon125-157-193-211-195-76 (Fig. 13). The reason for the devi-
ation of the theoretical curve from the experimental data at
low frequencies is that in this energy range the EHL remains
in an excited state after the recombination. The correspond-
ing correction was made in Refs. 212,40,194,24, and 77. In
the case of forbidden transitions, e.g., those involving a
transverse acoustic phonon in germanium,I93-213-76 expres-
sion (4.1) again gives a satisfactory description of the experi-
mental line shape under the assumption that the matrix ele-
ment is given by M = McK

(e} + Afh£( h ) .
When corrected at low energies, expression (4.1) can

also be applied to direct-band semiconductors.108 The line
shape in this case may be distorted by stimulated emission.
Special procedures are used to avoid this possibility.108-214

On the other hand, a study of the stimulated emission be-
comes an independent method for determining the charac-
teristics of the EHL in a direct-band semiconductor.107"112

The absorption coefficient for light at frequency v is related
to I(hv) in (4.1) by215

a (hv) <x / (hv) (exP|[" -]-l} (4.2)
kj)T

and is negative (the absorption is replaced by a gain) at fre-
quencies E'g<hv<E't + E? (T). We note in this connection
that EHLs can be used to achieve huge gains (a £ 103 cm""';
Ref. 108).

We might add that at the threshold for their appear-
ance, the electron-hole droplets are small, and the surface
component of the energy of the liquid, 2a/n,R, is apprecia-
ble. This component is seen as a shift of the recombination
line toward a higher energy, so that a or R can be mea-
sured.216'178

b) Deformation of a semiconductor

The electron spectrum of a semiconductor changes
upon deformation, with dramatic consequences for the
properties of nonequilibrium carriers.

1) Uniform deformation

Experiments involving uniform uniaxial compression
(Refs. 5, 202, 157, 217, 27, and 218 for germanium; Refs.
219, 24, 48, and 66 for silicon) provide a test of the theoreti-
cal methods for calculating the characteristics of the EHL
upon changes in the band structure of the semiconductor. As
pressure directed along certain crystal directions is in-
creased, the structure of the filled bands of germanium and
silicon simplifies (Fig. 2), leading to decreases in the density
and binding energy of the EHL. In a highly compressed crys-
tal, E ° becomes comparable to Eb, so that luminescence of
biexcitons can be observed.23"27

An interesting phenomenon occurs in uniaxially com-
pressed germanium and silicon in connection with the slow
pace of intervalley scattering of electrons (the scale time is

10~6 s; Refs. 28, 206, and 78). After excitation of a com-
pressed sample by a short light pulse and rapid thermaliza-
tion, all the valleys become populated with electrons identi-
cally; only then do the electrons begin to spill over slowly
into the lower valleys. Accordingly, electrons of two types—
'hot" (i.e., the electrons in the upper valleys) and "cold"—
exist in the system for a long time (in comparison with the
EHL formation time). Some very interesting phase diagrams
have been predicted for such a Fermi system. In particular,
the liquid may stratify into two phases with different relative
densities of hot and cold electrons.131'220"222 The emission
accompanying the recombination of holes with hot and cold
electrons in EHLs in compressed germanium and silicon has
been detected experimentally.223'78'206 Certain predictions of
the model for the stratification of the liquid into two phases
have also been confirmed.224 Nevertheless, the question still
requires more-detailed study.

The first experiments with uniaxially compressed ger-
manium revealed5 that the behavior of the EHL depends
strongly on the uniformity of the applied pressure. The rea-
son lies in the motion of electron-hole droplets in the strong
fields created by a nonuniform deformation. The width of
the band gap of the semiconductor and thus the energy of the
e-h pairs depends on the deformation. If the deformation is
nonuniform, the energy varies from point to point, and a
force per pair151

t(r)--giadD,fiIJ(r) (4.3)
is imposed on the carriers in the crystal; here Uy =(!/
2)(<9tt, /dfj + diij /drt) is the strain tensor, u(r) is the displace-
ment of the point r of the crystal from its equilibrium posi-
tion, and Dtj = D (~' + D £' is the resultant strain-energy ten-
sor of the electrons and holes. This tensor is determined by
the symmetry of the crystal and has been studied thoroughly
for such semiconductors as germanium and silicon.226

The appearance of nonuniformities is unavoidable in
experiments with deformed samples. Special methods for
applying pressure are used to maximize the uniformity.218-27

On the other hand, in many experimental studies the defor-
mation has deliberately been made nonuniform. These stud-
ies have been (1) experiments on the motion of electron-hole
droplets in static nonuniform fields, (2) experiments in which
a pressure field configuration with a maximum of the shear
strain in the sample is used to produce and study so-called
large electron-hole droplets (or ^-droplets, in distinction
from the a-droplets in an undeformed semiconductor), and
(3) experiments with ultrasound.

2) Motion of electron-hole droplets in static, nonuniform strain
fields

If the force in (4.3) varies only slightly over distances of
the order of the droplet radius, the droplets move without
any change in shape at the drift velocity

(4-4)

'''Expression (4.3) applies only to nondegenerate bands. When relations of
this type are used for germanium and silicon, the multivalley nature and
the splitting of the valence band must be taken into account. The renor-
malization of the strain potential in the EHL must also be taken into
account (see Ref. 225, for example).
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where y = rp 'is the reciprocal of the momentum relaxation
time of the EHL (Subsection 5a). Experiments with control-
lable strain gradients, in which the droplet velocity is mea-
sured, can be used to determine rp, which is an important
characteristic of an EHL. A variety of methods have been
used to produce nonuniform pressures: Samples with a vary-
ing cross section perpendicular to the axis of the applied
pressure have been used,202'227'228'178 and also hemispheri-
ca|206-209 an(j prismatic229 pistons. The velocity of the elec-
tron-hole droplets has been determined from the recombina-
tion radiation measured with spectral resolution and time
resolution (and, in Refs. 206-209, with spatial resolution).

The motion of droplets has been studied in greatest de-
tail in some recent studies of germanium206'209'229 and sili-
con.207 Relation (4.4) was tested in Refs. 207 and 209, and y
was studied as a function of the temperature and the veloc-
ity. The results can be explained in excellent fashion by as-
suming that the primary mechanism for the momentum re-
laxation of an EHL is the scattering of carriers by thermal
lattice phonons (Subsection 5a). Kukushkin and Kula-
kovsktf229 studied the motion in strain gradients which
should have accelerated the droplets to a supersonic veloc-
ity, but it was found that the droplets are destroyed in such
strong fields. These experiments did not unambiguously re-
veal whether the destruction resulted from the overheating
of the droplets or from an instability in their shape as the
sonic barrier was approached. We will discuss both possibili-
ties in Section 5.

3) Potential well formed by a nonuniform deformation; large
electron-hole droplets

When elastic bodies are in contact, the various compo-
nents of their strain tensors depend in different ways on the
distance from the contact surface. The band structure of ger-
manium or silicon is sensitive to certain combinations of the
components of the strain tensor, and it is possible to arrange
a pressure configuration which produces a minimum of the
band gap in the interior of the sample.230 In such a situation,
a potential well arises, and near the bottom of this well the
energy of the e-h pairs can be described by

£(r)-E(r0) cc(r-r0)'. (4.5)

In order of magnitude, experiments with germanium230

yield a ~ 10 meV/mm2.
Pressure configurations of this sort have proved con-

venient in many experiments. In Subsection 4b2 we men-
tioned some studies206'207'209 which used such a configura-
tion to study the motion of electron-hole droplets. The
motion of excitons has also been studied.25'231 The momen-
tum relaxation time of the excitons has been studied; in addi-
tion, the equilibrium distribution of excitons, the formation
of biexcitons, and their equilibrium with excitons have been
studied. The equilibrium distribution of excitons, studied on
the basis of the spatial profile of the luminescence, has
turned out to be a Boltzmann distribution: ne][(r)

tron-hole droplet (y-droplet) in the well with a radius as large
as16' 0.5 mm. The y-droplets were discovered232 in experi-
ments on the magnetoplasma Alfven resonance (Subsection
4g), which can occur only in a unified conducting volume,
not in a cloud of small droplets. Experiments with large
droplets have made it possible to study the energetics of an
EHL during high uniform compression.233 If the continuous
excitation is not intense, the radius of the droplet will be
small (50 fj,m, say), and the droplet will be in a region with a
strain which varies only slightly. The reduced density and
binding energy which are characteristic of the EHL in com-
pressed germanium are also observed in ^-droplets. In ac-
cordance with (3.25), a decrease in n, leads to an increase (by
an order of magnitude) in the lifetime T, . In experiments
with uniform pressure this increase would be difficult to ob-
serve because of surface recombination.

With increasing excitation intensity the size of the y-
droplet increases, and the nonunifonnity of the strain be-
comes important. The potential well compresses the EHL
(this effect was studied theoretically in Ref. 235), as can be
seen in a decrease in r,, a broadening of the droplet emission
line,233 and a decrease in the average density of the ^-droplet
produced by a short pulse during the decay of the droplet.236

The degree of compression is determined by the isothermal
compressibility of the EHL (see footnote6'), which can ac-
cordingly be measured "mechanically."

The behavior of a y-droplet in a magnetic field is inter-
esting. The shape of the droplet changes because of recom-
bination magnetism (Subsection 4d); there is a magneto-
plasma Alfven resonance (Subsection 4g); and there are
density oscillations (Subsection 4d). The research on y-drop-
lets is reviewed in detail in Ref. 14.

4) Ultrasound

The nature of the interaction of ultrasound with an elec-
tron-hole droplet depends on the relation between the wave-
length of the ultrasound, /I, and the droplet radius R. lfA">R
(this condition corresponds to frequencies co 5 109 s ~' in ger-
manium), the droplet will be in a uniform force field at all
times, and it will move without any change in shape. The
motion is accompanied by friction with the lattice, dissipa-
tion of energy, and thus absorption of the ultrasound.237 At a
low ultrasound intensity,

10 W/cm2

( p is the density of the semiconductor, S is the longitudinal
sound velocity, u0 = Trwp,, is the amplitude of the ultra-
sound; for this numerical estimate we have used some typical
values for germanium: p = 5 g/cm3, mc + mh ~ 10~27 g,
Z>~ 10 eV, and 5~5-105 cm/s), the absorption coefficient is
proportional to the average carrier density in the droplet,237

n = n,nd:

The most interesting possibility associated with the po-
tential well in germanium is the formation of a huge elec-

'6)What happens in silicon is apparently not the formation of one large
droplet at the bottom of the potential well; the EHL exists as a dense
cloud of small droplets. This conclusion is implied both by experi-
ments163 and by theoretical estimates234 of the effect of the phonon wind
(Section 6).
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(4.6)

The droplet drift velocity along the sound propagation di-
rection is

^ = 5-^^-^-. (4.7)

At high intensities, J>/0, the droplets are completely en-
trained by the ultrasound: Fd = S.

Strong absorption of ultrasound at the frequency
o)~ 109 s"1 (A = 30/urn) by electron-hole droplets in germa-
nium has been observed experimentally.238-239 The tempera-
ture dependence of the absorption coefficient was described
satisfactorily by (4.6) under the assumption that friction with
the lattice was caused by scattering of carriers by thermal
phonons (Subsection 5a). The strong temperature depen-
dence ofy for this damping mechanism has the consequence
that S in (4.6) has a clearly defined maximum at the tempera-
ture corresponding to the condition y(T) = co. We thus have
a simple and reliable method for measuring rp. We wish to
stress that, in contrast with the methods described in Subsec-
tion 4b and Section 2, these measurements are measure-
ments of rp in undeformed germanium. That electron-hole
droplets are entrained by ultrasound in accordance with (4.7)
was proved experimentally in Ref. 240.

If A~R, a droplet is subjected to nonuniform effects,
and it not only moves with respect to the lattice but also
changes shape. The interaction of a droplet with ultrasound
at A £ R 710 can be described241 by the equations of the hy-
drodynamics of an incompressible fluid. Ultrasound excites
capillary oscillations of the droplets with frequencies242

> ( ; + 2)(;_l (4.8)

wherej = 2, 3 , . . . (the case./ = 1 with <y, = 0 corresponds
to the motion discussed above, without any change in shape).
The absorption coefficient due to friction with the lattice and
also to the internal viscosity of the EHL was calculated in
Ref. 241. A simplified problem neglecting the viscosity of the
EHL was solved in Ref. 88. The absorption coefficient has
broad resonances at frequencies (ostcOj, so that ultrasonic
measurements can be used for a mechanical determination
of the surface-tension coefficient of an EHL.144'88

The interaction of droplets with short-wavelength
phonons (A<R ) can be described by the ordinary equations
for a degenerate e-h plasma (see Ref. 243, for example), pro-
vided only that the incomplete filling of the sample by the
liquid is taken into account. The dominant process is the
absorption of phonons; the scattering is slight, since it is
described in second-order perturbation theory. The cross
section for absorption of phonons by carriers, fph, depends
on the shape of the electron spectrum, the strain potentials,
the wave vector, and the polarization of the phonons. In the
simplest, isotropic, model (in which only longitudinal sound
is absorbed), this cross section is

| k | (4.9)

also holds for semiconductors with an anisotropic spec-
trum). During absorption, the momentum of the phonon is
transferred to the carriers. The phonon fluxes thus create
force fields in the sample; consequences of these fields will be
discussed in Section 6. The absorption of short-wavelength
phonons by droplets in germanium was studied experimen-
tally in Refs. 258 and 259 by a heat-pulse technique. The
absorption of monochromatic phonons of frequency ~3
meV by droplets in compressed germanium was studied in
Ref. 244. As the pressure changes,/>F of the EHL changes, as
does aph, in accordance with (4.9). Superconducting tunnel
junctions were used in Ref. 244 to excite and detect phonons.

c) Photoconductivity in a static electric field

Study of the photoconductivity of a semiconductor
upon the formation of an EHL in it can yield a wide variety
of information. In such experiments, a static electric field is
produced in the sample by means of contacts or at a p-n
junction. It has been found7'245-246 that the conductivity in-
creases sharply with increasing excitation intensity when a
certain average exciton density ~ 1016 cm~3 is reached in a
germanium sample. This sharp increase results246"249 from a
percolation conductivity through the metallic electron-hole
droplets under conditions such that the entire sample has
not yet been filled by the metallic liquid. Another interesting
effect250 stems from the destruction of the droplets in the
strong electric field of a nonconducting p-n junction or of a
metal-semiconductor contact. In such a case, current spikes
are detected at the junction; the total charge in one spike is
equal to twice the number of e-h pairs in a droplet, so that the
dimensions of a droplet can be determined by measuring this
charge. This effect has been exploited in order to study (by
measuring the thresholds for the appearance of current
pulses) the gas branch of the exciton-EHL phase dia-
gram 174.154 the size distribution of the electron-hole drop-
lets,251 and the dependence of the droplet radius on the tem-
perature and the excitation intensity.252 Contacts on the
surface of a sample are also used in studying the motion of
droplets—to detect the presence of droplets in the corre-
sponding part of a crystal17* (Refs. 253-257). Huge current
pulses have also been detected in silicon upon the disintegra-
tion of a droplet at a p-n junction.260

d) Magnetic field

The behavior of an EHL in a static magnetic field is
determined both by quantum-mechanical effects and by the
finite carrier lifetime. We will begin with the quantum ef-
fects. They arise from the quantization of the carrier motion
across the magnetic field: Landau quantization.261 The elec-
tron and hole state densities change, as does the spectral
shape of the recombination-radiation line of the EHL,196'200

in accordance with (4.1). In weak magnetic fields, fko^^E (f
(co(^ = eH/mcJc is the cyclotron frequency of the carrier of
speciesy = e, h, with the cyclotron mass mcj), in which many
Landau levels are populated, oscillation phenomena are ob-
served in an EHL which are anlogous to the De Haas-van-

Phonons with momenta #|k| exceeding 2pp are not absorbed
because of the Fermi degeneracy of the EHL (this conclusion

1 "Superconducting bolometers have also been used for this pur-
pose.'
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Alphen and Shubnikov-de Haas effects in metals and which
stem from the decrease in the number of filled Landau levels
with increasing H. Oscillations have been detected in the
integral intensity197'158'198 and polarization262 of the recom-
bination radiation of an EHL, in the half-width of an EHL
line,199 in the EHL lifetime,203 in the integral far-IR absorp-
tion,263 in the ultrasonic absorption coefficient,264 and in the
velocity at which electron-hole droplets are entrained by the
phonon wind18' (Refs. 254-256). The detection of these oscil-
lations confirmed the metallic nature of the EHL in germa-
nium and also made it possible to determine independently
the density of the EHL, since the period of the oscillation in
the reciprocal of the field is proportional to the Fermi ener-
gy. A theory for the behavior of an EHL in a magnetic field
satisfying K „ T< Hea(

c
J]<E'/ was derived in Ref. 265.

The most interesting quantum effects should occur in
an EHL in an extremely strong magnetic field, tito^E^,
when only the lower electron and hole Landau levels are
occupied (the ultraquantum limit). For ordinary matter the
ultraquantum limit is reached in fields ~-109 Oe, which are
possible only under astrophysical conditions (at the surface
of a neutron star, for example). In the case of an EHL the
energy scale is 10~2-10~3 Ry, the mass scale is (0. l-Q.3)m0,
and fields ~ 105 Oe, attainable in the laboratory, may prove
sufficient for an experimental study of the behavior of a Cou-
lomb system under these extreme conditions.19' In such
fields the carrier system becomes a quasi-one-dimensional
system (the motion across the magnetic field is frozen), and
the equilibrium properties of the EHL are described asymp-
totically exactly in the model of a semiconductor with a
highly anisotropic spectrum128'127 (Subsection 3b2). Let us
briefly review some of the predictions of this theory, which is
described in detail in Refs. 269 and 270. An EHL in an ex-
tremely strong magnetic field should undergo a self-com-
pression: n°(#)~a-3#8/7>a-3 (H = ffe2

0H/e3m2
Tc). Its

binding energy should increase128'127: E°l(H}~Ee,H
2n

">£„. The same is true of the parameters of the critical

densities satisfying n°(H)<n<a~3H4'3, a homogeneous
state of an e-h plasma is unstable with respect to the forma-
tion of a density wave with a wave number 2pF/fr, an insula-
tor gap should arise in the spectrum of one-particle excita-
tions of the system.273 If me=£mb, the amplitudes of the
electron and hole density waves will be different, and a
charge density wave should form.273 With increasing mag-
netic field, the exciton binding energy also increases,272

Ee%(H)~(E^/2) ln2H, so that the formation of a metallic
EHL becomes energetically favored only in very strong
fields, H> 107 (i.e., even for semiconductors with
mr ~0.01m0 and £0~ 100 at H> 10s Oe).270 It has been sug-

""These experiments were carried out in germanium. The oscillations (at
#<30 kOe) were caused by light electrons. Oscillations due to hole
Landau levels were observed in Ref. 266 (with H || < 111 > ~ 160 kOe).
Slight oscillations in the intensity of an EHL line have also been ob-
served in silicon.267

'"The next-to-last Landau hole level in germanium is emptied at
Ha ~2S 10s Oe. In germanium subjected to high uniaxial compres-
sion, Hc, should decrease by nearly an order of magnitude.201 The criti-
calfieldis^ ~ 103-106Oeinhighlyanisotropicpolarsemiconductors:
lead and tin chalcogenides.268

gested that an insulating EHL might form in weaker mag-
netic fields,270 but in polar semiconductors a metallic EHL
should be favored, regardless of the magnetic field, because
of the interaction with longitudinal optical phonons (Subsec-
tion 3b4).268

Some other interesting theoretical predictions have
been made regarding the ultraquantum limit (see the review
in Refs. 40 and 270). So far, there has been no experimental
study of the behavior of an EHL in the ultraquantum limit.
Some increase in the density (by a factor of four) and in the
binding energy (by a factor of two) of an EHL in germanium
has been observed201 at H~ 1.9- 10s Oe; this field would not
yet be regarded as a superstrong field in the case of germani-
um. It has also been found274 that a magnetic field H~ 20-50
kOe will stabilize an EHL in InSb, in qualitative agreement
with the predictions of Refs. 182 and 127.

An interesting magnetic effect results from the finite
carrier lifetime in an electron-hole droplet: recombination
magnetism.275 A current of electrons and holes is established
(directed from the surface of the sample toward its center) in
order to replace the carriers which recombine in a droplet. In
a magnetic field, these currents are deflected, and the droplet
acquires a paramagnetic moment. The shape of the droplet
changes.276"279 If the external flux of excitons to the droplet
is isotropic, the droplet becomes flattened. Under certain
anisotropic excitation conditions, however, a droplet may
become elongated along the direction of H (Ref. 278). This
point has been tested experimentally for y-droplets in ger-
manium.279

e) Microwave methods

Methods involving the use of electromagnetic fields in
the microwave range have proved extremely useful in study-
ing the condensation of excitons.42'280'281'14 The primary ad-
vantages of these methods are the high sensitivity to even
low densities (~ 1010 cm~3) of free carriers and the capabili-
ty of studying separately the effects of the magnetic and elec-
tric components of the fields. In experiments by these meth-
ods, one studies the change in the microwave absorption
which occurs during optical excitation and of the sample and
which stems from the change in the imaginary part of the
polarizability upon the formation of electron-hole droplets
and of the gas of free carriers around the droplets. (Although
the density of excitons near a droplet is usually many orders
of magnitude greater than the density of carriers, the exci-
tons make only a small contribution to the polarizability.) A
change in the real part of the polarizability leads to a shift of
the frequency of a resonator (a deviation from resonance)
and can also be measured experimentally.

The EHL in germanium usually forms as a cloud (with a
radius ̂ cl ~ 1 mm) of droplets of radius R — 2-10 (j,m, sur-
rounded by free carriers and excitons. The dielectric permit-
tivity of an EHL or of a gas of free carriers at the frequency of
a microwave field, a>, is given in the Drude approximation by

e;(co) = e0 (l — e0 (ej + JeJ), (4.10)

where <opj = •v/47re2«//e0mr, «,- and vf are the plasma fre-
quency, density, and collision rate in an EHL (j = l) and in
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the gas of free carriers (j = c). For both a cloud of carriers
and an individual droplet, the conditions for the applicabi-
lity of the Rayleigh limit of the Mie problem of an isotropic
conducting sphere in an alternating electromagnetic field
hold in the microwave range282: &0/y<l, |A^r,|<l
(k0 = CO^EQ/C, kj = [ca^/c], r^R, rc=/?c;. In this case,
the most important electric component of the absorption of
the microwave field is the electric dipole (El) absorption,
and the most important magnetic component is the magnetic
dipole (M 1) absorption. The cross sections for the absorption
by the droplets of an EHL or by a carrier cloud are

(4-11)

o«)1=J^^gj (4.12)

In order to find the cross section for the absorption by all the
droplets, we must multiply a*'* by the number of droplets in
the cloud, (4/3)irR 3

cl nd. Estimates based on (4.11) and (4.12)
with<0=108-1011s-1,v,~1011s-1,vc~109s-1,«c~1011

cm"3, and nd ~ 105 cm~3 (typical values for germanium at
T~2 K) lead to the following conclusions: 1) Free carriers
dominate the microwave absorption in the electric compo-
nent of the field (^ >(^{ 4/1-ir-R 3,nd); 2) The Ml absorp-
tion by the carriers is slight. 3) The Ml absorption by the
droplets is far stronger than the El absorption by the dro-
plets (since | e, | > 1), and if the droplets are large enough, with
R ~ 10~3 cm, this absorption may be comparable in magni-
tude to the El absorption by free carriers. (The question of
microwave absorption and the deviation from resonance
were analyzed in detail in Ref. 283.)

The microwave methods are thus sensitive primarily to
the gas of free carriers. Since these carriers are at equilibrium
with the droplets and the excitons, their behavior yields ex-
tensive information about the overall system. For example,
the time dependence of the carrier density at extremely low
temperatures, where the primary source of the carriers is the
ejection of Auger carriers from the droplets, yields an esti-
mate of the mean free path of the hot carriers in the
EHL.167'280'284 From the temperature dependence of nc at
higher temperatures, where thermal evaporation from the
droplets is predominant,

«0~»c,T-(^)3/2exp(-^r), (4-13)

we can determine the EHL binding energy.285'286

The microwave absorption results in a heating of the
free carriers. The probability for impact ionization of the
excitons increases, and at a certain threshold microwave
power breakdown of the exciton gas becomes possbile. In the
presence of electron-hole droplets, the breakdown has a
characteristic peaked behavior: The free carriers formed
during the breakdown are captured by droplets rapidly, over
times (4irR 2 n d y c _ T ) ~ l ~ 10~7 s (yc_ T = ijkBTc/m~ 107

cm/s~l is the average carrier velocity). This phenomenon is

mate the density and radius of the droplets; the lifetime of
the EHL was found in Refs. 167 and 204 and turned out to
agree with that found from data on the kinetics of the recom-
bination radiation; and the lifetime of the free carriers and
the dependence of the probability for the impact ionization
of excitons on the microwave power were found in Ref. 288.
This method has also made it possible to study171 the time
evolution of the exciton density at low temperatures at times
after the exciting pulse long in comparison with rt (at which
the recombination radiation of the excitons was not detected
experimentally because of the small number of excitons). At
a microwave power far above the threshold, the density of
free carriers at the breakdown maximum is equal to the den-
sity of excitons at the time at which the microwave field is
applied. By varying the delay of the microwave pulse with
respect to the excitation pulse, it becomes possible to study
the time evolution of the density of excitons. It turns out171

that the exciton density in the cloud remains essentially con-
stant at «ex r given by (3.22) for a long time after the excita-
tion pulse (Fig. 5). This result is attributed to the evaporation
of excitons from droplets and is characteristic of a gas-liquid
phase transition.

The heating and the increase in the density of free carri-
ers in a microwave field affect the volume and temperature
of the electron-hole droplets, since there are changes in the
flux of carriers away from the droplets and in the energy
which they carry.179>170'289 These changes have a particular-
ly significant effect on formation of nucleation centers, caus-
ing a shift of the thresholds for the appearance of the
EHL.170 Furthermore, the relaxation of the carriers is ac-
companied by the generation of a phonon wind (Section 6)
sufficient to drive the droplets to the surface of the sam-
ple.290 Another consequence of the perturbations caused by
a microwave field is the appearance of fluctuations in the
microwave conductivity.291'169 The reasons for these fluctu-
ations have not yet been definitely identified, although it is
obvious that self-excited oscillations and autowave pro-
cesses may occur in the complex carrier-exciton-droplet sys-
tem, with its nonlinear relationships. Some possibilities were
analyzed in Refs. 292-295 and 169.

The relatively strong magnetic dipole absorption by the
droplets makes it possible in principle to measure e" and
thus the conductivity of the EHL.296'276'14 However, studies
of the kinetics of the absorption in the magnetic component
of the microwave field have shown297'298 that absorption by
free carriers is detected in experiments with undeformed ger-
manium. It thus becomes possible to estimate an upper limit
on the conductivity of the droplets.297 In the case with y-
droplets (Subsection 4b3), we have the opposite situation.
The conductivity of ^-droplets and its dependence on the
temperature and impurity concentration were determined in
Ref. 299.

observed in both continuous287 and pulsed167 microwave « m methods
f* i i TT- v * ^ . 1 1 A"7 4 i • i . * • • 4 . • * WW«fields. Keldysh et al.16? have derived a theory which explains
the basic aspects of the peaked breakdown of excitons.

Pulsed microwave breakdown has turned into an effec-
tive tool for studying the droplet-carrier-exciton sys-
tem.280'281 Data on breakdown were used in Ref. 167 to esti-

1) Probing of electron-hole droplets by electromagnetic radiation
in the far-IRregion (A = 10~3-10~1 cm)

This method was historically one of the first used to
study the droplets. A broad resonance near fico = 9 meV
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(A = 140 fim) was discovered4 in the absorption spectrum of
photoexcited germanium and attributed to a plasma reso-
nance at the frequency <ap /V5 in electron-hole droplets with
dimensions small in comparison with the wavelength of the
radiation in the sample, A0 = A A/£^. At R <£<„ the cross sec-
tion for the absorption of droplets with a dielectric permit-
tivity (4.10) is given by (4.11), which can easily be put in the
form

(OpVjO)
1 + co'vi

(4.14)

Working from the experimental value of tap, Vavilov et al*
determined the density of an EHL in germanium for the first
time (and extremely accurately). The simple expression
(4.14) gives a poor description of absorption in the short- and
long-wavelength parts of the spectrum. The primary reason
for this failure is that the Drude formula, (4.10), does not
apply to the EHL in germanium at fta ~ 3-40 meV, at which
transitions between the light- and heavy-hole bands are im-
portant.30O-304.187 The leading terms in the Mie expansion
were also taken into account in those studies: The Rayleigh
limit, (4.11), does not apply to droplets with radii R > 2 /nm.
Comparison with experimental results yielded refined val-
ues of n, (Refs. 300, 302, and 303) and of v, in the IR region
[-4-1012 S"1 (Refs. 300 and 187) and 1012 s~12 (Ref. 304)]
and revealed an increase in the dimensions of the droplets
with increasing excitation level187'304 and with increasing
concentration of small impurities.187 Finally, Zayats et a/.187

concluded that the droplets in germanium at T= 1.5-2 K
have a distribution of sizes (a Junge distribution).201 The IR
absorption has also been studied for y-droplets in nonuni-
formly compressed germanium.305 A plasma resonance in-
volving droplets has also been discovered in silicon.306

We note in conclusion that a study of the absorption
and photoconductivity in the submillimeter range (fka ~ EeK)
is a direct and very sensitive technique for studying the spec-
trum and density of free excitons (see Ref. 42, for example).
This method has made it possible to study the gas branch of
the exciton-EHL phase diagram at low temperatures in ger-
manium.156,58

2) Near-IR range

Electron-hole droplets with a refractive index different
from that of the crystal constitute optical inhomogeneities
which scatter and absorb light at wavelengths in the trans-
parency range of the semiconductor. The droplets in germa-
nium are usually studied with the beam from a He-Ne laser
with A = 3.39 fim. Scattering is the most direct method for
studying the macroscopic structure of an EHL. The droplet
radius can be determined from the angular distribution of
the intensity of the scattered light (described by the Ray-
leigh-Gans theory307). Simultaneous measurements of the
optical absorption also reveal the number density of the
droplets and the mass density of the EHL. Scattering of light
by droplets in germanium was first observed in Ref. 308.
This scattering arose at the same time as the recombination

radiation of an EHL, and this coincidence became an impor-
tant argument in favor of the formation of droplets. The
method has subsequently been used to determine the densi-
ties and radii of droplets,172-309"312 the spatial distribution of
droplets,311'312 the size distribution of droplets,188 the sur-
face tension of an EHL,83 the kinetics of condensation and
hysteresis phenomena,166 and the motion of drop-
lets.190'313"315 It has also been used to study ^-droplets211

(Ref. 316). The method is discussed in detail in Refs. 317and
42. We might add that the frequency shift of the scattered
light depends (by virtue of the Doppler effect) on the velocity
distribution of the droplets in the cloud. An interference
method has been developed318 for measuring droplet veloc-
ities.

The cross section for absorption by carriers in droplets
in germanium at wavelengths A~-3-4//m (Ref. 319) is far
larger than the values derived in the Drude approximation.
The difference results320 from transitions from a heavy-hole
band to a band split off by the spin-orbit interaction. The
absorption cross section at A = 10.6 /xm, ~2-10~16 cm2

(Ref. 321), is also greater than the cross section in the free-
carrier model. During the absorption of IR radiation, the
droplets become heated. An increase in the phonon wind
which is generated (Section 6) due to continuous radiation at
A = 2.1 fj,m was detected in Ref. 322 (from an increase in the
velocity at which droplets move out of their excitation re-
gion). The behavior of droplets in intense pulsed light at
A = 10.6 fim (a CO2 laser beam) was studied in Refs. 323 and
324. Evaporation and subsequent recondensation of the
droplets was observed. With increasing light intensity, the
number of carriers which recondense decreases; this effect is
explained by arguing that the phonon wind blows some of
the e-h pairs to the surface of the sample, and the pairs rapid-
ly recombine.

One of the first indications of the formation of droplets
in germanium was found3 from a change in the absorption
spectrum at the threshold for direct interband transitions
(fun = 0.88-1 eV). A detailed theory for this effect was de-
rived in Ref. 325.

g) Magnetoplasma microwave and IR phenomena

The microwave and IR methods involving a static mag-
netic field are closely related to the methods described
above. The most important of these methods is the cyclotron
resonance involving the free carriers around droplets. This
resonance has been used to study the decay kinetics of small
and large droplets153'286 and the density and collision rate in
the carrier gas near the surface of p-droplets.286 In Ref. 326
cyclotron resonance of free carriers was detected not in the
usual way, on the basis of microwave absorption, but from
the intensity of droplet recombination radiation.

Many experimental studies have been carried out on
magnetoplasma resonances involving electron-hole droplets
in germanium (in the far-IR and submillimeter
ranges263'327"330 and in the microwave range331-332). In a stat-

2°'Roughly analogous results with pulsed excitation have been obtained'8

by a light-scattering method (Subsection 4f2).

21)In particular, the vanishing of the scattering became an important argu-
ment in favor of the formation of a single large electron-hole droplet in
nonuniformly compressed germanium.316
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ic magnetic field the dielectric permittivity of an EHL is a
gyrotropic tensor, so the Mie theory breaks down. There are
some other difficulties: the complicated band spectrum of
germanium and the change in the droplet shape in a magnet-
ic field. For small droplets (under the conditions
kffl, \kR |<1), however, both electric and magnetic fields
can be assumed uniform over a droplet. This assumption
simplifies the theoretical analysis, making it possible to in-
corporate both the anisotropy of the effective electron
masses333 and the change in the droplet shape.333'334 Com-
parison of theory with experiment334 has revealed the carrier
density in droplets, an increase in this density with increas-
ing magnetic field, the collision rate in an EHL as a function
of the field frequency, and the renormalization of the carrier
masses in an EHL. The magnetic dipole resonances in the
submillimeter range,329 which are relatively sensitive to the
droplet shape, have been used to determine the extent to
which droplets are flattened in fields of 10-20 kOe.

The Alfven microwave size resonance involving y-
droplets in compressed germanium was studied in Refs. 232,
335, and 336. The studies in Refs. 232 and 335 also led to the
discovery of huge droplets. Alfven waves are cricularly po-
larized electromagnetic waves which can propagate in a neu-
tral plasma along the direction of a strong magnetic field H.
The dispersion law for an Alfven wave in an infinite medium
with v;<<a<6)c is282

(0 =
Hk (4.15)

If the electromagnetic wave excites Alfven waves in a sphere,
resonances may occur at kR > 1 which correspond to the
excitation of an integer number of standing waves in the
sphere. The resonant magnetic field Hies is proportional to
R; in Refs. 335 and 336, the shift ofHICS as a function of the
delay with respect to the excitation pulse was used to study
the kinetics of the decrease in the radius of a y-droplet and its
lifetime. The theory here becomes far more complicated
than that in the case of magnetic dipole resonances, since the
Rayleigh limit is no longer sufficient. All the experiments
with Alfven resonances, however, have been carried out at
frequencies corresponding to the condition kgR^l. An as-
ymptotically exact scheme for numerical calculations has
been constructed for this case.337 It was used in Ref. 338 to
calculate the microwave absorption coefficient of a y-diop-
let in germanium.

5. MOTION OF ELECTRON-HOLE DROPLETS

Electron-hole droplets can be moved through a crystal
by a nonuniform deformation,5 ultrasound,237'238 a phonon
wind,190-191 electric fields,89 nonuniform magnetic
fields,8'339 exciton density gradients340'189 electron and hole
fluxes,140 and radiation pressure.187 This motion is possible
because of (on the one hand) the high sensitivity of the elec-
tron system to these agents and (on the other) the relatively
slight friction of the EHL against the lattice, which is sup-
pressed by the Fermi degeneracy of the carriers in the liquid.

a) Friction mechanisms

The primary mechanism for friction in a pure nonpolar
semiconductor is the emission and absorption of acoustic
phonons by carriers, described by the strain-energy meth-
od22' (Subsection 4b). The friction level depends on the drop-
let velocity vd and the temperature. At vd = S, where S is the
longitudinal sound velocity in the semiconductor, the fric-
tion is viscous, and the friction force is proportional to yd.
The kinematic friction coefficient, equal to the reciprocal of
the momentum relaxation time, T~ l, was calculated in Refs.
8 and 237 for the simplest case, of isotropic, nondegenerate
bands:

"3(2n)2
/*B£\S

\ KS I ] exp£
(exp i-l

(5.1)

where £0 = f/Tand k^f = 2pFS (in germanium, T~ 13
K). The temperature dependence of y is analogous to that of
the resistance of a metal: at T^O.IT the dependence is
Y <xjT5, while at higher temperatures the dependence be-
comes linear, ycc T (Fig. 14).

Expression (5.1) gives a satisfactory description of the
friction of droplets in germanium and silicon.238-209 We
might expect a strong screening of the strain potential in an
EHL and an effect of the crystal anisotropy, but detailed
calculations342-225 show that Y differs from expression (5.1)
only by a factor ~2. In impure semiconductors the phonon
relaxation may be accompanied by an impurity relaxation of
the droplet momentum; the contribution of this relaxation to
y was calculated in Ref. 341. We might add that studies of
hysteresis effects and the diffusion of droplets in germanium
indicate180'343 the existence of static friction for the droplets.
This friction can be attributed to, for example, a binding of
droplets with impurities.344'345

b) Motion at velocities near the sound velocity

Experiments have revealed that the electron-hole drop-
lets in germanium can move at velocities up to the longitudi-

FIG. 14. Temperature dependence of the reciprocal of the momentum
relaxation time of an EHL in germanium.237

22lln polar semiconductors there is a competing piezoelectric interaction
with phonons; its contribution to the friction was studied in Ref. 341.
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nal sound Velocity.257 Can droplets overcome this sound bar-
rier? At least three circumstances oppose this possibility: an
increase in the friction, overheating, and an instability of the
droplet shape.

The dependence of the friction on the velocity of the
droplet was studied theoretically in Refs. 346, 342, and 347.
As vd approaches S, the average momentum of the emitted
phonons increases, and with it the coefficient of friction. The
friction increases most rapidly at vd > S. Furthermore, a co-
herent emission of sound by droplets analogous to a Cheren-
kov emission begins at vd > S. This emission causes an
abrupt onset of retardation by radiation.347-348 Accordingly,
droplets can be accelerated to supersonic velocities only by
extremely large forces, difficult to produce experimentally.

Because of the anisotropy in a crystal, a droplet can
emit transverse Cherenkov phonons at vd > S,, where S, is
the transverse sound velocity. The retardation force for a
cubic crystal was calculated in Ref. 349 and found to be far
weaker than the force due to the mission of longitudinal
phonons at vd >S. It would apparently not prevent the at-
tainment of velocities349 vd >S,.

The noncoherent emission and absorption of acoustic
phonons by carriers change the internal energy of an EHL8

and can cause overheating of a moving droplet. At vd < 5,
however, this overheating is generally insignificant350:

1-^<£<1 + ̂ -, (5.2)

where T is the droplet temperature, and T0 is the tempera-
ture of the semiconductor. A droplet may in fact become
cooler because of the intensified emission of phonons in the
course of its motion.351 The overheating, like friction, begins
to increase rapidly only at351 vd > S. The most serious obsta-
cle to the crossing of the sound barrier by the droplets ap-
pears to be the shape instability of a droplet as vd —>-S (Refs.
348 and 352). As the droplet moves, its intrinsic strain field
(Subsection 5c) creates stresses in the droplet which tend to
flatten it out along the direction in which it is moving. As the
sound barrier is approached, this flattening should increase
without bound (unless an instability of some sort occurs).

Friction in the case of motion of droplets at high veloc-
ities in silicon has been studied experimentally.307 Up to
vd = 0.95, the vd dependence of this friction can be de-
scribed well in terms of a noncoherent interaction with
acoustic phonons. With a further increase in the force accel-
erating the droplet, the velocity reaches saturation, appar-
ently indicating the onset of Cherenkov radiation. Kukush-
kin and Kulakovskii229 have observed breaking up of
electron-hole droplets in germanium in strong fields, which
should have caused supersonic motion of the droplets.
Whether the effect was caused by overheating or by a shape
instability has not yet been determined, however.

c) Intrinsic strain field of an electron-hole droplet; mass
transfer by a moving droplet

A droplet, which is a macroscopic cluster of nonequilib-
rium carriers, causes a deformation of the surrounding re-
gion of the semiconductor. Two effects associated with this
deformation have already been discussed: the Cherenkov

emission of sound during motion at supersonic veloc-
ity,347-349 and a change in the shape of a moving drop-
let.348-352 Furthermore, a droplet acquires an additional de-
formation mass347; a droplet in nonuniform motion emits
sound even at347 vd <S. Several effects are associated with
the anisotropy of the elastic properties of the lattice: a
change in the shape of a droplet at rest,353 an attraction of
droplets to the surface of the semiconductor,354-355 and an
interaction between droplets.355 All these effects can be de-
scribed in classical mechanics by means of the Lagrangian

Z,= L0 + Z,d+Lint, (5.3)

where (in the isotropic case)

is the Lagrangian of the semiconductor, A and /z are Lame
coefficients, Ld is the Lagrangian of the droplet,
Lin, = — D S «/ (rt) div u dV, and the carrier density in the
droplet, n, (r, t), is an explicit function of the coordinates of
the center of mass of the droplet, rd, and its shape, R (r — rd).
By varying the action for (5.3) with respect to u, R, and rd, we
can easily derive equations for the intrinsic field and shape of
a droplet and an equation of motion for the droplet. We can-
not analyze these effects in detail here; we will discuss only
the mass transfer by a droplet, which has not yet been dis-
cussed in detail in the literature.

The mass of the carriers constituting a droplet is an
effective mass, and its motion—the transfer of excitation en-
ergy accumulated by the carriers—is not accompanied by a
real transport of matter20 (by analogy with the situation in-
volving excitons38). At first glance the situation would seem
to change if we took into account the displacement of the
strain field of the droplet following the droplet—the region
in which the lattice is compressed or stretched (depending on
the sign of D).

In the isotropic model, the strain field of a droplet is
longitudinal (curlu = 0) and satisfies the equation351-348

iOM). <5-4)

(5.5)

A spherical droplet of radius R at rest causes a strain

~ "

0, r>R.

In germanium we have D < 0, and the density of the
crystal inside the droplet decreases by an amount Sp/
p= —u~10~6. The energy of an e-h pair decreases by only
~ 10~2 meV in the case of such a strain. On the other hand,
we have/oS 2a\ ~ 1 Ry and D ~ 1 Ry (a0 is the lattice constant)
and thus \Sp/p\ ~OQ 3n;. In other words, each e-h pair dis-
places approximately one atom of the semiconductor from
the regon occupied by the droplet (or draws approximately
one atom into this region, in the case D > 0). As the droplet
moves, the pairs "entrain" these extra atoms (or vacancies),
as can be seen from an expression which follows from (5.4)
for the momentum of the strain field of a droplet moving at a
velocity vd:

"-" * ^4-»«'pVd. (5-6)
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FIG. 15. Evolution of a cloud of electron-hole droplets in germa-
nium after its production at / = 0 by a short pulse with A = 0.51
/j,m (pulse length of 10 ns, pulse energy of 120 erg), according to
measurements of the absorption of a probe beam with a wave-
length/t = 3.39/im (Ref. 358). The curves were recorded at var-
ious times t lus): 1 0; 2—0.5; 3—1.0; 4—2.0; 5—3.0; 6—7.0;
7—30; 8—75. The experimental arrangement is shown by the
inset at the upper right.

1,0 2,0 •3.0

How could such a large mass (of real matter!) transported by
a droplet fail to be detected in experiments on the motion of
droplets? To answer this question we need to look at the
appearance of the mass flux in (5.6) during the acceleration
of a droplet to the velocity ud. It turns out that over the entire
time interval of the accelerated motion of the droplet the
droplet is emitting sound in such a fashion that the resultant
transport of mass by the whole crystal is exactly zero. This
emission of sound causes a renormalization of the mass of a
droplet (the renormalization is by an amount equal to the
deformation mass mentioned above) and a retardation by
radiation. The deformation mass is an effective mass: It ap-
pears in the equation of motion of a droplet and is unrelated
to mass transfer.

6. PHONON WIND

The EHL in germanium forms as a cloud of droplets
with R <Rm ~ 10-20 /nm (Refs. 172 and 166); the average
density of this cloud does not change with increasing excita-
tion intensity, while its dimensions increase.356'311'312 The
mechanism for the formation of this cloud is not a diffusion
mechanism, as can be seen particularly clearly in the case of
pulsed surface excitation, in which case a layer of electron-
hole droplets arises and moves rapidly into the interior of the
semiconductor.313 This motion, which continues for several
microseconds, terminates a few millimeters from the excita-
tion surface. The large friction with the lattice (rp ~ 10~9 s)
rules out a free, ballistic, motion of the droplets and indicates
the existence of some force fields which entrain the droplets.
These effects were explained in Refs. 190 and 191 as being
due to a phonon wind: fluxes of nonequilibrium phonons
produced during the generation and recombination of carri-
ers. As they are absorbed by carriers, the phonons create

force fields in the semiconductor which influence the spatial
distribution of the EHL.

The phonon-wind model quickly found experimental
support. It was shown that the electron-hole droplets move
over macroscopic distances under the influence of various
origins.190'253'258-256 Measurements of the droplet velocity
distribution during steady-state surface excitation have con-
firmed that the motion of the droplets is not a diffusive mo-
tion. 318-322-357 It has been shown that it is the phonon wind
which is responsible for the formation of a cloud of drop-

314,358-361,187,254-256

of a cloud during pulsed excitation (Fig. 15) were studied in
Refs. 314, 35, and 359, and average characteristics of the
phonon wind were determined. The cloud produced by a
sharply focused surface excitation was found to be sharply
anisotropic in Refs. 362, 205, 208, and 209. This effect was
attributed to an anisotropy of the force exerted by the
phonon wind (including the focusing of phonons) (Fig. 16).
The shape of a cloud may be distorted near dislocations,363

and there is a tendency toward isotropy with increasing im-
purity concentration206: Droplets can be used to determine
the quality of semiconductor crystals. Studies of the phonon
wind are closely related to research on the properties of non-
equilibrium phonons, which has recently been developing
actively (see Refs. 364 and 365, for example). Superconduct-
ing bolometers or tunnel diodes are usually placed on the
surface of the sample to detect phonons. Electron-hole dro-
plets can be used to study the behavior of phonons directly in
the interior of the semiconductor, so that some interesting
experimental opportunities are opened up.

Research on the phonon wind is reviewed in Ref. 365;
here we will discuss the formation of the phonon wind and
describe a simplified model for its effect on the electron-hole
droplets.

FIG. 16. Infrared image of a cloud of electron-hole droplets
produced by exciting light sharply focused on the (100) sur-
face of a germanium sample. The image was obtained across a
(TOO) surface.205-209 a: Continuous excitation; the black and
white bands are contours of constant intensity of the recom-
bination radiation of an EHL. b: Pulsed excitation, recorded
5 fts after the exciting pulse (300 ns long, energy of 200 erg).
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A degenerate EHL absorbs only phonons with tik < 2pF

(Subsection 4b4). Such phonons (especially those from the
lower transverse branch) have a long lifetime at low tempera-
tures and propagate ballistically over large distances (of the
order of several centimeters). They are generated during the
thermalization and recombination of carriers.23' Corre-
spondingly, there are two types of phonon wind—the ther-
malization wind and the recombination wind—which are
generally formed in different parts of a sample and which
have different effects on an EHL.

The energy of the carriers which are produced, especial-
ly in the case of surface pumping, is far higher than the ener-
gy of an optical phonon: £>/za>opt (in germanium, ftaopt ~ 37
meV). Thermalization begins with the emission of a cascade
of optical phonons which lasts 10~12~10~" s. The remain-
ing energy ET 5 ft»opt is emitted in the form of acoustic
phonons, with a momentum f^c~^2meT ~2pF. Phonons
with k<2pF/fi may also arise from the decay of optical
phonons into high-energy acoustic phonons and the subse-
quent degradation of the latter (which we will call "secon-
dary" to distinguish them from the "primary" phonons
which arise directly during the thermalization). Experi-
ments with steady-state excitation at various frequen-
cies357-206-365 apparently indicate that this pathway for the
generation of a thermalization phonon wind is inefficient.366

During pulsed excitation, however, motion of electron-hole
droplets is also observed after the primary phonons should
have left the cloud.313-358 An effect of this sort is also ob-
served during the generation of phonons by a heat pulse258

and is attributed to the appearance of a "hot spot": a region
in which high-frequency phonons are localized. As they de-
cay, long-wavelength phonons form and cause the droplets
to move.

The recombination phonon wind apparently forms dur-
ing the thermalization of hot carriers produced during Au-
ger recombination, which occurs highly efficiently in an
EHL190-191 (Subsection 3e). During their thermalization in a
dense EHL, another thermalization mechanism also oper-
ates, and this mechanism is efficient in terms of the genera-
tion of a phonon wmd.293-254-256-358-366-3« This mechanism
involves the generation of a phonon wind through collisions
with carriers and the emission of plasmons (in germanium,
&»p ~ 15 meV). The energy of a hot carrier becomes "spread
out" over the electron system and is ultimately expended
entirely on the emission of acoustic phonons with k < 2pF /ft.

We turn now to the action of the phonon wind on an
EHL. We assume that each event involving the recombina-
tion or production of an e-h pair is accompanied by the emis-
sion of phonons with tik < 2pF, with a total energy eR or £T,
respectively; the average cross section for the absorption by
carriers is <rph. The conditions £T 5 fua0 and £R > er presu-
mably hold, and we can estimate <7ph from (4.9) with

"'Generation of phonons should also accompany the formation of exci-
tons and of an EHL.366 In several experiments the phonon wind has
been produced by an external source: so-called heat pulses (a brief laser
heating of a metal film deposited on the surface of the semiconduc-
tor,258-259'256 an additional carrier excitation source,190 microwave
breakdown of excitons,290 or IR heating of nonequilibrium carri-

#fc~2pF. The average carrier density in a cloud,
n = %irR 3n,nd, must satisfy the following system of equa-
tions (in the isotropic approximation):

(6.1)dn_

V (m. + !»„) vd = f ph (r ,,(« ) + f (r, t ) , (6.2)

where

Iph(r,*)

dv

t' — t — (| r — r' |)/s, F is the volume of the sample, g(r, t} is
the rate at which carriers are produced, and f(r, t} is a force
unrelated to the phonon wind. Expression (6.3) for the force
of the phonon wind incorporates the delay between the emis-
sion and absorption of phonons, but it ignores the delay in
their formation. Consequently, this expression describes the
behavior of a cloud with an accuracy up to temporal and
spatial intervals over which the phonon wind is generated.
For primary phonons, these intervals are 10~9-10~10 s and
10~4-10~3 cm, respectively. A greater resolution is not re-
quired here. The effect of the secondary phonons of the hot
spot can be taken into account only by abandoning the delay
and by phenomenologically introducing a hot-spot life-
time358-366 rph (usually, rph ~ 1-5 yus). We might add that
Eqs. (6.1)-(6.3) ignore the effect of the phonon wind on the
condensation of the EHL (it is assumed that all the carriers
which are generated condense).

In the steady state, with dg/dt = dn/dt = 0, the force
/ph in (6.3) is analogous to the force which would act on e-h
pairs if they had charges

— I/
-V

(6.4)

and were in a region in which background charges
eT = eR (£r /£R) were distributed with a density gr, (the ana-
logy with electrostatics was first pointed out in Ref. 191).
The phonon "charge" of an e-h pair can be determined ex-
perimentally (more on this below). In germanium the value
eR ~ 1.5-10~1S esu has been found24' (Ref. 358), in agreement
with an estimate found from (4.9) with £R ~fieDopt.

Because of the effective mutual repulsion of e-h pairs,
large volumes of an EHL cannot be confined by surface ten-
sion.191 Droplets with radii exceeding

*m=(JL_E_\"8 ,65>m ',,2n t^nf / I"--5)

should break up. This tendency corresponds to the capillary
instability of droplets with a space charge which is well
known in nuclear fission. In germanium we have
Rm ~2-10~3 cm, in approximate agreement with the largest
droplet size observed. Furthermore, the recombination
phonon wind causes a mutual repulsion of droplets, which
has been observed experimentally.314-359 This repulsion ap-
parently retards the formation of y-droplets in nonuniform-

:4)The quantity p = eR n, was determined in Ref. 358. The value of rp used
in the analysis of the experimental results was too high. A recalculation
with the correct value of rp yields the value of eR given here.365
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ly compressed germanium234'367 and prevents small droplets
from merging into a single large droplet in nonuniformly
compressed silicon.234'163 Incidentally, a potential well
strongly improves the stability of droplets with respect to
breakup.368

Introducing, by analogy with electrostatics, a phonon
potential <p(r) which satisfies the equations Aq> = — 4w(eRn
+ er gr,} and fph = —e^ Vp, we can easily show that for
spatially uniform excitation the average cloud density is

n= 2«R ' \ 2aR / OR '

where

Zst/a

h) S'

It is easy to see that as g increases the cloud density reaches
saturation and becomes independent of the excitation level;
specifically, at g>flf V, we have g>a-f V, « ~nmax = af '•
This effect is observed in germanium356'31U87l2°5 and sili-
con.369 In germanium, we have nmax ~ 1015 cm"3. We thus
find er —10" 15-10~16 esu, and this result is consistent with
the estimates above. We might note that if we ignore the
thermalization of phonon wind we would be unable to ex-
plain the density saturation.366

If the excitation is time-varying, but if the variation is
only slight over times of the order of the transit time of phon-
ons through the cloud of droplets, we can ignore the delay in
(6.3), and the analogy with electrostatics remains in force.
This approach is ordinarily used to describe the expansion of
a cloud of carriers during pulsed excitation.191'385'366 It
makes it possible to incorporate the hot spot, and it leads to a
good description of the observed motion at times £rph after
the existing pulse. This model, however, fails to describe the
initial stage of the evolution of a cloud of nonequilibrium
carriers produced by a short fo ss 10~8 s) surface-excitation
pulse: the formation, in a time shorter than 1 fis, at the front
of the cloud, of a layer of electron-hole droplets which moves
into the interior of the sample at velocity near the sound
velocity.315 It turns out that this effect can be described in
terms of the action of primary thermalization phonons if the
delay between their emission and their absorption is taken
into account. A simple model for the expansion of a plane
layer of carriers was proposed in Ref. 315 on the basis of Eqs.
(6.1)-(6-3). Under the condition t{ <a/s (a is the initial layer
thickness), and a plane geometry, these equations can be
solved analytically.The shape of the droplet trajectories is
determined by the dimensionless parameter F0 = o-ph£R/io/
4sym («0 is the initial carrier density in the cloud). The dis-
placement of the droplets from their initial positions is small
if F0<1 and Iar8e if vo~ *• Figure 17 shows some typical
droplet trajectories for F0 = 0.1 and 1. The most interesting
feature in Fig. 17 is the formation of a bunch of carriers at the
front of the expanding cloud.25' Near the front, the density of
the cloud diverges in accordance with
25) A bunch is also formed if the cloud initially has a spherical or cylindri-

cal shape.

10-

FIG. 17. Families of the trajectories of carriers produced at the time t = 0
by a short exciting pulse in a layer of thickness o. The carriers are being
driven apart by primary thermalization phonons.315 The nearly vertical
lines correspond to V0 = 0.1, the others to V0 = 1.

(6.7)

where x{ (t) is the coordinate of the front at the time t. A dense
layer of carriers forms because the droplets immediately be-
hind the front move under the influence of a greater force
and overtake the front of the cloud. When the diffusion of
carriers is taken into account, the front should of course
spread out, and the divergence in (6.7) should be eliminated.

The dependence of the velocity of the front on its coor-
dinate predicted by this model agrees well with the experi-
mental result.315 This model can also explain the behavior of
a system of nonequilibrium carriers in germanium subjected
to a brief IR heating pulse324 (Subsection 6d).

7. CONCLUSION

I had intended at least to mention all the research direc-
tions in the field of the electron-hole liquid. However, sever-
al directions have been omitted from this review: the two-
dimensional EHL, the EHLs in impure semiconductors, the
many interesting effects which occur in magnetic fields, and
(unfortunately) many other directions. Some of the missing
information can be found in some other reviews.8"14

I would like to express my gratitude to L. V. Keldysh,
A. A. Manenkov, V. A. Milyaev, G. N. Mikhaflova, N. N.
Sibel'din, and A. P. Silin for many discussions and useful
comments.
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