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Systematic investigations were made of the exciton—plasma collective effects in a semiconductor with polar
binding. Two types of a bulk electron-hole liquid formed at high excitation intensities and relatively high
temperatures (above that of liquid nitrogen). A quasi-two-dimensional liquid was observed on the surface of
ZnO subjected to a low-dose argon ion treatment. The properties of a layer liquid, distinguishing it from the
bulk form, were investigated. An analyisis was made of the phase diagrams for bound bulk and surface

liquids.
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1. INTRODUCTION

The possibility of formation of an electron-hole (EH)
liquid in direct-gap semiconductors has long been re-
garded as doubtful, although the existence of the liquid
has been proved for Ge and Si (Refs. 1-3). However,
as first demonstrated by Keldysh and Silin,* the elec-
tron-phonon interaction stabilizes such a liquid even in
simple (single-valley) direct-gap structures. This
problem has been investigated both theoretically® and
experimentally.®™'° In particular, it has been found®:°
that in the case of a quasitwo-dimensional EH liquid
formed at the GaAs-Si,N, interface an increase in its
binding energy estimated on the basis of Ref. 4 (al-
lowing for the change in the effective electron mass m,
and in the permittivity € on the semiconductor surface)
is very considerable.

We investigated the collective properties of excitons
in a wide-gap semiconductor ZnO. This material is
characterized by a high proportion of the polar binding
and also has high values of the exciton binding energy
E,,=59 meV (Ref. 11) and of the electron-phonon
coupling constant, so that we can expect a high critical
temperature T, of the existence of any EH liquid (kT,
=0.1E,, —Ref. 1). Finally, it is known that the surface
localization effects (presence of dark or light-induced
inversion and quantum channels, etc.) are manifested
very strongly by ZnO. All these properties have made
it desirable to investigate in detail various exciton and
plasma collective effects in the polar semiconductor
ZnO.

We investigated the photoluminescence spectra of
ZnO single crystals of sufficiently high quality at va-
rious optical excitation rates (L, ~4 MW/cm?) in the
temperature range 4.2-120°K. This photoluminescence
was excited by pulses from an LGI-21 nitrogen laser of
the A=3371 & wavelength. The laser beam was focused
sharply on a sample. This beam was attenuated, as
necessary, by glass filters. The luminescence was
analyzed with an SDL-1 monochromator (linear disper-
sion 8 A/mm) using the photoelectric method to record
the spectra.

We used ZnO samples with natural surfaces and those
treated by low-energy ion bombardment (Ar*, E=1

1093 Sov. Phys. JETP 54(6), Dec. 1981

" 0038-5646/81/121093-07$02.40

keV, D~10'® cm™), In the latter case a semimetallic
thin layer capable of localizing electrons on the surface
could form. 2

When the excitation was weak, the edge luminescence
of ZrO was dominated by bands due to radiative recom-
bination of excitons bound to shallow impurities. An
increase in the excitation power density L on the long-
wavelength side of the luminescence line due to exci-
tons bounded to shallow donors revealed new lines
which transformed into a wide photo-luminescence
band on further increase in L. A detailed analysis of
the intensities, profiles, and energy positions of these
bands was carried out for various values of L and it
made it possible to identify their polyexciton origin.!?

At high excitation rates {L *4 MW/cm?) there were
two types of bound EH liquid characterized by fairly
high (above the liquid nitrogen temperature Ty,) critical
temperatures. The phase diagram was plotted for one
of the types of bound EH liquid. Low-dose argon ion
bombardment localized this liquid on the surface, which
made it possible to study the properties of such a lo-
calized liquid in comparison with the bulk form of the
liquid.

2. BOUND ELECTRON-HOLE LIQUID

Figures 1 and 2 show the results of an investigation
of the profiles and half-widths of the bands of the origi-
nal and ion-bombarded ZnO crystals obtained at dif-
ferent optical excitation rates (L_,,~4 MW/cm?,
T=4.2°K). An increase in the rate of excitation trans-
formed narrow lines of m exciton-impurity complexes
described earlier!® into a wide band Q,.

The origin of the wide photoluminescence bands ex-
hibited by ZnO in the 3. 34-3. 36 eV photon energy
range at low temperatures and high rates of excitation
is still a matter of controversy. These bands have
been attributed to the radiative decay of biexcitons,!*
to the interaction of bound excitons with electrons,!®
and to the formation of a free EH liquid. ¢

The band @, had the characteristic features of a
bound EH liquid: 1) it was located on the long-wave-
length side of the bound-exciton luminescence line J,;
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FIG. 1. Photoluminescence spectra of the original (on the
left) and ion-bombarded (on the right) ZnO recorded at differ-
ent rates of excitation. The chain curve shows the theoreti-
cally calculated profile of a line due to an electron—hole liquid
corresponding to ny= 5 x 10'% cm=3.

2) an increase in L broadened considerably the long-

wavelength wing of the luminescence line but hardly af-

fected the energy position of its short-wavelength wing;
3) the half-width H of the @, line increased greatly
when the excitation rate became L~0.4L,,, but re-
mained constant at higher values of L (Fig. 2); 4) an
increase in the rate of excitation resulted in a super-
linear rise of the intensity 1o L", where n=1.7-2; 5)
variation of the temperature of the sample T in the
range 4-40°K did not alter greatly the half-width, in
agreement with the corresponding behavior of the
carrier density in a degenerate exciton liquid:
Hon?l3cc (1 -6, T%0?/%, where 6, is an entropy para-
meter (Figs. 3a and 3b). Only beginning from

T 2 40-50°K was there a gradual shift of the maximum
of this band toward longer wavelengths. At the same
time a new wide peak @, (H~35 meV) appeared in the
long-wavelength wing and the half-width of this peak
decreased on increase in temperature. This indicated
a redistribution of nonequilibrium EH pairs from one
type of liquid (corresponding to the @, line) localized
at the binding centers of the J, excitons to another (Q,)
localized at deeper J, centers,! and consequently at
these temperatures the EH liquid with a lower binding
energy became unstable and started to evaporate grad-
ually. This corresponded to enhancement of the recom-
bination processes in the exciton liquid (due to, for ex-
ample, temperature dependences of the Auger process
coefficients!®).

The agreement between the theoretical and experi-
mental dependences H(T) gave the following values of
the entropy parameter: 6, =(1-3)x10™°K™ and §,
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FIG. 2. Dependences of the half-widths H of the @; and @
bands on L.
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FIG. 3. a) Photoluminescence spectra of the original ZnO
at various temperatures obtained for L~ 4 MW/cm?., The
dashed curves identify the @ and @, bands. b) Temperature
dependences of the half-width H of the electron—hole liquid
lines @; and @,: the points are the experimental results and
the continuous curves are calculated theoretically from
H~Hy(1-5,T2)?%/3,

= Tx1073°K™ for the @, and @, bands, respectively. The
lower value of §,(Q,) indicated a higher stability and,
consequently, a higher critical temperature T, of an
EH liquid. For example, in the case of Ge we have
0,1-10%K"2and T,~6.5°K (Ref. 19), whereas for Si
we find that 6, ~7.10™ K~%and T,~33°K (Ref. 20) and
at the GaAs-Si,N, interface we obtain 6,~1.1+ 1072 K2,
and T,~8.5°K (Ref. 10).

It should be noted that the long-wavelength wing of the
experimental photoluminescence band profile @, (Fig. 1)
was described satisfactorily by the well-known formula
for the recombination radiation emitted by EH pairs in
direct-gap semiconductors (see, for example, Ref. 21):

InE)~ Y LAS(E-E.(0) k), (1
Re=—Rp=k

where f, , are the distribution functions of electrons
and holes, &, ,(k) are the dispersion laws of electrons
and holes, and E is the energy measured from the long-
wavelength edge of the photoluminescence band. This
is additional evidence in support of the liquid-plasma
state in crystals with a strong influence of the polar
type of binding, which has been suggested also in sev-
eral theoretical investigations.*® However, some fea-
tures of the behavior of excitons and of any EH liquid
in such crystals are still not clear.?? This applies, in
particular, to the high binding energy of excitons in
polar crystals and to the considerable discrepancy be-
tween the theory and experiment in respect of the long-
wavelength wing of the EH liquid band (Fig. 1). This
has been established for a number of direct-gap semi-
conductors with a considerable contribution of the ionic
type of binding, such as CdS (Ref. 21) and GaAs (Refs.
8 and 10), for which the degree of ionicity AE,,, is 15
and 4%, respectively.?® In the case of ZnO, the value
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of AE,,, is even greater and it amounts to 60% (Ref. 23).

In our opinion, this discrepancy may be due to a con-
siderable influence of the plasmon-phonon interaction.
In fact, strong exciton-phonon and plasmon-phonon in-
teractions have been reported for ZnO in several in-
vestigations (see, for example, Ref. 17). In our case
the phonon energies are 1-10 meV, which corresponds
to the participation of local phonons or the generation
of hyperphonons, which is important at the laser ex-
citation rates employed. Another mechanism may be a
plasmon-recombination dissipation of energy. The en-
ergy of the main plasma oscillation mode (3—-10 meV
according to Ref. 24) also agrees with the observed
additional line broadening.

An estimate of the radius of an EH drop (for the @,
line) gives a relatively small value of R = 3v,7N/4n,
~107® em. This value is obtained assuming that the
effective exciton lifetime is 7210™ sec (Ref. 16).
Hence, it follows that the total concentration of the con-
densation centers is N,=10" cm™, A similar value is
also obtained from the more accurate relationship?®

OUrT, Nr )‘/2
nkT n,

Rpin = (67

when the surface tension is assumed to be 0~1072-107°
erg/cm?, which is typical of a liquid with a high carrier
density. 26

3. OBSERVATION OF A SURFACE ELECTRON-
HOLE LIQUID

Ion bombardment makes it possible to control the
localization characteristics of the liquid described
above, creating conditions favorable to its formation on
the surface.?’ This type of treatment alters the stoich-
iometric composition by increasing the excess of Zn
atoms and this, as is known, creates semimetallic
islands as well as simple (“shallow”) surface defects.
In view of the giant oscillator strengths associated with
exciton complexes,?® such defects act as exciton cap-
ture centers and when the excitation intensity is in-
creased further, an EH liquid is formed. Consequent-
ly, at high concentrations of these centers we can ex-
pect a basically different (not dependent on the forma-
tion of large many-particle exciton—-impurity com-
plexes) way of formation of a liquid—plasma EH liquid.
In fact, an increase in the rate of excitation (and a
corresponding enhancement in the rate of binding of ex-
citons to an increasing number of centers) results in
the overlap of the wave functions of neighboring exci-
ton-impurity complexes, which is completed by the
formation of a continuous quasitwo-dimensional layer
of an EH liquid. The interest in this way of formation
of an EH liquid is due to the fact that it makes it pos-
sible to study these special properties of a quasitwo-di-
mensional liquid since the condensation centers are
then located in a very thin layer Ax=~7,, (7,, is the ex-
citon radius).

Our results are plotted in Fig. 1. A new line @, was
emitted by the bombarded surface of ZnO: it had a pro-
file and energy position different from the bulk band @,.
The quasitwo-dimensional nature of the observed EH
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liquid was manifested by its characteristic properties:
1) a smaller power exponent, n,~1.2, in the I(L) de-
pendence; 2) a shift toward higher values (by ~10%) of
the binding energies of the exciton—-impurity complexes
and of the EH liquid; 3) line narrowing compared with
the bulk (reduction in the half-width H from 42 to 8
meV).

The reduction in the power exponent of the dependence
of the luminescence intensity on the excitation rate is,
in fact, due to a change in the shape of the drops and it
is essentially due to the directional growth of the latter.
In the case of pancake-shaped drops the power expo-
nent should be close to n=2 (as found experimentally
in Ref. 9), whereas in the case of planar drops it
should be close to n=1, as found in our study.

An increase in the binding energy of the EH liquid
(and of free excitons) is due to a number of factors,
some of which can be described within the framework
of the macroscopic approximation (reduction in the
symmetry of the system),?® whereas others require al-
lowance for the surface microstructure (changes in the
lattice and in the energy band structure, influence of
the phases in contact). In a purely two-dimensional
case we can expect a severalfold increase in the binding
energy @ of an EH liquid. ?®:3° The rise of ¢ is not as
large in our case and this is clearly due to a number of
reasons, primarily because at the energies of ion—
plasma treatments used in our experiments the thick-
ness of the layer of localization of the condensation
centers Ax is comparable with the exciton radius. Ad-
ditionally, the attractive Coulomb interaction of exci-
tons is partly screened by the metallized islands on the
surface. Moreover, the energy band structure of a
crystal may be modified greatly by intense ion bom-
bardment and this structure determines the parameters
of both excitons and of an EH liquid. Finally, we can-
not exclude the possibility that in the case of sufficient-
ly strongly localized excitons the process of condensa-
tion does not produce a metallic state but an insulating
one. It follows from Ref. 31 that the condensation to
an insulating state occurs at much lower carrier den-
sities and this is typical of an ion-treated surface.

Narrowing of the luminescence line of a quasitwo-
dimensional EH liquid is predicted in Ref. 30 on the
basis of a calculation of the line profile described by

(@)~ [Gro(0) kdk;

here, G,.(w) is the spectral function of the density of
electrons and holes. The physical reason for the nar-
rowing of the @, line compared with @,, observed in our
study, is a reduction in the density of carriers in a
degenerate EH liquid (it is estimated that the reduction
is from 5x10*® cm™ to ~10'® c¢m™) because of a reduc-
tion in the influence of the surface tension forces for a
liquid of planar geometry.

The quasitwo-dimensional nature of a degenerate
plasma in the case of a continuous surface layer
means that in this situation we may expect manifesta-
tion of the quantization of an electron gas in the trans-
verse direction. Electrons are then driven to the sur-
face by the potential barrier of local centers and by
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the image forces, whereas they move freely along the
surface. If the width of the confining potential well L,
is less than the de Broglie wavelength A =27n/k ~7/
(2eTm*)Y2, the spectrum of free electrons becomes
discrete®:

Wk, Wat (14n)?
E~ 2+ .
; 2m; ~ 2m; L} (2)

The distance between two-dimensional subbands is
governed by the width of the well at the point where the
levels are passing. For a rectangular well we have
L =const, whereas for a Coulomb collective barrier we
find that L =L(2). In particular, if we adopt the trian-
gular approximation, we find that the distance between
the levels is given by

so= o [ (4 7). g

For L=107°-10"" ¢cm we have AE~10-107 eV (Ref.
32), which corresponds to the infrared part of the
spectrum. It follows that the appearance of a two-
dimensional quantum plasma may give rise to a num-
ber of effects that are not exhibited by a three-dimen-
sional (nonquantized) plasma. For example, transi-
tions between two dimensional quantum subbands with
a density of states »=N,  /E, ~(2ma})?/E,, ~m*/2nk
=10'°-10'2 ¢cm™ may give rise to various oscillation ef-
fects in the photoconductivity, infrared absorption,
luminescence in the short-wavelength wing of a band,
ete.

4. ANALYSIS OF THE PHASE DIAGRAM OF AN
ELECTRON-HOLE LIQUID IN ZnO

It is difficult to construct the gas-liquid phase dia-
gram for a direct-gap semiconductor because the non-
equilibrium carrier lifetime (7<10™ sec) is short so
that a full equilibrium is not established in the two-
phase system under discussion. However, detailed
investigations of the temperature dependences of the
profile of a luminescence line due to an EH liquid al-
low us to find quite accurately the quasiequilibrium
density in the liquid phase (liquid branch). The gas
branch of the phase diagram is deduced from mea-
surements of the threshold density of EH pairs cor-
responding to the appearance of the EH liquid line.

Figure 4 shows the phase diagram for the EH liquid
corresponding to @,, as deduced from an analysis of the
experimental results (I) and calculated (II) for an EH
liquid in ZnO in accordance with the theory.*%7 The
thermodynamic equilibrium density of the exciton gas
found by equating the chemical potentials for the gas and
the liquid is given by

nr=4 (MKT/|2nh%) "¢ ~9/%T (4)

where M is the exciten mass and ¢ is the binding ener-
gy of an EH liquid.

The considerable discrepancy between the theoretical
phase diagram and the experimental data for direct-
gap semiconductors is due to nonequilibrium of the
gas-liquid system. 3% Moreover, at high carrier densi-
ties when the plasma frequency w, becomes compara-
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FIG. 4. a) Experimental (of an electron—hole liquid corre-
sponding to @) (I) and theoretically calculated (II) gas—liquid
phase diagrams for ZnO. Curves 1, 2, and 3 are the depen-
dences ng(T) for R=10, 10, and 10 cm and S=0. The
chain curve is the Mott transition line. b) Temperature de-
pendences of the surface tension ¢ for an electron—hole liq-
uid in ZnO. c) Curve 1 represents the overheating AT of an
electron—hole liquid corresponding to @, found by matching
the theoretical and experimental luminescence band profiles;
curve 2 gives the critical value of the parameter S corres-
ponding to ng=np. d) Schematic representation of the distri-
bution of the exciton (electron—hole gas) density near the
condensation centers.

ble with the frequency of longitudinal optical phonons
wry, We may expect oscillations of the mixed plasmon-
phonon type which influence the condensation energy of
an EH liquid.

Allowance for the interaction of carriers with LO
phonons gives corrections to the exchange and correla-
tion energies, which increases the condensation energy
¢ and stabilizes a metallic EH liquid in direct-gap
semiconductors. 53¢ Moreover, the condensation
energy of such a liquid depends also on the relation-
ship between E,, and Zw;, (Ref. 35). Therefore, the
condensation energy of a liquid and, consequently, T,
n,, and n, depend in a complex manner on a number of
parameters: E,,, w,, w.,, £, £, etc. (Table I).

Figure 5 shows the dependences of T,, n,, and n, on
E,, for various direct-gap semiconductors. These de-
pendences are linear only at low values of E,, in accor-
dance with Ref. 1 and they become sublinear in the
range E,, =2 20-30 meV. Semiconductors with a large
exciton binding energy E,, are characterized also by a
strong ionicity (Table I).

We shall now consider the special features of the
phase diagram (Fig. 4). First of all, we note that the
critical temperature (T,~100°K) is in our case close
to that calculated for a free EH liquid allowing for the
LO mechanism” T,~107°K. The main difference be-
tween the theoretical and experimental phase diagrams
is that the experimental diagram is narrower and has a
lower value of T, (T%*=~80°K). Moreover, the experi-
mental gas branch of the phase diagram is shifted rela-
tive to the thermodynamic equilibrium line in the direc-
tion of higher densities, particularly at low tempera-
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TABLE I,
Semi E Theory
emicon- | E,z. | nopo . E ion
ductor mev | mev| ¥ d % 100—;?;. 10;‘;_"’5- T¢,°Klp, mev| Ref.
GaAs 35 362 |12 101 4 034 0.043 6.5 18 [7]
CdTe 11 213 | 109 7.2 4 29 0.44 18 09 [ .[7]
GdSe 15 26,1 | 10.6 7.0 12 83 1.2 30 5 [6]
GaP 20 510 | 100 82 7 70 - - 10 [5]
cdS 27 36.8 8.9 54 15 | 550 7.8 64 14 [6]
ZnS 36 436 | 83 50 | 20 83 14 79 12 [7]
Zn0 59 720 | 79 36 | 60 120 20 107 -9 [33]
100 - Our
results
Experiment
Semicon-
ductor 10-7n,, em=3 | 1077 n,, em™3 Te,°K ®. meV Ref
GaAs 0.3 - - 47 [7]
CdTe - - - - —
GdSe 4 - - 2 [6]
GaP 60 - 40 14 [33]
cds 20 8 55 13 6]
ZnS - - - - -
Zn0 10 - 70 22 [16]
50 4 80 26 Our
results
tures. For example, at T'=10°K the degree of super-

saturation is In(n,,,/n,)=10, where n,,, is the threshold
density (found experimentally) corresponding to the ap-
pearance of an EH liquid and 7, is the thermodynamic-
equilibrium value of this density. The high degree of
supersaturation is a direct consequence of the nonequil-
ibrium of the EH gas, which is due to its short lifetime
compared with the lifetime of the condensed liquid 7,.

A calculation of the gas branch of the nonequilibrium
phase diagram was made on the assumption that a dis-
tance between the condensation centers is much greater
than the diffusion length L, so that L}N,<<1 (N, is the
concentration of the condensation centers), so that car-
riers are attracted to the condensation centers only
from a small proportion of the sample (Fig. 4d).
Therefore, the experimental average density 7 in the
excited part of the sample is much higher than the local
value at a point » close to a condensation center. The
dependence of the exciton density #(») on the coordinate

fw gy, meV
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FIG. 5. Dependences of nj, n,, and T, on the exciton binding
energy E,, for various semiconductors and the dependences
of the condensation energy ¢ on kw L0
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r under steady-state conditions is given by

D div grad n—n/,+g=0. (5)
The bounciary condition is of the form

D grad n|.—s=Y [n(R) —ns]v++Sn(R). _ (6)

We have allowed here for the possibility of additional
recombination at a condensation center characterized
by a velocity S; v is the carrier capture coefficient;
R is the drop radius; 7 is the running coordinate.

A solution of Eq. (5) is of the form

1 [n(R)—ns]vs+Sn(R) R
D(1+R/Ly) T

n(r)= em(r=mlin, Q)
Near the surface if a drop (¥=R) the density nj is re-
lated to 7 by

na(T)=r® (R, S, T), (8)

where & (R, S, T)<1 and this factor is described by

YRvr

D(1+R/Ly) i ]/[ R(Yvr+S)

O (R, S, T)=[1+
D(1+R/Ly)

9)

The values of ng(T) were calculated for different pa-
rameters R and S, including those estimated from the
experimental results. As expected, they lie in the in-
terval between those calculated theoretically for the
equilibrium case #n, and the experimentally determined
average values 72 (Fig. 4a). Under normal conditions
we have R/L <1 and the relationship describing &
simplifies to

- YRvnr R (yv+S)
(D(R,S,T)~[1+T]/[ 1+——D—]. (10)
If y~1 and n,/n<<1, we have
ne _ Ur
? vr+S’ (11)

where v,=D/R.

It therefore follows that if S<v,, the ratio nR/r_z
=D/vR is determined directly by the drop radius.
Under these conditions the density near a drop is gov-
erned by a local sink or (if S >v;) by the recombination
process, and the arrival of carriers by diffusion is not
the limiting factor. At very high values of this para-
meter S=S_. we can have such a relationship ny<n,
for which the condensation does not occur at all. The
dependences of the values of S, found from Egs. (8)
and (9) and the condition n,=n, are plotted in Fig. 4c.

The second reason for the discrepancy between the
experimental gas branch and that found theoretically is
the nonideal nature of the EH gas.3® In this case an in-
crease in 7 reduces the influence of nonequilibrium.
Moreover, the experimental points are close to the
Mott transition line calculated from L, /a,,~1.19 and
this demonstrates that the gas part of the phase dia-
gram is distorted only slightly near the maximum (Fig.
4).

In the case of the liquid branch the experimental data
correspond to lower carrier densities in an EH liquid
than that predicted by the theoretical equilibrium curve.
Evaporation from an EH liquid becomes easier when
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FIG. 6. Experimental (continuous curves) and theoretical
(points) profiles of the short-wavelength wing of the Q¢ band
at various temperatures.

a,=n{**/ni"°" =5 and it is mainly due to the lower sta-
bility of the EH liquid state under nonequilibrium con-
ditions. Consequently, under these conditions there is
a considerable reduction in the surface tension o de-
scribed by?2®

a(T) =0 (0) [1—(T/T.)%]. (12)

The temperature dependences of o,,,,, and o,,, are
plotted in Fig. 4b.

We can thus see that in spite of nonequilibrium of the
EH gas (which is typical of direct-gap semiconductors),
a strong influence of the polar interaction ensures a
considerable increase in the stability of the various
collective effects and makes it possible to observe
these effects at fairly high temperatures and at rela-
tively low excitation rates.

The phase diagram of a two-dimensional EH liquid
was plotted by analogy of the diagram described above
for a three-dimensional liquid. The profile of the
short-wavelength wing of the @, band was matched at
various temperatures employing a formula describing
radiative recombination in a two-dimensional EH liquid
(Fig. 6):

I'(ho)= {1 +exp[k:_T(#E_ue,)]}—i
X{’1'+ exp[—/ﬂ.LT(m,T;r;h E‘HA’)]}_‘, (13)

where

wen/keT=In (exp(p.:,r./k.,T)—U, p.:,,.=nhzn/m;‘,,.

The phase diagram of a two-dimensional EH liquid
formed on an ion-bombarded ZnO surface is plotted in
Fig. 7. The temperature dependence of the density of
the liquid phase is found from the photoluminescence
line profile described in terms of the three-dimensional
model [Eq. (1)] but with a strongly anisotropic effective
electron mass; this results in a strong bending of the
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FIG. 7. Phase diagram of an electron-hole liquid corre-
sponding to @, calculated for the two-dimensional model
(curve 1). The dashed curve is the equilibrium gas branch
of the phase diagram for ¢ =72 meV; curves 2 and 3 are the
temperature dependences of the density in the liquid phase
calculated from the three-dimensional model but for different
degrees of the anisotropy of the electron mass 2 —m g =mg
=0.3my; 3—m g =30m,, mg = 0.3m).

liquid branch in the direction of lower densities (Fig. 7)
on increase in temperature, which is in conflict with the
experimental data. In fact, tne critical temperature of
the existence of the two-dimensional EH liquid observed
in our experiments is T,=100 °K; however, if the pro-
file of the @, band is described by means of the three-
dimensional model, the value of T, should be consider-
ably higher. This is due to the quasitwo-dimensional
nature of the EH liquid on the ion-bombarded surface of
Zn0O, which is discussed above.

The theoretical gas branch of the phase diagram
passes through a region corresponding to the critical
state of an EH liquid (n,, T,), i.e., it completes the
phase diagram on the gas side if the condensation en-
ergy is assumed to be not ¢ =E, — E,; =17 meV but
¢=hw ,=T2 meV. Clearly, this value of ¢ is due to
the fact that in our case the condensation occurs at
bound excitons and it is known that the transition of ex-
citons from a free to a bound state occurs mainly as a
result of scattering by longitudinal optical phonons.

The authors are grateful to L..V. Keldysh, V. L.
Bonch-Bruevich, and V.V. Vladimirov for discussing
some of the results.

D In this range of energies we can expect the lines due to the
phonon replicas of free excitons.!” However, the half-width
and the intensities of these replicas are much lower than
those of the band @, observed by us.

21t should be noted that the factor preventing the condensa-
tion of an EH liquid on the surface, namely the repulsive
influence of the phonon wind,” is not important because of
the nonspecularity of the investigated surface and also be-
cause of the effective attraction by surface mechanical fields
and favorable conditions from the point of view of the exciton
and condensate binding energies.
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