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Collective effects were observed on semiconductor surfaces. These effects were investigated by measuring
the low-temperature photoluminescence spectra of GaAs-insulator layer systems excited by laser radiation.
A study was made of the profile, amplitude, and position of the photoluminescence line as a function of
temperature, intensity, and polarization of the exciting radiation, electric voltage, mechanical stress, surface
treatments, etc. The results indicated the appearance of an electron-hole condensate on the surface, whose
properties differed considerably from the condensate in the bulk.

PACS numbers: 73.20.—r, 78.60.Dg

1. INTRODUCTION

Much effort is being put currently into theoretical
and experimental investigations of collective effects
which are observed on excitation of some crystals by
laser radiation. These effects include the formation of
electron-hole drops predicted by Keldysh(!»?] and
several other phenomena (formation of biexcitons, Bose
condensation, etc.~see, for example, Ref. 3).

Bulk collective effects are now known to occur in
several crystals. However, no systematic investigations
have yet been made of surface effects. Nevertheless,
there is experimental evidence that such effects can
occur for certain special states of the surface and the
surface layers.[*”®] A detailed investigation of surface
collective effects is of fundamental importance for a
number of reasons. First of all, the appearance of such
effects may give rise to a surface superconductivity due
to the influence of excitons.!["”®] Furthermore, the con-
dition for the appearance of collective surface excitons
is different from that in the bulk because some funda-
mental characteristics are different on the surface.
For example, the effective mass of electrons on the
surface m‘c‘ is usually greater than the effective mass
in the bulk mp; the permittivity eg on the surface may
be, because of the presence of the ambient medium,
lower or much higher than the corresponding bulk value
€p, etc. In view of this, the criterion for collective ef-
fects on the surface is considerably different from that
for the bulk effects.

It should be pointed out that, in spite of the self-
evident importance of the surface problem, there are
some basic difficulties which arise, in particular, be-
cause of strong nonradiative losses on the surface and

the destructive influence of the surface field on excitons.

It is not always possible to observe radiative recom-
bination on the surface even in the impurity absorption
region!™®! and such recombination occurs only for cer-
tain very specific states of the surface. In the case of
GaAs, some of these states are favorable also for the
manifestation of collective effects in the edge surface
photoluminescence.l*”®] The present paper reports a
detailed investigation of collective effects on the sur-
face of a semiconductor (GaAs).

2. EXPERIMENTAL METHOD

Bulk collective effects in GaAs are usually investi-
gated in high-purity epitaxial films with a majority
carrier density no below 10'° cm™.0'%!] However, it
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follows from control experiments that, in this case, the
bulk edge luminescence bands mask the surface bands.
Therefore, we employed, as before,[*"°! a different
method in which residual impurities were removed only
from a very narrow (do, ~ 3000 A) strip of the surface
region and surface radiation recombination centers
were generated. We deposited, by the gas-transport
method at T = 550—600°C, SisN, (GesN,) insulator films,
~0.1 u thick, on the surfaces of n-type GaAs single
crystals (no = 10" cm™®).

The photoluminescence was excited primarily by a
cw He—Ne laser, which ensured that only a shallow
surface region was excited (k™'=< 0.5 u) and that the
maximum light intensity L in a focused beam was
10%* photons .cm™2.sec”’. In some cases, the photolum-
inescence was also excited with a DRSh-500 mercury
lamp (L ~ 10*® photons -cm™ - sec™) and by ruby laser
pulses of L~ 10* photons - cm™-sec™" intensity. The
photoluminescence signal was measured on the illumi-
nated side and analyzed with PGS-2, ISP-51, and
IKS-12 spectrographs. In the case of the PGS-2 spec-
trograph, whose dispersion was 0.7 nm/mm, the Iumi-
nescence was recorded photographically. In the case of
the other two spectrographs, we employed the inte-
grated luminescence characteristics. In this case, we
used an FEU-62 photomultiplier.

The photoluminescence measurements were carried
out in the temperature range 4.2-50°K. The nature of
the observed bands was deduced from the temperature
dependences of the photoluminescence intensity and
from a series of other conventional experiments de-
scribed in Sec. 3. In particular, measurements were
made of the reflection and photoconductivity.

3. EXPERIMENTAL RESULTS

Before the deposition of the insulator films, we ob-
served, at 4.2°K, two photoluminescence bands of bulk
origin, shown in Fig. 1a (1.502 eV band, usually at-
tributed to residual impurities such as Si, and 1.36 eV
band, attributed to Cu atoms). Since these initial data
were described in full earlier,'®"] we shall not discuss
in detail the spectral characteristics of these bands.

After the deposition of an SisN, (GegNg) insulator
film, the 1.36 eV band did not change greatly but the
1.502 eV band disappeared completely. Moreover,
several new bands were observed. They were the edge
luminescence band and the 1.477, 1.444, and 1.411 eV
bands. The reflection spectra of GaAs single crystals
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FIG. 1. Photoluminescence (a) and reflection (b) spectra of the
original GaAs sample (curve 1), after deposition of an SizN, insulator
film (curve 2), and after etching away of the SizN, film and a ~100 A
thick layer of GaAs (curve 3). Parallel vertical lines indicate the
spectral slit width.

coated with SisN, (GesN,) films exhibited a characteris-
tic minimum (Fig. 1b), which was not observed before
the deposition of the films. This minimum remained
also after the insulator film was removed by etching
and it disappeared only when a GaAs layer <100 A

thick was removed. A characteristic feature of this
minimuni was its considerable width and “nonclassical’’
profile.

It was reported earlier!”°] that etching away of the
insulator film had practically no influence on the lumi-
nescence characteristics or the reflection spectrum.
This observation and the identity of the characteristics
obtained after the deposition of the SisN, and Ge;N,
films indicated that the optical, dielectric, and other
properties of the insulator films had no significant in-
fluence on the characteristics of the observed peaks
and that the photoluminescence was entirely due to the
radiative recombination in the semiconductor. More-
over, removal of even a very thin layer (<100 4) de-
stroyed the new photoluminescence bands. This indi-
cated that the bands which appeared after the deposi-
tion of the nitride film were of surface origin. A com-
plete recovery of the initial (curve 1) photolumines-
cence spectrum occurred when a layer of ~3000A
thick was removed.

A detailed investigation of the 1.477, 1.444, and
1.411 eV series of bands, which were the surphon repli-
cas of the zero-phonon band at 1.477 eV, was reported
inl®®*] and several characteristics of surface phonons
(surphons) were determined.

We shall now consider in detail the behavior of the
edge surface luminescence (ESL) which has not yet been
investigated. We shall use the results obtained for the
1.477 eV band solely for comparison with the ESL
characteristics.

Figure 2a gives the ESL spectra obtained for differ-
ent exciting radiation intensities L (control experiments
indicated that the profile of the 1.477 eV band was in-
dependent of L). We can see that, at the lowest values
of L, corresponding to the photoluminescence excita-
tion by the mercury lamp, there is only one ESL band
(1.5137 eV) shifted toward longer wavelengths, com-
pared with the free-exciton line Jex (1.5160 eV). An
increase in L (by the use of the He—Ne laser) reveals
two ESL bands (1.5137 and 1.5120 eV). Further in-
crease in L (focusing of the He—Ne laser beam) re-
duces the number of ESL bands again to one: the half-
width of this band increases and its position §Ey, shifts
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FIG. 2. a) Profile of the ESL band excited by a DRSL-500 mercury
lamp (curve 1), a cw He-Ne laser beam (curves 2-5), and ruby laser
pulses (curve 6). The excitation intensities L (photons+cm™?-sec") at
T=4.2°K: 1) 10'¢; 2) 10'8; 3) 7X10'%; 4) 3X10%; 5) 10%!; 6) 10%*.
b) Comparison of the ESL band profile (L~10%! photons-cm™2+sec’!,
curve 2) with band Jex (L~5X10?° photons*cm 2-sec”!, curve 1), report-
ed in ['9].

1515

toward longer wavelengths when the intensity L is in-
creased. The maximum width H of the ESL band and
its strong shift toward longer wavelengths are observed
when the photoluminescence is excited by a ruby laser.

Figure 3a shows the dependences of the intensities
I of the ESL and 1.477 eV bands on the excitation inten-
sity. It is clear that the intensity of the 1.477 eV band
depends almost linearly on L (I < L®, where n =1.2
+ 0.1), whereas the corresponding dependence of the
ESL intensity is superlinear (n = 1.9 + 0.1). Moreover,
the spectral characteristics (§Em, H) of the 1.477 eV
band do not change with rising L. There are also other
important differences between these two surface photo-
luminescence bands. In particular, the intensity of the
1.477 eV band is indepéndent of the polarization of the
exciting light, whereas the intensity of the ESL band
excited by a focused He—Ne laser beam changes by a
factor of about two when the polarization of light is
altered by 90°.

We also studied the influence of low-temperature
heating on the photoluminescence band intensities (Fig.
4b). Heating at 100°C in an inert atmosphere resulted
in an identical increase in the intensities of all the
bands observed in the SisN,—GaAs or GesNs—GaAs
systems. An increase in the heating temperature
caused the ESL intensity to rise less than the intensities
of the other photoluminescence bands.

Moreover, the intensity of the 1.477 eV band in-
creased as a result of low-dose (~10" rad) y-irradia-
tion, whereas the intensity of the ESL band fell (Fig.
4a). After such irradiation, scatter appeared in the
energy position of the ESL band: it varied somewhat
(within ~13 &) when the laser beam scanned the surface
(Fig. 5).

Figure 6a shows the temperature dependence of the
intensities of the ESL and 1.477 eV bands, and of the
first phonon replica of the latter (1.444 eV). We can
see that strong quenching of the ESL band takes place
in the range 4.2—20°K but the intensities of the other
bands are not affected. It is particularly interesting
that an inhomogeneous deformation has no effect what-
ever on the nature of the temperature dependence of
the intensity of the 1.477 eV band. On the other hand,
the intensity of the ESL band decreases as a result of
such deformation by a factor of two even at 4.2°K and
the temperature dependence of this band acquires a
characteristics jump at T = 6.8°K.
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Figure 6b illustrates the changes in the ESL band
profile between 4.2 and 20°K. We can see that, when the
temperature is increased, the ESL band broadens
mainly in the direction of higher energies and the short-
wavelength wing becomes less steep.

Further information on the nature of the ESL band
was obtained by investigating the influence of a longitud-
inal electric field on the photoluminescence and photo-
conductivity (Figs. 7 and 8).

It follows from Fig. 7a that, in fields up to E = Ecr
= 0.87 V/cm, the ESL band intensity is independent of
the field but a sudden change in the intensity occurs
at E = E¢r (this change is less marked in the photocon-
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FIG. 3. Dependences of the intensities (b) of the 1.477 eV (curve 1)
and ESL (curves 2 and 2") luminescence bands and of the spectral
characteristics of the ESI. band (b) on the exciting light intensity L.

FIG. 4. a) Influence of y-irradiation (~107 rad) on the surface lumin-
escence spectrum: 1) before irradiation; 2) after irradiation. b) In-
fluence of low-temperature heating on the intensity of the impurity
bulk (curve 1—1.36 eV band), impurity surface (curve 3—1.477 eV band),
and edge surface luminescence (curve2—1.514 eV band) excited by
light of L=10%° photons-cm™-sec! intensity.
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FIG. 6. a) Temperature dependences of the surface photoluminesc-
ence band intensities: 1) 1.477 eV band; 2) 1.444 eV band (1X10 scale);
3) ESL band; 3a) ESL band after inhomogeneous deformation; 4) ratio
of the intensities of the 1.444 and 1.477 eV bands; L=10%° photons*
cm™2+sec”!. b) Edge surface luminescence band at 4.2°K (curve 1) and
20.4°K (curve 2).
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ductivity —Fig. 8). This is accompanied by a broadening
of the photoluminescence spectrum with the short-wave-
length wing becoming wider, after the application of
Ecr, than the long-wavelength wing (Fig. Tb).

4. DISCUSSION OF RESULTS

1. Low-dose y-irradiation (=10 rad), used in our
experiments, creates structure defects which accumulate
mainly on the surface and in a thin surface layer” of
GaAs.[®] Therefore, the increase in the intensity of the
1.477 eV band which occurs after y-irradiation (Fig.
4b) is direct evidence that this band is due to radiative
recombination involving surface structure defects (such
as vacancies or vacancy + N complexes). It has been
shown!"®] that it is this luminescence, corresponding to
the impurity absorption region, which is characteristic
of semiconductor surfaces.

2. We shall now consider the edge surface lumines-
cence (ESL), which has been investigated less thoroughly.
It follows from Fig. 2 that, at moderate excitation rates,
the photoluminescence spectra include a band at 1.5137
eV. The reflection spectra have a minimum whose en-
ergy position is close to that of this ESL band.

The ESL band and the corresponding reflection mini-
mum are due to noncollective surface excitons (Jg).
These may be free excitons which experience the influ-
ence of the surface. Such an influence on excitons and
on exciton-photon (polariton) modes was investigated,
subject to spatial dispersion, both theoretically!!®-!¢
and experimentally in the case of CdS!'") and GaAs.[*®]
Moreover, these may be excitons bound to surface cen-
ters.[®!]

Since Jg is quenched by etching away a very thin
surface layer, which destroys surface radiative recom-
bination centers, it is more likely that Jg is due to
bound surface excitons. The presence of bound excitons
is favored by the giant oscillator strengths f of GaAs
(fex/fox ~ 5 x 10°, where the indices t and 0 refer to
the bound and free excitons, respectively) because the
surface radiative recombination velocity is Sy « f.['°]
The considerable half-width of the reflection spectrum,
compared with—for example—the results reported
in!'®] is evidence of a very strong exciton—phonon in-
teraction on the surface. The ‘‘nonclassical’’ form of
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FIG. 7. a) Influence of a longitudinal electric field on intensities of
the ESL (curve 1), 1.477 eV (curve 2), and 1.36 eV (curve 3) bands; L=
10?° photonscm™2*sec™’. b) Profile of the ESL band in the absence of an
electric field (curve 1) and after application of this field Ex=1 V/cm
(curve 2).

FIG. 8. Dependence of the photoconductivity of a sample of GaAs
coated with an Si;N, film on the electric field applied at T=4.2°K in the
presence of excitation of L~10'® photons-cm™2-sec™! intensity.
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the reflection spectrum may be due to spatial disper-
sion in the presence of free or bound surface polari-
tons.['*!¢] The appearance of noncollective excitons on
the surface of GaAs will be discussed in greater detail
in a separate paper.

It should be noted that the Jg band is observed only
in a limited range of the exciting light intensities. This
is due to the following circumstance. At low intensities
L, the surface fields play a considerable role (these
are accidental surface fields and the field in the space-
charge re%ion, which usually cause the dissociation of
excitons).”

At high values of L, the surface fields become much
weaker but the photoluminescence spectra begin to be
dominated by the band due to collective effects. There-
fore, the probability of observing surface exciton bands
is much less than the probability of observing the exci-
ton effects.

In this respect, we can draw an analogy with heavily
doped Si crystals whose bulk free-exciton and biexciton
bands are much more difficult to observe compared
with the bulk band of electron-hole drops.[??]

3. When the excitation intensity is increased (by the
use of unfocused and then focused He—Ne laser beams),
the Jg band appears in the photoluminescence spectra
first as an inflection (curve 2 in Fig. 2a) and then it
disappears completely in the background of the super-
linearly rising ESL band (curves 3—6). This type of
dependence I(L) is typical of collective effects,[!™®]

It is also known that these effects appear in the cor-
responding spectral region. This is clear from Fig.
2b, which shows—for comparison—the ESL band and a
band due to the appearance of an electron-hole conden-
sate in the bulk of GaAs (this condensate is in the form
of drops or a spread-out plasma),[*’]

In addition to this condensate, we may observe
several other collective effects (formation of biexcitons
and of exciton-molecular complexes, exciton-electron
interaction, etc.). Therefore, the effect observed can
be identified only if all the experimental data are used
comprehensively. In fact, the nature of the dependence
of I(L) for the ESL band and the shift of its energy
position toward longer wavelengths with rising L can
be explained by assuming the formation of the conden-
sate or by invoking the exciton-electron interaction (the
formation of biexcitons can be rejected at once).

Further discrimination can be made on the basis of
the temperature dependence of the ESL intensity (Fig.
6). Broadening of the ESL band with rising temperature
because of the greater shift of the short-wavelength
wing, in accordance with the calculations int®], and the
constancy of Emax(T) are typical of the electron-hole
condensate and do not agree with the exciton-electron
interaction or with the formation of exciton-molecular
complexes. Finally, the sudden change in the tempera-
ture dependence of the ESL intensity under inhomogene-
ous deformation conditions is also evidence of the ap-
pearance of the electron-hole condensate on the surface
(critical conditions are established for the ‘‘gas-liquid’’
phase transition).”

The profile of the luminescence band due to an
electron-hole condensate in the bulk of pure Ge or Si
crystals (no < 10™ cm™) and the energy position of this
band are independent of the excitation intensity L. How-
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ever, in the case of doped crystals, this band broadens
with increasing L and shifts toward longer wave-
lengths.[??] A similar shift in the position of the band
due to an electron-hole condensate in the bulk of Si is
observed when the degree of doping of silicon with P
and B atoms is increased.

In this respect, we can draw an analogy with our
dependence of the ESL band profile on L in the case of
unirradiated samples (Fig. 2a) and in the case of y-
irradiated samples when the surface is scanned by the
laser beam (Fig. 5). In fact, the lower the intensity
(after y-irradiation) of the ESL band at a given point on
the surface, the longer is the wavelength at which the
maximum of this band is observed. A strong influence
of the doping and excitation intensity on the profile of
the electron-hole condensate band of Ge and Si is ex-
plained int??! by the formation of small electron-hole
drops in the bulk. Such small drops are the most stable
and sensitive to the excitation intensity and to deforma-
tion and other agencies. Small drops are probably also
formed on the surface of GaAs. This is favored by the
short lifetimes of free excitons in GaAs (=<107° sec)
and relatively low exciton concentrations nex at which
they condense. Therefore, the ESL band is extremely
sensitive to y-irradiation, application of longitudinal
fields, inhomogeneous deformation, and polarization of
the exciting light.

There is a correlation between a sudden reduction
in the luminescence intensity I, observed in a critical
field, and a sudden increase in the photoconductivity,
which may be attributed to a reduction in the nonradia-
tive losses as a result of dissociation of drops.

Low-temperature heating, known to alter the state of
the surface, first increases equally the intensities of
all the luminescence bands (Fig. 4b), which is direct
evidence of a reduction in the nonradiative surface re-
combination velocity S. Further increase in heating
temperature begins to weaken the ESL band (without
affecting other bands) because this band is highly sensi-
tive even to slight deformations.

It is also interesting to note a considerable shift in
the energy position of the ESL band (AE ~ 18 meV) when
the He—Ne laser radiation is replaced with the ruby
laser radiation (Fig. 2a). This shift should be mainly
due to a reduction in the forbidden band width of the
condensate. Theoretical predictionst?2] giye AEg
~ 4.3 x 100" meV and a shift of Eg (for light inten-
sity variations in the investigated range) of the order of
10—20 meV, which is in qualitative agreement with the
experimental results (Fig. 3b).

4. We shall conclude by comparing the band which
we attribute to the surface electron-hole condensate
with the bulk band due to a similar condensate observed
earlier in GaAs.!!®!!] The spectra of such a condensate
are plotted in Fig. 2b for similar experimental condi-
tions.

First of all, we can see that the curve associated
with the surface electron-hole condensate is shifted by
2.7 meV toward longer wavelengths compared with the
bulk condensate band. This shift may be attributed to a
change in the binding energy of the surface electron-
hole condensate (Ecg) compared with the corresponding
bulk value (Ecp). It should be pointed out that there is
as yet no sufficiently rigorous theory for the calculation
of even Ecp of GaAs. Only approximate values are
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available and these are strongly underestimated(¢]
possibly because the electron-hole correlation is not
allowed for or slightly overestimated(*”] compared with
the experimental values of Egp. The results given
inl®"] are closer to the experimental values and they
are obtained on the basis of ideas developed inl*?:2%2°],
In estimating the reduction in the energy E. of elec-
trons (holes) due to their interaction in the process of
condensation, one has to sum the kinetic energy (Ekipn)
with the exchange (Eexch) and correlation (E¢ory) cor-

rections
2.21 m 0,916 R 0.88

- — —— 1

¢ (ra)t m, T rfae . r/aet18’] (1)
where R is the Rydberg constant, a, is the Bohr radius
of the charge carriers, m”é,h are the density-of-states
effective masses of electrons and holes,; and rg is the

distance between neighboring particles in the condensate.

The energy minimum of the Fermi gas of electrons
and holes corresponding to the binding energy of the bulk
condensate Egp occurs at a nonequilibrium carrier
density of 3 x 10'® cm™.[?%%7 The value of E¢p calcu-
lated in!®") on the basis of Eq. (1) is 4.4 meV, which is
close to the experimental value of 3.3 meV.

In the case of the surface electron-hole condensate,
the value of Ecs should be calculated using the effective
mass on the surface m§, surface permittivity eg, sur-
face exciton radius aexs and the energy of formation
of free excitons in the surface Eggg:

R, 1 oe'my”
ms ‘e’ Ty ez2ht

Weakening of chemical bonds may increase the ef-
fective mass on an unmodified surface by a factor of
1.5—-2 compared with the mass in the bulk,[** %]
whereas eg is usually less than ep.[**] According to
Eq. (10), this should reduce somewhat aexg and in-
crease considerably E.g, which is indeed observed
experimentally.”

@)

Texs =

The band due to the surface electron-hole condensate
had a profile different from that of the bulk condensate
band (mainly because of the greater half-width of the
surface band). It is shown inl'°! that the profile of the
band due to the bulk electron-hole condensate (particu-
larly its short-wavelength wing) can be described quali-
tatively by a theoretical formula for a degenerate elec-
tron-hole plasma in direct gap semiconductors subject
to the selection rule governing the wave vector k. On
the other hand, a similar line is described satisfactor-
ily in®] by a relationship for an electron-hole plasma
when the selection rule applying to k is violated in the
course of radiative transitions (Fig. 9). The quasi-
Fermi levels and the degree of unipolarity (n/p ~ 10%),
typical of our samples, give theoretical curves(!!3,35]
which are not in agreement with the experimental data
discussed in the present paper (this applies particularly
to the short-wavelength wing). Hence, we may conclude
that the theory developed for bulk plasma condensates
cannot be applied directly to surface condensates. In
particular, one must allow for a stronger exciton-
phonon interaction on the surface.l*?]

It is also interesting to note that, in the case of the
bulk electron-hole condensate, the luminescence band
intensity should be a cubic function of L (for moderate
values of L): I« L", where n = 3. In our case, the
exponent is n ~ 1.8—2, This can be explained qualita-
tively by the transition from spherical drops in the bulk
to flattened drops on the surface; a calculation similar
to that int%®] gives n < 3,
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FIG. 9. Comparison of the experimentally determined ESL band

profile (points) with theoretical calculations (curves): 1) k selection rule
not satisfied and parameters typical of our samples (n/p~10%, F'p =6
meV, and F'p = 1 meV, where n, p, F'p, and F'p are the densities of
electrons and holes and the corresponding quasi-Fermi levels); 2) similar
profile of a luminescence line of an electron—hole plasma (n~5X10'¢
cm™3, T=2°K); [3*] 3) profile of a luminescence line of an electron-hole
plasma in the case when k selection rules are satisfied (ng=p,=1.1X10"®
cm™3, T=3.8°K) [1°].

There are also several other characteristics which
distinguish the surface electron-hole condensates: the
condensate can form at lower carrier densities than in
the bulk, it is more sensitive to external agencies, it is
affected more strongly by an increase in the injection
level, etc.

In fact, the value of ngx can be found from the condi-
tion of formation of a surface condensate:

nexlexaexsz'vlo_'" 1077,

where lgx is the depth of extraction of excitons to the
surface, which is governed by the smallest of the follow-
ing quantities: depth of exciton generation k™%, diffusion
length of excitons Ipex, or thickness of the purified
surface layer do. If the condition lgx > aegxs is satis-
fied, the collective state is established near the surface
at exciton concentrations much lower than in the bulk.
This condition may be satisfied by purifying a suffic-
iently deep surface layer (in our experiments, do ~ 3

x 10° A) or by increasing lex at higher excitation rates
by free-carrier screening of the surface fields and of
the fields of the impurity atoms. In the case of very
small values of lex, a condensate fills completely the
whole ‘‘active’’ surface region,

@)

It is also interesting to note that the formation of a
surface electron-hole condensate is facilitated by the
appearance of condensation centers of the surface.

Such centers may be surface structure defects responsi-
ble for the 1.477 eV band and surface centers at which
excitons are bound. In fact, quenching of the ESL band
in our experiments on etching away a thin layer of

GaAs occurs simultaneously with the quenching of other
surface bands.

Thus, the results obtained indicate that, in principle,
it is possible to observe collective effects on the sur-
face of a semiconductor and that the principal charac-
teristics of the luminescence bands associated with
these effects are different from the characteristics of
the bands associated with the bulk effects.

The authors are deeply grateful to L. V. Keldysh,
M. P. Lisitsa, and V. V. Stopachinskii for valuable dis-
cussions of the results reported.

DFurther increase in the radiation dose causes intensive generation of
bulk structure defects.

IThe formation of a “dead”—for excitons—surface zone is also pos-
sible for other reasons which are discussed in theoretical ['¢ 2°] and
experimental [2!] papers.
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IThe position of the observed ESL line does not agree with the exci-
ton-exciton (Auger) interaction mechanism.

91t should also be noted that purification of the surface region used in
our experiments was different from that employed in ['°] and cor-
responded to a higher dopant density. According to [22], this could
also shift the position of the electron-hole condensate bands in the
direction of longer wavelengths.
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