curved water surface will be equal to

Psac=Psat XD (—vopa/kT), (20)
where v, is the volume per water molecule in the water
phase, kis Boltzmann’s constant, T is the absolute
temperature, and p%,, is the saturation pressure over
the plane surface. Substituting (6) in (20), we obtain

(21)

v K AV.).

0
P sat=DPsat exp(— T T

Equation (21) connects the equilibrium saturated-vapor
pressure with the degree of dehydration of the protein
crystal. It follows from (21) that to each saturated va-
por pressure pg,, there corresponds an equilibrium de-
gree of dehydration of the protein crystal, equal to

AV, _ BT Paat .

V. Kve pe (22)

It should be kept in mind that the relation (22) de-
scribes the degree of dehydration of the crystal only so
long as no conformational changes of the globule, poly-
morphic transformations, or boiling and loss of stability
of the water film relative to the Laplace pressure take

place. All the enumerated processes offset the change
in the Laplace pressure and should lead to the appear-
ance of plateaus on the dehydration curves.

DIn the one-dimensional case, a similar problem arises in the
calculation of the critical stress necessary for the extrusion
of a dislocation line between pinning points (theory of pre-
cipitation hardening). !

DThis effect has been observed in particular in crystals of
gramicidine. (%7
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system in silicon

A. F. Dite, V. D. Kulakovskii, and V. B. Timofeev

Institute of Solid State Physics, USSR Academy of Sciences
(Submitted September 19, 1976)
Zh. Eksp. Teor. Fiz. 72, 1156-1170 (March 1977)

We investigate the condensation of high-density excitons and nonequilibrium carriers, produced by intense
optical pumping at low temperatures, into drops of electron-hole liquid. The phase diagram of the
gas-liquid transition is plotted in coordinates n and T (density and temperature) on the basis of an
analysis of the shapes of the recombination-radiation spectra and of the kinetics of their evolution in time.
The principal thermodynamic characteristics are determined, as well as the temperature dependences of
the chemical potential, of the density, and of the Fermi energies in the liquid phase. The critical
parameters n, = (1.2%0.2)X10'® cm™3 and T. =(28+2) K are obtained. It is shown that at an average
density n = (5+3)% 10° cm~? the dielectric exciton gas is transformed into a metallic electron-hole plasma.

PACS numbers: 71.35.+z, 64.70.Fx

1. INTRODUCTION

At low temperatures, an exciton gas of sufficiently
high density in semiconductors can become condensed
into drops of an electron-hole liquid (EHL). '} The re-
gion of existence of electron-hole drops (EHD) can be
obtained from the n-T phase diagram, in which the gas—
liquid equilibrium curve is determined on the gas-phase
side by the singularities of the kinetics of exciton con-
densation, and on the side of the liquid phase by the in-
ternal properties of the EHL. We point out here a sin-
gularity that should be possessed by the gas-liquid phase
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transition in a high-density system of excitons (or non-
equilibrium carriers). It turns out that the density of

the nonequilibrium e — % pairs in the liquid is n, >ny,,
where n; is the density at which the “metallization” of
the excitons takes place. Therefore at average densi-
ties 7 <n,; a dielectric exciton gas condenses into EHL
drops whereas at n,>% >ny; a gas of metallic electron-
hole plasma (EHP) should be condensed. Thus, the
gas-liquid coexistence curve (at #Z~n,,;) has a region in
which the exciton gas is transformed into a metallic EHP.
What is still in question is whether this transformation

is analogous in character to a first-order phase transition.
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We investigate in this paper the gas-liquid phase dia-
gram in a nonequilibrium electron-hole system in sili-
con, including the region close to critical. The carrier
density 7, in the liquid phase, the electron temperature,
and also the threshold values of the saturated vapor den-
sity of the gas, at which condensation into liquid sets in,
are determined on the basis of an analysis of the shapes
of the recombination-radiation (RR) spectra and their
kinetics (Sec. 3). The equilibrium curve on the liquid-
phase side is plotted and the principal thermodynamic
quantities characterizing the EHL are determined (Secs.
4 and 5). The gas-liquid coexistence curve (on the gas-
phase side) is determined from threshold measurements
of the saturated-vapor density of the gas, and it is shown
that at 7> (5+3) X 10'® cm-3 the exciton gas is trans-
formed into an EHP (Sec. 6). Within the limits of the
experimental accuracy, we have observed no spectro-
scopic singularities indicating that such a “metalliza-
tion” of the excitons is the consequence of a first-order
phase transition.

2. EXPERIMENTAL TECHNIQUE AND CRYSTALS

To investigate the n—T (density—temperature) phase
diagram in a nonequilibrium electron-hole system in
silicon it is necessary to use rather powerful radiation
sources that produce electron-hole (e - &) pair concen-
trations 7 (averaged over the volume) up to 7= 2x10'®
cm™ near the critical temperature T,. We have used
in this study both continuous and pulsed excitation
sources.

The continuous radiation source was a DKSSh-1000
high-pressure xenon lamp. Filters were used to vary
the radiation in the spectral range 0.7-1.0 um, The
use of a conical light pipe with such a source provided
a power density up to P=30 W/cm? (7~3x10' cm™) at
an excitation-spot dimension on the sample of approxi-
mately 3 mm?,

For pulsed excitation we used a copper-vapor laser
with the following parameters: power and duration of a
single pulse 10 kW and 10 nsec, respectively, pulse
Eepetition frequency 10 kHz, and lasing wavelength 5105
A,

The RR receiver was a photomultiplier, cooled to
t=-60°C, with a cathode of S-1 type, for which the
photon-counting regime could be realized. When operat-
ing at constant excitation, the RR of the sample was in-
terrupted at a frequency 180 Hz, and was registered in
the synchronous-detection regime. In the case of ex-
citation by a pulsed laser, we used a registration sys-
tem operating in the strobe-integration regime. The
strobe duration could be adjusted in the range 0.1-5
usec, and the delay of the strobe relative to the excita-
tion pulse could be continuously varied from 0 to 50
usec. In the experiment, the duration of the strobing
pulse was chosen to be shorter than the characteristic
recombination time. The threshold sensitivity of the
receiver was 10"3W. The spectral instrument was a
double diffraction monochromator with dispersion 10
A/mm in the operating range.

We used in the investigation single crystals of pure
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silicon (the concentration of the residual electrically
active impurities was 7, , <5x10' cm™) in the form of
thin plates (d~30 um) or bulky samples in the form of
Weierstrass spheres (~5 mm diameter). Before they
were placed in the cryostat, the samples were etched in
a mixture of fluoric and nitric acids (1:3). The work
was performed with the samples placed either directly
in the liquid helium or (for measurements at high tem-
peratures) in its vapor. At 7>5 K, the temperature in
the cryostat was stabilized accurate to 0.1 K.

At high pump densities (210! cm3), the temperature
in the excited region of the crystal was always higher
than the temperature of the thermostat (Type;m). The
temperature of the nonequilibrium electron-hole sys-
tem was therefore monitored in the experiment directly
against the shape of the exciton-phonon recombination
spectrum. In particular, at 7<8 K, when the exciton-
phonon spectrum broadening I' due to the nonstationary
character of the exciton decay processes was predomi-
nant (%I" 2kT), the exciton temperature was estimated,
following™®!, from the ratio of the intensities of the TO
and LO components of the exciton-phonon spectrum. At
T>8 K, when 7ZT'<ET, the temperature was determined
from the shape of the exciton-phonon spectrum, which
is described satisfactorily, up to 7~80 K and at aver-
age concentrations ~5x10'® cm™, by the expression

I(e)~e"exp(—e/kT), @

which indicates a Boltzmann exciton distribution in the
band (¢ is the energy of the exciton motion, reckoned
from the “red” boundary of the exciton-phonon spec-
trum). The sensitivity of the apparatus made it pos-
sible to record the recombination radiation of the ex-
citons with a resolution 0.2 meV. The error in the de-
termination of the exciton temperature did not exceed in
this case 1.5 K.

We note that in bulky Si samples (5% 5% 5 mm) placed
in liquid-helium vapor, under pulsed excitation by 7
~10'® cm™ ¢ - % pairs, the heat rise Toy — T'yperm amounted
to 6 degrees. Under stationary excitation at 7~ 3x 1016
cm-3, the difference Toy — Typerm reached 12 degrees for
bulky samples placed directly in the liquid helium.

Other conditions being equal, the heat rise of thin sam-
ples was always substantially larger.

3. KINETICS OF SHAPES OF THE
RECOMBINATION RADIATION SPECTRA AT
VARIOUS TEMPERATURES

We investigated the shapes of the recombination-radia-
tion spectra of silicon, as well as the kinetics of the
shapes of the spectra at different excitation densities
up to 2x10'® ¢cm in the temperature interval 2-80 K.

On the basis of the time behavior of the spectrum shape,
it is expedient to distinguish between three temperature
regions.

1. T$18 K @<2x10" cm™®). In this temperature in-
terval one observes distinctly two emission bands cor-
responding to the EHD and to the gas of free electrons,
The EHD band appears in the spectrum only after the
nonequilibrium e — 7 pairs reach the threshold density,

Dite et al. 605



and this threshold rises steeply with increasing tem-
perature. For example, at 2 and 18 K the threshold
values of the average density are ~3x10'* and ~3x10'®
cm3, respectively. The most characteristic feature of
this temperature interval is that the EHD and exciton
bands are distinctly separated, and each has its own
damping time that does not depend on the wavelength
within the limits of the corresponding band. Figures

1a and b show the kinetics of the shapes of the recom-
bination-radiation spectra of the EHD and of the ex-
citons at 4.5 and 16 K, obtained at different delays rela-
tive to the excitation pulse. For convenience in the com-
parison, the spectra are normalized to the maximum of
the EHD band. When the radiation intensity of the EHD
is attenuated within two orders of magnitude, at a fixed
temperature, the shape of the recombination spectrum
remains unchanged. With increasing temperature, the
EHD band becomes more symmetrical on account of the
broadening of the “violet” part of the spectrum, in ac-
cordance with the temperature spreading of the Fermi
distribution functions in the electron and hole bands.

The temperature dependence of the shape of the exciton-
phonon spectrum is well approximated by expression (1),
in agreement with the quasi-equilibrium distribution

of the excitons. When the temperature is raised from

2 to 18 K, the damping time Tzyp decreases within the
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FIG. 1. Kinetics of the shape of the recombination-radiation

spectrum of silicon at 7~ 1.5%x10'® cm™. Points—experiment,
delay T relative to the excitation pulse in microseconds, gain
(x): a) T=4.5K, ®—0.1 usec (x1), x—1 psec (x50), o—sta-
tionary excitation; b) T=16 K, ®—0.1 usec (x1), X—0.6 usec
(x9), 0—1.6 usec (x13), 0—3.2 usec (x16). Solid lines—cal-
culation of the shape of the EHD spectrum at: ¢) ny=3.35°10!8
em™; T=4.5; d) np=3.1- 10! cm™, T=16 K (curve 1), T=19 K
(curve 2).
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FIG. 2. Kinetics of shapes of RR spectra of silicon at 50 K
and 7=1.5x10!% cm3. Spectra 1-6 were obtained with delays
of 0, 0.5, 1.5, 3, 7, and 15 usec, respectively.
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limits of the EHD band from 0.25+0.05 to 0.20+0.05
usec, while the damping time of the exciton band 7,
increases from 1,5+0.3 to 6+0.5 usec.

In the recombination radiation spectra of the same
sample, measured under stationary-excitation condi-
tions at 7<8 K and 7#<10'® cm™, narrow lines are ob-
served, due according to' 4! to the emission of many-
particle exciton-impurity complexes (in our case, ex-
citons bound to boron atoms). It should be noted that at
helium temperatures the EHD spectrum is shifted under
pulsed excitation towards lower energies by approxi-
mately 1 meV in comparison with the analogous spec-
trum obtained under stationary pumping conditions. This
spectral shift practically vanishes. The reason for this
difference between the positions of the spectra may be
that at relatively weak stationary pumping the EHD are
generated in crystal regions where the impurity con-
centration is larger. A similar shift of the EHD line is
observed in doped silicon crystals, and the magnitude of
the shift depends on the concentration and on the type of
the impurity. '’

2. T>30 K. Judging from the emission spectra of
silicon at T >30 K, the entire investigated pump re-
gion, up to 7=2%10' cm™, contains no noticeable singu-
larities attesting to condensation of the nonequilibrium
e - h pairs and of the excitons into EHD. Only one band
is observed in all the recombination spectra in this tem-
perature region., Similar radiation-recombination spec-
tra in silicon were observed in' at 80 K. At relatively
small pumps, 7<3X10'® cm™, the observed band corre-
sponds to exciton emission: it has an asymmetric shape
typical of the exciton-phonon spectrum, with a distinct
“red” boundary and a single damping time independent
of n within the entire spectrum, and is on the whole
satisfactorily described by expression (1) at each speci-
fied value of T. The value of 7,, decreases with in-
creasing temperature, from 5:+0.5 usec at 28 K to
3+0.5 usec at 40 K.

Starting with 7~ 106 cmS, the exciton-phonon spec-
trum broadens towards lower energies on account of
the smearing of the “red” boundary. Atn=(1-3)x10'®
cm™, this behavior can still be connected with the ex-
citon-exciton (electron) collisions, which lead to an in-
crease of the effective damping I" and, consequently,
to a more symmetrical shape of the curve. However,
the reversal of the asymmetry sign at 7>5x10'® cm™®
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cannot be attributed to collision processes. At#>5
x10'® cm™ the behavior of the recombination radiation
spectrum corresponds to EHP emission, With increas-
ing density, up to 2x10'® cm™3, the “red” boundary of
the recombination spectrum moves towards lower en-
ergies in accordance with the restructuring of the en-
ergy spectrum of the EHP because of the exchange and
correlation interactions in the high-density electron-
hole system, U1 Wwith increasing n, the width of the re-
combination spectrum of the EHP increases in accor-
dance with the Fermi character of the filling of the elec-
tron and hole bands with carriers.

An example of the time evolution of the recombination
radiation spectrum of EHP under pulsed excitation at
an e -k pair density ~1.5x10'® ecm™ is shown in Fig. 2.
Spectra 2-6 were obtained with different delays relative
to the exciting pulse at a strobe duration 0.1 usec.
Each spectrum corresponds to a separate instantaneous
value of the average density of the e — % pairs. The
damping time of the EHP emission line decreases mono-
tonically with increasing wavelength and depends on 7.
With decreasing 7%, the EHP spectra (spectra 1-4 in
Fig. 2) become narrower and their “red” boundary
shifts towards higher energies. Only at %7 <3x10' cm™
is the emission band converted into the exciton band and
has a single damping time over the entire width of the
exciton-phonon spectrum (spectra 5 and 6 of Fig. 2,
which correspond to z~10'® and %7~ 10'* cm™, have iden-
tical shapes).

Thus, it follows from the investigation of the recom-
bination radiation spectra that the conversion of the ex-
citon gas into an electron-hole plasma takes place in
silicon at 7=(5+3)x10® cm™, The cause of this transi-
tion is the vanishing of the bound exciton states as a
result of screening of the Coulomb interaction. Ac-
cording tom, this transition should take place when the
screening radius is 7., =0.84ap, which in the case of a
nondegenerate gas corresponds to a density

s (T) =kT/14.2E a8, 2)

where ay is the radius of the Bohr orbit and E,, is the
binding energy of the exciton. The 7, (T) dependence
calculated for silicon from formula (2) is given below
(curve 3 of Fig, 4b). At#7<ny, owing to the screening
of the Coulomb interaction, the bound exciton states
vanish, It was suggested in®’ that the transition of the
dielectric exciton gas into a metallic electron-hole
plasma can be of first order. An analogous transition
in the case of a plasma was considered earlier int07,
According to the calculations of!!? it follows, for ex-
ample, that in Ge crystals, in a certain temperature
region (T <10 K), an exciton gas with density 7 close
to ny; should be unstable. This instability leads to a
stratification of the system into regions occupied by a
strongly ionized gas with large density n~n,,>#% and by
a weakly ionized gas with n<%. Our value of %, at
which metallization of the excitons takes place, agrees
with that calculated from formula (2). We did not ob-
serve in our study any spectroscopic manifestations
attesting to an instability near n,;. Such an instability
could hardly be revealed at all by the emission spectra
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if the components of the stratified system remain non-
degenerate gases, since, as follows from the measured
recombination radiation spectra, the emission band of
a nondegenerate electron-hole plasma gas with a den-
sity close to ny; is located at practically the same posi-
tion in the spectrum as the exciton band.

3. 20 K<T<27 K. The recombination radiation spec-
tra of silicon reveal two bands in the temperature in-
terval 20 K<T <27 K and at densities 7>10'7 cm™, in-
dicating stratification of the crystal volume into re-
gions occupied by the EHD and by the gas that surrounds
them (Fig. 3). The overlap of these bands in the spec-
trum increases with increasing temperature. The EHD
band is produced when a certain threshold is reached.
This threshold increases with increasing temperature a
and reaches ~5x10'" cm™ at T=26 K. The damping
time of the radiation remains constant only within the
limits of the long-wave region of the EHD spectrum,
which does not overlap the recombination spectrum of
the gas phase, At T'=25 K we have Tgyp =(0.3+0.1)
sec.

The overlap of the emission bands of the EHD and of
the gas phase in this temperature interval greatly com-
plicates the subsequent analysis of the shapes of the
spectra. This difficulty can be overcome, however,
by using the difference between the damping times of

EHP-Exciton
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FIG. 3. a) Kinetics of the shape of the recombination radia-
tion of silicon at 25 K and 7i~ 1.5%10'® cm™. Points—experi-
ment, delay T in usec, gain (x); ®—0.1 usec (x1), Xx—0.4 usec
(x4), 0—0.7 usec (x6), 0—1.2 usec (x6.5), A—1.4 usec
(x6.8), a—3.2 (x9), m—4.8 usec (x12). Solid-line calcula-
tion of the shape of the EHD spectrum at ny=2. 5x10¥ em™ and
T=25K. b) Dependence of the shape of the recombination
radiation spectrum of silicon at T=25 K on the excitation level.
The experimental points correspond to an average density
4.10" (@), 2.5 10'7 (x), 1.5-10'7 (0) and 0.4-10' (@) cm™.
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the EHD and gas-phase bands, which reaches one order
of magnitude, and if we investigate the time evolution of
the shape of the spectrum under pulsed excitation. Fig-
ure 3a shows recombination spectra obtained at 7'=25 K
with different delays relative to an excitation pulse that
generates 7~ 10 cm™, It is seen that the intensity of
the EHD band is the fastest to attenuate, and no traces
whatever of this band remain in the spectrum already
after 1 usec.

At a delay of 1 usec, there is still no time for notic-
able changes to takes place in the spectrum of the gas
phase. This spectrum constitutes a broad (compared
with the spectrum of the free excitons) band corre-
sponding to the electron-hole plasma. With increasing
delay, the emission spectrum of the electron-hole
plasma becomes narrower, and its “red” boundary
shifts toward higher energies. Only starting with de-
lays 7,~3 usec, when the average density of the e -
pairs reaches ~ 10! ¢m™, does the emission spectrum
of the gas phase coincide fully with the exciton-phonon
spectrum.

Thus, in this temperature interval, the electron-hole
liquid seems to condense into drops directly from the
gas of the non-equilibrium electron-hole plasma. This
means that if the density # is increased and the tem-
perature is kept constant in the range 20 K <T<27 K,
then at first, at 7~5x10'" ¢m™, the dielectric exciton
gas becomes “metallized” and is transformed into an
electron-hole plasma, (EHP) after which, at certain
threshold values of the density, a first-order phase
transition takes place in the EHP-EHL system.

4. LIQUID-GAS EQUILIBRIUM REGION ON THE
LIQUID-PHASE SIDE

To construct the liquid—gas coexistence curve on the
liquid-phase side, we measured carefully the shape of
the recombination spectrum of the EHD at different
pumps and temperatures, after which, by analyzing the
shape of the spectrum, we obtained the electron tem-
perature Tgyp and the carrier density »n; in the EHD,

1. At T<20 K the emission spectra of the EHD and of
the exciton gas are distinctly separated, so that Tgyp
and n, were determined independently from the shape
of the EHD spectrum’”!2? with sufficient accuracy. The
spectral distribution of the recombination radiation of
the EHD with emission of 727° and #2%° phonons, un-
der conditions of quasi-equilibrium, is described by
the expression'”’

() =]: e (e—hv) " de
Y [1+exp((e—es)/kT) N[ 1+exp ((hv—e—es") /KT) |’

@)
where £%(n, T) and €%(ny, T) are the Fermi quasilevels
of the electrons and hules at the temperature 7. The
energy #w of the emitted photon is

ho=hv+E—e..—hQ,

where E, is the width of the forbidden gap and ¢,, is the
sum of the exchange and correlation energies. Expres-

sion (3) is valid in an approximation in which one neglects
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the dependences of the instant of the optical transition
and of the value of g, on the quasimomentum (the latter
means that one ignores the corrections to the kinetic en-
ergy of the electrons and holes, which depend on the
quasimomentum and are due to the interparticle inter-
actions), It is seen from (3) that n, and T are indepen-
dent parameters that determine the shape of the spec-
trum,

When the experimental curve was approximated with
the aid of expression (3), we took into account also the
fact that the recombination radiation band of the EHD
in silicon is a superposition of two rather broad bands
with emission of TO (strong component) and LO (weak
component) phonons; the components have an intensity
ratio 10:1 at the maximum and are shifted in energy by
7QT° —7L°=1,8 meV. ™’ We note, however, that al-
lowance for the contribution made to the system by the
emission of the LO phonon alters the resultant value of
ny by not more than 2%.

Figure 1 shows an approximation of the shapes of the
recombination spectra of the EHD, obtained with the aid
of expression (3) under conditions of pulsed excitation.
The approximating curves were calculated with a com-
puter. The arrows on the figure indicate the “red”
boundaries 7w, and ¢,, of the recombination spectra of
the electron hole drops and excitons, respectively, and
also the chemical potential up per pair of particles in
the EHD, accurate up to the energy of the T0 phonon.
The greatest discrepancy between experiment and cal-
culation is observed near the “red” boundary of the EHD
spectrum, This smearing of the “red” boundary of the
EHD spectrum, which was noted also earlier in™ 12 131,
is possibly due to the “tails” of the state densities of
the allowed bands.

In the temperature interval 8 K<T <20 K, the error
in the determination of Tgyp does not exceed 2 K. A
comparison of Ty and T, shows that in this entire in-
terval Tgyp is always 2-3 K higher than the exciton tem-
perature, The difference between Tyyp and T,, has ap-
parently a definite meaning and is connected with the
fact that the EHD contains its own heat “source,” due to
the intense generation of phonons by electron-hole re-
combination, In the subsequent discussion of the re-
sults, however, we shall neglect the difference between
Tox 2and Tgyp, ‘since it barely excees the experimental
error, and will assume throughout that Ty, is equal to
Texe

Figure 4a shows two plots of ny(T) measured under
conditions of stationary and pulsed excitations at T <20
K. The difference between them reaches 20% at T=18K,
and the question of the cause of this difference still re-
mains open. We note that as this paper was written a
communication was published (see™®’), citing the ny(T)
dependence in silicon only in the interval 2K<7 <13 K,
The values of n, determined in‘**? agree in this tempera-
ture interval with our data for pulsed excitations, with
accuracy up to 10%.

2. At T>20 K, the determination of the density n, and
of the temperature Tgyp directly from the shape of the
EHD recombination spectrum is an unsurmountably dif-
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FIG. 4. Phase diagram in nonequilibrium electron-hole sys-
tem in silicon. The experimental points are determined from
the following: the shape of the spectrum under pulsed excita-
tion (PE, ®) and under stationary excitation (SE, a), from the
red boundaries of the EHD (0) and the EHP (4) spectra under
PE above 20 K, from the threshold of the onset of the EHD un-
der PE (x) and under SE (a), and from the dependence of the
integral intensity of the exciton emission on the temperature
under SE (2). The points C and VDS were calculated in' ¢
and™), The calculation of the threshold density of the satu-
rated exciton gas n2, in the detailed-balancing approximation
is shown by curve 1, and with the aid of Eq. (9) by curve 2,
Curve 3—Mott transition line n,,(T).

ficult problem, since in this temperature region the
emission spectra of the EHD and of the gas surrounding
them overlap to a considerable degree. To determine
the function 74(7) we used the dependence of the spec-
tral transition of the “red” boundary of the EHD band
on the carrier density.

The procedure of determining n, consisted in the fol-
lowing, For a metallic liquid, the temperature depen-
dences of the contributions to the free energy per pair
of particles in EHD connected with exchange and cor-
relation interactions practically cancel each other in
the density and temperature regions where the plasma
frequency w,> kT/% ™’ (in silicon we have %w,= 20 meV
. (n+10"8cm®)/2), Assuming that Ag. (1, T)= At (1),
the change of the position of the “red” boundary can be
written in the form

Ako, (ro, T)=AE(T)+Ae.(n0).
Next, using the calculations of ,.(n,) for silicon in the

range of values of the dimensionless parameter », from
0.8 to 1, carried out in'*’, we plotted a calibration
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curve for Azw,. To determine n, it turned out to be
more convenient and more accurate to use the experi-
mental values of the energies 7w, ,, on the long-wave
wing of the EHD band, where the intensity of the re-
combination radiation of the EHD amounted to half the
intensity at the maximum. A correction dependent on
ny and T, was introduced for the difference between
hiw,;, and Aw,, in conformity with the distribution (3).

Choosing as the reference point the value of », at
T =3 K, as determined from the shape of the EHD spec-
trum (2y(3 K) =3.35-10'® cm™®), we determined the ny(T)
dependence in the entire range of temperatures of inter-
est to us, T £ 27 K (Fig. 4a). In the region 7'<20 K,
the n,(T) dependence obtained in this manner agreed
within 1% with that previously determined from the shape
of the emission spectrum of the EHD. This agreement,
in our opinion, provides another argument in favor of
the selected method of determining ny(T).

It is seen from Fig, 4a that ,(T) decreases strongly
at T R 25 K, thus evidencing an approach to the critical
temperature.

5. THERMODYNAMIC CHARACTERISTICS OF
ELECTRON-HOLE LIQUID

To describe the temperature dependence of a metallic
electron-hole liquid we used, following®® 16!  the
Landau theory for a Fermi liquid. The free energy
F(n, T) per e -k pair in the region where kT < 2",
can be represented in the form of an expansion in powers
of the temperature:

F(n, T)=e(n) ="/ (n) (kT)?, @)

where €,(r) is the energy of the ground state at T =0,
y(r) = (7/3n7 3/ 3(my, + mgy) and my, (my,), are the effec-
tive masses of the densities of state of the electrons
(holes) with allowance for the band-degeneracy multi-
plicity. Equation (4) yields corrections, quadratic in
the temperature, to the chemical potential ug, to the
Fermi energy Ep=¢% +¢%, and to the equilibrium den-
sity n, of the e — & pairs in the liquid phase:

b (T) =pr(0) —8,Ex(0) (kT)?, Er(T)=Er(0) [1—6z(kT)*], (5)
7o (T) =n,(0) [1—6.(kT)*],

where
POV T { )P S o U
PTU2ES0) " 2 71e(0)e”(0)
o 1 _1 1O
"T12 e (0)e,(0) 3 na(0)es”(0) '

and the prime denotes differentiation with respect to
the concentration,

Figure 5 shows approximations of the temperature de-
pendences of up(T), E(T) and no(T) with the aid of ex-
pression (5). Good agreement with experiment is ob-
served in the temperature region T<22 K. The values
of the fit parameters Ep(0), 75(0), px(0), 6,, 0z, O,
and also the values of the compressibility x=[e{(0)
xn3(0)]! and the binding energy ¢ (0), obtained by least
squares from the experimental curves, are listed in
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FIG. 5. Approximation of the temperature dependences of the
equilibrium density ny(T), of the Fermi energy Ep(T), and of
the chemical potential e — %2T° per electron-hole pair in an
EHL.

Table I. A theoretical calculation of these parameters
for silicon was recently carried out in*"), We note that
the authors of''" have assumed in the calculation of ¥
that m,, + my, =2m, instead of the actual 1, 6m,. '8!
Therefore the values of 6,, 6,, and 6z calculated by
them are approximately 20% too high. Comparing the
experimental data with those calculated in“”, we can
note good agreement for the values of 1,(0), Er(0), ¢(0),
x; however, the experimentally obtained coefficients 0,
5,, and 6z turned out to be less than those calculated
in'") by an approximate factor of two. Accordingly, the
critical temperature T, =20.8 K calculated in"'"’ is also
appreciably lower than the experimentally estimated
value T, =(28+2) K (see Sec. 6).

6. GAS-LIQUID EQUILIBRIUM REGION ON THE
GAS-PHASE SIDE

1, T<18 K. Exciton-gas-EHD transition. For an
experimental determination of the thermodynamic gas—
liquid coexistence curves on the gas-phase side it is
necessary to determine the saturated vapor density of
the exciton gas nﬂx corresponding to the threshold ex-
citation intensity P,,, at which the EHD band begins to
appear in the recombination radiation spectra. For an
estimate of nd, from P,,. it was assumed that the ex-
citon diffusion length in the interior of the sample is
100 um and that the surface recombination can be ne-
glected. We note that if the sample surface is carefully
finished by chemical polishing, the recombination times
under volume and surface excitations are practically the
same. The exciton lifetimes T,, were estimated from
the pulsed measurements with accuracy up to 10%. The
error in the value of n?, was governed by the correct-
ness of the assumptions made and ranged over one or-
der of magnitude. Thus, at T =18 K the value of nd, es-
timated in this manner differed by only 1.3 times from
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nd, obtained from threshold measurements in the pulsed
regime, when a calibration for 7(P) could be carried
out, while the error in the value of nd, was within 20%
(see Sec. 6.2 below). The threshold values of n2, were
estimated for an experimental situation wherein the ratio
of the integrated intensities of the EHD and exciton
emission bands was 1:15. Only at helium temperatures
T<5 K, when the EHD band rises over the background
of the lines of the multiparticle exciton-impurity com-
plexes, was the EHD production threshold estimated at
an intensity ratio 1:1 of the corresponding band. The
nd.(T) dependence obtained under the conditions of the
stationary excitation is shown in Fig. 4b.

An independent method of constructing the nd (T) curve
is the measurement of the temperature dependence of
the integrated intensity I, (T) of exciton emission near
the threshold of the EHD production. Under conditions
when the radiative lifetime of the excitons remains con-
stant at 7 <18 K, we have nl,(T)~L,(T). The nd (T) de-
pendence obtained in this manner is also shown in Fig.
4b (the value of nJ, (18 K) was taken from threshold mea-
surements), The agreement between the two methods
of determining 7 (T) is quite satisfactory. As expected,
at low temperatures the experimental #2, (T) dependence
cannot be described by the expression (see, e.g., tl)

' (T) =g (M .kT/2nk?) “exp (—/kT) 6)

(Fig. 4b, curve 1), where g is the degeneracy factor of
the ground state of the exciton and M,, is the state-den-
sity effective mass. Expression (6) is valid under de-
tailed-balancing conditions for nonrecombining particles
in a flat gas-liquid interface. Relation (6) agrees with
experiment only at 7>14 K. This explains the more
than threefold discrepancy in the values of the binding
energy estimated by the spectroscopic and thermody-
namic methods from formula (6) at 7<12 K, '

Calculations of the exciton-gas saturated vapor den-
sity, in which account is taken of the surface tension,
of the finite lifetime of the recombining particles in the
EHD, as well as of the diffusion of the excitons in the
EHD, yield (see''®’)

Re:(T, R) =N, 0Xp ———

20 nR (1_*_01-1-1)'

noRkT RRT T 3vrT, D @

where n*, is given by (6), 0 is the surface-tension co-
efficient, v, is the thermal velocity of the excitons, D
is the coefficient of their diffusion, and R is the radius
of the EHD. Under the conditions of stationary ex-

TABLE I. Parameters of EHD in silicon.

- Experiment

Our data Data by others Calculation
ng-10~18, cm™ 3.35+0.05 3.7[%]; 3.33 []"] 3.2[1],34[] 34 [9]
2(0). meV 7.9+0.2 8.2+0.1 g" 7.24 [7], 5.7 [18]

224 224 [* 212 [V
u,(O) hQ"’, meV 1089+0.2 1088 7+04 [1* -
85, mev™? 0.045+0.04 0.06+0,02 [ ] 040 [!
8k, mev 2 0,04+0.04 0.05+0, 00'18
8, meV 0.013+0.006 0. 0&10 006 [13]
%-10"%, eV~1.cm™ 0.7+0.2
K 28+2 - 16
ﬂc'io-“, cm™ 1.2+0,2 - 1 2 [
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citation, as ¢-, the values of R and n,, should tend
to their limiting values R, and nJ, determined from the
conditions

dn..(R.)/dR=0, (8)
R =Nee(Ry). 9)

We used formulas (7)-(9) to calculate the nJ, (T) depen-
dence for silicon (curve 2 on Fig. 4b). In the calcula-
tion, the surface-tension and exciton-diffusion coef-
ficients were assumed to be 0=3.6 - 10~ erg/cm? [203
and D=50 cm?/sec. The calculated curve accounts
qualitatively for the measured dependence in the case of
n%,(T), but the quantitative discrepancies are large at
low temperatures, Moreover, at T <5 K, the EHD
radius R, estimated with the aid of (8) turned out to be
comparable with the Bohr radius of the excitons, ob-
viously a meaningless result, These discrepancies are
more readily caused. by the fact that expression (7) does
not describe the properties of EHD having a small num-
ber of particles. The experimental n% (T) curve is
satisfactorily described by expression (7) if we use
R=0,3 um, This value agrees well with the R=0.75
wm obtained in*!? by measuring the current pulses con-
nected with the decay of EHD near a p -z junction. We
can also note here that although the measurements were
made with stationary illumination, the system could
still be far from the stationary state described by for-
mulas (8) and (9), owing to the very slow rate of drop
production when the exciton gas is not too strongly
supersaturated, !9

It follows also from the determined 2, (T) dependence
that the chemical potential of the exciton gas and of the
EHD are equal only at 7 2 15 K, At low temperatures,
when there is no detailed balancing in the system, we
have g, # ugup (for example, p, — pggp =4 meV at T
~4 K).

2, 22 K<T 27 K. EHP-gas-liquid transition. In this
temperature region, the study was made only under
pulsed excitation of nonequilibrium e - pairs. The
threshold values of the saturated-gas density (EHP), at
which the EHD bands begin to appear in the emission
spectra (the ratio of the integral intensities of the EHD
and EHP bands near the threshold is 1:15) were esti-
mated in the following manner,

We determined first the average nonequilibrium e —
pair density corresponding to the maximum pulsed pump.
To this end we measured at 7 >30 K (a temperature
higher than critical) the EHP emission spectrum corre-
sponding to the maximum of the excitation pulse. From
the position of the “red” limit of the EHP spectrum we
then determined # in analogy with the determination of
the density n, for EHD. After such a calibration of the
excitation pulse, it was assumed next that z~ P, The
excitation power was varied with the aid of calibrated
filters, and the density n%yp of the saturated EHP gas
was then determined from Py,..

The threshold density of the saturated EHP gas can
be determined also in an independent manner if one
knows the chemical potential pgyp per pair of particles,
and the width E, () of the forbidden gap, corresponding
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FIG. 6. Temperature dependences of the “red” limits of the
recombination radiation spectra and of the chemical potential
for EHD and EHP.

to EHP of a given density. The chemical potential of
the EHP coincides with pgzyp, and the gap can be deter-
mined from the “red” limits of the EHP emission spec-
tra plotted with a delay corresponding to the instant of
vanishing of the EHD band. (fw, of the EHP was as-
sumed to be the frequency at which the intensity of the
emission was 1/10 of the maximum.) The plots of

13 4p(T) obtained by these two independent methods in
the interval 22 K< T <27 K are shown in Fig. 4b. The
agreement between these plots confirms the assumption
that the gas surrounding the EHD is plasma-like in this
temperature region,

Figure 6 illustrates the temperature dependences of
the chemical potential ., as well as of the “red” end-
points of the EHD and EHP spectra, measured along the
gas-liquid equilibrium curves. The “red” limits 7w,
of the EHP and EHD correspond, within the framework
of the considered approximations, to the corresponding
widths of the forbidden gaps E;. It is seen here that
the EHP produced as a result of “metallization” of the
dielectric exciton gas at 7~ 5x 10 cm™ remains a non-
degenerate gas surrounding the EHD up to 7~ 3 %107
cm™® (T=26 K). The recombination radiation band of
the degenerate EHP (7>5x10!" cm™) overlaps strongly
the EHD emission line. In the immediate vicinity of the
critical temperature, the contours of the EHD and EHP
bands can therefore not be separated in principle either
by the spectral positions of these bands or by the ki-
netics of their shapes. The determination of the critical
parameters »n, and T, directly from the recombination
radiation spectra is therefore impossible. The values
of the critical temperature and density can be estimated
only by extrapolating the #,(T) and nd,p(T) curves, This
extrapolation yields n, =(1.2x0.2)x10*® cm™ and T,
=(28+2) K. These values agree well with the n,=0.8
x10'® cm™ and T, =28 K calculated in‘'®?,
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Laser induced breakdown of alkali-halide crystals
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The frequency and temperature dependences of the laser-induced breakdown thresholds of a number of
alkali halide crystals are investigated. In the samples with the highest thresholds the dependences agree
qualitatively with the avalanche ionization theory and this mechanism is the probable cause of their
destruction. Possible causes of the quantitative discrepancy between theory and experiment are discussed.

PACS numbers: 79.20.Ds, 77.50.+p

1. INTRODUCTION

The mechanism of laser-induced breakdown of solid
transparent dielectrics remains to this day a compli-
cated and debatable problem in the physics of the inter-
action between high-power electromagnetic radiation and
matter. For pure materials, in the case of pulses in the
picosecond range, the most widely discussed mechanism
is the electron avalanche due to impact ionization. ™7 It
is still unclear, however, whether this mechanism pre-
dominates in the breakdown of real materials, since the
latter always contain various kinds of defects and inclu-
sions that can influence strongly the breakdown process.

It was stated in'®7® that the electron-avalanche mech-
anism was realized in the alkali-halide crystals inves-
tigated by the authors. The proof advanced in the cited
papers, however, can hardly be regarded as convincing.
In fact, the statements there were based mainly on the
following observed experimental facts: a) the indepen-
dence of the laser-breakdown threshold of the frequency
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in a wide range, and the fact that these thresholds
agreed with those observed in constant electric fields;
b) the correlations of the thresholds in the series of the
alkali-halide crystals. It was also stated that no ef-
fects of the absorbing inclusions were accounted for in
the experiments. All this, however, cannot be regarded
as fully convincing proof in the favor of a breakdown
mechanism that is connected with the development of an
electron avalanche. In fact:

1. The independence of the thresholds of the frequen-
cy may also be a property of other breakdown mech-
anisms, including the thermal one. And if this fact is
analyzed within the framework of the electron avalanche
mechanism, then it means that the relaxation time 7 of
the longitudinal component of the momentum of the “hot”
electrons turns out to be shorter than 6x107® sec,
which is, in the very least, unexpected and requires
careful corroboration. The comparison that was car-
ried out between the thresholds of laser breakdown and
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