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A noninteracting droplet fluctuation model for electron-hole droplet condensation in semiconductors is
applied to describe the condensation phase diagram for CdS. Good agreement with recent experimental
measurements is obtained by fitting the temperature dependence of the liquid side of the diagram. The model
then also gives the gas side of the phase diagram, the critical density, and an estimate of a surface

tension parameter.

I. INTRODUCTION

The condensation of electron-hole droplets (EHD)
from a high density of carriers at low tempera-
tures in the elemental indirect-gap semiconductors
Ge and Si has received much study recently both
experimentally and theoretically.! Very recently
experimental evidence has been obtained for drop-
let condensation in compound semiconductors in-
cluding II- VI systems (CdS, % and® CdSe) and III-V
systems (GaP,® and® GaAs). Droplet condensation
in the compound semiconductors can differ in im-
portant ways from that in the Ge and Si because
(i) the interactions between carriers can be in-
fluenced significantly by the carrier-phonon inter-
action’ (especially so in the II-VI systems) and
(ii) for direct-gap materials (e.g., CdS) the elec-
tron-hole recombination lifetime is several orders
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FIG. 1. Phase diagram for electron-hole droplet con-
densation in CdS. The circles are the experimental mea-
surements from Ref. 4. The solid curve is the result of
the model discussed in the text, and pgp gives the tem-
perature dependence of the liquid due to single-particle
excitations.

of magnitude smaller than for indirect-gap mate-
rials.

The most complete experimental study of EHD
condensation in a compound semiconductor has
been made for CdS. Leheny and Shah* have mea-
sured the temperature dependence of the liquid
side of the condensation phase diagram for den-
sities down to nearly the critical density p, (see
Fig. 1), and they have obtained an estimate of the
critical temperature 7.. The phase diagram gives
a particularly full picture of the condensation; it
is the boundary separating a region of dense elec-
tron-hole liquid (EHL) from a region consisting of
a “gas” of free carriers and/or excitons and from
a coexistence region of these two phases which is
characterized by EHD.

In the following a noninteracting droplet fluc-
tuation model for EHD condensation in semicon-
ductors is applied to describe the condensation
phase diagram for CdS. Good agreement is ob-
tained by fitting measurements of the tempera-
ture dependence of the liquid side of the phase
diagram. The model then gives the gas side of
the phase diagram, the critical density, and an
estimate of a surface tension parameter.

In Sec. II the necessary results from the drop-
let fluctuation model of EHD condensation are
written down. In Sec. III the phase diagram for
CdS is given and discussed. In the Appendix the
region of temperature for which the finite elec-
tron-hole lifetime is expected to affect the shape
of the phase diagram in CdS is discussed.

II. DROPLET FLUCTUATION MODEL FOR EHD
CONDENSATION

Thedroplet fluctuation modelfor EHD condensation
was developed by Reinecke and Ying®'° who applied it
to Ge and Si in the region T23T,, a region which
cannot be described by simpler approaches. It
gives good agreement® with measurements!® of the
entire phase diagram for Ge. It is a simple, phys-
ically clear model which is a generalization of a
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model discussed earlier by Fisher'! and others
for the classical liquid-gas transition.

In this model the gas phase is pictured as com-
posed of noninteracting droplet fluctuations of EHL
at constant chemical potential p and 7. Its den-
sity is

n=1

~ (Fgnt+Fgan®+k TTinn - ;m))
BT :

1)

The exponential factor gives the probability for a
droplet fluctuation of n electron-hole pairs.!?
Here the free energy of a droplet is separated in-
to a bulk term Fyn, a surface term F g an® where
an’ is the surface area, and a higher-order term
in Inn; g, is an overall proportionality constant.

In this model the condensation point, which is
indicated by the onset. of a stable liquid phase, is
given by the condition u(7)=F 4 (T): this is seen
from Eq.(1) by noting that for p>F , the prob-
ability of very large droplets diverges and for
w<Fpg, it does not. In addition, as T approaches
T., the surface tension F (T) decreases and fluc-
tuations increase. At a temperature for which
F¢(T) vanishes, stabledroplet formationis not pos-
sible, and therefore F (T =T )=0 determines T.

In a similar manner the liquid phase is pictured
as dense (temperature-dependent) EHL containing
noninteracting “bubble” fluctuations of the “gas”
phase. On the coexistence curve (i =Fp), the
liquid density is

Pr,coex™ pSP(T) =4 Z; n exp(—

(Fsan°+kBT1'1nn>
kT )
(2)
Here pg(T) gives the density variation of the elec-
tronand hole Fermi systems due to single-particle
excitations, and the second term gives the variation
due to bubbles. Complete symmetry between drop-
let and bubble fluctuations has been assumed which
implies that the critical density is given by

pc‘:'é'pSP(Tc)' (3)

Equations (1) and (2) give the entire phase dia-
gram in terms of pgp(T) and F¢(T), which are
properties of the dense, homogeneous EHL alone.
If T,<Tg,, Tg, the Fermi temperatures of the
electrons and holes, then the EHL remains de-
generate for temperatures of interest, and its
properties can be expanded as

psp(T) = p(0)[1 - 6,T%) , (4a)

Fy(T)=F¢(0)[1-6,7%]. (4b)

III. PHASE DIAGRAM FOR EHD CONDENSATION IN CdS

The droplet fluctuation model of EHD conden-
sation is now applied to describe the condensation
phase diagram in CdS for Tz 4T.. For CdS T,,,
Ten2 T, (Tp,=327TK, Tp,=50K), and therefore
psp(T) and F ((T) can be expanded as in Eq. (4). In
order to make the most direct comparison with
the available experimental results p(0), 6,, and
6, are chosen from the measurements of Leheny
and Shah,* which are shown in Fig. 1. p(0) and 6,
are estimated from the experimental p; ., for
T <T,tobe p(0)=2x10"* cm™ and 6,=0.00010 K2,
Also the experimental value of 7,=(6;!/2)=55K is
chosen. Then from Eq.(3) we obtain p,=0.70 x 10'®
cm™ as shown in Fig. 1. For spherical droplets
o= %, and

a(T) = 47{3/[41p(0)]}/3 [1+26,7%] .

40=p,/&(T—1) where ¢ is the Riemann ¢ func-
tion, and 7=2.2 is chosen.'* Then only F ((0) re-
mains unspecified; the solid curve in Fig. 1 is ob-
tained from Egs. (1) and (2) using the above para-
meters and taking F ((0)=20 x10™ erg/cm? to give
the best fit to the measured temperature depen-
dence of the liquid side of the phase diagram.
Changes of about 30% in F ((0) give noticeably
poorer fits to experiment, and thus this variation
is roughly the accuracy to which F ¢(0) can be ob-
tained from the present data.

The parameter F¢(0) plays the role of a surface
energy in the present model, and the value for
F s(0) obtained above is the first experimental es-
timate of the EHD surface energy in a compound
semiconductor. The interpretation of Fg(0) as a
surface energy should be taken somewhat cau-
tiously, however, because, except for T quite close
toT,, the sumsin Egs. (1) and (2) are dominated by
relatively small droplets. For example, for T =46
and 52 K, »>15 and n>40, respectively, contribute
~10% of the sums. For such small drops the sep-
aration of the free energy into a bulk and a surface
terra is somewhat arbitrary. A more accurate
value of the surface energy can be obtained by
fitting the phase diagram within ~1 K of T,, but
adequate experimental data is not presently avail-
able there. An alternative way to assess the ac-
curacy of the present value of F4(0) as the sur-
face energy is to note that the corresponding val-
ue of F¢(0) obtained by fitting detailed measure-
ments of the phase diagram for EHD condensation
in Ge is 1.0 x 10" erg/cm?,® whereas later values
of the surface energy from nucleation measure-
ments'* and from theoretical calculations!® are
about 2.5 times larger.

The fact that the value of F ¢(0) obtained here for
EHD in CdS is considerably larger than that in Ge is



16 ELECTRON-HOLE DROPLET CONDENSATION IN... 2655

consistent with what is expected on simple dimension-
al considerations. Dimensionally the surface energy
is expected to scale as F;(0)p(0)**® where F4(0) is

the condensation energy per pair. Using recent
values of F ,(0) and p(0) for Ge ' and CdS,* this
scaling implies that the surface energy of EHD in
CdS should be =253 times that in Ge. This is
quantitatively consistent (within the experimental
uncertainty) with the ratio of 20 for the values of
F¢(0) obtained from fitting the phase diagrams for
CdS and Ge.

Finally, consider the region of the EHD phase
diagram for CdS in which the finite value (~107°
sec) of the electron-hole recombination time 7,
may have significant effects on the shape of the
phase diagram. Physically, at sufficiently low
temperatures the value of 7, in the droplet be-
comes appreciable compared to the rates at which
carriers are collected at or emitted from the drop-
lets, and this results in a somewhat larger gas
density required for condensation than that cor-
responding to 7, infinite. A model which treats
the time dependences of these processes for T < T,
(Ref. 17) has been developed,'*''® and in the Appendix
results of this model and the best available estimates
of the appropriate parameters are used to suggest
that for CdS the finite value of 7, will probably not
have significant effects on the phase diagram for
T 23T, which is the region that has been treated
here with the droplet fluctuation model.

IV. CONCLUDING REMARKS

A noninteracting droplet fluctuation model has
been applied to electron-hole droplet condensation
in a compound semiconductor CdS. Good agree-
ment is obtained by fitting the liquid side of the
phase diagram, and the model then gives the gas-
side of the diagram, the critical density, and
an estimate of a surface tension parameter. Fur-
ther measurements of the entire phase diagram
and independent measurements of and calculations
of the surface tension in CdS and other compound
semiconductors would be very interesting.

APPENDIX

A rough estimate of the temperature below which
the finite electron-hole recombination time 7, in
CdS may have a significant effect on the EHD con-
densation phase curve is now given. In the case of
Ge (T,=6.5 K) significant deviations were obtained
only for 7<2 K.'%18

The difference between the phase curve for fi-
nite 7, and that for infinite 7, depends on Ap/k,T
(evaluated onthe phase curve), where Ap isthe dif -
ference betweenthe chemical potential of the gas and
that of the EHD for 7, infinite. We canthus makea

convenient estimate of the temperature below
which deviations in the phase curve for CdS are
expected by comparing the value of this ratio for
CdsS with that for Ge for which explicit numerical
evaluations of the phase curve have been made
based on a model which treats evaporation, col-
lection, and recombination as random processes.'**'®
Silver'® gives for a lower bound to this difference
in chemical potentials'® (evaluated on the gas side
of the phase curve)

\$/2
Kg— #12 hl[ 2s eO/anT] Al
kT 1+(3AT370kB . AD

Here S is the surface energy, A is the coefficient
in the Richardson-Dushman expression for exciton
evaporation from the droplet surface, and ¢ is the
bulk condensation energy [ =F,(0) above|. As T de-
creases, [, becomes increasingle greater than
K-
Evaluating Eq. (Al) for Ge at the temperature

(=2 K) above which appreciable deviations from

the infinite 7, curve are not seen gives [(uc - u,)/
kgT]p-»x=0.55.2° Thenusing the best estimates of
the parameters available for CdS,?! wefind that the
temperature at which (u, - 1;)/k ;7 has most near-
ly the same value (=0.56) to be T=27 K. This
value is smaller for larger temperature and
larger for smaller temperature. This suggests
that significant deviations from the infinite 7,
phase curve due to finite 7, are not expected in CdS
for temperatures T 2%’1‘0, which is the region to
which the droplet fluctuation model has been ap-
plied in the text.

The above evaluations of the difference u; - p,
employ parameters which are not yet known well,
especially for Cds. Its value depends strongly
on ¢ which is relatively well known, and it is
far less sensitive to S, A, and 7,, which are less
well known. For example, in the case of CdS,
if the value of the quantity S/A1, were changed by
a factor of 10, the resulting change in the value
of T for which (ug~ ;)/k T equals a fixed number
(e.g., 0.55 above) is <10 K.

For Ge the parameters S and 7, are known quite
well,'*'15:22 and for the present purposes A has
been estimated from the decay kinetics study of
Westervelt et al.?> For CdS an estimate of 7, is
given by Leheny and Shah,* and an estimate of
S[~2.5F 4(0)]is made from the results of fitting the
phase curve as discussed above (this nearly equiv-
alent to estimating S by dimensional scaling of the
results for Ge—see Sec. III above). To the au-
thor’s knowledge there is no experimental value
of A for CdS, so we have made an estimate of it
from the experimental value for Ge by appropri-
ately changing the excitonic mass and degeneracy.
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While there is some uncertainty in the para-
meters used above we believe that they are suffi-
ciently accurate to support the suggestion that the
phase diagram for CdS in the region T 2 37, is not
expected to differ significantly from that for in-

finite 7,. More accurate experimental values for
these parameters will provide a more accurate
estimate of the size of the region in which finite
7, effects are important and of the magnitude of
these effects.
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