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Measurement of the Spatial Distribution of Electron-Hole Drops in Ge
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We have determined the radius and spatial distribution of electron-hole droplets in Ge

at 2 K excited by a 100-mW focused beam of 5145-&

light. The droplet distribution can

be approximated by a uniform hemispherical cloud of radius~1 mm containing droplets
with radii of 2.0£0.5 um. These results disagree with solutions of simple diffusion equa-
tions and with recent reports of the observations of single large droplets with radii ~1

mm.

Since the theoretical prediction of Keldysh! in
1968 of the existence of electron-hole drops, and
the interpretation of luminescence data in Ge in
terms of this model by Pokrovskii and Svistu-
nova? in 1969, there has been a considerable
amount of experimental and theoretical effort ex-
pended on the problem of the gas-liquid phase
transition in a nonequilibrium electron-hole plas-
ma. Most of the work to date has been devoted
to measuring and understanding quantities such as
the binding energy®"” and the liquid density.®>77*°
Although some efforts have been made to study
the spatial distribution of electron-hole droplets
in Ge using microwave!! and luminescence tech-
niques,¥!2"!* these techniques are not able to give
absolute measurements of the electron-hole den-
sity, and hence are not able to provide a com-
plete picture of the electron-hole droplet (EHD)
distribution.

Recently Worlock, Damen, Shaklee, and Gor-
don!® (WDSG) have shown that it is possible to

determine the EHD concentration and the total
density of nonequilibrium electron-hole excita-
tion in Ge by measuring the attenuation and the
scattering of light at 3.39 um.

In this paper we report the results of measure-
ments made using the technique of WDSG to study
germanium at =2 K, excited by a 100-mW fo-
cused beam of 5145-A light. We have measured
(a) the radius 7, of electron-hole drops and their
spatial distribution ’y(ﬁ), and (b) the spatial dis-
tribution p(R) of the total nonequilibrium elec-
tron-hole excitation. We find that p(R) can be ap-
proximated by a uniformly dense hard hemisphere
of radius R,=1.05 mm centered on the pump spot
and containing an average electron-hole density
=~10' cm~3. From the light-scattering results
we conclude that this hemisphere is a cloud of
drops with radii »,=2.0+0.5 um and containing
most of the nonequilibrium excitation. Such a
spatial distribution is contrary to the predictions
of simple diffusion theory!® and is not understood
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FIG. 1. Ratio of the change in sample transmission
to the amplitude of the unperturbed Fabry-Perot oscil-
lations when the pump source is shined on the sample,
as a function of the depth of the probe beam in the sam-
ple. The insert shows schematically the experimental
geometry, The sample surface is in the x-z plane,
with the pump beam focused at the origin. One octant
of the distribution is depicted by the solid curved lines,
and the dashed line shows the path of the probe beam
through the excited region.

at present. At lower excitation levels, the cloud
shrinks in size rather than decreasing in density,
and 7, remains unchanged, while at higher tem-
peratures (crystal not immersed in superfluid
helium) the drops disappear entirely and the
depth of penetration of nonequilibrium excitation
is drastically reduced.

The experiments were carried out in a manner
similar to that reported by WDSG, the major dif-
ference being that the exciting light is focused to
a small spot (less than 50 ym in diameter) in the
present case, as is indicated in the insert to Fig.
1. If we consider a coordinate system with the
origin at the pump spot and x and z axes in the
plane of the sample surface, with the x axis par-
allel to the probe beam as indicated in the insert
in Fig. 1, then we have two degrees of freedom
(v and z) for probing the excitation cloud.

Because the incident probe beam is affected lo-
cally and linearly by the contents of the excita-
tion cloud, the measured signal (either scattering
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or attenuation) is proportional to an integral over
the beam path of the local concentration:

S(v,2)« [flx,y,z)dx, (1)

where the function f represents either the droplet
concentration y(R) (scattering), or the total non-
equilibrium electron-hole pair concentration p(ﬁ)
(attenuation).

Since the cloud has cylindrical symmetry about
the vy axis, it is possible to determine f(x,y, z)
from the measured values of S(y, z) using an
Abel transform.' However, for the present dis-
cussion, such a detailed analysis is not neces-
sary.

The modulated transmission signal as a func-
tion of the depth y is shown in Fig. 1. As pointed
out by WDSG, the modulated transmission signal
has a periodic oscillatory nature due to the frac-
tional order change of the sample transmission
Fabry-Perot caused by the macroscopic refrac-
tive index of the charge cloud.

The ratio T, of envelope of the modulation
signal to the unperturbed Fabry-Perot modulation
is a measure of the change of the real part of the
macroscopic index of refraction, while the aver-
age signal (averaged over the Fabry-Perot oscil-
lations) T'jn,g gives the change in the imaginary
part. Both the envelope and the average decrease
slowly with increasing vy for ¥ <0.8 mm and then
decrease rapidly for y >0.8 mm.

In order to analyze this data, let us define

n' = f_: k1 (x)dx,

where n=p/p, is the fractional volume occupied
by the excitation if it is all condensed into drop-
lets of density p,, and % is the wave vector of the
probe light beam in Ge. Then the total scattered
light intensity M and the Fabry-Perot transmis-
sion T can be expressed in terms of n’ as!®8

M="7.57"(kr,)|An|?,
Treal = 217’An, Timag = 2"7'Ak,

where An is the complex index of refraction of
the liquid.

Figure 2 shows the values of 1’ obtained from
both scattering measurements (M) and transmis-
sion measurements (7). The results agree with
one another to better than a factor of 2, which is
quite acceptable considering that M can only be
reliably determined to within about a factor of 2.

The solid line in Fig. 2 is a fit to the data as-
suming that the droplets are uniformly distrib-
uted in a hemisphere of radius 1.05 mm, cen-
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FIG. 2. 7’ as determined from transmission measure-
ments (circles) and total scattered-light measurements
(squares) as a function of the depth of the probe beam
into the sample. The solid line shows the predicted
values of 7’ if the droplets are assumed to be uniformly
distributed in a hard hemisphere of radius 1.05 mm,

tered on the pumped spot, with n=1%. The fit is
quite acceptable, and hence we conclude that at
an excitation intensity of 100 mW, the droplets
form a hemispherical cloud of uniform concentra-
tion, that most of the excited electron-hole pairs
are probably condensed in droplets, and that the
average density of electron-hole pairs in the
cloud is #10*® cm ™3, From measurements of the
angular dependence of the scattering, we find
that the droplets in the cloud have a radius of
2.0+0.5 pm.

We further find that with increasing excitation
intensity, the radius R, of the cloud increases
while the density in the cloud p and the drop size
7, do not change appreciably. These results im-
ply that there is a maximum number of droplets
that can be supported by the excitation cloud
(perhaps because of the available number of nu-
cleation centers), that the drop radius is deter-
mined by some factor other than the excitation
level (and perhaps even temperature to some de-
gree), and that the cloud size is then determined
by the drop radius and the maximum drop density.

These results disagree with the recent re-
cent reports of observations of large single drops
(=1 mm).%%1° We feel that those experimental

observations are probably consistent with our in-
terpretation, and that the experimental techniques
and theoretical models used in gathering and in-
terpreting those data are perhaps not capable of
differentiating between a uniform hemispherical
cloud and one large drop. Measurements of the
spatial distribution of the lumincescence give
only a value of R,, but have no possibility of de-
termining 7. Dimensional resonance experi-
ments’ have been interpreted using approxima-
tions that are probably valid only for the case of
a large single drop, and time-dependence mea-
surements® have been interpreted using rate
equations that do not realistically describe the
system. Since the present experiments are ca-
pable of directly determining the electron-hole
density, we are quite confident of the validity of
our interpretation. Preliminary results®® using
pulsed excitation indicate that a similar cloud is
formed following the excitation pulse.

In conclusion, we have measured the size of
the cloud of electron-hole droplets for the case
of point excitation by 100 mW of 5145-A light.

We find that the radius R of the cloud is 1.1+0.1
mm, that the cloud is filled with a nearly uniform
concentration of droplets of radius »,=2.0+0.5
pum, and that the concentration does not decay
exponentially with increasing R as would be ex-
pected on the basis of a diffusion model. We fur-
ther find that the macroscopic density of elemen-
tary matter in the cloud is =~10'® cm~® and is rel-
atively independent of excitation level in the
range of excitation intensities of 50 to 100 mW,
and that rather R, increases with increasing ex-
citation intensity. And finally, the droplet radius
appears to be independent of excitation intensity
in the range 10 mW < /<100 mW.
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The density-functional formalism has been used to treat self-consistently the non-
linear screening of a proton in an electron gas. The results have been used to calcu-
late activation energies for diffusion of hydrogen in Al and Mg. The theory is in good
agreement with experimental results which are only available for Al. Hydrogen-vacan-
cy trapping has also been investigated and was found to be a distinct possibility in the

case of Al.

Apart from notable exceptions such as Pd and
Ta, the solubility of H, in most metals is very
low; for instance Al and Mg near their melting
points dissolve about 1 atomic ppm®* and 700
atomic ppm,? respectively, of H, at atmospheric
pressure. In spite of this, the behavior of a pro-
ton and the surrounding electronic structure in
simple metals such as these are of considerable
interest since the proton is the simplest impuri-
ty, being a point ion with no complicating core-
electron structure. The hydrogen molecule dis-
sociates upon dissolving and because of the small
solubilities, the screened protons may be regard-
ed as independent impurities. We present here
calculations for Al and Mg of the energy of the
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metal for various positions of the proton. Self-
consistent, nonlinear theory has been used to
treat the screening of the proton, and the lattice
was taken into account using first-order pertur-
bation theory. The results indicate that the pro-
ton at the octahedral site in Al, rather than the
tetrahedral site, gives a lower energy but that
the proton at a vacant site leads to a much lower
energy than either of these, implying a strong
tendency for proton-vacancy trapping. In the
case of Mg the octahedral and tetrahedral sites
had indistinguishable energies but binding to a
vacancy was not indicated. The activation ener -
gies for proton diffusion were estimated and the
result for Al is in good agreement with experi-



