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It is shown experimentally that the low mobility of electron-hole drops in germanium doped with
impurities in amounts N> 10" cm~> may result in occupation of a considerable proportion of a crystal by
the electron-hole condensate. This gives rise to percolation in the drop system: the photocurrent then
rises strongly and begins to oscillate as a function of the magnetic field. The oscillations are due to the
fact that when the Landau levels of electrons in a drop cross the Fermi level, oscillations of the
equilibrium density of the condensate are generated and this affects the drop size the percolation

conditions.

PACS numbers: 71.35.+z, 72.40.+w

According to the current ideas, a two-phase system
comprising an electron-hole condensate and a rarefied
“vapor” forms in germanium when the rate of interband
photoexcitation is sufficiently high and the temperature
is sufficiently low. '3) The condensate is a metallic
Fermi system with a degenerate spectrum of electrons
and holes.

In a magnetic field H the carrier spectrum is of the
form € =¢ .(H) + p*/2m* (¥=0,1,2,...), where the mo-
mentum p and mass m* represent one-dimensional mo-
tion along H. The density of states has maxima near the
bottom edges of the Landau bands € =¢,.. Therefore,
when H is varied so that the condition

esr=tr 1)

{er is the Fermi energy) is satisfied successively for 4°
=1,2,3,..., all the parameters of the condensate exhib-
it oscillations. These oscillations have been observed
in germanium by optical methods. ¥=7} We shall study
the manifestation of these oscillations in the electrical
properties of germanium. A similar attempt has been
made earlier. '8! However, as found subsequently, the
oscillations observed on that occasion®’ were of com-

pletely different physical origin. ©*%?

When the electrical properties are mveshgated, the
shape of the regions in a crystal occupied by the conden-
sate becomes very important. Under steady-state con-
ditions in pure undeformed germanium the condensate is
present in the form of drops of r=2-5 p radius. 21 The
drop radius is governed by the dynamic equilibrium in
the gas-liquid system and this equilibrium is affected

significantly by recombination processes inside a drop. -

In a pure semiinfinite crystal the possibility of creating
a high density of drops is restricted by the repulsion
forces between the drops, which cause them to scatter
all over the crystal, 111:12] The nature of these forces is
not well understood; they may be associated with the
phonon wind, which appears as a result of recombination
processes inside the drops. 37 It would seem possible
to force the coalescence of drops by preparing a small
crystal. However, we shall show that this method isin-
effective under steady-state excitation conditions evi-
dently because of the fast recombination on the surface
of a crystal.

1223 Sov. Phys. JETP 46(6), Dec. 1977

0038-5646/77/4606-1223$02.40

The situation is somewhat different in doped germani-
um, - The presence of impurities hinders greatly the dif-
fusion of drops. *1%! Therefore, as reported below,
coalescence of drops and the appearance of macroscopic
regions (possibly multiply connected) filled with the con-
densate can be achieved even in a bulk doped germanium
crystal by a suitable increase in the pumping rate. Os-
cillations of the photocurrent in germanium subjected to
a surface magnetic field are observed under these con-
ditions (see below).

EXPERIMENTAL METHOD

A germanium plate with welded gold wires (line elec-
trodes) was placed at the center of a superconducting
solenoid immersed directly in liquid helium in such a
way that the surface with the electrodes was perpendicu-
lar to the magnetic field H. The plate could be rotated
about this position through a small angle, which altered
the direction of H relative to the crystallographic axes
(Fig. 1). This was used for tuning purposes. In all the
experiments the field was directed along the [100] axis.
One of the electrode pairs (either the upper pair 1 and 2
or the lower pair 3 and 4) was subjected to a static volt-
age and the photocurrent passing through the electrodes
was recorded by a X-Y plotter as a function of the re-
ciprocal magnetic field H. In this way only two of four
contacts were used simultaneously.

Light reached a Dewar through a window in its upper
cover; this light was focused into a spot 2-3 mm in di-

ameter which covered the electrodes 1 and 2. The light
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FIG. 1. Positions of contacts on a germanium sample; here,
S is the light flux incident on the sample.

© 1978 American Institute of Physics 1223



source was either a He-Ne gas laser (0.63 ) or a cw
GaAs laser (0.85 p): the change in the wavelength did
not affect the results. The maximum power which could
be directed to the surface of the sample was about 50 -
mwW,

Most of the experiments were carried out in super-
fluid helium. The experiments at higher temperatures
were conducted with the helium pumping system shut off
so as to ensure that boiling did not interfere with the
optical excitation of the sample. The temperature of the
sample was monitored separately.

Our experiments were carried out on p-type germani-
um doped with gallium in concentrations Ng, from 1x 10
to 15x 10" cm™, and on n-type germanium, doped with
antimony in concentrations Ng, from 2x 10*° to 6x 10
cm™, Moreover, several control experiments were
carried out on pure germanium (N, +Np= 10 ¢cm™). In
most cases the samples had the dimensions 4xX4x0.3
mm. A comparison of the photocurrents flowing through
the contacts on the illuminated and dark sides of the
samples with these impurity concentrations indicated
that the thickness 0.3 mm was considered to be greater
than the photocarrier diffusion length J; the ratio J3,/J;,
was less than 0.1. (This comparison was carried out at
low excitation rates so that the value of I was governed
by photocarriers rather than by drops.) In this connec-
tion we should recall that similar experiments gave Jg,/
Jy2=1 for less heavily doped samples, 1°?

Two series of experiments were carried out on sam-
ples of different dimensions, The possibility of filling
a pure germanium sample with the condensate without
significant overheating was checked and the ideas on the
coalescence of drops in doped germanium were tested by
experiments on thin (about 0, 1 mm thick) samples. On
the other hand, large samples (8 x8x 1,5 mm) were used
in the determination of the temperature dependences.

An increase of the surface area by a factor of 10 im-
proved the thermal contact between a sample and heli-
um. Moreover, the greater thickness of these samples
prevented photocarriers from reaching the lower sur-
face. Hence, the lower pair of contacts could be used
as a thermometer which was calibrated first in the ab-
sence of illumination. It was found that overheating of
such a large sample in superfluid helium was about
0.1°K at the highest rate of excitation, whereas in nor-
mal helium the overheating was 0.5°K.

A simple test showed that there was practically no
temperature gradient across a sample. Focusing of the
light beam into a relatively small (about 0.5 mm in di-
ameter) spot and moving of this spot across the upper
surface of the sample demonstrated that the temperature
measured with such a thermometer did not change even
when the distance between the thermometer and the point
of excitation was varied by a factor exceeding 3. This
was understandable because the thermal resistance was
concentrated at the crystal-helium interface.

The temperature of the helium bath was found in each
case (it is given in the caption of each figure). Esti-
mates deduced from the thermometric experiments de-
scribed above, subject to allowance for the dimensions
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FIG. 2. Dependences of the photocurrent on the reciprocal
magnetic field applied to a gallium-doped germanium sample
with Ng,=6%10'° cm™; T=1,6°K, E=2 V/cm. The rate of
excitation (the number of photons incident on a unit surface
area per second) is given alongside each curve.

of the sample and the rate of excitation, indicated that
the temperature rise in the lattice in these experiments
did not exceed 0.1°K. Strictly speaking, these esti-
mates were inapplicable to the electron temperature in
the region adjoining the excitation zone. Since elec-
tron-electron collisions in these regions were very fre-
quent because of the high carrier density, the transfer
of energy from a single hot electron to the lattice took
place (at least partly) through the electron system. This
could result in a difference between the electron and lat-
tice temperatures. However, our results on the sensi-
tivity of the observed oscillations of the photocurrent to
the temperature of the sample demonstrated (as shown
later) that any difference between the electron and lattice
temperatures was very slight.

RESULTS

1. Figure 2 shows examples of records of the photo-
current in a sample with a gallium concentration Ng,
=6x10' ¢m™ obtained for different interband excitation
rates. It is clear from these records that an increase
in the excitation rate produced oscillations. Although
the third maximum could not be observed clearly, one
could nevertheless say that the maxima were equidistant
and oscillations periodic in terms of the reciprocal mag-
netic field. The positions of the maxima were indepen-
dent of the excitation rate, temperature, and other pa-
rameters, which could be varied experimentally. When
the temperature was increased, the oscillation amplitude
decreased and the oscillations disappeared completely
when the lattice temperature reached 2. 8 °K.

These oscillations were exhibited also by samples with
lower impurity concentrations right down to Ng, = (1-1.5)
x 10" cm™ (samples with Ng, =1x 10** cm™ exhibited the
magnetoimpurity oscillations!®? as well as the long-peri-
od-though very weak—oscillations described here). The
oscillations were not observed for samples with high im-
purity concentrations such as Ng, = 15x 10! ¢cm™,

Figure 3 shows the records of oscillations obtained for
samples with different impurity concentrations. Sepa-
ration between the first and second maxima (period P)
was approximately the same when expressed in terms of
the reciprocal field: it ranged from 3.3x10° t0 3.5
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FIG. 3. Oscillations of the photocurrent in n- and p- type
germanium samples with different impurity concentrations
(given alongside the curves); T=1.6°K, E=2 V/cm. For
convenience, the curves are displaced by arbitrary amounts
relative to one another along the vertical axis. For each
sample the rate of excitation is selected to maximize the
oscillation amplitude (see text).

%107 Oe™. The differences were random and not corre
lated with the impurity concentration. Therefore, we
assumed that the oscillation period P was the same for
all the samples and equal to

P=34-10"° 0e"! (2)

We also observed (Fig. 3) a slight shift of the oscillatio:
phase, i.e., a simultaneous shift of both maxima, when
the impurity concentration was altered. This shift is re
flected in the results shown in Fig. 4.

2. We shall now return to the plots in Fig. 2, show-
ing another noteworthy feature, which is a steep rise of
the current. A comparison of the curves indicated that
in fields below 30 kOe a sixfold increase in the rate of
excitation increased the photocurrent by a factor of 200-
300. When the rate of excitation was kept constant at S
=6x10'" cm™ . sec™, a reduction in the field from 30 to

#,kOe

.mr
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6
N,10” em=?
FIG. 4. Dependence of the position of the first photocurrent
oscillation extremum on the impurity concentration N: 0) Ga;
@) Sb; X) position of the corresponding extremum in measure-
ments of the optical characteristics of pure germanium, =%
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FIG. 5. Dependences of the
photocurrent on the rate of ex-
citation in various magnetic
fields H; Ng,=6%10% cm™,
T=1.6°K. The curve H=0
was recorded in an electric
field E=0.5 V/cm and the
other curves in E=2 V/cm.
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25 kOe also increased the photocurrent by almost two

orders of magnitude. This increase was revealed more
clearly by plotting the dependences J (S) for ﬁxed values
of the field (Fig. 5). -

A steep rise of the current on increase of the rate of
excitation was first observed by Asnin et al. %171 and
these observations were essentially the starting point of
intensive investigations of the exciton condensation.
Somewhat later an abrupt rise of the current was also
reported by Gurnee et al. *®? In contrast to these earlier
investigations, 17181 our experiments were carried out
in a magnetic field and on germanium samples with much
higher impurity concentrations.

Our experimental results on the steep rise of the cur-
rent can be summarized as follows.

a) Under steady-state excitation conditions in the in-
vestigated dopant concentration range an increase in this
concentration reduced the critical excitation rate S,
from which the current rose steeply. According to Fig.
6, this rate decreased by almost an order of magnitude
when the impurity concentration was increased from N
=1.5x10" cm™ to N=15x10"* cm™. In the case of sam-
ples with N=1x10'® cm™ we were unable to reach the
critical rate of excitation.

b) A further increase in the rate of excitation S made
the rise of the current less abrupt so that the whole
curve plotted on a logarithmic scale assumed the form
of a step (current discontinuity).
was practically the same for samples whose surface ar-
eas differed by a factor exceeding 10. This demonstrat-
ed that the appearance of the flat fat part in the depen-
dence J(S) at high values of S was clearly not due to the

lattice heating.

FIG. 6. Dependences of the pho-
tocurrent in a field H=21 kOe on
the rate of excitation S of germa-
nium samples with different gal-
lium concentrations; T'=1.6°K,
The values of Ng, are given (in
units of 10*® cm™) alongside the

Py curves.
1 1 L
0% " 0 i
& cm™ -sec™!
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c¢) The photocurrent curves depended strongly on the
‘applied magnetic field (Fig. 5). An increase in thisfield
_increased the value of S.. and made the step wider. In
fields greater than 40 kOe the curve was no longer a
step.

d) There was a correlation between the rise of the
current and oscillations. The oscillation amplitude was
highest at those values of S at which the photocurrent
rose most rapidly: S=(2-3)S,,.

DISCUSSION

All these experimental observations can be explained
most logically and consistently and in a unified manner
by adopting the following model.

The presence of impurities hinders the diffusion of
electron-hole drops and increases their concentration in
the surface layer. At some critical excitation rate S,
a system of drops exhibits percolation, i.e., coales-
cence of drops produces conducting channels which pass
entirely through the condensate; the photocurrent then
rises steeply. The value of S, is a function of the mag-
netic field and this function has monotonic and oscilla-
tory components. The magnetic field dependence S..(H)
is responsible for the features of the J(H) curves ob-
served for fixed values of S2 S,,.

We shall now discuss in turn all the assumptions of
our model.

We have mentioned earlier experiments*'*%] confirm-
ing a reduction in the drop mobility in doped germanium.
This reduction occurs probably because the thickness of
the phase boundary is comparable with the impurity di-
mensions and the motion of a drop gives rise to a mac-
roscopic resistance force F, proportional to the cross-
sectional area of the drop, its velocity v, and impurity
concentration N: Fc r%yN.,

The interaction of this boundary with an impurity may
occur because in the region occupied by the condensate
the impurities are ionized since the free-carrier density
in the condensate in germanium is approximately the
same as the critical density for the Mott transition (see,
for example, Alexander and Holcomb''?}) and outside the
condensate the impurities are mainly neutral.

The effectiveness of this reduction in the mobility is
demonstrated by a comparison of the following quanti--
ties. In the case of pure germanium the fractional vol-
ume of the crystal occupied by the condensate is 2
=Ny(4mr3/3)=0.01, where N, is the drop concentra-
tion. 111 However, percolation in a system of conduct-
ing spheres located at random sites occurs for k.,
~0.35.[2°7 Even when we allow for the fact that the im-
purity concentration N §10'® cm™ does not reduce signif-
icantly the carrier lifetime in the drops, %11 such a
very high value of 2 near the surface at the excitation
rates used in our experiments is possible only if k de-
creases steeply in the interior of the sample. The sim-
plest assumption to make is that the number of particles
bound into drops decreases exponentially with depth: %

" =kgexp(- x/L). This assumption is partly supported by
, the theoretical calculations and experimental results'!®?
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FIG. 7. Dependences of the pho-
tocurrent on the illuminated and
dark sides of a sample on the ex-
citation rate. The sample was d
=0.1 mm thick; Ng,=6x%10' cm™,
T=1.6°K, H=21 kOe, E=3 V/cm.
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relating to pure germanium. The total volume of the
condensate per unit excited surface area V=kyL is pro-
portional to the excitation rate S. Therefore, if we as-
sume that the condition kj =k, is obeyed at S=S,, the
results in Fig. 6 can be used to find the dependence of
Lon N: in the investigated range 10" cm™ <N <10'¢
cm™ we may assume that Lo N1,

This hypothesis of a strongly inhomogeneous distribu-
tion of the condensate with depth was checked by an ex-
periment on a thin sample. The results (Fig. 7) indi-
cated that percolation between the two lower contacts did
indeed occur when the excitation rate was high.

It would seem that at sufficiently high excitation rates
the J;, and Jg, curves should coincide. However, the
J34 curve shows the tendency to saturation at lower cur-
rents than J;,. One of the possible explanations was that
the resistances of the contact regions were different.
This could arise as follows: because of rapid recombi-
nation, the condensate could not exist in the immediate
vicinity of macroscopic defects such as the surface of a
sample or the contact with the metal. The resultant gap
would be small because of the low drop mobility. Never-
theless, it would give rise to some additional resistance
which would naturally decrease strongly on illumination
of the contact.

In view of the low mobility of drops in doped germani-
um, the surface recombination is in a sense a secondary
effect. The situation is different in pure germanium,
where the repulsion forces give rise to a strong flux of
drops traveling toward the surface. In the case of a
small sample, this should affect the average concentra-
tion of drops in the sample. In an experiment on a sam-
ple of the same dimensions as that used to obtain the
curves shown in Fig. 7, but made of pure germanium,
we were unable to induce a steep rise of the current or
oscillations,

We shall now consider the influence of a magnetic field.
This field can generally alter the shape and size of the
drops. (It is unlikely that a magnetic field affects the
drop concentration, so that we shall not discuss this
possibility. ) Flattening of drops in a magnetic field has
been observed only for large drops in deformed germani-
um®™+21 and clearly an increase in the number of im-
purities will tend to enhance such flattening, 22! 1t is
not clear whether the same effect occurs also in unde-
formed germanium in the case of small drops. How-
ever, according to the percolation theory®3! a change in
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the shape of the conducting regions without a change in
their volume has practically no effect on the critical
fractional volume k.. occupied by the condensate. There-~
fore, if there is a change in the drop shape in the field,
it should not affect the percolation process.

The drop size is closely related to the condensate den-
sity n(H). If we ignore the phonon wind, the rate of ar-
rival of excitons in a drop G« 7?2 is independent of », but
the rate of recombination is R« r32(A+ Bn+ Cn?), where
the coefficients 4, B, and C are governed by the cross
sections of the impurity, radiative, and Auger recombi-
nation channels, and the expression in parentheses is the
reciprocal of the carrier lifetime in a drop:

v=(A+Bn+Cn?) -\, (3)

If, for example, the main recombination channel is the
Auger process, "% then only the term C»? is important in
Eq. (3) and it follows from G=R that the drop radius is
then

ren? ., (4)

Thus, it follows from the above discussion that the
observed oscillations may be due to the field dependence
of the equilibrium value of the condensate density n(H).
The alternative is the Shubnikov-de Haas effect in the
condensate, i.e., oscillations of the transverse mag-
netoresistance under conditions such that the photocur-
rent between the contacts flows through the regions oc-
cupied by the condensate. The main argument in sup-
port of this hypothesis is that the oscillation amplitude
is always maximal in the initial part of the photocurrent
growth, when the percolation process just begins; fur-
ther increase of the excitation rate S reduces the oscil-
lation amplitude and this occurs irrespective of the im-
purity concentration N, i.e., irrespective of the abolute
value of S (this means that a reduction in the oscillation
amplitude cannot easily be explained by the overheating
of the electron system). Moreover, the oscillation am-
plitude is generally too high for the Shubnikov-de Haas
effect and also it does not vary sufficiently regularly
with the serial number of the oscillations. However, if
we consider oscillations of the radius 7, we find thatbe-
cause of the dependence S, (H) (Fig. 5), the optimal con-
ditions for the observation of the oscillations can be re-
alized only in a certain range of fields H, This explains
the observation why sometimes the recorded relative
amplitude of the first maximum is greater than in Figs.
2 and 3 and the subsequent maxima are not observed at
all,

Oscillations of the condensate density have been con-
sidered on several occasions, 24?51 Dijrect measure-
ments®? have yielded the amplitude of the oscillations of
the density n(H) and also the amplitude of the oscilla-
tions of the carrier lifetime 7(H) in a drop. If the rela-
tive amplitude is taken to be the change of a given quan-
tity in a field H=18 kOe, we find from the graphs given
by Betzler et al.'®? that
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_ n(H)—n(0)

N _ t(H)=1(0)
10 ~005, Ar=1211

18kOe ‘I:(O)

Ar ~—0:A1.

18 kOe

The relationship A,~ - 2A4, confirms that the main re-
combination channel is the: Auger process [see Eq. (3)],
so that on the basis of Eq. (4) we can expect the corre-
sponding amplitude of the oscillations of the drop radius
to be A,~=0.15. (This corresponds to a 40% reduction
in the drop volume and in the functional volume k. ) Since
the conductivity in a system of conducting spheres at
random sites depends exponentially on their radius®?

ocexp (—re./r), rer=1_3ker/4nNs)™, (5)
it follows that
A,=D0/0%(rlre.) As (6)

and in the range 7= 7, the relative change in the con-
ductivity is A;= A,.

In the investigated range of magnetic fields the density
n(H) oscillates because the condition (1) is satisfied by
electrons. Since in a field H1[100] all the electronval-
leys are equivalent, the condition (1) is satisfied simul-
taneously by all the valleys. It follows from Eq. (1) and
from the measured period (2) that the density of elec-
tron~hole pairs in the condensate is 7y=2.4x10'7 cm™
in good agreement with the generally adopted value, 21
However, it should be stressed that two assumptions are
made in deducing ny from Eq. (2). First, it is assumed
that the anisotropy of the electron spectrum of the con-
densate is the same as that of the spectrum of germani-
um itself, i.e., that the ratio of the cyclotron and den-
sity-of-states masses m,/m remains constant. Second,
since only the first oscillations are observed experi-
mentally, it is assumed that A, <1, so that the mea-
sured value is ny~n(0). These comments apply also to
other determinations of the value of n, from the oscilla-
tion period, £3-61

The fact that in the impurity concentration range N
<10 cm™ the value of g is independent of N is also in
agreement with the results of other experiments, t2:26?
However, we cannot propose any convincing explanation
of the slight changes in the oscillation phase which occur
when N is varied (Figs. 3 and 4). We shall confine our-
selves to general comments. There are two logical
possibilities., Either the impurities do not affect the val-
ue of n(0) but influence the dependence »(H) and, there-
fore, the value of €5 in Eq. (1), or the maxima of the
dependences J(H™) occur at fields somewhat different
from those at which the condition (1) is satisfied; for ex-
ample, the shift may be due to the fact that changes in
n alter the relative cross sections of the various recom-
bination channels and this may affect the carrier mobil-
ity in the condensate for the phonon wind intensity. Then,
naturally, such a shift may depend on N.
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