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9The parameters derived from the most recent set of
phase shifts do follow this general trend [M. J. G. Lee,
Phys. Rev. B 4, 673 (1971)].

gince the bottom of the free-electron-like band falls
in the vicinity of V)1, the range of k usually includes

[rg+n)9m/41Y3/8y;s.
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We study the motion of electron-hole drops in pure Ge at 2°K. An analysis of their
luminescence by a time- and space-resolved technique yields their diffusion coefficient
(150 cm?/sec) and their lifetime (40 psec). We also measure the formation time 0.1—-

0.7 psec) of drops containing about 108 electron-hole pairs. A discussion of these new re-

sults is given.

Between approximately 10 and 70°K, the lumi-
nescence spectrum of pure germanium exhibits
only emission lines due to the phonon-assisted
decay of free excitons.”? Below 10°K, new radi-
ation peaks arise and grow rapidly when the tem-
perature is further decreased.** Their maxima
all fall about 5 meV below the LA, TO, and TA
phonon replicas of the free exciton. Similar data
have been obtained® in Si at low temperature and
have been interpreted in terms of the recombina-
tion of excitonic molecules which were predicted
by Lampert® in 1958, It has also been proposed®’
that one interpret the new emission lines observed
in pure Ge as arising from the radiative annihila-
tion of excitonic molecules. However, following
an idea of Keldysh,® Pokrovskii and co-work-
ers®® ' have suggested explaining these results
by the condensation of excitons into electron-hole
drops (hereafter called EHD). In fact, it is now :
quite clear'!"!? that EHD are responsible for the
low-energy emission lines observed i pure Ge
at low temperature.

We wish to report here some new experiments
performed in Ge to investigate the motion of EHD
and the formation time of drops containing ap-
proximately 10° electron-hole pairs. To our
knowledge, these measurements provide the first
determination of the diffusion constant of EHD
and they also yield the first data obtained on their
time of formation.

Motion of EHD.—In these experiments, the
light emitted by a pulsed GaAs laser was focused
onto a 50-Q2-cm Ge sample at 2°K so that the ex-
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citation spot was a thin horizontal line whose
width was less than 50 um. The pulse length was
1.5 usec with a fall time smaller than 0.1 usec
and the repetition rate was 300 cps; the peak
power of the laser used was approximately 10 W.
The recombination light emitted from the irradi-
ated face of the Ge sample was sent onto a rapid
detector by means of a very good elliptic mirror.
During the experiment, the positions of the GaAs
laser and of the sample were left unchanged, but
the detector, which was a Ge photodiode with a
fall time of 0.2 usec, could be displaced in a ver-
tical plane. It was therefore possible to observe
the light emitted at a distance x from the exciting
spot. With this apparatus, we were able to sep-
arate entirely the light coming from two points
separated vertically by 100 um on the sample.
Besides, the photodiode was followed by a box-
car integrator to analyze the detected signals as
a function of time,

As shown for example in Ref., 10, the only radi-
ation which can be observed in Ge at 2°K is due
to the EHD. Figure 1 represents the measured
luminescence decays of the EHD at 2°K for dif-
ferent points of the sample. These results can
be explained quite well by a diffusion of the EHD
with a total lifetime 7~40 usec and a duffusion
constant D~150 cm?/sec. This interpretation is
supported by the variation with x of the time de-
lay t, corresponding to the maximum of the dif-
ferent curves given in Fig. 1. Indeed, from Fig,
2 it can be seen that ¢, varies as x2, Let us add
that Pokrovsky, Kaminsky, and Svistunova failed®
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FIG. 1. EHD luminescence decay curves for different
points x of the sample at 2°K. The time origin corre~
sponds to the maximum of curve x=0. The results ob-
tained for x =0.8 mm are perturbed by light emitted at
x=0. This parasite light is not absorbed and is re-
flected on the sample boundaries before emerging from
some points of the sample.

to measure the EHD diffusion constant, but the
result that we got is consistent with the limit val-
ue of D that they could reach. It must be noted
that the 40- usec lifetime is obtained only in large
samples having a thickness greater than 2 mm,
In thinner samples we find 7~10 usec, and we
believe that this is due to surface effects. In ad-
dition, the radiative lifetime has also been mea-
sured as described in Ref. 7 and found equal to
80 usec. The ratio of this lifetime to the radia-
tive lifetime of free excitons is therefore” near
16. If n, is the density of electron-hole pairs in
a drop and ®(») the wave function of the relative
electron-hole motion of the free exciton, the val-
ue of this ratio is readily explained since it is
equal to n,/| ®(r=0)|? with® n, ~2.5X10'7 cm ™
and | &(»=0)[>~10' cm ™. Besides, our results
show that the quantum efficiency of the EHD radi-
ative recombination is 50%, but this is smaller
than the data given in Ref. 9, i.e., 80-100%.
However, our value is consistent with the abrupt
decrease of the efficiency which is observed when
a uniaxial stress is applied.} This effect is re-
lated to a decrease of n, due to the modification
of the band structure. It is thought that the non-
radiative recombination mechanism could be an
Auger process, since n, is fairly large.

The result obtained for D seems difficult to ex-
plain if one considers the large mean mass M of
the EHD which contains!? ~10° electron-hole
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FIG. 2. Time delay t, of the maximum of the differ-
ent curves shown in Fig. 1 as a function of x?; tyis
measured with respect to the maximum of curve x =0
in Fig. 1.

pairs. If one assumes that the mean kinetic en-
ergy E_ of an EHD is 2T, the collision time of
EHD is 7,~5X107 sec at 2°K, according to the
formula D=7 ,E /M. Obviously, this value of 7,
is meaningless. On the other hand, Bagaev et
al.™ have proposed that the interaction of an EHD
with phonons should be quite low, because of the
Fermi degeneracy in such a drop. Accordingly,
one could assume that the EHD have a straight-
line motion, but this is in contradiction with the
x? variation law of ¢,. To obtain a satisfactory
value of 7, from our experiments, it is necessary
to suppose that E, is much greater than 27. Re-
membering that the EHD are in fact “energy
drops” and that at least 50% of their energy de-
cays nonradiatively, one can assume that a part
of this energy is converted into kinetic energy of
the whole drop. However, it is now difficult to
propose a specific mechanism for that energy
conversion. It can be noticed that another kind of
excitation of the whole drop, namely plasma os-
cillations, is characterized by an effective tem-
perature of ~15°K '® when the lattice temperature
is near 2°K. It is therefore not unreasonable to
assume that E, is much greater than 27 in the
case of these EHD.

Time of formation.—To determine the forma-
tion time ¢, of EHD we have performed experi-
ments whose principle is similar to those de-
scribed in Refs. 11 and 12, The n region of a Ge
photodiode was excited at 2°K with a pulsed GaAs
laser whose peak power was ~10 W. The pulse
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FIG. 3. Time delay between the excitation light pulse

and the appearance of the first EHD as a function of the

excitation peak power in arbitrary units. That power
corresponds approximately to 10 W for I =65.

length was 30 nsec with a fall time equal to 20
nsec and the repetition rate was 100 cps. The
photodiode, which was mounted in a coaxial struc-
ture, was loaded with a 50-Q resistance, and we
have observed the fluctuations of the photovoltaic
current in that resistance by use of a rapid and
sensitive oscilloscope.

These fluctuations are analogous to those of a
photomulitplier and are due to the desctruction of
EHD in the electric field of the junction.!"1? We
have measured, as a function of the excitation I,
the time delay between the end of the top of the
exciting light pulse and the appearance of the
first EHD which could be detected; these drops
correspond approximately to 10° electron-hole
pairs. Figure 3 represents the time delay, which
is obviously equal to ¢;, versus the excitation;
from I=40 to I=65, t; was too small to be mea-
sured with our apparatus. In addition, it must
be noticed that the delays which have been de-
termined are certainly not perturbed by the tran-
sit time of the EHD or of the free excitons across
the n region of the photodiode. Indeed, the width
w of that region is 20 um so that the time re-
quired to cross it is of the order of w?/4D, i.e.,
~6.5 nsec.

These data show that the formation time of EHD
is quite short and does not alter the interpreta-
tion of the results represented in Fig. 1. Be-
sides, the order of magnitude of ¢{; seems in
agreement with the idea that a free exciton reach-
ing the surface of a drop will condense in that
drop with a probability near unity. Indeed, a
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crude calculation of the growing rate R of EHD
can be performed in that model. If N is the num-
ber of electron-hole pairs in a drop whose radi-
us is 7, R can be written
R= AN =E: 41716 Vex

dt 3 ’
where n . is the density of created excitons whose
thermal speed is ve,. In our experiments, 7.,
can be estimated to be about 10" cm "3; with »~1
pm,*® N~10° and v, ~8X10° cm/sec, we thus
find ¢,~0.03 usec. This value is rather satisfy-
ing, but further investigations are necessary to
improve the model that we propose.

The authors wish to thank Professor P. Aigrain
for helpful discussions and for his constant in-
terest in this work. They are also very grate-
ful to A. Bonnot for valuable comments.
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A photoemission study of amorphous Si for 5.5<#w < 11.7 eV has been made with em~
phasis placed on checking an earlier report of photoemission evidence for a tailing of
the density of states into the energy gap. A comparison of photoelectron energy distri-
bution curves from amorphous Si with those of Au and crystallized Si yielded no evidence
for tailing of the density of states. It is concluded that the large tailing of the density of
states previously reported is not an intrinsic property of amorphous Si but probably a re-
sult of the different sample preparation. In both our amorphous and crystallized Si films
the Fermi level is located 0.28+0.05 eV above the valence band maximum at the surface.

Much of the experimental and theoretical work
on amorphous materials has been centered
around the postulate that the lack of long-range
order results in the loss of sharp band edges
because the density of states has a tail of local-
ized states into the energy gap.? In a previous
Letter,® Peterson, Dinan, and Fischer (PDF)
interpreted their photoemission data from amor-
phous Si in terms of an exponential tailing of
the density of states into the energy gap. Our
photoemission data provide no evidence for such
tailing and in fact allow us to place an upper
limit of 3 X 10 states/cm?® eV on the number
of states in the energy gap. Previous studies
of Ge combining both optical absorption and
photoemission measurements similarly found
no evidence for a tail of localized states in the
gap.* Optical-absorption and photoconductivity
measurements® are more sensitive to states in
the gap; the importance of this work is not just
in setting an upper bound but in showing that
it is possible to prepare samples which do not
show the large tailing effects previously observed
by photoemission.

The essence of the present work is a compari-
son of photoelectron energy distribution curves
(EDC’s) from amorphous Si with those of Au
and crystallized Si films keeping factors which |
affect experimental resolution, such as the ana-
lyzer geometry and collector surface, as nearly

identical as possible. To this end, all films
were formed and measured in the same appara-
tus and ultrahigh vacuum was maintained without
interruption throughout a series of experiments,
such as comparison of EDC’s from amorphous
and annealed films or EDC’s from Au and amor-
phous Si films.

The amorphous Si films, about 1000 A thick,
were electron-gun evaporated from both 100-Q-
cm n-type and 1000-Q-cm p-type crystals onto
polished Si single crystals [1000-Q-cm (111) n
type], and subsequently onto annealed polycrystal-
line Si films, and polycrystalline Au films. The
source-to-substrate distance was 48 cm. The
base pressure was less than 1X 107! Torr and
the pressure during evaporation less than 5x10°°
Torr at the typical evaporation rate of 2 f\/sec.6
Similar results were obtained from samples pre-
pared and measured on the different substrates
at room temperature and on substrates main-
tained at temperatures as low as 100°K,

The EDC’s were measured over a photon en-
ergy range 5.5 <7w < 11.7 eV using a spherical
retarding field energy analyzer.”® The EDC’s
were obtained by taking the derivative of the cur-
rent-voltage curve using a previously described
ac technique.®°

Evidence for disorder-induced tailing of the
density of states of amorphous Si into the gap
might be first sought by comparing the high-en-
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