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We use the strength of the far-infrared absorption of excitons at 3 meV as a measure of their concentration at
a variety of temperatures and excitation densities. At low temperatures and densities the excitons are in
equilibrium with electron-hole drops while in the region of 10°K they ionize to form an electron-hole
plasma. A simple kinetic model shows that the location of the boundary on the phase diagram separating the
high-temperature plasma from the exciton region depends on the electron-hole recombination rate. Different
surface treatments appear to vary this rate, and in some cases a plasma density of 10'> cm~3 can be obtained.
In the absence of a strong plasma, however, an exciton concentration of 5 X 10'* can be built up with no

evidence of a lowering of exciton binding energy.

Excitons in germanium have traditionally been
studied as a fine structure in the onset region of
band-to-band transitions. In germanium, how-
ever, the exciton lifetime is very long (~7 usec),
and recently experiments have been reported!
where a sufficient concentration of excitons have
been generated to permit observation of the absorp-
tion arising from transitions between the ground
state of excitons and their excited states. These
transitions lie in the far infrared, and the experi-
ments were carried out with a backward wave
oscillator. In this paper we would like to use this
absorption to study the temperature and density
region where excitons can exist in germanium.

We will show, using conventional far-infrared
techniques, that excitons are in equilibrium with
electron-hole drops at low temperatures and ionize
to form a plasma at higher temperatures. The
region where ionization occurs depends on the de-
tailed kinetics of exciton recombination. We will
also discuss briefly the problem of a metal-insula-
tor transition in the exciton gas.

We use a crystal of pure germanium (| N; - N, |
~8x10%), 3.0%x3.0%0.7 cm in size and polished
with Syton to an optical finish. The crystal is
immersed in helium exchange gas and the exciting
YAIG: Nd laser is focussed to a spot of 0.5 mm
diam on one of the large surfaces normal to a
[111] principal axis of the crystal. The far-
infrared probe radiation is confined to pass through
the same area by a 1. 2-mm-diam light cone.

Figure 1 shows the absorption spectrum of
germanium at low temperatures with an excitation
of 60 mW incident on the crystal. The spectrum
at 4.9 °K is characterized by two strong lires at
3.0 and 3.5 meV and two weaker lines at 2.5 and
4.0 meV. There is a strong continuum extending
from 4 meV to above 10 meV but very little absorp-
tion below 2.0 meV at low temperature. We
associate this whole absorption with excitons. At
higher temperatures the lines are markedly

weaker, and a continuous spectrum appears below
2.0 meV. We suggest that this continuum arises
from a plasma of electrons and holes in thermal
equilibrium with the excitons. At temperatures
below 4 °K the plasma absorption disappears, be-
low 2 °K exciton peaks are weaker, and the strong
electron-hole droplet resonance at? 8 meV can be
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FIG. 1. Far-infrared absorption of germanium at
two temperatures under 60-mW incident radiation. At
the lower temperature only exciton absorption can be
seen while at the higher temperature a plasma appears
below 2 meV,
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seen.

We can make use of the strength of the exciton
absorption to estimate the exciton concentration.
The well-known sum rule for the imaginary part
of the dielectric constant €'’ is

f we' (w)dw =37 wi n?
0
and the absorption constant k =we’’/cn, where for
germanium »=3.92, the bulk value, and the plasma
frequency of the excitons
47e?

Wp = 2% Nex s
where 7, is the exciton concentration and m*
=0.15.° Taking the observed width of the exciton
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FIG. 2. Phase diagram of excitons in germanium.

The phase boundary between the exciton gas and the
region of EH liquid and gas was determined by these
experiments (open circles) and fitted to a Richardson
plot (solid line) with an activation energy for exciton of
1.55 meV. The dotted line denotes the region where the
exciton concentration has dropped to half due to ioniza-
tion. At higher densities the ionization curve is moved
to lower temperatures by the reduction of exciton bind-
ing energy by the plasma. Two curves are shown at
different electron lifetimes and recombination rates.

band as 5.0 meV and the diffusion length of the
excitons 0.1 cm,* we obtain for the concentration

Ney=0.271In(I,/I)x 10" cm™,

where Iy/I is the ratio of the incident to the trans-
mitted radiation averaged over the region of the
maximum of the exciton absorption from 3.0 to
3.5 meV. The exciton concentration can also be
estimated from the absorbed laser power ina 1-
mm-radius hemisphere with the assumption of
unit quantum efficiency and a typical value for the
exciton life time of® 7.7 usec from the formula

Ney=8T.

The second method gives a value higher by a factor
of 3. The largest uncertainty in both methods is
the diffusion length and spatial distribution of ex-
citons. We have used a similar argument to esti-
mate the plasma density using the continuous ab-
sorption which, because of its larger width, gives
a lower numerical constant:

ne=0.47(lnl,/D)x 10" cm™,

where the absorption is measured at 2. 0 meV.

A further check on the calibration is the strength
of the exciton absorption at the first appearance
of the electron-hole drop absorption at 8 meV.
Such threshold measurements have also been car-
ried out on the drop luminescence in the near
infrared.® Figure 2 shows the phase diagram for
the electron-hole (EH) fluid that includes our
threshold measurements and the work of Thomas
et al.® on the liquid phase extrapolated to the low-
density region past the critical point using a
Guggenheim plot. The agreement here is reason-
able. The solid line through our experimental
points is a Richardson plot with an activation en-
ergy of 1.55 meV in agreement with luminescense
measurements, ’ but it is known that actual bind-
ing energy of the fluid is higher due to lifetime
and surface effects. We have found that it is pos-
sible to obtain exciton absorption strength in the
far infrared that is higher than the points on the
vapor pressure curve at higher excitation levels
than those needed to just create drops. Presum-
ably this is an effect of the expansion of the drops
into the volume of the crystal subsequent evapora-
tion of excitons.

To study exciton ionization we use a simple
kinetic model (Fig. 3). The rates of change of the
exciton concentration 7, and the free-electron
concentration 7, are given by

Pox = (I/Tex) N oy +0’n§ = PBriey
and
h,=g —ant+Bng— (1/7,) n,.

Here 7, and 7, are the exciton and electron life-
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FIG. 3. Exciton concentration as a function of tem-
perature at different excitation levels, At higher tem-
peratures the dependence on excitation approaches
quadratic. The solid curves are the results of a kinetic
model shown schematically in the insert,

times and g the generation rate of electrons and
holes. The rate of recombination o of excitons
we assume to be a temperature-independent con-
stant and exciton ionization rate 8 we take to be’

B = (2TkT/Nig,,) e Eax/ *T |

where g.,=2 is the ground-state degeneracy of the
exciton and F,, the exciton ionization potential.

The hole concentration in our intrinsic sample will
be equal to the electron concentration. Setting the

time derivatives equal to zero we can solve for 7n,:

(Breg+1) 4c “2]
n9,=—-—26—'[1—<1+—-——“(37ex+1)g7u> +8Texs
(1)

where ¢ = a1 o4(r,/74)?. Two limiting cases are of
interest:

Nox =8 Tex>s ET<Eq, €Tq>1,

ne=(a/B)Er,)?, RTRE,.

Thus, as the temperature increases, the exciton
concentration changes from a linear to a quadratic
function of the excitation rate.

Figure 3 shows the exciton concentration as a

function of temperature at two levels of excitation.
The solid lines are fits to Eq. (1) with the following
set of parameters:

£=0.75x10* cm™ sec™, r,=5x107 sec,
Ta=10% sec, ¢=1.2x10" cm® sec?,
E,=3.6+0.3meV.

It will be seen that the two curves are described
adequately by the same set of parameters and the
ionization energy is in reasonable agreement with
spectroscopic values.® We have used the Drude
theory and the shape and strength of the plasma
absorption to estimate the electron concentration
and find an electron lifetime 7, of 5xX1077 and a
collision time of 6 x107* for this particular sample.

One might expect the kinetic model to fail at the
highest densities reached in these experiments.
The density of excitons is approaching the criter-
ion for an insulator-metal transition (Thomas
etal., Ref. 6):

ny1=(1/87)(RT/E o) a®
=1.6x10'%,

with 7=5 °K, E,=4.1 meV, and a,=110 A.® (This
last figure is an estimate based on a 4. 1-meV bind-
ing energy.) This transition may manifest itself

in a number of ways; one might see a shift and
broadening of the exciton lines or the appearance

of a plasma absorption at temperatures below those
expected from the rate equations.

To describe this effect we can use a Debye
screening model for the lowering of ionization
potential used in conventional ionized-gas theory.®
From this point of view the electron-hole density
lowers the ionization potential from E the low
density value to

Eo=Eo— (€?/€)(8me’n,/ekT)!'?.

This effect causes the ionization boundary on the
phase diagram to shift to lower temperatures in
the density region ~10'® cm™. The effect depends
critically on the electron-hole density and there-
fore on the parameters o and 7, in our Kinetic
model. We have shown two such calculated curves
on the phase diagram (Fig. 2) corresponding to
electron lifetimes that differ by a factor of 3. We
have not done a detailed test of this model.

Up to a density 5x10'° cm™ we have observed no
shift or broadening of the exciton absorption at
4 °K. While a small amount of broadening in par-
ticular is difficult to observe in the presence of
nonuniform density we can place 0.1 meV as the
limits on the shift and 0.1 meV on the width.

The strength of the plasma we find is strongly
dependent on the surface treatment. The strongest
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plasma, 7n,=10'" cm™, is seen in crystals that
have been etched and polished with Syton, while
crystals that have been mechanically polished and
subsequently Syton polished and not etched show a
very weak plasma.
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