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A simple theory is given to justify the existence, in intrinsic semiconductors, of electron-
hole drops (EHD) resulting from the condensat;ion of free excitons. It is shown that such a
condensation is favored by a multivalley band structure. The critical density n, of electron-
hole pairs in EHD is then determined in pure Ge from luminescence experiments and it is
compared to other data. This study shows that n~ is of the order of 2&&10 cm in this ma-17

terial. We also investigate the light emission of EHD in uniaxially stressed Ge. The results
obtained are interpreted from the stress variation of no and they are shown to be consistent
with the EHD theoretical model. In addition, we study, in the same material, the tempera-
ture dependence of the EHD total lifetime. Finally, we briefly discuss the case of Si with
respect to the EHD model.

I. INTRODUCTION

In usual intrinsic semiconductors the lowest-en-
ergy electronic excitation is the free exciton (here-
after called FE) which is described in the Wannier
approximation. If several excitons are present in
the crystal, their mutual interaction seems to be
attractive and this may lead to bound states. The
first one which has been proposed is the excitonic
molecule, ' which is a complex resulting from the
binding of two FE. The second one, which has
been introduced by Keldysh, ' is a kind of electron-
hole "liquid" and corresponds to the condensation
of FE into electron-hole drops (hereafter called
EHD).

We wish to report here some elementary the-
oretical considerations to justify the occurrence of
such a liquid phase. We show on a simple model
that a multivalley band structure is a favorable
situation for the stability of EHD whose existence
has been clearly demonstrated in Ge from photo-
voltaic- detection4~ ' and light- scattering experi-
ments. We also examine theoretically the radia-
t ve-recombination properties of EHD in the case
of the indirect semiconductor Ge.

Since the critical density n, of electron-hole
pairs in EHD is an important parameter, we dis-
cuss rapidly the experimental values of z, obtained
by several authors in Ge and we report new de-
terminations of this density. It is noteworthy that
our results are derived from the optical properties
of EHD as are most of the measurements of n,
which have been already performed. We also in-
vestigate the light emission of EHD in uniaxially
stressed samples of Ge to study the variation of
z, with stress. Our results are interpreted from

the band-structure modifications which occur when
uniaxial stresses are applied and they are shown to
be qualitatively in good agreement with the EHD
theoretical model. In addition we study the tem-
perature dependence of the total lifetime of EHD
in the same material, and the data obtained are
interpreted by taking into account the evaporation
of FE at the drop surface. Finally, we examine
and we discuss rapidly the experimental situation
in Si with respect to the EHD model.

II. THEORETICAL CONSIDERATIONS

A. Stability of EHD

The simplest case which can be considered is
that of a neutral plasma in which the density n of
electron-hole pairs is large and corresponds to
nao & 1, where ao is the Bohr radius of a FE. When
this condition is satisfied, the FE cannot exist
and the system may be considered as a two-com-
ponent plasma which can be described in the
Hartree-Fock approximation (at T = 0). In this ap-
proximation, the mean energy per pair (E„) can
be calculated as a function of the density n in the
supposedly homogeneous medium. It is noteworthy
that in this case the direct electron-electron and
hole-hole Coulomb terms cancel with the electron-
hole term. Therefore, (E„) can be written

(E.& = E, +(El,.)+ (E"„,) - (E:.) - «",„)+«...&,

where E~ is the band gap, (Ef„,) and (E"„„)the
mean kinetic energies of electrons and holes,
(E',„) and (E,",) the mean exchange energies of elec-
trons and holes, and (E„,) the mean correlation
energy.



3080 BENQIT A I A GUILI AUME, VOQS, AND SAI. VAN

If we consider a simple band with a spherical
effective mass m*, we easily find

(E„„&= -.'(I'I', /2m+) = an"'/m*

(E &=
4' 1

en, , g Ik; —k))

1/3

(E„) = E, —(&'/E)(p/e')+(E. „&

E~ —3 E*+(E„„) (6)

In these expressions, A* is the effective Rydberg
of the FE and I PFE(0)l = I/64vra03, where QFE (r )
is the wave function of the relative electron-hole
motion of the FE.

To obtain a condensed phase stable at T=0, we
need to have (E„) (E,—R" so that (E„,) must be
negative. Now we try a more complicated band
structure to see if, neglecting (E„,), a more
favorable situation can be obtained. Therefore,
we consider one spherical hole band with mass
m„and four spherical electron bands with mass
m, for each valley. In that case, we find

(E„&=E,+En 1 1
+ 42/3Pl It Ply

where & is the dielectric constant of the medium.
For a simple band structure with spherical bands

corresponding to electron and hole effective masses
m, and m„, one gets from expressions (1}-(3)

(E„&= E,+ En" '/q 2&n"—'/ e+ (E...), (4)

where

I/p = I/m, + I/m„.
If z, is the usual interelectron spacing measured

in units of Bohr radii, one can recognize the devel-
opment of I/r,', which is familiar in one-component
plasmas. Neglecting (E„„)we can calculate from
Eq. (4) the critical density n, which corresponds to
the minimum value (E„) of (E„). If the corre-
sponding g, value is not small, we nevertheless
use this method because (E„,) is a. slowly varying
function of z„and we may neglect its variation,
even if its absolute value is not very small com-
pared to (E„„)or (E,„). In the simple case con-
sidered above, we thus find

n',"=(~/a) (i /. )-2i g, (r = 0)i'" (6)

(En&~.4
—E. 1+&

(E„) —E ' 1+0. 4(r

where the subscripts 1 and 4 refer, respectively,
to 1 and 4 valleys.

The multivalley structure is therefore favorable
if 0 is large enough, and this could be the case for
Ge. Qne has also to take into account the anisotropy
of the c-onduction band hand the degeneracy of the va-
lence band. It has been shown by Nozieres and
Combescot' that the exchange term can be calcu-
lated exactly in this material. In the conduction
band, the effect of the anisotropy (m„/m, =20) is
to reduce the electron exchange term by a factor
0. 84. In the valence band the degeneracy causes
a reduction of the hole exchange term by a factor
0. 77. They have also performed more complicated
calculations' which take into account the correla-
tion energy. Their results, which are in good
agreement with experiment, show that the corre-
lation term is also favored by a multivalley band
structure.

If the correlation energy is neglected, (E„&
-E~ is near 2 meV. Since 8~= 3.6 meV" in Ge,
(E„,& must be negative if we want to reach the situa-
tion which is sketched in Fig. 1. At low ys the more
stable state is the FE gas but, when n is increased,
the attractive interaction causes a decrease of

(E„) and, at n=n„an absolute minimum of (Eg
would be obtained. For n &n„ the Hartree-Fock
approximation is more and more valid, and (E„&
increases because the kinetic energy term becomes
the dominant one. Then, if one considers a given
volume occupied by a mean density lying between
0 and n, at T =0, the system will separate into two
phases: an FE gas of low density (n =0) and a
phase at the density n, . Such a phase, where the

An"'
I + li 3 + (Eeor)

If o=m„/m„one gets

1/3nc. 4 = 0. 82
1+ g

n, j
' 1+040 (6)

1/3
A

PIG. 1. Solid line represents the general behavior at
T =0 of the mean energy per pair (E„)vs n when
(E,) is taken into account. E~ is the FK energy.
The minimum of that curve occurs for n= n~. The dashed
line gives (E„)when (E,~) is neglected.
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FIG. 2. Usual liquid-gas phase diagram. T~ is the
critical temperature and the dashed line would corre-
spond to the Mott transition in an homogeneous system.

energy denominator, V„and V, the volumes inside
the hole and electron Fermi surfaces, and

H(k„k„) the electron-phonon matrix element.
In the case of an allowed phonon process (I.A or

TO phonon in Ge), IH(k„k„)l is constant and we

take it equal to IHl ~. Equation (10) can be usedv
to find n, from the experimental spectrum if one
neglects the k dependence of the exchange and cor-
relation energies. In fact it is known that in a one-
component plasma (E,„)+ (E,) is nearly k inde-
pendent, ' but we do not know if this property is
preserved in a two component plasma.

Since the main radiative processes correspond
to allowed phonons, the squared matrix element
I yl for the radiative recombination of a given elec-
tron in an EHD does not depend on k, . It can be
written

density is imposed and where both kinds of par-
ticles have nearly equal masses, should be analo-
gous to a liquid metal. Of course, at a finite tem-
perature, the entropy term has to be considered in
analogy with ordinary liquid-gas transformations
and the usual liquid-gas phase diagram represented
in Fig. 2 should result.

There is some analogy with the Mott transition
since as n increases one goes from a nonconducting
phase, where each electron is bound to a particular
hole, to a conducting phase, where a given electron
is no more bound to any particular hole. But there
is in fact one difference with the Mott transition.
Indeed in the case of EHD, the two kinds of par-
ticles can move easily. This is why the system can
separate into two phases if n, & n &n„where n, is
the density of the FE gas at saturation at the tem-
perature considered.

B. Radiative-Recombination Properties of EHD

In this section we examine the radiative-recom-
bination properties of EHD in an indirect band-gap
semiconductor such as Ge. %e can calculate the
EHD spectrum f(hv) and the corresponding total
intensity J in the case of a radiative-recombination
mechanism involving the emission of one particu-
lar phonon h&o. If k, and k„are the momenta with
respect to the band extrema of electrons and holes
involved in such a process and if we consider only
one intermediate state, f(hv) and I are thus given
at T=0 by

f(av)=(ID I'/ ~Z ')f f IH(k„k„)I'
Vg V~

x 5(hv —E~ —Z~« —E„",„+k&u) dk, dk„(10)

&=(IDI'II~EI')f, f, I«k. k.)I'dk. de (»)
where D is the optical matrix element, &E the usual

J
Va

Let us consider now the case of an FE whose wave
function is given by

where v and c refer, respectively, to the valence
and conduction bands, and r„and r, to the hole and
the electron of the FE.

The squared matrix element I y I for the radia-
tive recombination of an FE is thus found to be

l~'I'= ~,~~2 I
I'I&"-I'= ~~~. IHI'I@-(»I'.

(14)
This allows us to determine the ratio of the FE

and EHD radiative lifetimes which are called 7'~

and r~", respectively:

It must be noted that this relation provides an
other method to measure n, .

In Ge, in addition to the main recombination
mechanism which involves an LA phonon, there is
also a TA-phonon-assisted process which is, in

fact, forbidden for an electron-hole pair at the band
extrema. ' In this case, the corresponding elec-
tron-yhonon matrix element can be developed as
follows for small k, and g:

Hr(k„k„) = M, k, + M„k„+ ~ ~ ~ (16)

Obviously the over-all intensity of the TA-as-
sisted recombination radiation of an object con-
stituted by electron-hole pairs will depend on the
extension of that object in k space. It is possible
to compare the intensities I» and l» correspond-
ing, respectively, to the TA- and LA-assisted pro-
cesses in the case of a thermal population of FE at
temperature T and also in the case of EHD. For an
FE of total momentum K, the following relation is
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easily found:

(1V)

where II» is the electron-phonon matrix element
of the LA-assisted process and K~ is the momen-
tum of the FE at the band extrema.

The average value of this ratio over a thermal
repartition of FE at temperature T yields the fol-
lowing relation:

(
I» I + —M~I mk 7

(18)
I a„„t'

when m, which is the total mass of FE, is assumed
to be isotropic.

In the case of EHD, considering the large anisot-
ropy of the electron effective mass, we assume that
the most important term in IITA will be M, 0, ,
where z is along (111}.We thus find

M,', f v. k,.dk,
&Lp, s„o IH~AI Jv, dke

Equation (19) yields finally

(fTA /ALA)EHD (5' 5Mez~ I+LA I )nc ~

(19)

III. EXPERIMENTAL TECHNIQUES

In our experiments, the excitation source was
either a 100-W high-pressure mercury lamp or a
pulsed GaAs laser whose peak power was approx-
imately 10 W. The laser pulse length was 1 p, sec
with a fall time smaller than 0.1 p.sec and the
pulse repetition rate was 200 Hz. The Ge samples,
which were etched with CP4 and rinsed in distilled
water, were immersed in pumped liquid or gaseous
helium. The light emission from the irradiated
surface was detected and it was analyzed, in some
experiments performed with the mercury lamp or
the GaAs laser, with a spectrometer equipped with
a cooled lead sulphide photodetector. In other ex-
periments using the GaAs laser to measure lum-
inescence decay times, the recombination light
emerging from the sample fell on a fast detector,
this was a Ge photodiode with a fall time of 0. 2

p, sec. This photodiode was followed by a box-car
integrator to analyze the detected signals as a
function of time. I et us add that all our experi-
mental results were obtained in pure Ge with resi-
dual impurity concentrations smaller than 10 3

cm

tially on the basis of quabtative arguments. How-

ever, it is now clear that EHD do exist in pure
Ge at low temperature. In addition, the light scat-
tering experiment of Pokrovskii and Svistunova
shows that it is easy to get a situation where most
of the created holes are actually in the EHD phase.
Only the new recombination lines are observed in
these conditions, and they are, therefore, due to
EHD since the calculations of Sec. II B show that
the EHD can radiate. Besides, radiative-recom-
bination spectra taken in a wide range of tempera-
ture and excitation have not exhibited other lines
than the FE and EHD ones. Since the emission
spectrum of excitonic molecules should be differ-
ent, we do not have any proof' of the possible ex-
istence of this complex in Ge.

A. Determination of n~ in EHD

We give here experimental determinations of the
critical density n, in pure Ge. These values were
determined from the TA- and I A-phonon-assisted-
emission lines of EHD and also from the study of
the FE and EHD radiative lifetimes. Also, we com-
pare our data to the results obtained by several
authorsv who have used other measurement meth-
ods.

(i) Intensity ratio of the TA- and LA assisted-
lines. Figure 4 represents the TA- and I A-phonon-
assisted lines. of EHD at 2'K. The ratio of the in-
tegrated intensities of these two lines is 0.065,
while the ratio for FE is 0.055 ' at 20 'K. It is
possible to use these results to get n, from Eqs.
(18) and (20). Ef we assume that I M, —M„I 2 is of
the order of M, we find g, =1.8&10 cm

(ii) Radiative lifetime. We have measured"~ '~

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In fact, the first experimental evidence of new
bound states in intrinsic semiconductors was the
occurrence of new radiative-recombination lines at
low temperature in Si and Ge' ~" as shown in Fig.
3 in the case of Ge. The excitonic-molecule model
was proposed to interpret these lines, '" essen-

0.70 0.71

P~oToN zNeRGv (ev)

FIG. 3. Radiative-recombination spectrum of pure Ge
at 4.2'K. The emission peak at 713.6 meV corresponds
to the PE and the two other peaks are the new emission
linea.
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FIG. 4. Luminescence spectrum of EHD in pure Ge
at 2'K. Curve A corresponds to the TA-phonon-assisted
emission line and curve B to the LA-phonon-assisted
one.

the ratio of the FE and EHD radiative lifetimes
which has been found to be equal to about 16. From
that result and from Eq. (15) we readily obtain

n, -1.6x10'7 cm since ~arm(0) ~~-10'6 cm ' in

Ge.
(iii) Radiative recombination spectrum. pokrov

sky et al. 7 have calculated the shape of the LA-pho-
non-assisted line of EHD. They have found a good
fit between experiment and theory for n, = 2.6~10'
cm

(iv) Plasma frequency in EHD. From the de-
termination of the plasma frequency in EHD, Vavilov
et a/. have deduced that n, is of the order of
2x 10' cm

(v) Electrical conductivity. Rogachev has ob-
served an abrupt jump of the conductivity at low

temperature when n becomes larger than 2&&10'6

cm . If one considers that the system is com-
posed of an insulating FE gas and some highly con-
ducting EHD, the calculation of the corresponding
conductivity is thus a typical percolation problem.
It is known that in this case the conductivity jump
must occur when the volume occupied by the EHD is
larger than 0.15 times the total volume. This
gives 0.15n, = 2&&10' cm so that n, = 1.35x10'
cm '.

All these determinations of n, are, therefore,
in good agreement. The precision on n, is limited
either by the experimental accuracy as in the case
of the determination of the ratio of the FE and EHD
radiative lifetimes, or by the lack of a more so-
phisticated theory which would allow us to deduce
a better value of n, from experimental results as
in the case of the comparison of the LA- and TA-
phonon-assisted processes. At the moment, a
value of (1.95+0.65)x10 ~ cm seems to fix the
limit of the n, value in Ge.

2'K
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FIG. 5. Intensity of the initial signal emitted by EHD
as a function of the applied uniaxial pressure.

B. Variation of n, with a Uniaxial Stress

Since the previous simple theory (given in Sec.
IIA) has shown the effect of a multivalley structure
on n, and Q„) -E„ it is interesting to modify this
structure by applying uniaxial compressive stresses
which lift the degeneracies of the conduction and
valence bands in Ge.

At first we have measured, as a function of the
applied stress, the variation of the initial signal
emitted at 2 K by the EHD just at the end of the
exciting pulse. In these experiments, the forma-
tion time of EHD is shorter than 1 p, sec. In addi-
tion, since the total lifetime" is much larger than
the excitation pulse length, the amount of recom-
bination at the end of that pulse is negligible. It
is thus clear that the initial signal is emitted by a
constant number of pairs condensed in EHD. This
signal is proportional to their radiative-recombina-
tion probability, and consequently to n, as shown
in Sec. IIB. Figure 5, which represents the stress
dependence of this initial signal, describes there-
fore the variation of n, with the applied uniaxial
pressure I'. From the elementary theory given in
Sec. IIA we can justify the change of n, with a
(100) stress just on the basis of the valence-band
splitting which is equivalent to a lowering of the
hole mass@ and to a decrease of o in Egs. (8) and

(9). For stresses in the (111)direction, we have,
in addition, an energy lowering of one conduction-
band valley which produces a larger decrease of
n, since we go from the four-valley case to the
one -valley case.

%e have also studied at 2 'K the stress-induced
modifications of the EHD radiative -recombination
spectrum. Figure 6 gives the shift of the maxi-
mum of the EHD main emission line versus the ap-
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FIG. 6. Energy displacement ~ of the EHD main
emission peak as a function of the applied uniaxial stress.
Schemes (a) and (b) correspond, respectively, to the
situations occurring for P= 11.5 kg mm in the $00)
direction and for P= 3 kg mm 2 in the 11) direction.

plied pressure, and Fig. 7 represents the varia-
tions with stress of the half-width of this line. The
results presented in Fig. 6 show that for relatively
high pressures the shift of the EHD radiation peak
is approximately similar to that of the FE one
as could be expected. For lower stresses, the be-
havior of the EHD line is quite different. In this
case, the EHD line does not shift towards low en-
ergies because the decrease of the band gap with the
applied pressure competes with the reduction of
the mean binding energy of electron-hole pairs in
the drop. This mean energy decreases since n,
decreases when uniaxial stresses are applied in the

(ill�),

(110), or (100) crystallographic directions.
It must be pointed out that the shift of the EHD
emission peak should become gradually parallel to
that of the FE one. Indeed m„and n, must decrease
as long as the valence-band splitting is not much
larger than the hole Fermi energy. However the
accuracy of these experiments is not sufficient to
detect unambiguously this effect which can never-
theless be observed in Fig. 5.

The change which occurs in the (100) case near
11.5 kgmm in the slope of the curve giving the
shift of the EHD radiation peak (Fig. 6) corresponds
to the coincidence of the hole Fermi level with the
extremum of the lowest-energy valence band re-
sulting from the splitting due to the ayplied stress.
Let us note that our results are slightly d'ifferent
from those reported by Bagaev et al. whc have
observed the same effect for P-6. 5 kg mm ~. The
change occurring for P= 3 kgmm in the slope of
the curve corresponding to a uniaxial pressure in
the (111)direction corresponds to the coincidence
of the electron Fermi level in the lowest-energy

)
E 4

2 K

x P //&111&
~ P //&110&

P //&100 &

C3

2

rj
0 10 15

STRESS (kg mm )

t

20 25

I'IG. 7. Variation of the half-width of the EHD main
emission peak as a function of the applied uniaxial stress.

conduction-band valley with the bottom of the three
other equivalent valleys. It is easy to get n, at this
pressure since we know that the Fermi energy of
electrons which are all in one valley is 3.18
me V. 3~ We thus find n, = l. 1 ~ 10 7 cm for P = 3
kgmm . From this value and from Fig. 5, it is
then possible to get n, at P=O. We obtain n, =1.S
&&10 7 cm . The same calculations can be per-
formed in the (100) case by taking into account
the stress dependence of the hole effective mass. '
For this pressure direction we get n, = 4. 5&&10

cm at P=11.5 kgmm, which yields n, =1.1
&&10'7 cm ' but the hole effective mass that we have
used is not very correct because the hole Fermi
energy is equal to the valence-band splitting. It
can nevertheless be noticed that the zero-stress
values obtained here for n, are in rather good
agreement with the results of the previous section.

The change of n, with stress is also observed in
Fig. 7. It corresponds to a decrease of the EHD
linewidth which should vary as n, . It is likely
that the linewidth increase which is observed for
large pressures is related to stress inhomogeneities
which would be of the order of 10 P. Finally,
let us add that we have often observed anomalous
shifts, broadenings, and even splittings of the EHD
emission line which seem to be due to stress in-
homogeneities. For this reason, a lot of experi-
ments have been necessary to obtain the typical
results reported here which correspond to experi-
mental conditions where these inhomogeneities
were not too important.

Figure 8 gives informations about the change
with pressure of the EHD total lifetime r " which
is given by the luminescence decay time. This
lifetime is related to nonradiative processes ex-
cept at low pressure where the efficiency is near
50%." In fact, it seems difficult to explain such
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FIG. 8. Total lifetime of EHD vs the applied uniaxial
stress.

a rapid variation of 7' "
by a bulk mechanism. It

has been observed at P=0 that v
" is shorter in

thin samples, and this fact seems to demonstrate
that surface effects may be important. When a
stress is applied, it might happen that a stress
gradient arises and pushes the EHD toward the
surface. Surface-recombination mechanisms could
thus rapidly dominate and cause ~ " to decrease,
as shown in Fig. 8. The origin of the P = 0 non-
radiative process is not yet very clear, but it
could be an Auger process.

C. Effect of Temperature on Total Lifetime of EHD

We have directly measured the EHD total life-
time between 1.95 and 4. 35 'K. The results of
these experiments are given in Fig. 9. At the same
time, we have observed that, in this temperature
range, the initial signal does not change with T.
It is therefore clear that n, does not vary appreciably

between 1.95 and 4. 35 ' K. Consequently, ~~"
is constant in this temperature range so that it was
also possible to obtain the variation of 7' with
T by a measurement of the integrated luminescence
of EHD in the same excitation conditions. The re-
sults are shown in Fig. 10. If we take into account
the accuracy of the direct experimental determina-
tion of 7' ", the data represented in Figs. 9 and
10 are in good agreement.

We can interpret the variation of r with T
by two recombination mechanisms. One of these
mechanisms take place into the drop volume and

corresponds to 7' " -40 p.sec, ' and the other one
is related to the evaporation of FE at the drop sur-
face. Let us note that the total lifetime 7' of FE
is much shorter than 40 psec (7 -5 p, sec). The
experimental data show that these two contributions
are nearly equal around 3 'K. This seems reason-
able on the basis of the following calculation. Since

is much shorter than v' ", the equality of these
two contributions for a drop of radius x corresponds
to

where A is the well-known Richardson constant and
the work function P for the emission of carriers
from EHD is equal to 2. 7 meV as determined by
Pokrovskii and Svistunova. ' This equation is satis-
fied for T=3'Kand@, =2&10 cm if z-2 p, ,
which is a typical EHD radius.

V. EXPERIMENTAL SITUATION IN SILICON

In Si the experiments which could clearly demon-
strate the existence of EHD (photovoltaic detec-
tion4~ ' and light scattering ) have not yet been
achieved. However the recombination-radiation
data are quite similar to those obtained in Ge.
In particular, the emission spectrum at 2'K can

50

LU~ 30
I—

—20

10-
C)I—

I I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6

't /TEMPERATURE (' K )

50

40

30

cQ 20
LLJ
I—

10

0 0.1 0.2 0.3 0.4 0.5 0.6

1/ TEMPERATURE (.K-1)

FIG. 9. Total lifetime of EHD vs 1/T for temperatures
ranging from 1.95 to 4. 25 K.

FIG. 10. Intensity of the integrated luminescence of
EHD vs 1/T for temperatures ranging from 1.75 to
4.65 'K.
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TABLE I. Values of the most important parameters relative to EHD in Ge and Si; R is obtained from Ref. 11 in

Ge and from Ref. 27 in Si. The values of n~ are those which have been determined from experimental data. The inter-
electron spacings r„(E&„)+ (Ez«), and (E ~~) + (E",„)are calculated (Ref. 28) from the experimental values of g [for
Ge, me=0. 22 mo (Ref. 29), m&=0. 31mo (Ref. 30), and &=15.4 (Bef. 31); for Si, m, =0.32mo (Ref. 32), m~=0. 54mo (Ref.
33), and & =11.4 (Ref. 31)]'. (E„)~-E~, which is negative, is also obtained from experimental results and its absolute
value is given by the sum of the FE binding energy and of the distance between the EHD and the FE emission peaks
(Befs. 2 and 14). (E,~), which is equal to (E„) -E~—(Ez&„)—(E"„&„)—(E',„)—(E",„), is therefore determined here from
experimental data. The last column of the table gives the theoretical values n~t" of the critical density calculated from
the simple theory developed here.

Ge

Si

(meV)

3.6

Sc
(cm-')

l. 95 x 10~"

3 7x10is

(E .& «.".
&

(meV)

3. 7

14. 7

«.'.&+ «.",
&

(meV)

—5. 15

—20. 1

(En& -E~
(mev)

—8, 2

—29. 7

&Ecor)
(meV)

—6. 75

—24. 3

th
C

(cm s)

-6.8x10"
-1.2x10&s

be explained quite well with yg, = 3.7&19 cm
If we call x the new entity responsible for that
spectrum, the ratio of w~ and 7R appear to be large
as it is the case in Ge. This ratio is equal to about
25 & in Si, and it is noteworthy that this fact can
be easily explained only in the EHD model. From
a theoretical point of view, the multivalley struc-
ture of the conduction band in Si (six valleys) is
certainly favorable to the formation of EHD. All
these considerations seem to show that EHD exist
also in Si at low temperature. In this case, the
short total lifetime (-80 nsec) seems to be in
agreement with an Auger process. Besides, one
can easily compare the ratio of the Auger lifetimes
in Ge and Si (which are of the order of 10 ) to the
ratio of the corresponding n, (which is near 350) if
we give to n, its experimental value in both cases.
Let us note that the agreement between these two
ratios is rather satisfying.

VI. CONCLUSION

The existence of EHD is now well established in
Ge and is likely in Si. In Table I are summarized
the most important parameters for these two mate-
rials. The purpose of this table is also to show the
order of magnitude of the mean correlation energy
which is required to fit the experimental energy of
EHD in Ge and in Si, though the existence of these
drops is not actually proved in Si. Table I shows
that (E„,), which must be negative, is greater than

(Ef„„)+(E,",„)by a factor smaller than 2 in both
cases.
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The absorption spectrum and the spectrum of electroabsorption of vapor-grown trigonal
Se platelets have been measured at various temperatures down to 2'K, The absorption
curves for both E)e and El@ show several steps at the onset of the absorption edge. No

Urbach tail has been found. The steps are interpreted as arising from the indirect excita-
tion of an exciton at 1.853 eV (low-temperature value) with several phonons. The electro-
absorption spectra confirm the step structure within the absorption edge. Finally, it is
shown that the luminescence of Se can also be explained with the same model.

I. INTRODUCTION

The band gap of trigonal selenium lies in the red
part of the visible spectrum, at about 2 eV. This
follows from optical properties of selenium single
crystals. ' In spite of this advantage of an easy
spectroscopy, great difficulties existed in mea-
suring directly, i.e. , by absorption measurements,
whether the optical gap is direct or indixeet. These
difficulties arose mainly from the preparation of
suitable single crystals: During these investigations
both the absorption coefficient and the luminescence
were found to be highly sensitive to pressure and

deformatlon» Therefore no pollshlng may be ap-
plied to cleaved melt-grown crystals. On the
other hand, vapor-grown crystals, which can be
taken as-grown, were too thin to show fine structure

in the absorption edge at low absorption coefficients.
Former band-structure calculations show the

minimum band gap of selenium to be direct, but
they do not exclude the alternative possibility,
since the calculated bands are very flat in k space.
Thus, small corrections would yield just the op-
posite result.

The most recent calculations give an indirect
minimum band gap, though, of course, because of
the flat bands, with the same restrictions.

Many spectroscopic methods have been applied
to selenium in order to answer the question about
the nature of the optical band gap. Absorption '

and reflection ~ spectra and electroabsorption ~

and electroreflectionia spectra have been experi
mentally studied. The absorption spectrum at
He temperatures chas been taken only from melt-grown


