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In highly excited Si and Ge there appears an emission band at about hv = 2E», which is ex-
plained by two-electron radiative transitions across the band gap. The dependence on energy,
temperature, and excitation intensity is measured and compared with theoretical calculations.
The weak temperature dependence, the quadratic dependence on the injection current, and the
energy dependence agree with the theoretical consideration. A transition coefficient of about
10 cm sec is found, in agreement with a rough theoretical estimate. The line shape in-
dicates that, at least at room temperature, the two-electron transitions are phonon assisted.
This leads also to the conclusion that the Auger recombination in Si must be phonon assisted,
in contradiction to former considerations.

GENERAL

In previous papers the appea, rance of radiative
two-electron transitions across the band gap was
established. ' Emission bands were observed in
Si and Ge at an energy of about hv = 2E». In this
paper we report further experimental results and
give a more detailed examination of this effect.

Radiative two-electron transitions are well known
in atomic physics in absorption, for example, as
preionization. Heisenberg has pointed out that the
change of the angular momentum of the single
particles in an electric-dipole transition is in first
approximation &1,= +1, &la=+ 2 or 0. In every
case, the total change of angular momentum is
4L = + 1, if spin-orbit coupling is neglected.

In contrast to the atomic situation, in a solid
both electrons may have the same initial state and
the same final state, since / is no longer a good
quantum number. For example, in the octahedra1.
group 0, transitions from I'» and I'» to all states
may occur. Therefore, transitions between va-
lence band and conduction band may occur with
twice the energy of the one-electron transiton.
Because of the strong absorption due to one-elec-
tron transitions at the energy of twice the band gap,

the expected transitions can only be observed in

emission.
Since energy doubling may also occur due to non-

linear optical effects, a material with inversion
symmetry has to be chosen. In this case, electric-
dipole transitions are not possible at the 1 point
of the Brillouin zone because of the parity selection
rule. In the k space away from the 1" point this
selection rule does not hold. Therefore, an indi-
rect-gap material has to be used. An additional
advantage of an indirect-gap material is that in

these materials the one-electron transitions near
the band gap are notpossible without other perturba-
tion because of the momentum conservation,
whereas the two-electron transitions are allowed
if both electrons have opposite momentum in the
indirect extrema. From these points of view and

from experimental considerations, we have chosen
indirect-gap semiconductors with inversion sym-
metry, namely, Si and Ge.

The line shape of the expected emission spectrum
is cal.culated under the following assumptions. Be-
cause of the small relative change of energy and
momentum transfer over the whole linewidth, we
have assumed the transition matrix elements to be
constant, i. e. , we have calculated the line shape
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only from the phase-space integration over the two
initial states and the two final states. The distri-
bution function of the occupied conduction-band
states and the empty valence-band states is as-
sumed to be a Boltzmann distribution with lattice
temperature, which is well fulfilled under our ex-
perimental conditions. The dependence of the en-
ergy on the momentum components is assumed to
be quadratic. The phase-space integration is to
be carried out in the range between the energy
values E and E+ dE under the condition of momen-
tum conservation,

J(E) dE

= ff f fs+~e s" -a(Py, )d Q, d~Q~d P, d $4.

This integration is evaluated in the Appendix. It
lea,ds to a line shape of the form

g(E) (E 2E )3 ~ 5 &(2E& 8)/kT-

with E ~ 2E~. This line shape is indicated in Fig.
1 in the case of Si.

In the one-particle picture the transition is to
be treated in second-order perturbation theory,
one perturbation-Hamiltonian operator being the
Coulomb interaction between the carriers and the
other being the dipole interaction with the radia-
tion field. As usual, the interaction with the other
electrons is taken into account by an effective di-
el.ectric constant in the electron-hole picture.

In Si the initial state is a Slater determinant of
two conduction-band el.ectrons &„; the final state
is that of two valence-band electrons at I'». The
intermediate state is composed of one I'~, valence-
band electron and any I', conduction-band electron.
The resonance determinator &E is of the order of
0. 5 eV for the I"z, or X',„state. The transition
probability K is given by

lc

In this perturbation treatment the pa,rt of the elec-
tron-electron interaction is the same as in the
case of Auger transitions. These transitions are
treated theoretically by Beattie and Landsberg. '
These authors come to the conclusion that the
matrix element of the Coulomb interaction is pro-
portional to (&k) ~, where &k is the transferred
momentum. Even though direct Auger transitions
in Si are possible without an additional activation
energy, e there are experimental. indications that,
corresponding to the large momentum transfer,
the Auger transitions iri Si may be phonon as-
sisted. 7 For this reason we have also considered
the possibility that the momentum is not trans-

ferred in the electron collision but that momentum
conservation is fulfilled by participation of two
phonons. If these phonons are the same as in the
one-el. ectron radiative transition, the correspond-
ing line shape of two-electron transitions is ex-
pected to be the same as in the case of frequency
doubling due to nonlinear optical effects, namely,
to be a convolution integral of the radiation inten-
sity of the one-el. ectron transition. This convolu-
tion integral obtained from experimental results
is also indicated in Fig. 1.

To get a rough estimate of the expected tran-
sition coefficient of the two-electron transitions,
we have approximated the transition probability
by a product of the Auger-transition probability C
and the probability B for radiative transitions.
This calculation neglects interference effects with-
in the matrix element caused by different inter-
mediate states 1 „and it neglects the difference
between the intermediate state impl. ied in the two-
eleetron transition and the real state implied in the
single transitions. But it is reasonable to assume
that these neglections give no more uncertainty
than one order of magnitude.

The transition coefficient in this approximation
is

P=k BC(dE) r '/2m,

where r = 10 's sec is the collision time of the elec-
trons. The transition coefficient for the Auger
process is found to be C = 5 x10-so-2 &10-s4 erne

sec '.9'0 If one assumes that these values cor-
respond to a direct Auger process, as considered
by those authors, it has to be multiplied by the
transition coefficient for direct radiative processes
8=2&10 cm sec . 1 This would lead to a two-
electron transition coefficient of I'= 5 &lp '—
5&10-6i emg sec-1 jn the case of direct transitions.
In the case of phonon-assisted transitions, the
multiplication with the transition coefficient for
indirect radiative transitions" B = 4 ~10-"cm'
sec ' would lead to I' = 1Q 'o-10 "cm' sec '. If
the experiments indicate that the two-electron
transition is phonon assisted, this would be a
strong argument for the assumption that the Auger
effect in Si is also phonon assisted. This is be-
cause in this case the transition probability for
the direct Auger effect must be lower by more than
three orders of magnitude than the indirect one.

EXPERIMENTAL

The samples were excited by a GaAs injection
l.aser in the case of Si and by direct carrier in-
jection via a P-n junction in both Si and Ge. In the
case of laser excitation high-purity 4000-~ cm 8-
doped Si from Wacker Chemic was used. It was
excited by an RCA laser diode with 23-% peak
power. In the case of carrier injection via a P-n
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junction into Si, cylinders of about 0. 2-mm length
and diameter from n-type as well as P-type ma-
terial were taken with a majority-carrier density
of about 10" cm . The carriers were injected
from the top of the cylinder via a diffused P-n junc-
tion. On the back side these samples were
mounted on a copper heat sink, whose temperature
was controlled, and which was used as an Ohmic
contact. The temperature difference between Si
and Cu was estimated to be less than 10 K. The
luminescence was observed from the side of the
cylinder. In the case of Ge, a little slice of n-type
material of about 10"-cm ~ carrier density also
mounted on a Cu heat sink was used. The injection
was carried out via an alloyed P-n junction of area
about 10 ' m . The luminescence was observed
from the front of the slide. In this case, the sam-
ple temperature was estimated to be about 10Q K,
when the Cu was cooled by liquid nitrogen. The
injection current densities were of the order of
10' A cm in both materials.

In all cases the excitation was carried out in the
form of pulses of a few microseconds duration with
a duty cycle of 10 ~ or less. In a completely metal-
enclosed cryostat system the luminescence radia-
tion was focused to the entrance of a Zeiss double-
prism monochromator MM 12 or a Q. 75-m Spex.
grating monochromator in connection with a Schott
filter BG 18 in one case (full triangles in Fig. 1).
The luminescence radiation was detected by an
EMI 6256A photomultiplier with $-11 response
cooled to about 250 K in the case of Si and by an
EMI 96848 photomultiplier with S-1 response
cooled to about 80 K in the case of Ge.

The measurements were taken using a "digital-
boxcar-integration" method: The signal was taken
as a pulse sequence from the multiplier. During
the excitation the signal pulses were counted in one
counter. Between the excitation pulses the dark
count rate was registered by another counter. The
exact agreement of the count time of both counters
was reached by digital setting of the gate times
from the same clock. Every measuring point in the
spectral measurements corresponds to a total in-
tegration time of a whole day, i.e. , an effective
measuring time of 15 min in the case of a duty cy-
cle of 10 2. With this method we have reached a
measuring sensitivity of 10 ' W.

All spectral values are corrected for the spec-
tral response of the detection system and for re-
absorption by multiplying with the absorption coef-
ficient obtained by Dash and Newman. '~

RESULTS AND DISCUSSION

Figure 1 shows the energy dependence of the
high-energy luminescence from Si. As mentioned,
the expected curve of direct two-electron transi-
tions (full line), as well as that of two-phonon-as-
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FIG. 1. Energy dependence of the 2E~ emission band
from Si; (a) room temperature, (b) liquid-nitrogen tem-
perature. Experimental values from excitation due to in-
jection (open circles) and from laser excitation are given.
The solid line gives the theoretical values for direct two-
electron transitions; the dashed line gives values for
phonon-assisted transitions (no absolute values).

sisted two-electron transitions, is also given
this figure. The values of E, are taken from
Long. ' From the fact that the spectrum is indepen-
dent of the excitation mechanism and independent
of the material type, we conclude that this high-
energy luminescence is an intrinsic effect.

The following known effects can be excluded as
a source of this radiation. Frequency doubling
due to nonlinear optical effects, which may also
lead to a spectrum as indicated by the dashed line,
is excluded because of the inversion symmetry of
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FIG. 2. Energy dependence of the high-energy
luminescence from Ge excited by carrier injection.

Si. Perhaps it may appear on account of impurities
which destroy the inversion symmetry, "but this
possibility is easily ruled out from quantitative
considerations; even if one takes the strongest
lowest-order nonlinear optical coefficient of the
III-V compounds, i. e. , that of InSb,"' one obtains
an expected value of at least seven orders of mag-
nitude lower than the observed intensity. We have
proven this argument also experimentally; in the
case of laser excitation, we have compared the
ratio between the E~ laser intensity and its fre-
quency-doubled 2E intensity with the ratio between
the E emission and the 2E~ emission from Si.
These ratios disagreed by nine orders of magni-
tude, i.e. , the hv=2E, intensity from Si is far too
high to be explained by any nonlinear optical ef-
fect. High-energy luminescence from nonequilib-
rium carriers as known in the case of high electric
fields' and in the case of band-to-band Auger re-
combination" is, aside from other reasons, ex-
cluded since in these cases there should appear no
maximum at the energy of 2E~.

To show, that it is a general effect independent
of the band structure of Si, we have reproduced it
in Ge. Figure 2 shows the energy dependence of
the high-energy luminescence of Ge. There ap-
pears also a peak at the energy of 2E~. Toward
lower energies there appears a broad continuum,
which we explain as originated by nonequilibrium
Auger particles. This intensity should decrease
monotonically toward 2E, , as indicatedfrom GaAs
measurements. " The low-energy increase may be
explained by thermalization of Auger holes in the
split-off valence band as argued in a previous
paper' in the case of room temperature, where
this effect covers a possible hv=2E, emissionfrom
Ge.

In the case of Si excited by injection, we have
also investigated the dependence of the intensity
of the whole 2E emission band on the injection cur-
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FIG. 3. Dependence of the integrated emission intensi-
ty on the injection current in the case of Si excited by in-
jection at room temperature.
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FIG. 4. Dependence of the integrated emission intensi-
ty on the temperature in the case of Si excited by a con-
stant injection current.
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rent as well as on the temperature. These results
are shown in Figs. 3 and 4. Asistobeexpectedfor
two-electron transitions, the intensity increases
nearly quadratically (the exponent is 2. 1) with the
injection current, and it depends weakly on the

temperature.
In Fig. 1(a) the dashed line agrees well with the

experimental data, whereas the full line does not
agree. Therefore we conclude that the two-elec-
tron transitions at room-temperature in Si are
phonon assisted. This leads also to the conclusion
that the Auger recombination in Si is phonon as-
sisted, as discussed above, and not a direct one,
as considered so far.0'20 In Fig. 1(b) the agree-
ment with both theoretical curves is poor. This
may be caused by the low accuracy of the measured
values. However, in all experiments there ap-
peared the same line shape. Weyroyose to explain
this line shape by participation of both effects.
This explanation is not in contradiction to the
room-temperature data since, from phase-space
integration, it is to be expected that the direct
process decreases with increasing temperature
according to J~ T ~, if the carrier densities are
constant. On the other hand, the yhonon-assisted
process increases because of the increasing phonon
density (in this case the phase-space integration is
temperature independent). We hope to get a final
conclusion from He-temperature experiments,
which are in progress.

From the absolute intensity, the calculated car-
rier density, the sample geometry, and from re-
absorption data, we have calculated an experi-
mental transition coefficient. In the case of Si,
we get a value of P=10" cme sec ' with laser ex-
citation and of P=10 cm sec ' withinjection.
Both va.lues are uncertain within two orders of

magnitude because of the strong dependence on

the carrier-concentration calculation. The actual
value should lie at P=]0 6i cm9 sec i within one

order of magnitude. Since the Auger recombina-
tion in Si must be phonon assisted, our theoretical
calculation holds only in the case of the phonoa-
assisted process. With this calculation our ex-
perimental value agrees well. In the case of Ge,
we get a value of P= 10- ~ cm sec ' with an uncer-
tainty of two orders of magnitude.

APPENDIX

The phase-space integration is carried out in the
vicinity of the band extrema. It is assumed that
the dependence of the energy on the momentum is
quadratic.

Because only the line shape will be estimated,
we neglect constant factors:

g(E) d cfEf ff ' e-&e~eg»" d k, d kRd'k3d k, ,

with the boundary condition k, + k~ = ks+ k4. The

integration range in the k space is determined by
the assumed energy-momentum dependence

4 3

E'=E-2E,=!k' Z Z (kll- kll0) (kl/- kilo)/'~l'l/~
1=1 i, j"-1

where l indicates the particle state, i, j label the
coordinates, and k„o are the positions of the ex-
trema. There exists a linear transformation

/A/ Z Cnt/l l (kl l kli0)
lRi

which transforms the boundary condition into q4&-

= 0 and the energy-momentum dependence into

2

m, j
The integral is only changed by a constant factor:

J(E)dE

By the & function one integration does not take
place. Transformation to polar coordinates and
integration over the angles leads to

J(E)dE~ e /' f f f, r32r22rRdr, drRdr3

wi. th E' =r~+r~+rs. One integration is infinitesi-
mal:

r, = (E' —r,' —r,)'
dr, =-,'(E' r', r', ) "'d-E .-

There remains a double integration over the re-
gion of real argument

d(E) ~ e-8'/ kr

g 1/2xf"- f "2 "' "3' -rRrR(E rR rR-)3"d-r, dr,
t'~-0 t'3„-()

which leads to

g(E) ~ E &7/2 e-/P'/Rr

or

Z(E) ~ (E —2E, )'/' e &' 2""",--
with E ~2E, . If one considers the carrier den-
sities n, p to be temperature independent, an ad-
ditional temperature dependence of the form of 1'-
appears:

g(E) & sRpRZ -6(E 2E )7/2 e-le-22&) /Rr

The integral intensity of the emission band then
depends in the following form on the temperature:

f J(E)dE ~ llRPRI -3/2
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The hot-electron characteristic of n-germanium at room temperature is theoretically
derived taking into account the effects of the (100) valleys and the nonparabolicity of the (ill)
valleys. It is shown that the experimental results may be explained by theory only when

both these effects are included.

I. INTRODUCTION

The electron drift velocity in n-type germanium
at high fields is experimentally found to be almost
field independent. ' But early hot-electron theo-
ries considering only parabolic (111)valleys
fail to give a field-independent velocity when the

energy loss through both the acoustic and the optic
phonons are taken into account. The velocity be-
comes field independent only if the energy loss
through the acoustic phonons is neglected. How-

ever, even then the calculated values of the elec-
tron temperature are too high, and the value of the
deformation-potential constant for optic scattering,
required to fit the experimental values of the drift
velocity, is lower than that obtained from the anal-
ysis of low-field results. It was shown by the

present authors in an earlier paper that if the ef-
fect of the (100) valleys are included in the usual
simple theory, the velocity becomes field indepen-
dent even when the energy loss through the acoustic
phonons is taken into account. The electron tem-
perature is also found to be reasonable, but the
value of the optical-deformation-potential constant
which gives fit between theory and experiment is
almost unaltered. In this paper the alterations in
these results caused by the incorporation of the

nonparabolicity in the (111)valleys and the associ-
ated overlap corrections are discussed.

II. METHOD OF ANALYSIS

High-field-conductivity characteristics con-
sidering the nonparabolicity of the (111)valleys
have been recently obtained by Dumke. ~ In this

analysis, the effect of the nonclassical excitation
of the acoustic phonons was also considered and the

symmetric part of the distribution function was
obtained by the Levinson method. However, on

detailed computation we find that the nonclassical
excitation of the acoustic phonons has negligible
effect. The distribution function obtained by Dum-

ke from his detailed analysis is also almost Max-
wellian at room temperature. The small deviation
at low energies is unlikely to affect the results
significantly. The analysis may, therefore, be
much simplified by assuming a Maxwellian distri-
bution function with an electron temperature de-
termined by the energy-balance condition. The

equations giving the momentum relaxation time
and the electron temperature for the nonparabolic
(111)bands assuming a Maxwellian distribution func-
tion and classical excitation of acoustic phonons
are given in the following:


