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In highly excited GaAs and GaSb luminescence bands above the band gap at hv = Z + b,o are observed,
which are explained by radiative recombination of Auger-excited holes in the split-off valence band with free
or shallow bound conduction-band electrons. An extremely weak luminescence continuum in both materials
between hv = Zg and hv = 2Zg, which shows no distinct structure within the experimental resolution, is
ascribed to the radiative recombination of relaxing Auger electrons in the conduction band. The role of the
split-off valence band for hole-hole-electron (hhe) Auger recombination is explained. From spectroscopic data
the hhe Auger coefficients C„ for GaAs [C~(GaAs)77 K 10 "' ' cm sec '] and for GaSb

[Cp (GaSb)77 g 10 " ' cm sec '] are estimated, in rough agreement with theoretically predicted values. The
dependence of the luminescence intensities of the investigated emission bands in GaSb at Zg and at Zg + b,o on
the exciting light density and on the doping concentration leads to the conclusion that in p-type GaSb band-
to-band Auger recombination occurs. The surprisingly high intensity of the emission, which is connected with
a hhe Auger process, in n-type GaSb(Te) and its strange dependence on the excitation power is explained by
a band-to-acceptor Auger process. It is believed that this acceptor is the doubly ionizable native defect in

GaSb, which is always present.

I. INTRODUCTION

As an explanation of radiationless recombina-
tion in semiconductors at high carrier densities
and transition energies that are greater than the
energy of phonons, the Auger recombination usual-
ly is considered. Most of the theoretical and ex-
perimental work done in this field is summarized
in some review articles. ' ' The practical signifi-
cance of the Auger recombination lies in the fact
that it limits the charge-carrier lifetime at high
carrier densities. This is of increasing impor-
tance for semiconductor devices in heavy-current
engineering. '

The Auger recombination is a process of third-
order reaction kinetics. Mostly, an experimental
proof of the Auger recombination is performed in-
directly by studying the reaction kinetics of the
recombination. In doing so, the dependence of the
charge-carrier lifetime' or of the luminescence
quantum efficiency' on the carrier density was
measured. Pancove et a/. ' succeeded in getting
indication of the Auger electrons emitted from a
cesium-coated GaAs surface. Conradt' and Betz-
ler" identified the Auger carriers in Ge and Si by
measuring the luminescence signal, arising from
radiative transitions succeeding the Auger recom-
bination.

In an Auger process, the energy released by the
recombination of an electron-hole pair is trans-
ferred to a second electron or to a second hole,
which are energetically lifted within their band or
into another band. The Auger carriers dissipate
this energy by emission of phonons. During the
energy relaxation, a radiative recombination of

these carriers with thermalized ones in the oppo-
site band is possible. 'This gives rise to an ex-
tremely weak luminescence spectrum above the
band gap.

In this paper we report luminescence measure-
ments above the band gap, performed on the III-V
compounds GaAs and GaSb. Preliminary results
obtained from GaSb have been presented in an
earlier letter. " Because of its band structure,
GaSb should be a good model for studying the
Auger recombination. The transition probability
for a phononless Auger process" depends on the
momentum transfer bP of the impact partners as
4k 4. Furthermore, if momentum conservation is
presumed, an activation energy of the carriers is
necessary. ""

In GaSb the energy gap, E,= 0.812 eV,"is nearly
equal to the spin-orbit splitting of the valence
bands n, = 0.749 eV." As Fig. 1(a) depicts, in this
band structure the hole-hole-electron (hhe) Auger
process generating holes in the split-off valence

a)

FIG. l. Auger recombination in GaSb (schematic
graph) with (a) hhe process and (b) eeh process.
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band is possible with small momentum transfer
and small activation energy and, therefore, with
great transition probability. "'" This mechanism
can be investigated by measuring the luminescence
signal at hv = E,+ &„ which is caused by the radia-
tive recombination of the Auger-excited holes in
the split-off valence band with thermalized conduc-
tion-band electrons. In contrast to the hhe Auger
process, the electron-electron-hole (eeh) mech-
anism [see Fig. 1(b)] will lead to a broad lumi-
nescence continuum from hv = 2E, + activation en-
ergy to hv=E~.

A further peculiarity of QaSb is the fact that it
always contains a native lattice defect"" (com-
bination of a Ga vacancy and a Ga atom on Sb site)
which acts as a doubly ionizable acceptor. Since
the acceptor can bind two localized holes, the re-
combination at this center should have a large
probability for Auger recombination. " At high
concentrations of the native acceptor a strong
"Auger signal" should result. This band-to-ac-
ceptor Auger mechanism will be discussed in con-
nection with compensated GaSb(Te).

'The results, which will be described firstly, are
obtained from GaAs samples. 'The band structure
data of GaAs are disadvantageous to Auger pro-
cesses involving the split-off valence band
(E~= 1.519 eV compared with ~, =0.341 eV)."'"
The expected lower hhe Auger transition rate in
QaAs will be compared with the results obtained
from GaSb.

II. EXPERIMENTAL DETAILS

The samples used in the experiments were
diodes of GaAs and GaSb, an undoped GaAs single
crystal, and crystals of undoped, Zn-doped, and
Te -doped GaSb.

The GaAs diodes were purchasable types (Gen-
eral Electric SSL-4), which were soldered on a
copper cold finger after the casing was removed.
'The GaSb diodes were fabricated by alloying Pb-
Se pellets (98% Pb, 2% Se) in" p-type GaSb
(N„N~=2X10" c-m') and were also mounted on
a copper cold finger. With current pulses of
about 10'-10' A cm ' a minority carrier density
in the order of 10" cm ' was generated in both
materials.

The epitaxial-grown GaAs crystal (p=2x 10"
cm ') was excited by a GaAs„P, , injection laser
about 65 meV above the band gap. The GaSb sam-
ples were (i) not intentionally doped-solution-
grown crystals, and (ii) Zn-doped boat-grown
crystals in a doping range 2.5 x 10" N„-N~
=8.5&&10" cm', and (iii) Te-doped crystals in
a range 0&MD-M~~1 2x10'8 cm 3

The GaSb crystals were immersed in liquid He

or were mounted on a crystal holder, which was
cooled to 77 or 300 K. They were excited by a Q-
switched Nd-YA1G laser, focused on the sample
to a peak power density of about 100 kW cm '. For
excitation dependent measurements the intensity
of the light could be varied by neutral density fil-
ters. A maximum minority carrier density of
about 10"cm ' at the crystal surface was esti-
mated. All samples were freshly etched before
the measurements.

In all cases, the excitation was carried out
pulsewise with about 0.5-p.sec pulse duration and
a typical repetition rate of 2 kHz. The lumines-
cence was dispersed by a 0.85-m Spex grating
double spectrometer or by a 0.25-m Jarrell Ash
grating spectrometer. For measurements on
GaAs an additional Zeiss double-prism monochro-
mator was used. The luminescence radiation was
detected with a RCA 6217 photomultiplier with
S-10 response in the case of GaAs and by a RCA
C31034 A type with GaAs cathode or a RCA
C31000 F with extended red multialkali cathode
in the case of GaSb. For additional measurements
in the near-band-edge region of GaSb a PbS cell
(Santa Barbara Research Center) in connection
with conventional l.ock-in technique was used.

The measurements above the band gap were
carried out using a "digital -boxcar-integration"
method: The signal was taken as a pulse sequence
from the photomultiplier. During the excitation the
signal pulses were counted in one counter. Be-
tween the excitation pulses the dark count rate
was recorded by a second counter. The exact
agreement of the count time of both counters was
reached by digital setting of the gate times from
the same clock. The luminescence spectra were
measured stepwise in an automatic cycle with
several runs over the whole spectral region. All
spectra were corrected for the spectral response
of the system, for reabsorption in the sample and
for the transfer from the wavelength scale to the
energy scale.

III. GaAs —SPECTRA

Figure 2 shows the spectrum of a GaAs diode,
which was operated in forward direction. Besides
the familiar electroluminescence at hv =1.5 eV
a new emission band appears at hv=1. 86 eV, which
is at the used injection current about nine orders of
magnitude weaker than the near-band-edge emission.
The result obtained from an optical excited pure GaAs
crystal is depicted in Fig. 3. Under both excitation
conditions, aweak emissionband at hv = 1.86 eV is ob-
served. For orientation, theband-structure data, "' '
ofGaAsforE + ~0=1.86 eV aredrawninFig. 3
using E,= 1.519 eV and &, = 0.341 eV. We suggest
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that the new emission band at hv =1.86 eV in

GaAs is caused by the recombination of free or
shallow bound conduction-band electrons with

holes in the split-off valence band which are gen-
erated by Auger recombination.

Other explanations can be excluded: (i) First,
the emission from a band other than the split-off
valence band is ruled out: From energetical con-
siderations the recombination of electrons at the
X point of the Brillouin zone" (X„—I'„=0.38 eV)
with holes at the 1" point must be taken into ac-
count. This explanation is improbable, because
for the excitation process as well as for the re-
combination process a momentum transfer over
the whole Brillouin zone would be necessary. (ii)
Another excitation process of holes into the split-
off valence band than excitation by Auger recom-
bination is also excluded. A two-step excitation,
which is possible when optical excitation is used,
is ruled out by the diode measurement.

'To support our interpretation, the order of mag-
nitude of the Auger coefficient C~(GaAs) for the
hhe process including the split-off valence band is
estimated from the spectroscopic data. The in-
tegrated intensity of the E, luminescence is given

by

I~ =I"B~,npV, ,

where B„,is the transition coefficient for radiative
recombination and V, is the radiant volume. The
equipment properties are summarized in the fac-
tor I'. The total intensity of the Auger band is
analogously given by

I„=ZB„,np, V, = ZB„,e,n'p't, V„ (2)

where p, and t, are the density and the lifetime
of the Auger holes in the split-off valence band.
The Auger coefficient C~ follows from the ratio
I~/I„according to Etls. (1) and (2). The transi-
tion coefficients for radiative recombination B„
and B„,are supposed to be nearly equal for both
transitions. The ratio of the radiant volumes V,
and V, reduces to the ratio of the reabsorption
lengths" L, and L, for the corresponding photon
energies: V, /V, =I.,/I. , = (5x 10 ' cm)/(4 x10 ' cm).
For L, the geometrical diode length is set. If one
assumes a reasonable carrier density of n=p
= (2-5) x 10" cm ' and a value for the hole life-
time t, = 10 "-10" sec, which has been estimated
from a line-shape analysis of the Auger band in
GaSb, "a value for C~(GaAs) can be estimated
with the experimental intensity ratio Is/I„= 10':
C (GaAs)„=10 """cm sec '

'This value for the Auger coefficient has the same
order of magnitude as can be estimated from
other measurements or calculations: From the
decrease of the quantum efficiency in p-type GaAs
at high acceptor concentrations' a value of
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FIG. 2. Electroluminescence of GaAs between 1.4
and 2.2 eV (experimental points with error bars).

FIG. 3. Photoluminescence of GaAs at 1.86 eV. The
arrow indicates the energy data for E~+ 6() |Refs. 21 and
22).
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Q (GaAs)„» = 5 x 10"cm'sec ' canbe estimated. "'"
From the computation of Takeshima" a smaller
value [C~(GaAs),«„=10 "cm' sec '] can be de-
duced, which is predicted to depend strongly on
temperature. All methods of estimation lead to
the corresponding conclusion that for hole con-
centrations p &10"cm ' the hhe Auger recombina-
tion in GaAs has no essential influence on the
quantum efficiency of the luminescence.

GaAs is a noncentrosymmetric crystal. There-
fore, frequency doubling of the E, luminescence
by nonlinear optics is allowed. Figure 4 shows
the luminescence spectrum up to hv=3eV of the
same GaAs diode, operated at an identical injec-
tion current as for the spectrum in Fig. 2. The
intensity of the second harmonic of the E, lumin-
escence hir(2ar)=2. 95 eP has a similar order of
magnitude as the Auger band at hv=1. 86 eV. At
the injection current used (5.6 A) photon emission
between these energies could not be detected even
with a measuring time of about one day per point.

In Fig. 5 the dependence of the emission spectra
in GaAs at hv =E + 4, on the injection current is
shown. The integrated intensity of the Auger band
I„has a superlinear dependence on the injection
current i over the whole excitation range (I„~i").
(Note, that the logarithmic plot pretends a satura-
tion behavior of the emission at hv=1. 86 eV,
which is not really the case. }

At the highest injection current of 34 A an emis-
sion tail suddenly appears above the Auger band.
As Fig. 6 depicts, this luminescence continuum
extends up to the second harmonic of the near-
band-edge emission. At injection currents greater
than 8 A stimulated emission from the GaAs diode
takes place. Therefore, the second-harmonic line
at hv =2.95 eV is a relatively strong emission.
Above hv = 3 eV no photon signal could be detected.

It has been confirmed by additional measure-
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FIG. 5. Luminescence band at hv= E~+ Q in GaAs
for increasing injection currents.
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ments on other GaAs diodes that the luminescence
continuum is not observed until a certain thresh-
old current is reached. This threshold is not cor-
related with the onset of stimulated emission pro-
cesses. The continuum shows no pronounced
structure within the rough experimental resolu-
tion. As can be seen from Fig. 5, the intensities
of the luminescence continuum and of the Auger
band at hv =1.86 eV are not correlated.

We propose that the luminescence continuum
between the onefold and the twofold band-gap ener-
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FIG. 6. High-energy luminescence from GaAs at the
greatest injection current of 34 A.
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gy is caused by the radiative recombination of
free or bound holes with Auger electrons which

relax to the conduction band minimum. The ac-
tivation energy for a momentum conserving eeh
Auger process could be brought up by a bandfilling
mechanism due to the high carrier concentration.
As Zschauer" pointed out in the example of p-type
GaAs, the Auger transition rate will increase
rapidly when the bandfilling exceeds a certain
threshold. The threshold energy for band-to-band
Auger recombination in n-type GaAs is not ac-
curately known. " Nevertheless, an electron con-
centration of about 10" cm ' should be a reason-
able value.

The required activation energy E, could be de-
termined from the high-energetic edge of the lum-
inescence continuum. 'The luminescence tail
should extend up to hv= 2E,+E„ if the radiative
recombination is without phonon participation, or
up to hv=2E +E, -S~, if the radiative recombina-
tion of the Auger electrons is phonon accompan-
ied. Since the high-energetic side of the continuum
is covered by the frequency doubled of the E, band,
the break of the continuum cannot be determined.
Therefore, it cannot be decided if the threshold
behavior of the emission continuum is caused by
a momentum conserving Auger process. Further-
more, the hhe Auger process shows no threshold
behavior under our experimental conditions, in
spite of the fact that it should occur as well. "

On the other side, the threshold character of
the continuum could be caused by the special ex-
perimental conditions: It seems to be possible
that only at very high injection currents an ap-
preciable injection of holes into the n side of the
pn junction takes place, where the eeh process
should mainly occur. A comparison with other
experimental results speaks in favor of this pos-
sibility: The experimental energy -distribution
curve of the Auger electrons, emitted from a ces-
ium-coated GaAs surface, published by Pancove
et a/. ,' reveals no activation energy for the eeh
Auger recombination. (On the contrary, these
measurements indicate an energy deficit com-
pared with 2E . Therefore, it can be presumed
that the eeh Auger process in GaAs is phonon
participated. ')
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FIG. 7. Electroluminescence of GaSb between 1.40
and 1.80 eV. Injection current 20 A.
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for E + &, and 2E, are included in this figure""
(E,= 0.812 eV; 4, = 0.749 eV). (Note that Figs.
7 and 8 are semilogarithmic plots, whereas Fig.
9 is a linear plot. )

As in the case of GaAs, a broad emission band

IV. GaSb —SPECTRA

Electroluminescence spectra around hv = 2E,
of a GaSb diode at two different injection currents
are shown in Figs. 7 and 8. Figure 9 depicts a
typical photoluminescence spectrum of an undoped
GaSb crystal at 4.2 K under Nd-YAlG laser ex-
citation in the same spectral region. For orien-
tation the energy data of the GaSb band structure
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I

1,70
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FIG. S. Electroluminescence of GaSb between 1.40
and 1.80 eV. Injection current 30 A.
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(halfwidth 50 meV) is detected in GaSb at a photon
energy of Eg+ &p Further, energetically below
hv= 2E, a weak continuum appears in the spectra.
The emission continuum, which is unstructured
within the rough experimental resolution, is ob-
served in a photon energy range of 1.50-1.05 eV
(see Fig. 10). At still lower photon energies the
emission continuum passes into the Boltzmann tail
of the emission band at E,.

Both emission processes in GaSb above the band

gap, the luminescence band at kv=E +4p and the
continuum at hv ~ 2E„are ascribed to the radia-
tive recombination of Auger carriers. A two-
step excitation mechanism, which is the only pos-
sible alternative explanation, can be excluded
for both emissions. In the case of a two-step ex-
citation by the laser light, the luminescence con-
tinuum should extend from hv = E to hv = E,+ laser
energy, which is not found experimentally. (The
excitation of electrons by the reabsorption of
across-the-gap radiative recombination is still
more improbable since the internal quantum ef-
ficiency is much smaller than 1.} For the emis-
sion band at hv =E~+ &p a two-step mechanism is
excluded from intensity arguments: In the case
of a two-step excitation, the ratio of the second
harmonic of the primary lightand the E,+ 4p
emission should have the same order of magni-
tude for both investigated materials, GaAs and
GaSb." In the case of QaAs a relatively strong
frequency doubled emission of the E, light com-
pared with the Auger band has been recorded
(compare Fig. 4); whereas in the case of GaSb
the second harmonic of the E, emission is covered
by the emission band at hv=Z, + n, (see Fig. 9).

'The integrated intensity of this band is even sev-
eral orders of magnitude stronger than the fre-
quency doubled laser light. " For this reasons
a two-step mechanism can be excluded.

The emission band at hv=1. 57 eV in undoped
GaSb is interpreted as the radiative recombination
of conduction-band electrons with holes in the
split-off valence band which are excited by a hhe
Auger mechanism. As can be gathered from the
error bars of the experimental points in Fig. 9,
the absolute intensity of the Auger band in GaSb
is much higher than that in QaAs. The experimen-
tal data indicate that the hhe Auger recombination
creating holes in the split-off valence band has
a greater transition probability in GaSb than in
GaAs. This fact verifies our assumption, that
GaSb is a good model for studying the Auger re-
combination.

'The weak luminescence continuum at photon en-
ergies between 1.05 and 1.50 eV is ascribed to
the radiative recombination of relaxing Auger par-
ticles. Similar to the results on GaAs diodes, the
intensity of the continuum for GaSb diodes is not
correlated with that of the Auger band: When the
injection current of the investigated QaSb diode
28 is increased from 20 to 30 A (see Figs. 7 and 8),
the intensity of the continuum increases by a fac-
tor of 5 whereas the Auger band grows only by a
factor of about 1.5. Therefore, as in the case of
GaAs, the luminescence continuum is proposed to
be caused by the radiative recombination of re-
laxing Auger electrons in the conduction band with
the rmalized holes.

Photoluminescence measurements on doped GaSb
crystals confirm this explanation. Figures 11
and 12 show the results obtained from higher
doped p-type and n-type samples, respectively.
'The spectra in the Figs. 9, 11, and 12 are given
on the same (linear} intensity scale. (Note the
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FIG. 9. Photoluminescence of undoped GaSb above the
band gap at 4.2 K. The arrows indicate the energy data
for E~+ and 2E~ (Refs. 14 and 15). The intensity
scale is the same as for Figs. 11 and 12.

FIG. 10. Electroluminescence of GaSb between 1.0
and 1.55 eV. (Linear plot; note, that another diode was
used than for Figs. 7 and 8.)
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respective multiplication factors which are neces-
sary to show the peak heights in the same mag-
nitude. ) No correlation between the intensities
of the emission tail and of the Auger band is found.

As is expected for a band-to-band transition,
the Auger band broadens at higher doping levels
and the peak position shows an energy shift. Figure
13 is a systematic plot of the peak position of the
Auger band at different doping levels, measured
at 4.2 and 77 K. The blue shift in n-type samples
is ascribed to a bandfilling mechanism (Burstein-
Moss shift). The red shift is explained by tail
states or an acceptor band at the split-off valence
band.

A very surprising effect is the great intensity
of the Auger band in n-type GaSb. In degenerate
n-type material it is even possible to use conven-
tional lock-in technique for recording a spectrum
above the band gap. The Auger emission is much
stronger than in doped p-type samples, where the
hhe Auger mechanism creating holes in the split-
off valence band should be more probable. Instead
of such an efficient hhe Auger recombination the
eeh process should occur in n-type GaSb due to
the high electron density. This recombination,
however, would not lead to the observed emission
band at hv = 1.6 eV, but to the already discussed
luminescence continuum from about the twofold
to the onefold energy gap. Experimentally, the
continuum for n-type QaSb is only by a factor of
50 stronger than for p-type material. We explain
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FIG. 12. Auger band in Te-doped g-type GaSb at
4.2 K (uniform intensity scale).

the higher intensity of the Auger band in n-type
GaSb by an Auger mechanism including bound
holes. This will be stated inmoredetail in Sec. V.

V. REACTION KINETICS OF AUGER PROCESSES IN GaSb

In the following, the reaction kinetics of the
Auger band in GaSb is studied and its character-
istic feature is compared with the near-band-edge
emission. The varied parameters are laser ex-
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FIG. 11. Auger band in undoped (ud) and Zn-doped
p-type GaSb at 4.2 K (uniform intensity scale).

FIG. 13. Dependence of the energetical peak position
of the Auger band on the doping concentration (dopants:
Zn and Te). Experimental values are given for 77 and
4.2 K, without correction for the temperature dependence
of Eq+rhp.
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citation power and sample doping level.
Under steady-state conditions, the variation of

the minority carrier density is given by

dn dp—= —=G -R=O,
dt dt

(3)

with

R =A„n+ A~P+ BnP+ C„n'P + C~ P'n (+ CPU„Pn),

104
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where G and R are generation and recombination
rate. The diffusion term is neglected in Eq. (3)
because the laser penetration depth is of the same
order of magnitude as the diffusion length (some
pm). The total recombination rate R considers
band-to-trap recombination (process I) with re
combination coefficients A„and A~ for electron and
hole capture, respectively; radiative band-to-band
recombination (process II) with recombination
coefficient B; and Auger recombination (band-
band and band-acceptor processes, process III
and process II', with recombination coefficients
C„, C~, and C~}. The marking of the recombina-
tion processes with roman ciphers simultaneously
reproduces the order of the corresponding process
relative to the free carriers. Different terms of
recombination in Eq. (3) may be expected to dom-
inate at different carrier concentrations. Table I
shows the dependence of the minority carrier den-
sity on the generation rate G in the intrinsic and in
the extrinsic case (example p-type material).

As Table I illustrates, in the intrinsic case the
dominating recombination process can be deduced
from an analysis of the excitation dependence of
the minority carrier density (n, ~G, n«~G' ',
n«, ~G'~'). Under extrinsic conditions, the car-
rier density is always proportional to the genera-
tion rate.

A. Experiments on p-type GaSb

The Figs. 14 and 15 show the experimental de-
pendence of the luminescence intensities at E, and
at E,+ &, on the laser excitation power for a Zn-
doped sample and for an undoped sample, re-

TABLE I. Dependence of the minority carrier density
on the generation rate G in the intrinsic case and in the
extrinsic case (example p-type material).
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FIG. 14. Dependence of the E~ and E~+ emission
intensities on the exciting laser power in Zn-doped GaSb
(part a). For illustration, the E~ spectra (B) and the

Auger band (A) at the highest excitation intensity of 100
kW cm ~ are shown (part b and c).
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spectively. For illustration an E spectrum (band-
to-band recombination) and a spectrum of the
Auger band, both at the highest excitation density
of about 100 kW cm ', are given in Figs. 14(b)
and 14(c}. Since the line shapes of the emission
bands show no variation at lower excitation den-
sities, only peak intensities are drawn in Fig. 14
and in Fig. 15. Both measurements show a quad-
ratic connection between the intensity of the Auger

Dominating
recombination

process Intrinsic conditions Extrinsic conditions

100
100

I

101

A"
102

I

103

I
II
II'
III

n, pcc G/A
n, p cc (G/B)t~2

n, p cc (G/C'N~)'~ ~
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Exciting Light Intensity (arb, units ]

FIG. 15. Dependence of the near-band-edge (B) and of
the Auger recombination involved emission (A) on ex-
citing laser power (peak intensities). The highest laser
density was 100 kWcm 2.
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&& ~ (G/Cp')p o- p ' if process III dominates.

And analogously

cx: yZ2P2

I&c p' for part I,
I„ccconst for part II or II',
I„~P ' for part III.

(4)

From the decrease of the emission intensities
proportional to p ' and p

' for the E luminescence
and the Auger band, respectively [compare Fig. 16
and relation (4)], it is concluded that band-to-
band Auger recombination is the charge-carrier
lifetime dominating process at high carrier den-
sities. For comparison, the quantum efficiency
curves of Queisser and Panish' on QaAs are in-
cluded in Fig. 16 (dashed lines). Seemingly in-

band f„(circles) and that of the band-to-band
emission Is at E (triangles): I„~P~. This de-
pendence is expected because the E, luminescence
is proportional to np and the Auger band is pro-
portional to n'p'. For the undoped sample in Fig.
15 (intrinsic condition) a satisfactory agreement
with the experimental excitation dependence is
obtained, when the carrier density n =p is sup-
posed to be proportional to the generation rate G

(compare Table I, intrinsic condition case I).
'Then the expected excitation dependencies I~
~np cf-G' and I~ fx-n p'cf-G' are in accordance with
the experimental exponents 1.8 for line B and
3.4 for line A. The measurement on the Zn-doped
sample (extrinsic condition) yields an experimen-
tal dependence of I~ ccG" and I„~G", which is
in good agreement with the expected linear and quad-
ratic dependence. Luminescence studies on p -type
GaSb at various doping levels are presented in Fig. 16
[(a) measurements at 77 K; (b) measurements at
300 K]. Freshly etched samples were investigated
and the integrated emission intensities at E, (tri-
angles) and at E + 4, (circles) under identical experi-
mental conditions are shown. Naturally, the mea-
sured points are strongly scattered. Nevertheless,
the full lines reflect the systematic feature of the
experimental values: As is expected, the connec-
tion I~ ~I~ is valid in good approximation.

According to Table I, the doping dependence of
the luminescence intensitiesI„andI~ are given" by

I~ fx nP,

Is ~ (G/A)p ~p if recombination
process I dominates,

(G/Ep)p
const if process

~ (G/C~~~)p II or II' dominates,

dependent on the different band-structure data,
the decrease of the luminescence efficiency takes
place at about the same hole concentration in both
materials. For GaSb, however, in part II of the
efficiency curve an internal quantum efficiency
q, «1 is estimated. Therefore, it is concluded
that the horizontal part II in Fig. 16(a) is not
caused by radiative recombination, but by non-
radiative recombination of second order. A pos-
sible nonradiative recombination of second order
is a band-acceptor Auger recombination (compare
process II' in Table I).
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FIG. 16. Dependence of the luminescence efficiency
for the E~ and the E~+ emission bands on the accep-
tor concentration Nz-ND. (a) Obtained at 77 K; (b) at
300 K. The constant laser density was 100 kWcm 2.
The solid lines are for clarification of the experimental
dependence. The broken lines represent similar ex-
periments on p-type GaAs Puef. 7).
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B. Experiments on n-type GaSb

Figure 17 is a plot of the total emission intensity
of the E~ luminescence (triangles) and of the Auger
band (circles) as a function of the Te Moping con-
centration, measured at 77 K. The intensities in
this diagram are given on the same intensity scale
as for Fig. 16. In Fig. 17 the intensity of the Auger
band increases strongly with growing Te concen-
tration. At high Te doping it is considerably
stronger than in p-type material. The total in-
tensity of the E, emission (integrated over all
emission lines} remains constant.

The emission intensities of the observed lum-
inescence bands as a function of the laser excita-
tion power are shown in Fig. 18 for a n-conducting
sample (N~&N„) and in Fig. 19 for a compensated
sample with ND =N„. The near-band-edge emis-
sion spectra shows two broad bands at high ex-
citation conditions [see Fig. 18(b)]. Line B is an
(e, h} t'ansition (including tail states and shallow
acceptors}. Line C is ascribed to a (e,A ) tran-
sition. ""The acceptor A, which is always pres-
ent in GaSb, is caused by a native lattice defect" "
(Vo„+Gaab) and has hole binding energies of 34.5
and 102 meV."

In contrast to p-type GaSb, the Auger recom-
bination involved emission in n-type GaSb does not
show the I„~I~ law. Qn the basis of a band-ac-
ceptor Auger recombination a reasonable explana-
tion of the intensity, the doping dependence and the
excitation dependence of the Auger band in n-type
GaSb is possible. As can be deduced from the
strong C line, which shows no saturation at higher
excitation, the native acceptor has a high concen-
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FIG. 18. Dependence of the E~ and E~+ b 0 emission inten-
sities on the exciting laser power in n-type GaSb(Te) (part
a) . The E~ spectra and the E +4 0 spectra —both at the high-
est laser light density of 100 kW cm 2—are shown in
parts b and c.

tration. Since this acceptor can bind two localized
holes, the recombination of one hole with a con-
duction-band electron has a large Auger prob-
ability. " Thereby the second hole is pushed into
the split-off valence band. A bandfilling of about
70 meV will lead to a resonant impact process
because the recombination energy, which is trans-
ferred to the second hole„corresponds to the

th

C

Xl

)040

ih
C

4
c 103-

Vl

C
E
3

)02

GaSb (Te)

77 K

dEg
oEg+

g4

C

)0'-
0

)0C

O

)01-

eaSt (Te

No =NA

77 K

C

»B(:-

)p)
)016

I

)0)7
I

)p)8

ND- NA tCm ]

)00 I I

)00 )01 )02 )03

Exciting Light Intensity [arb. units 3

FIG. 17. Luminescence efficiency in n GaSb at 77 K.
The constant exciting light density was 100 kWcm 2.

FIG. 19. Excitation power dependences measurement on
compensated GaSb(Te) with ND= Nz.



16 AUGER RECOMBINATION IN GaAs AND GaSb 853

energetic difference to the split-off valence band.
In n-type GaSb, the native acceptor acts as (A )
center in equilibrium. Nevertheless, under high
excitation conditions the acceptor will bind two

35
holes in zones near the crystal surface where
the Auger signal is created.

The relatively strong intensity of the Auger
band and its increase with growing tellurium con-
centration (compare Fig. 17) can be explained by
a self-compensation effect. From infrared ab-
sorption measurements it is known" that the na-
tive defect in QaSb increases either under ir-
radiation with electrons or by Te doping.

The excitation dependence of the luminescence
bands is explained as follows: For the low Te-
doped sample (see Fig. 19) it is presumed that the
second ionization state of the deep native acceptor
is saturated. Then, under intrinsic conditions and
first-order reaction kinetics, the excitation de-
pendences are given according to Table I:

(e, A,„) recombination: I, oN„„, xn o G',

(e, h) or (e,A') recombination: Is ~pn~G',

(e, h, ) recombination: I„~N„„,xpn'~G'.

The predicted values agree excellently with the
experimental dependence in the low excitation
range

cyexp & 8& exp G i Afexp

At higher excitation, the effect of second-order
reaction kinetics must be considered. In conse-
quence of quite different reabsorption factors of
the emission lines A, B, and C, the recorded
luminescence signals are produced in different
crystal depths with a distinct excitation rate."
Two borderline eases are easy to survey: For
the Auger band A with strong reabsorption the
condition n, pcs G' ' is fulfilled, which yields a
theoretical dependence of I„ccG" at higher exci-
tation (experimental exponent 1.6). Line C (hv,
& E,) is created in deeper lying crystal zones
where n, p ~G is still valid.

At higher tellurium concentration (see Fig. 18},
the native acceptor is an (A ) center in equili-
brium. As is expected, the capture of holes on the
second ionization state is proportional to the gen-
eration rate: I, ,x, G". Since this capture on
charged centers should be very effective, for the
free and shallow bound holes follows a superlinear
density dependence. This explains both, the experi-
mentally identical and superlinear excitation depen-
dence of the A line and B line. TheA line is expected
tobeproportionaltothe (A )"concentration. TheB
line includes recombination with free and shallow-
bound holes [I~ o- p and (A )"].

B,np„(r), ) '= Cpnp„*. (6)

Part II of the efficiency curve is formally ascribed
to radiative recombination with a transition coef-
ficient B„and an internal quantum efficiency q;
[left-hand side of Eq. (6)]. Two independent meth-
ods of estimate give an internal quantum efficiency
q, = 10 ""'at 77 K. Thereby, the luminescence
intensity is compared with the laser signal from
the reflecting crystal surface. The other evalua-
tion is carried out in considering the luminescence
signal, the sensitivity of the detecting system and
correction factors because of reabsorption and
reflection in the sample. From Eq. (6) follows for
the hhe band-to-band Auger coefficient C~(GaSb)
at 77 K, using a value" for B„=10 ' em' sec ':

C~(GaSb)» = 10 """cm' sec '

In the following, the experimental C~ (GaSb) will
be compared with theoretical predicted values.
According to Beattie and Landsberg, " the Auger
transition rate is given by an expression of the
form

1
Auger gy 2+ y2

~1~2 ~1~2 1~ 1f2g2~

where

x 6(E)e(1, 1', 2, 2'),

E = E', + E2 -E,-E2.
The charge carriers with momentum jg, interact
via a screened Coulomb potential (reciprocal
screening length X). 8(1, 1', 2, 2') is a statistic
factor which leads to an activation energy E, for
the Auger process, "when it is minimized under
consideration of energy and momentum conserva-
tion and by taking the band structure as a basis.
Assuming a parabolic band structure this activa-
tion energy for a hhe Auger process involving the
split-off valence band is given in the Boltzmann
approximation"

E, =(E —~ )m /(2m +m, —m, ). (8)

Hence it follows" an activation energy E, = 12 meV
for QaSb, which can be easily reached thermally.
From the calculations of Takeshima, "where a
Boltzmann distribution is used, an Auger coeffi-
cient C&(GaSb) = 10 "cm'sec ' is extrapolated at

VI. TRANSITION COEFFICIENT FOR AUGER

RECOMBINATION IN p GaSb

From the decrease of the luminescence intensity
in Fig. 16(a}at higher Zn doping, the Auger coef-
ficient for hhe recombination can be estimated.
For the break at p„= 10"cm ' of the emission,
efficiency curve holds:
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a temperature of 300 K. Regarding the small ac-
tivation energy this Auger coefficient should be
nea, rly independent on temperature.

In the Fermi limit the activation energy of the
charge carriers is brought up by a bandfilling
mechanism, whereby holes in the heavy hole band
give the main contribution.

According to Zsehauer" and Rosenthal, "the
drop of the charge-carrier lifetime, which is con-
trolled by a hhe Auger recombination, takes place
between a bandfilling E, and E, of the heavy-hole
band, with

E, = (E &,)(m—, —m, )[2(2m»+m, —m, )] ',
E, = (E, —&,) [4(m„„/m, ) —2] '.

For GaSb follows" a bandfilling of E, =4.5 meV to
E, = 6.5 rneV, which corresponds to a hole den-
sity" of p„= (4-7) x 10" cm '. From this predicted
break of the theoretical quantum efficiency curve
(decreasing from q, = 1) and according to Eg. (6)
follows a hhe Auger coefficient C~ (GaSb)»„
=2&10 " cm'sec '. This value is smaller than
the experimental determined value
C~(GaSb)»„=10 """cm'sec '. The theoretical
estimation, however, is only valid for T=O, mo-
mentum conservation for the Auger process and
Burstein-Moss filling of the valence band. Not
considered are tail states, which reduce the ef-
fective band gap, and excited holes. Nevertheless,
the agreement between the theoretical values and
the experimental coefficient is rather good when
the approximations of the theory and the experi-
mental uncertainty is taken into account.

VII. SUMMARY

Luminescence measurements as a method of in-
vestigation of the Auger recombination in the III-V
compounds GaAs and GaSb have been presented.
'The Auger particles have been proved by detecting
the extremely weak photon signal above the band
gap which is created by the radiative recombina-
tion of relaxing Auger particles with cha.rge car-
riers in the opposite band.

In both materials, GaAs and GaSb, under elec-
trical or optical excitation a broad luminescence
band at the photon energy hv =E + 4, is found as an
uniform result, where E is the respective energy
gap and 4, is the respective spin-orbit splitting of
the valence band. This confirms the expectation
that in both substances, when a hhe Auger process
takes place, the transition of the second hole into

the split-off valence band has a greater transition
probability than transitions of the second hole into

the light-hole band or into the heavy-hole band.
The effect of the different band-structure data

of GaAs and GaSb on the intensity of the Auger
luminescence spectra and especially on the Auger
recombination coefficients is discussed. From
spectroscopic data an order of magnitude estima-
tion of the Auger coefficients C~ is performed
which yields

C~(GaAs)»x = 10 """cm'sec ',
C (GaSb) „=10 """cm' sec '

The stronger Auger luminescence intensities in

GaSb and the relatively great value for the hhe

Auger coefficient of GaSb reflect the model char-
acter of this substance for Auger recombination.

An extremely weak luminescence continuum in
both materials between the onefold and the twofold
band-gap energy is explained by the radiative re-
combination of relaxing Auger electrons in the
conduction band with thermalized holes. The
threshold behavior of the intensity of the continuum
in diode measurements could be explained by the
special experimental conditions (injection of holes)
rather than by a momentum conserving Auger
process.

The energy and the line shape of the Auger band
in GaSb can be definitely influenced by the sample
doping, showing the familiar effects of band-gap
shrinkage and Burstein-Moss shift. The reaction
kinetics of Auger processes in doped GaSb have
been studied and compa. red with the near band-gap
emissions by measurements at varying doping
level and different laser excitation power. As is
expected, for p-type GaSb the intensity of the
Auger band I„ is proportional to I~, where I~
is the near-band-gap emission intensity. In n-type
GaSb(Te) a more complicated dependence is found,
which is explained by the role of the native defect
in GaSb, which forms a twofold ionizable acceptor.
It has been concluded that in p-type GaSb band-
band Auger recombination and in n-type GaSb
band-acceptor Auger processes lead to the lumi-
nescence band at hv = E,+ &,.
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