
PHYSICAL REVIE% B VOLUME 52, NUMBER 4 15 JULY 1995-II

Midinfrared picosecond spectroscopy studies of Auger recombination in InSb
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A midinfrared picosecond spectrometer based on an Er + laser-pumped optical parametric generator
has been used to study Auger recombination processes in intrinsic InSb at room temperature. After car-
rier excitation by a 100-psec A, =2.8 pm Er'+ laser pulse the sample transmission change due to excess
carriers was probed, using short pulses of wavelengths varying in the range 4—6 pm, as a function of
time delay. It was shown that over the measured range of carrier densities (n =10' —10' cm ) the
momentum-conserving conduction —heavy-hole —heavy-hole —light-hole Auger process was the predom-
inant channel for electron-hole recombination with a quadratic rather than a cubic dependence of
recombination rate on carrier density. The effective Auger lifetime scales as ~A„g =C2n with

Cz=7.4(+1.5) X10 cm s '. This type of carrier concentration dependence is in accordance with

theoretical predictions for semiconductors in which the electron component of the carrier population is

degenerate.

I. INTRODUCTION
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Auger recombination (AR) is an intrinsic process that
sets a fundamental limit to the radiative recombination
efficiency in any optoelectronic device. In this process,
an electron and a hole recombine and the resulting ener-

gy is transferred to a third carrier, either an electron or a
hole. Typically the AR rate is determined by a "dom-
inant channel, " which (assuming parabolic bands) can be
shown to invo1ve carriers with the following most prob-
able energies:

gap semiconductors, AR is a significant process at all but
the lowest temperatures and carrier concentrations.

For semiconductor laser-diode applications the AR
band-gap and temperature dependencies result in an
empirical To parameter for the laser threshold current
density [J,h o- exp( T/To )]. To decreases with decreasing
band gap from 160 to 200 K for A. =850 nm
GaAs/Al(GaAs) diode lasers to 50—.60 K (Refs. 2 and 3)
for A, =1.3 —1.5 pm (InGa)(AsP) lasers and to =17 K
(Refs. 4 and 5) for A, =4 pm In(AsSb) lasers. For
infrared-detector applications, AR results in high
generation-recombination diode currents. These give low
zero-bias resistance-area products and low detectivities
unless the detector is cooled and/or the carrier concen-
trations are reduced by the other means.

Being a three-particle process, the AR rate is propor-
tional to the integral over the carrier distributions of the
product P of the occupation factors (Fig. 1) of the four
participating states, which are linked by momentum and
energy-conservation considerations:
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for electrons, where m„m&, and m& are the carrier
eff'ective masses in the conduction (C), heavy (H), and
light-hole (L) bands, respectively, Es is the band-gap en-

ergy, and CCCH and CHHI. denote the Auger-scattering
events depicted in Fig. 1. E& plays the role of an e6'ective
energy barrier whose height is determined by carrier en-
ergy and momentum-conservation conditions, and this
results in an exponential dependence of the AR rate on
the temperature and the band-gap energy. For narrow-

,2

FIG. 1. Schematic representation of CCCH and CHHL
Auger processes involving the "dominant channel" carriers of
Ref. 12.
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Pcc H~ f„(k,)f„(k2)f (k', )[1 f—„(k2)]
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represent electron (hole) occupation factors,
respectively. The final term in Eq. (5), however, is typi-
cally unity, as the upper state 2' is generally empty unless
the carrier density is very high. If nondegenerate statis-
tics apply, the integrals over the (Boltzmann) carrier dis-
tributions can be separated. In the limit of high excita-
tion (hn -hp »no, po) the Boltzmann occupation prob-
ability in any given state is just proportional to the car-
rier density, and this gives a simple carrier-density depen-
dence of the net AR rate, dnldt ~ n p, p n (i.e., ~ n in
the case here, where n =p}, where n and p are the elec-
tron and hole concentrations. The effective Auger life-
time 7A g

is then proportional to n, and can be written
as v& g C3 n . This functional form has been verified
and the value of the C3 coefficient measured recently in
InAs, (InGa)As, and in (InGa)(AsP) (Ref. 2) alloys.

In the case of InSb at 300 K, however, Eqs. (1)—(4)
give (using the materials parameters of Table I) values for
EcccH, EcHHL E'cccH an'd E'cHHL all within a few meV
of the conduction-band edge. Since even in ultrapure
InSb the 300-K intrinsic Fermi energy is only =25 meV
below this, the Boltzmann approximation fails at room
temperature and this simple density-dependence ap-
proach is likely to fail even at arbitrarily low excess-
carrier densities. At the carrier concentrations typically
present (10' —10' cm ) in light-emitting and laser
diodes the electron distribution is highly degenerate (al-
though holes remain nondegenerate up to p = 10' cm )

and a full integration of the AR rate over the carrier dis-
tributions becomes necessary.

Haug' has studied the degenerate AR problem and
concludes that, in the limit of high excess-carrier densi-
ties (i.e., bn, bp »no, po), negligible carrier screening,
and a k-independent Auger-transition-matrix element, a
~A„'g ~ n dependence is expected. He also comments that
the "normal" AR process is only likely to maintain its
dominance into the degenerate regime if the band gap is
small. In wide-gap materials, energy and momentum
conservation considerations block the "normal" Auger
interactions and higher-order processes (e.g., phonon-
assisted and second-order AR} become significant.

Dutta and Nelson consider the relative importance of
these higher-order processes in (InGa)(AsP) alloys with
band gaps corresponding to A, =1.3—1.5 pm and find
that, for hn =hp =10' cm, phonon-assisted AR pro-
cesses are typically about an order of magnitude less
probable than "normal" AR processes. The CCCH and
CHHS "normal" processes are comparable in strength,
and both roughly an order of magnitude more probable
than the CHHL "normal" AR process (here S stands for
split-off' and L for light-hole band). The balance between
the CCCH, CHHL, and CHHS rates is strongly sensitive
to the band structure though, with, e.g. , the CHHS rate
dominating in GaSb (Ref. 11) due to an accidental near
resonance between the fundamental and spin split-off
band gaps. In InSb, however, the unusually large spin

split-o8' energy (=4E ) renders the CHHS rate negligible,
and we therefore conclude that the "normal" CCCH and
CHHL processes will be dominant in the case of interest
here. Beattie' has also suggested that these two process-
es should dominate in InSb and has calculated Auger
constants taking into account Fermi-Dirac statistics,
nonparabolic energy bands, and carrier screening effects.
For 300-K intrinsic InSb, his calculations give (in the
nondegenerate or "cubic" approximation when
dnldt= —C&n ) C3=1.7X10 cm s ' (CCCH pro-
cess) and C3 = 1.2 X 10 cm s ' (CHHL process), com-
bining to give a total coefficient C3 =2.9X 10 cm s

Existing experimental data on AR rates in InSb are
limited and to an extent contradictory. The recombina-
tion of an extremely high density (n =10' —10 cm )

laser-induced electron-hole plasma in InSb at room tem-
perature has been studied' ' using a plasma-refiection
technique. The plasma was created with a 10-psec
A, =1.06 pm pulse, its reQectivity decay was probed with
ultrashort 10.6-pm pulses, and an excess-carrier lifetime
of 35+5 psec for n =10' —10 cm was deduced. Mod-
eling of the electron-hole plasma dynamics produced an
AR coefficient for a "cubic" recombination rate depen-
dence of C3=10 cm s ' —some two and half orders
of magnitude smaller than predicted by Beattie. ' A
model with "quadratic" AR versus n dependence was
more successful in describing the temporal evolution of
the plasma reAectivity, however, and gave a best fit with
C2=1.5X10 cm s

A similar method has also been used to study the decay
of an InSb electron-hole plasma generated with
nanosecond neodymium and ruby laser pulses. ' The sur-
face plasma density reached 6X10 ' cm and gave a
best-fit value for the "cubic" Auger recombination
coefficient of C3=3 X 10 cm s ', although the "quad-
ratic" functional relationship gave a better fit to the data
and yielded C2 =7.5 X 10 cm s

In these plasma-r exsection experiments, noticeable
refiection changes occur only when the dielectric function
e„(co) approaches unity, which typically requires carrier
densities ) 10' cm for the probe wavelengths avail-
able. The technique cannot be used at the lower carrier
concentrations of interest for optoelectronic devices, and
the carrier-recombination-rate values derived from these
experiments depend on assumptions about transport con-
ditions in the spatially nonuniform plasma. In practice,
the carrier diffusion coefficients are density dependent,
and this can create significant uncertainties in the model-
ing used to derive the Auger coefficients.

We here study the InSb AR rate as a function of car-
rier density using a time-resolved infrared pump-probe
transmission spectroscopy technique applied to thin InSb
films that have become available as a result of recent ad-
vances in molecular-beam-epitaxial growth. The method
is essentially the same as used in previously reported
measurements in InAs thin films, but uses a different laser
spectrometer to access the longer wavelengths required.
The excess-carrier-density values created in our experi-
ment (10' —10' cm ) are typical of those occurring in
infrared emitter devices, and the more direct nature of
the measurement technique allows us to identify the dom-
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inant Auger mechanisms in this regime with significantly
improved confidence.

II. EXPERIMENTAL METHOD

A mid-IR picosecond spectrometer based on an erbium
laser pumping an optical parametric generator (OPG)
was used for the pump-probe transmission measurements.
Single 100-psec mode-locked pulses from an
Er +:Cr:YSGG laser (A, =2.8 pm, 3 Hz repetition rate)
were amplified in a two-pass amplifier (Fig. 2) and part of
the amplified pulse was used as a pump beam to create
nonequilibrium carriers in the sample. The remaining;
portion was used to pump a traveling-wave double-pas!
OPG based on a 30-mm-long ZnGeP2 nonlinear optical
crystal. "

The OPG output pulses (-50 psec duration, 3.7 meV
linewidth) were used to probe the sample transmission at
varying delays after excitation. In all cases a sufficiently
long delay was allowed, to ensure that the carrier distri-
butions had thermalized to the lattice temperature and
were spatially homogeneous. The probe wavelength
could be tuned over the range 3.9&A, &10 pm simply by
rotating the OPG crystal in the plane of its z axis using a
stepper motor. In this experiment we used three probing
wavelengths: 4.16, 4.43, and 6.06 pm, corresponding to
phonon energies 75%%uo, 65%%uo, and 20%%uo above the InSb
band gap, respectively.

The sample studied was an undoped 3.4-pm-thick InSb
epilayer grown by molecular-beam epitaxy on a 0.5-mm-
thick infrared-transparent semi-insulating GaAs sub-
strate. It was mounted at Brewster's angle (76') to elimi-
nate interference effects from the Fresnel rejections at its
surfaces, and all measurements were performed at room
temperature. Figure 3 shows the small-signal absorption
spectrum of the sample obtained with an IR spectropho-
tometer together with the positions of the pump and
probe wavelengths.

The pump hearn (A, =2. 8 pm, A'co -2.6' ) fiuence at
the sample surface was varied over the range 5 —6500
pJ/cm to create difFerent initial nonequilibrium excess
carrier concentrations. At the maximum pump fluence
the InSb interband transitions were completely saturated,
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corresponding to electron quasi-Fermi level =0.3 eV
above the bottom of the conduction band and a carrier
concentration of approximately 2.7 X 10' cm

The probe pulse had much weaker fiuence (( 1 pJ/cm
at the sample surface) to ensure the absence of unwanted
additional sample bleaching. Its diameter (-1 mm) was
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FIG. 3. Solid line, measured small signal absorption of the
3.4-pm-thick InSb sample at room temperature. The oscillatory
structure at photon energies below the band gap is due to in-
terference caused by Fresnel rejections at the InSb layer inter-
faces in this normal incidence measurement. Dotted line, ab-
sorption spectrum calculated with the three-band absorption
model, using the conduction-band nonparabolicity parameters
of Table I and assuming a k-independent optical matrix element
for interband transitions.
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FIG. 2. Schematic of the tunable infrared picosecond spec-
troscopy system: PD& and PD2, cooled cadmium mercury tellu-
ride photodiode detectors; M

&
and M2, dielectric beamsplitters;

DL, variable optical delay line.

FIG. 4. Probe sample transmission T ratioed against the
small-signal value To as a function of pump-probe time delay:
Solid line, probe wavelength A, =4.16 pm; dotted line, probe
wavelength, A, =6.06 pm. Curve 2 is scaled up by a factor of 1.7
for clarity.
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kept much smaller than that of the pump beam (-4 mm)
to ensure uniform excitation density over the probed
area, and Fig. 4 shows typical induced sample transmis-
sion ( T) change transients plotted as ln( T/To) versus the
time delay between the pump and probe pulses.

I I I I ~ II ~ 0 I ~ ~ ~ ~ ~ I ~ l ~ ~ ~ ~ I ~ I

intrinsic InSb
300K

I ~ ~ I ~ ~ I ~ I ~ l ~ I I I ~ ~

slope =1

III. RESULTS

The main effect of the high excess photoexcited carrier
concentration in InSb is an absorption decrease at photon
energies above the band gap due to the dynamic Moss-
Burstein effect. At these carrier densities the band-gap
renormalization energy is negligible compared with the
Moss-Burstein shift.

In order to convert the measured optical transmission
change transients at a given probe wavelength to a
carrier-concentration decay profile we consider interband
absorption in a three-band model (with a nonparabolic
conduction band), characterized by the parameters' of
Table I. The conduction-band nonparabolicity parameter
a was calculated semiempirically from a best fit to pub-
lished electron effective mass versus electron concentra-
tion data. '

In contrast to previous similar measurements in InAs
and in InSb, light- to heavy-hole transitions and free-
electron absorption are important and need to be taken
into account in a quantitative analysis. This fact was im-
mediately apparent in the experimental data from the
fact that maximum achievable bleaching of the InSb layer
(in terms of the optical density change) was only
50—70% (compared with the 100% previously seen in
InAs), even at Auences close to the sample damage
threshold. According to previous small-signal absorption
measurements' made with doped samples in the 5 —10
pm range, both these absorption mechanisms give an ab-
sorption coefBcient component proportional to the
excess-carrier concentration and are characterized by the
cross sections o =8.65 X 10 ' cm /hole (independent of
A, ) and o„=0.23X10 ' cm /electron at A, =9 pm (pro-
portional to A, ). Thus the induced free-carrier absorption
is dominated by light- to heavy-hole transitions in this
case.

By modeling the maximum transmission change we ob-
served at both the probe and pump wavelengths we de-
rived our own free-carrier-induced absorption cross-
section value of o =1.56X10 ' cm /carrier pair. This
is roughly a factor of 2 larger but in broad agreement
with the previously reported doped-sample data, ' the
discrepancy probably arising from the inhuence of ion-
ized impurity scattering in the latter. From the point of
view of the quantitative modeling, an error of a factor of
2 in the assumed free-carrier absorption cross-section
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affects our extracted carrier-concentration values by less
than 15%.

Even at n =2.7X10' cm the bulk plasma frequency
was five times lower than our probe frequencies, so that
the sample refractive-index and refiectivity changes due
to the free-carrier plasma' were & 1% and could be
neglected. The refractive-index changes which occur due
to the Burstein-Moss absorption changes in the interband
absorption spectrum were computed using a Krarners-
Kronig integral, and were also found to produce a negli-
gible change in the sample re6ectivity.

In common with previous measurements at the time
delays at which they were probed, the excess electron and
hole distributions could be accurately characterized as
spatially homogeneous Fermi-Dirac distributions
thermalized to the lattice temperature. Only the electron
and hole quasi-Fermi energies change as the carriers
recombine. The maxirnurn InSb epilayer temperature
change due to the laser pulse was also calculated to be
negligible (&8 K) and the single-valued relationship be-
tween carrier concentration and sample absorption

FICx. 5. InSb reciprocal lifetime dependence on the excess
carrier concentration (~). Solid line, the best linear regression
6t to our own data, gradient 1 (+0.04), corresponding to
7A g C2n with C2 =7.4X 10 cm s '. 0, data from Ref. 13;
4, data from Ref. 15. Dashed line, AR rates calculated using
Beattie's (Ref. 12) mass-action coefficients for the CCCH and
CHHL processes and the "dominant channel" occupation fac-
tors of Fig. 6.

TABLE I. InSb parameters (Ref. 17) at 300 K.

Electron
mass m,

(near k =0)

0.02mp

Heavy-hole
mass mhh

0.45mp

Light-hale
mass mg,

0.015m p

Band-gap
energy Eg

0.17 eV

C-band nonparabolicity
parameter a

[E(1+aE )=4~k 2/2m, ]

0.65 eV

Intrinsic carrier
concentration

2X 10' cm

Refractive index n
near A. =4 pm

4.0
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coefficient in our model makes it possible to extract car-
rier concentrations with high confidence from the
difFerential transmission changes [(DTC) = ln( T/To )]
measured at various probe wavelengths.

From the measured decay of the DTC we computed
the time-dependent carrier concentration n (t) directly as
a function of delay after excitation and Fig. 5 shows the
result of this process, plotted as the reciprocal carrier
lifetime r '=( I/n)(dn/dt) versus excess carrier density
n. The solid line represents the best fit and has a slope
=1(+0.04). This confirms the "quadratic" rather than a
"cubic" dependence of AR rate on carrier density:
dn/dt= —Czn, and regression yields Cz=7.4(+1.5)
X10 cm s

IV. DISCUSSIOX
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Calculating an absolute Auger lifetime for a particular
semiconductor is complicated mainly by the difficulty in
estimating the overlap integrals for the cell-periodic
components of the Bloch functions involved in the
carrier-carrier Coulomb interaction. A very accurate
band-structure model is required and, although the
methods have been refined over the years, di8'erent
theoretical techniques applied, for example, to the CCCH
process in direct-gap materials, still produce AR
coefficient estimates which span two decades. Calculat-
ing the functional form of the carrier density dependence
of the AR rate is, however, more straightforward.

We start with Beattie and Landsberg's "dominant
channel" approach. Assuming that An, Ap » no, po
then, in the absence of strong screening, the number of
AR events per second per unit volume R is simply pro-
portional to the occupation factors of Eq. (5) and the in-
verse of the effective Auger lifetime rz„ is equal to R /n.
The 300-K density dependence of these occupation fac-
tors, computed within our nonparabolic band-structure
model, is plotted in Fig. 6.

In the case of interest here, 1 —f„(k2 ) is close to 1 for
all but the highest concentrations, the hole statistics are
Boltzmann-like, and fz ( k ', ) is proportional to p (and
hence n) The electr.ons are at least partially degenerate
though, so f„(ki }has a sublinear n dependence. This sit-
uation gives an overall AR rate dependence 7A g
where 0 &s & 2 for the CCCH process (with s ~0 as the
electrons become highly degenerate) and 1 & s & 2 for the
CHHL process (with s —+1 as the electrons become de-
generate}.

For n ~ 10' cm the Boltzmann approximation for
the hole states starts to fail as well (Fig. 6) and the rA„s
versus n dependence slows down even further. At high
carrier concentrations four-particle processes (e.g.,
second-order AR or phonon-assisted AR) may become
significant, and these may act to increase the apparent
value of the exponent s.

Although Beattie' calculates that the CCCH and
CHHL processes give comparable AR rates when both
carrier populations are nondegenerate, the rapid onset of
electron degeneracy in our experimental regime leads to
an early saturation (s~0) of the CCCH inverse lifetime
while the CHHL inverse lifetime continues to rise with

carrier density (crn )

FIG. 6. Occupation probabilities for electrons and holes for
the "dominant channel" AR states of Eqs. (1)—(4) and quasi-
Fermi energies Eg E, and E„—E—g as a function of carrier con-
centration. Using the parameters of Table I, Eqs. (1)-(4) give
ECCCH 0.29 meV, E~CHHL 0 06] meV, EcHHL l 3'7

7

and E',CCCH 6 64 meV, and the different states in the same
band have occupation factors which are, for practical purposes,
the same on this plot.

s = 1 as n increases. At very high electron concentrations
the CCCH process almost ceases due to state filling of the
final state E2 . The dashed line in Fig. 5 is the Auger
reciprocal lifetime calculated using Beattie's values for
the CCCH and CHHL coefficients and the occupation
factors for the "dominant channel" states of Fig. 6. The
effect of the inverse (i.e., impact ionization) processes,
significant at low excess-carrier concentrations, is also in-
cluded.

Near n =10' cm the calculated (CCCH+CHHL)
curve gives absolute Auger lifetimes some seven times
larger than those we measure, but in view of the
difficulties in the absolute Auger-lifetime calculation we
regard this level of agreement as being acceptable. If we
assume that Beattie is correct at least with respect to the
ratio of the CCCH and CHHL C3 coefficients, then the
curves show that for n & 8X10' cm the CHHL pro-
cess is dominant and that the strong electron degeneracy
significantly slows the AR rate at higher () 10' cm )
concentrations.

At n =10' cm the slope of the calculated curve is
-0.7, even smaller than that of our experimental data,
and this may be the result of Beattie having underes-
timated the ratio of the CHHL and CCCH C3
coefficients. The CHHL curve still has a slope near unity
at this concentration, and increasing only Beattie's
CHHL C3 coefficient by a factor of —7 would provide an
excellent fit to our own data. Conversely, at higher car-
rier concentrations (n ) 10' cm ), the data of Fauchet'
and Almazov et a/. ' indicate that the simple "dominant
channel" model begins to fail and that higher-order pro-
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cesses with a stronger n dependence start to become
significant.

Our present observation of s being very close to unity is
thus consistent with an AR mechanism dominated by
"normal" (i.e., energy and wave-vector conserving)
CHHL scattering events, in a situation where the elec-
tron statistics are strongly degenerate and the hole statis-
tics are Boltzmann-like.

V. CONCLUDING REMARKS

bination processes would have a density-independent
effective lifetime under these degenerate conditions, the
observed strong dependence of carrier lifetime on concen-
tration implies that AR processes dominate in this re-
gime. The AR rate was found to have a quadratic rather
than a cubic dependence on carrier density, giving a re-
ciprocal effective lifetime dependence vA„=C2n with
C2=7.4(+1.5) X 10 cm s '. This functional relation-
ship is in good accordance with theoretical predictions'
of Haug for degenerate semiconductors.

By using a time-resolved midinfrared pump-probe
transmission spectroscopy method, the direct time evolu-
tion of the excess carrier density has been studied in the
carrier-density range n = 10' —10' cm in high-quality
thin films of intrinsic InSb. Because bimolecular recom-
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