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We present a comparison of theoretical calculations and experimental measurements of the Auger recom-
bination rate in a narrow-gap semiconductor superlattice with a complex band structure. The calculations and
measurements indicate that the rate depends on density asn2 for low density, and changes to ann dependence
when the electrons and holes become degenerate. The calculations are the first to incorporate superlattice
umklapp processes, which contribute about half of the total rate and substantially improve the agreement with
experiment.@S0163-1829~99!04203-4#
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I. INTRODUCTION

One of the most challenging electronic properties to c
culate properly in a semiconductor is the carrier lifetime d
to nonradiative processes in a dense electron-hole plasm
the nonradiative processes of interest, direct Auger p
cesses, an electron-hole pair recombines and the exces
ergy and momentum is transferred to another carrier. Di
Auger processes will typically dominate over radiative p
cesses and phonon-assisted or impurity-assisted Auger
cesses in high-quality direct-gap semiconductors at 30
with ~roughly! band gaps less than 0.5 eV and electron-h
pair densities greater than 1017 cm23. Since states at larg
momentum and large excess energy are involved in di
Auger processes, the recombination rate can be extrem
sensitive to delicate features of the electronic structu
Hence accurate calculations of the Auger rates require a
rate calculations of the nonparabolic band structures and
matrix elements between states of very different momen
in the same band or in different bands. For example, ana
expressions based on parabolic bands and nonpara
bands in InSb differ1 by a factor of 4.

A disparity of an order of magnitude is common betwe
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calculated and measured Auger rates in direct-gap bulk se
conductors. In InSb, the rates calculated using nonparab
bands, matrix elements calculated from the Kane model,
static screening2 are a factor of 7 smaller than the experime
tally observed values.3 In InAs, however, experimental rates4

were within 15% of those estimated for a parabolic ba
model without screening.5 In In0.53Ga0.47As theoretical
estimates6 were an order of magnitudehigher than experi-
mental rates.7 These calculations and measurements are t
cally performed in the nondegenerate density regime, es
cially for the valence band. It is likely that the difficulty o
calculating Auger rates in bulk semiconductors, despite th
straightforward band structures, is related to the substant
greater band-edge density of states in the valence band
tive to the conduction band, and the heavy-hole–light-h
degeneracy.

Strained semiconductor superlattices, however, do
have these complications. Strain not only removes the hea
hole–light-hole degeneracy, but it makes the top vale
subband’s in-plane mass light, lessening the density of st
mismatch between valence and conduction bands. Des
the possibility of more accurate calculations in heterostr
tures, and the ability to excite degenerate electron-hole p
5745 ©1999 The American Physical Society
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5746 PRB 59MICHAEL E. FLATTÉ et al.
mas optically at lower densities than in bulk semiconducto
calculations of Auger rates for semiconductor heterostr
tures are quite rare. Results for infinite-barrier quant
wells8 were never compared with experiment. The only d
tailed comparison of theory with experiment9 concerned an
extremely narrow-gap (0.113 eV at 300 K!
InAs/In0.25Ga0.75Sb superlattice grown on GaSb. The biax
ally compressive strain in the In0.25Ga0.75Sb layer, com-
bined with confinement energy, is sufficient to split the t
heavy-hole subband from the next valence subband by 0
eV, an amount substantially greater than the energy gap.
mentum and energy conservation within this band struc
combine to suppress the Auger rate10,11 strongly, as con-
firmed by experiment.9 The experimental results of Ref. 9
however, did not explore the detailed density and tempe
ture dependence of the Auger rate. Additionally, the unu
ally simple ‘‘three-band’’ electronic structure of this supe
lattice causes the Auger rate to depend in a more limited
on the accuracy of details of the band structure.

In addition to measurements of Auger rates based on p
toconductivity measurements, Auger rates as a function
temperature have been extracted from laser de
performance.12 This technique, however, requires assum
tions concerning the density dependence of the Auger
~typically that the rate per carrier is proportional ton2), and
provides information on the rate at a different density
each temperature. Thus the temperature and density de
dence of the Auger rate cannot be properly disentangled

In this work we consider a more rigorous test case
Auger calculations in heterostructures. By considering a h
erostructure with a complex band structure, we require
calculations of the energies and matrix elements am
states to be exceptionally accurate. We compare with m
surements of the density dependence of the Auger rate at
K and the temperature dependence of the rate at a fixed
sity. Our calculation captures not only the density and te
perature dependence of the rate, but also its absolute ma
tude well within the experimental and theoretical errors. T
agreement in absolute magnitude would be impossible if
perlattice umklapp processes were not included, for they
count for about half of the total Auger rate. In contrast,
bulk narrow-gap semiconductors, which have larg
reciprocal-lattice vectors, the umklapp processes
insignificant.13 We conclude that for this superlattice a d
tailed understanding of the single-particle band structure
matrix elements is of paramount importance, and sim
models of the Auger processes fail.

II. SAMPLE STRUCTURE

Our structure consists of 40 periods of a narrow-gap (0
eV at 300 K! type-II four-layer superlattice14 with unit cells
of 15-Å InAs, 25-Å In0.40Ga0.60Sb, 15-Å InAs, and 39-Å
Al0.30In0.28Ga0.42As0.50Sb0.50 grown on a GaSb substrate, n
intentionally doped, and with a 50-Å GaSb cap. Auger tra
sitions are possible for final states at least one energy
(Eg) above the conduction minimum orEg below the va-
lence maximum. These ‘‘resonance’’ energies~shown in Fig.
1! occur within the band-edge extremes of the bulk const

ents of the superlattice, and hence lie in regions of the ban
structure which have pronounced spectral features. Figure
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shows the growth-direction band structure and the projec
onto a line plot of the two-dimensional band structure par
lel to the interfaces. Dashed lines indicate the band edges
resonance energies. The superlattice layer thicknesses
been chosen to eliminate states with zero in-plane mom
tum in resonance regions. This type of band structure is q

FIG. 1. Conduction~solid!, heavy-hole~short dashed!, and light-
hole ~long dashed! band-edge energies for the constituents of
four-layer superlattice. Conduction- (EC) and valence- (EV) band
edges for the four-layer superlattice are shown on the right edg
the figure, as are the resonance energies for Auger processesEC

1Eg andEV2Eg).

FIG. 2. Band structure of the superlattice indicating the ba
edges and the resonance energies~dashed lines! as well as the most
probable transitions~99%! at 300 K andn5531017 cm23 for ~a!
hole Auger and~b! electron Auger processes, plotted as a funct
of in-planemomentum only. The single most probable transition
shown~with arrows! as a schematic Auger process with holes in
cated by the larger, dark empty circles, and electrons indicated
filled circles. Since a slice of the three-dimensional band structur
shown, momentum-transfer vectors are projected onto the slice
the schematic scattering process appears not to conserve mo
tum. This is a result of projecting the three-dimensional band str
ture onto a line plot.K' is the momentum along the growth direc
tion, while K i is the momentum parallel to the interfaces.
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different from that of a GaAs/AlyGa12yAs quantum-well
system, where the final states for an Auger event lie in
gions of the band structure which are not highly structu
and in fact are quasicontinuous. Due to the highly structu
nature of the band structure near the resonance energi
the four-layer superlattice, the calculated Auger rate sho
be extremely sensitive to errors in the calculated band st
ture.

III. AUGER CALCULATIONS

The Auger processes involve two initial nonequilibriu
carriers and two final states. Schematic hole and elec
processes are shown in Figs. 2~a! and 2~b!, respectively~in-
dicated by their in-plane momentum only!; these processe
are the most probable for this band structure atn55
31017 cm23. Most of the transitions involve nonequilib
rium electrons and holes which have substantial in-plane
mentum~and thus substantial excess energy relative to
band edge!, and so are not highly occupied. Final states
the third valence subband dominate the hole Auger r
while final states in the second conduction subband domi
the electron Auger rate. Golden rule calculations are p
formed with the full nonparabolic band structure a
momentum-dependent matrix elements obtained from a
perlatticeK•p formalism similar to Ref. 15, but generalize
to an arbitrary number of layers in a superlattice unit c
Input parameters~tabulated for this system in Ref. 16! to the
calculation are limited to energy levels, matrix elements,
fective masses of bulk constituents, and valence-band
t-
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sets between layers. Changes in temperature are assum
have important effects only on the band gaps of the b
constituents. Transition matrix elements are evaluated u
a statically screened Coulomb interaction and first-or
K•p perturbation theory for the wave-function overlaps. D
tails of the formalism, not including umklapp, are availab
in Ref. 11. This superlatticeK•p formalism has been suc
cessful in calculating the optical properties of related type
multilayer structures.17

New to the calculation, to our knowledge, are umkla
processes in the superlattice growth-axis direction wh
contribute approximately half of the total Auger rate for th
superlattice. Umklapp processes involve the additional tra
fer of a reciprocal-lattice vectorG in the scattering process
and can be associated with scattering of the electrons
holes from the periodic potential of the superlattice. Th
they are properly consideredintrinsic to the superlattice—
they are present in perfectly clean samples. Umklapp p
cesses in bulk semiconductors are known to be unimpor
for Auger processes,13 but, due to the large unit-cell size o
the superlattice and the correspondingly small magnitude
the reciprocal-lattice vectors associated with the superlat
period, those conclusions cannot be extended to supe
tices.

Formally, addition of umklapp processes changes the
ger rateR per unit volume for processes involving two no
equilibrium holes in the highest hole subband, a nonequi
rium electron in the lowest conduction subband, and a fi
state in a light-hole band from that written in Eq.~3.7! of
Ref. 11 to
R5
3e4\3

8p6e2m4 ~12e2~me2mh!/kT!(
G

E E E d3K1d3K2d3K28 f p~K1! f p~K2! f n~K11K22K28!

3
bHH,C~K1 ,K11K22K281G!bHH,LH~K2 ,K282G!

@l21uK282K22Gu2#2

3d@EC~K11K22K28!1ELH~K28!2EHH~K1!2EHH~K2!#. ~1!
old
u-
ri-
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ory
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the
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uld

the
e-
HerebL,L8(K ,K 8) is the wave-function overlap of superla
tice statesL and L8 with superlattice momentaK and
K 8, EL(K ) is the dispersion relation of theLth superlattice
state, andf n and f p are electron and hole Fermi function
respectively, with the corresponding quasichemical pot
tials me andmh. l is the reciprocal screening length,e is the
electron charge,\ is Planck’s constant,m is the electron’s
free mass,e is the dielectric constant, andT is the tempera-
ture. The essential change in the formalism is the addition
the sum overG and the appearance ofG in the screened
Coulomb potential and the wave-function overlaps. Expr
sions for transitions among other states can be straigh
wardly extended from Ref. 11. For the 4.0-mm superlattice,
processes involving a reciprocal-lattice vector larger th
5(2p/D), whereD is the superlattice period, are negligibl

As a preliminary test we have redone calculations for
8.8-mm superlattice at 77 K~Ref. 9!. The Auger rate for this
-

of

-
r-

n

n

system, a 39-Å InAs/25-Å Ga0.75In0.25Sb superlattice, was
determined from photoconductivity measurements. The
calculations, which did not include umklapp, and our calc
lations, which do, are shown in Fig. 3 along with the expe
mental values. The increase of a factor of 2 in the Auger r
significantly improves the correspondence between the
and experiment. Now the disagreement is on the orde
25%. We note that there is substantial uncertainty in
measured value of the Shockley-Read-Hall~SRH! lifetime
for this sample using this method. Alternative choices for
SRH lifetime within the error bars of the measurement wo
improve the fit at the low-density end.

IV. OPTICAL MEASUREMENTS

Measurements of the carrier recombination rate in
4.0-mm band-gap superlattice were performed using tim
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resolved differential transmission18 and time-resolved photo
luminescence~PL! upconversion.19,20 Pulses of 140-fs dura
tion and photon energy 1.476 eV from a mode-lock
Ti:sapphire laser were used to excite electron-hole pair
the superlattice. For the differential transmission measu
ments 170-fs probe pulses from a synchronously pum
optical parametric oscillator were used to probe the transm
sion at 0.349 eV. The time-resolvedDT/T is shown in Fig.
4~a! for several values of the pump power. For the PL u
conversion measurements, a delayed piece of the pump p
~gating pulse! was mixed with the midinfrared PL in a non

FIG. 3. Theoretical and experimental recombination rate a
function of the electron-hole pair density for a 8.8-mm system mea-
sured at 77 K in Ref. 9. The filled circles are the experimen
points, and the triangles are the calculations reported in Re
which do not include umklapp processes. The diamonds are ca
lations which do include umklapp processes.

FIG. 4. ~a! Differential transmission (DT/T) vs pump-probe
delay in the 4.0-mm sample for several initial excitation densitie
The inset shows the relationship between the maximumDT/T and
the density, measured~filled circles! and calculated~scaled verti-
cally to agree with the measurements and indicated by the s
line!. ~b! PL upconverted intensity vs time from pump. The ins
shows a comparison of the experimental~filled circles! and theoret-
ical ~solid line! PL spectra 10 ps after excitation to a density
5.531017 cm23.
d
in
e-
d

s-

-
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linear crystal, and the upconverted light intensity was d
tected@shown in Fig. 4~b! for a lattice temperature of 150 K
and a photon energy corresponding to the peak of the
spectrum#. For both methods the signal increases as the
tially hot carriers relax to the band-edge states, and t
decays as the carriers recombine.

For the pump-probe measurements the initial carrier d
sity is estimated from the dependence of the maximumDT/T
on pump power, compared to its theoretical dependence
electron-hole density, both shown in the inset of Fig. 4~a!.
An independent estimate is obtained from the time-resol
photoluminescence spectrum at 10 ps, shown in the inse
Fig. 4~b! along with a theoretical calculation. We assume t
carriers diffuse to a nearly uniform distribution along th
growth direction of the sample on a time scale short co
pared to the recombination time. Our estimates of the e
tation density with these methods are consistent with
number of photons in the pump pulse.

We express the recombination rate per electron-hole
as

R~n!5
1

n

dn

dt
5

1

n

dn

dS

dS

dt
, ~2!

whereS is either the differential transmission~pump probe!
or the PL intensity~PL upconversion!. The two derivatives
in Eq. ~2! are readily related to the data of Fig. 4, allowing
to obtain an experimentally determined recombination rate
a function of density and temperature.

V. COMPARISON OF THEORY AND EXPERIMENT

Figure 5~a! shows these rates as a function of carrier d
sity from the pump-probe measurements at 300 K. The ze
density intercept of the data is the~impurity-assisted! SRH
recombination rate~0.37 ns21), and deviations from zero
slope are associated with Auger recombination. Despite
large number of interfaces and the incorporation of a qu
ternary alloy in this superlattice, the structure is of high qu
ity as indicated by the low SRH rate. We note that the th
oretical radiative rate never exceeds 0.05 ns21 for the carrier
densities of interest, and is therefore insignificant relative
the nonradiative rates.

The pair density dependence of the Auger recombina
rate per pair at low densities in Fig. 5~a! is n2, with a coef-
ficient C52.9310227 cm6/s. At densities near where th
valence band becomes degenerate (1.131018 cm23), the
rate saturates to a linear form. This indicates that the do
nant Auger process involves promoting a hole in the vale
band rather than an electron in the conduction band. We
the density dependence with the expressionCn2/(1
1n/nsat), wherensat53.531018 cm23. A fit with satura-
tion is shown by the solid line, while the dashed line sho
a fit, without saturation, to the low-densityn2 behavior. The
agreement between the theoretical results with umklapp~dia-
monds! and experimental measurements,including the satu-
ration behavior, is remarkable.

We note that to our knowledge this is also the first ac
rate calculation of the density dependence of the Auger
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in the degenerate regime. Previous calculations either w
limited to T50 K ~Ref. 1! ~predicting a linear rate! or relied
on the density-dependence of the rate of the most prob
Auger transition ~predicting a density-independent Aug
rate when both conduction and valence bands
degenerate!.3

Shown in Fig. 5~b! are Auger rates as a function of tem
perature for a density of 1018 cm23. An additional difficulty
of measurements below room temperature is that the car
do not cool to the lattice temperature before th
recombine.19. Hence the Auger calculations are perform
with a band structure determined by the lattice tempera
and a carrier temperature taken from the high-energy ta
the time-resolved PL spectrum. For this sample the signa
noise of the PL measurements, which require photon co
ing, is not as good as that of the pump-probe measurem
However, the PL technique provides a straightforward me
for accurately measuring the carrier temperature.

An analysis based on the rate of the most probable Au
transition21 yields an exponential dependence on tempera
for nondegenerate semiconductors,R}exp(aEg /kT), where
a depends on electron and hole masses. Both our theore
and experimental rates increase faster than this expres
with temperature. In particular the carrier temperature is
same (300 K! for lattice temperatures of 260 K and 300 K
while the rates~both calculated and measured! are signifi-
cantly different. The difference is entirely due to sub
changes in the band structure.20 At a lattice temperature o
260 K most of the hole final states are in the fourth valen
subband, whereas at 300 K they are in the third vale
subband. This leads to an abrupt increase in the Auger
between these two lattice temperatures.

FIG. 5. ~a! Theoretical and experimental recombination rate
a 4.0-mm sample at 300 K as a function of the electron-hole p
density determined from differential transmission measureme
The solid line is the fit to the data including saturation to a linean
dependence. The dashed line is the low-density fit without sat
tion. Results of calculations with~diamonds! and without~triangles!
umklapp processes are shown.~b! Rates as a function of tempera
ture determined by PL upconversion~circles! and calculated~dia-
monds!. At temperatures below 300 K the carriers do not cool to
lattice temperature before recombining, so the measured ave
carrier temperature from 0.01 to 3 ns is also indicated.
re
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VI. CONCLUDING REMARKS

The agreement between theory and experiment for b
the 8.8-mm system~77 K! of Ref. 9 and the 4.0-mm system
~300 K! measured here is quite remarkable. We note that
Auger calculations performed agree within 25% for bo
these samples, which were grown by two different resear
ers in two different machines, and whose Auger rates w
measured at different temperatures by two different gro
using two very different techniques. The theory-experim
agreement would be impossible without the inclusion of u
klapp scattering in the calculations. An additional comme
concerning umklapp scattering is that its importance
multiple-quantum-well systemscan exceed an order of mag
nitude, due to the smaller value of the reciprocal lattice ve
tor.

Other effects on the electronic structure of the superlat
and the Auger calculations which have been neglected
clude some many-body effects: screening effects, band-
renormalization, internal fields, matrix-element enhancem
from the Coulomb interaction, and density-dependent bro
ening of excited states. Due to the large momentum tran
characteristic of the Auger processes, screening is relati
ineffective. We find that calculations including static scree
ing differ from those ignoring screening by about 15% f
hole Auger and 5% for electron Auger. Band-gap renorm
ization, although detectable in the sample at the highest
rier densities, is less than 10 meV. This small effect a
suggests that the effects of internal fields~which would pri-
marily act to change the band gap! are small. Matrix-element
enhancement at the valence and conduction edges due t
Coulomb attraction of the electron and hole is typically 10
in the dilute limit,22 and is reduced by screening. Densit
dependent broadening is likely overshadowed by broaden
due to electron-phonon scattering, which has a character
time scale19 in these structures of;1 ps. Broadening of
excited states in general must be less than 10 meV, due to
sharpness of optical features. In contrast, the size of
band-structure feature leading to Auger suppression
roughly 140 meV. Hence this broadening, whatever
source, should not have an important effect on the Au
calculations.

We regard these results as a rigorous test of heteros
ture Auger calculations. The measurements presented
show a systematic exploration of the density and tempera
dependence of the Auger rate in a type-II heterostructu
and are well reproduced by the calculations, including
transition fromn2 to n behavior. We do note, however, tha
the linear behavior is apparent in the data from Ref. 9 wh
it is replotted as in Fig. 3.
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