
2

2

PHYSICAL REVIEW B 15 NOVEMBER 1998-IVOLUME 58, NUMBER 19
Temperature dependence of Auger recombination in a multilayer narrow-band-gap superlattice
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Temperature and density-dependent Auger recombination rates are determined for a four-layer broken-gap
superlattice designed for suppression of both Auger recombination and intersubband absorption. The structure
is intended as the active region of both optically pumped and diode lasers operating in the midwave infrared.
Auger recombination and intersubband absorption are thought to be among the primary factors contributing to
high-threshold current densities in such devices. Ultrafast time-resolved photoluminescence upconversion was
used to measure the Auger rates at lattice temperatures ranging from 50 to 300 K. Results are compared to
calculated rates using the temperature-dependent, nonparabolicK–p band structure and momentum-dependent
matrix elements. The calculations, which include umklapp processes in the superlattice growth direction, are in
excellent agreement with the experimental results. Comparison of these results with those obtained in other
mid-IR semiconductor structures verifies Auger suppression. The measured temperature-dependent Auger re-
combination rates, together with calculations of the gain, provide an upper bound for the characteristic tem-
perature,T0581 K, for lasers utilizing this superlattice as an active region.@S0163-1829~98!01043-1#
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INTRODUCTION

Midwave infrared~MWIR, 2–5 mm! diode lasers have
been extensively studied recently due to their potential ap
cation to remote sensing, pollution monitoring, and infrar
countermeasures. Significant progress has been made i
development of MWIR lasers, with much of the recent
search in this spectral range focused on interband antimo
devices utilizing a variety of quantum-well and superlatt
designs.1 The realization of commercial devices operating
or near room temperature, i.e., compatible with thermoe
tric cooling, has been elusive, however, particularly for t
longer wavelength MWIR lasers. This is in part a cons
quence of Auger recombination in the narrow-band-gap
tive regions of these lasers. Auger recombination is a no
diative, density-dependent process that typically increa
strongly with decreasing band-gap energy and increa
temperature, thereby contributing to high threshold curr
densities and low maximum operating temperatures in in
band MWIR lasers.

As a result of the negative effects of Auger recombinat
on interband MWIR semiconductor lasers and lon
wavelength detectors, this process has received conside
attention as efforts have been made both to understan
impact on laser performance and to design strategies fo
suppression. Theoretical efforts have2–4 focused on the use
of band-structure engineering~1! to modify the band-edge
density of states through strain and quantum confinemen~a
strategy similar to that used for near-IR semiconducto5!
and ~2! to arrange superlattice minigaps to eliminate fin
states for Auger transitions. An early success of this strat
was demonstrated by experiments using steady-state ph
PRB 580163-1829/98/58~19!/13047~8!/$15.00
li-
d
the
-
de

t
c-
e
-
c-
a-
es
g
t

r-

n
-
ble
its
its

l
y
to-

conductivity in longer wavelength~Eg;120– 140 meV!
InAs/Ga12xInxSb type-II superlattices.6 These authors
showed that such narrow-band-gap superlattices~variations
of which form the backbone of many current MWIR las
designs! can display Auger rates that are orders of magnitu
smaller than those measured in Hg12xCdxTe samples with
comparable band gaps. The measured results were foun
be within a factor of 3 of theoretical results for this structu
Subsequent photoconductivity measurements at 77 and
K on an InAs0.85Sb0.15/In0.87Al0.13As0.91Sb0.09 multiple quan-
tum well [Eg(5 K)5343 meV# illustrated the importance
of final-state resonance for the Auger process.7 Auger rates
for type-II antimonide quantum wells and superlattices w
band gaps near 275 and 400 meV, respectively, have
been extracted from optically pumped lasers by employ
measurements of the threshold pump intensity and calc
tions of the threshold carrier density.8,9 In both cases, Auger
suppression relative to bulk materials was observed, and
temperature dependence of the Auger recombination
evaluated. Detailed theoretical calculations of the Aug
rates were not presented in Refs. 7–9.

While the characterization of Auger recombination usi
photoconductivity and optically pumped laser performan
have provided significant insight into this process in MW
laser materials,7–9 both of these techniques possess limi
tions. For example, the photoconductivity measureme
must be performed on samples grown on a semi-insula
substrate, leading to growth of the structures in Refs. 6 an
on lattice-mismatched GaAs substrates. In addition, th
measurements require Ohmic contacts, and quantita
analysis using this technique relies on low-density meas
ments of the carrier mobilities. Both the photoconductiv
13 047 ©1998 The American Physical Society
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13 048 PRB 58D.-J. JANGet al.
and the optically pumped laser results also require kno
edge of the absorption coefficient at the optical excitat
wavelength. Moreover, the analysis assumes steady-stat
citation, which could be compromised by multimode ope
tion of the excitation sources. The optically pumped la
results8,9 also can be influenced by factors related to the
tical cavity. In addition, for these measurements, the Au
recombination cannot be uniquely isolated from other reco
bination processes.

Many of these limitations can be overcome using a
optical, device-independent, ultrafast techniques
approaches that have been widely applied in the visible
near IR, but less extensively in the MWIR due to both lim
ited optical sources and limited interest in materials in t
spectral region relative to the near IR. Such techniques o
the advantage of injecting a well-defined~and potentially
well-calibrated! carrier density that can be probed from t
time of injection through the time required for recombinati
to be complete. In addition, ultrafast optical techniques
contactless and do not require semi-insulating substra
Through a combination of temporal resolution and variat
of the optical excitation level, density-dependent recombi
tion, such as Auger recombination, can be isolated rea
from Shockley-Read-Hall recombination. We have recen
reported10 subpicosecond, time-resolved, differential tran
mission measurements of Auger recombination at 300 K
(Ga0.75In0.25Sb/InAs/Al0.20Ga0.80Sb superlattice multiple
quantum well~MQW! with a band-gap energy of 330 meV
This structure is similar to those employed successfully i
variety of MWIR diode lasers.11 For these measurements th
initial optically injected carrier density was determined fro
the optical excitation intensity and from the density dep
dence of the peak differential transmission measured. No
nificant Auger suppression was observed in this structur
result that is consistent with subsequent detailed analys
the band structure.4 We later used4,12 time-resolved differen-
tial transmission to measure the 300 K Auger rates in a
meV InAs/Ga0.60In0.40Sb/InAs/Al0.30Ga0.42In0.28As0.50Sb0.50
superlattice, a structure similar to those successf
utilized13 in optically pumped lasers operating at 5.2mm up
to 185 K and at 3.7mm up to 300 K. This structure wa
designed specifically for suppression of Auger recombi
tion and intersubband absorption, and a factor of 4 reduc
in the Auger rate was measured12 relative to InAs, a wider
band-gap bulk semiconductor. This four-layer superlatt
will be the subject of the temperature-dependent meas
ments discussed below.

Here, we describe the application of an alternative
trafast, all-optical technique, i.e., time-resolved photolum
nescence~PL! upconversion,14 to measurements of the tem
perature dependence of Auger recombination in
aforementioned MWIR four-layer superlattice. Again, th
technique is well established in the near IR but only spars
applied in the MWIR.15–17 Advantages of this technique in
clude the ability to readily extract the optically injected ca
rier density18 and the carrier temperature19 from time-
resolved PL spectra. Knowledge of the carrier density
critical to any quantitative analysis of Auger recombinatio
Furthermore, measurement of the carrier temperature is
cial to the study of the temperature dependence of Au
recombination, since it is the carrier temperature that prim
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rily determines the Auger rate~although, as we show below
the temperature dependence of the band structure can
have measurable effects!.

The temperature dependence of the Auger process is
ticularly relevant to diode laser design, since lasers desig
for Auger suppression at one temperature may not be o
mized at another,20 and the temperature dependence
MWIR quantum wells and superlattices may not display
trends that one might anticipate from simple models.21 It is
well known that in near-IR band-gapbulk materials the Au-
ger rate increases strongly with increasing temperature.18 For
near-IR band-gapquantum wells, however, the Auger rate
has been found to depend only weakly on temperature, le
ing some investigators to conclude that phonon-assisted
ger recombination dominates in these structures.18,22 Others
have concluded that band-to-band Auger recombination
dominates,23 but electrostatic band-profile deformation influ
ences the band-edge populations in a manner that decre
the temperature dependence of the Auger rate. The temp
ture dependence of Auger recombination in somebulk
MWIR III-V semiconductors is more complicated than
near-IR materials. This is a consequence of the proximity
the spin-orbit split-off band energyD0 to that of the funda-
mental gapEg in narrow-band-gap semiconductors, such
InAs and related alloys. The split-off band can thereby p
vide resonant states for hole-hole Auger processes. Since
temperature dependences ofEg andD0 are generally differ-
ent, the Auger resonance energy may move relative to
band-gap energy, and, therefore, the Auger rate may incr
or decrease with temperature.7 Similar arguments can be
made with respect to subbands in MQW’s and minibands
superlattices, potentially leading to unexpected tempera
dependence to the recombination in such structures. For
ample, the Auger coefficient in a 275-meV ban
gap InAs/Ga0.69In0.31Sb/InAs/AlSb type-II MQW was found
to increase with temperature modestly in a monoto
manner.8 On the other hand, the Auger coefficient w
found9 to saturate with temperature in a 400 me
InAs/GaSb/Ga0.75In0.25Sb/GaSb superlattice designed with
valence-band Auger resonance in the middle of a minig
Furthermore, the Auger coefficient was found to actually d
crease with temperature above;180 K in a similar superlat-
tice designed with a heavy-hole-1 to heavy-hole-3 Aug
resonance.24 Such widely varying results indicate the impo
tance of understanding the temperature dependence o
Auger process in structures designed for MWIR lasers.

We will present both experimental and theoretical ana
ses of the temperature dependence of Auger recombina
in a 310 meV, strain-balanced, broken-gap superlattice
signed for suppression of Auger recombination and inters
band absorption at room temperature. Time-resolved MW
PL upconversion was used to measure carrier recombina
rates, and results are presented for lattice temperatures r
ing from 50 to 300 K. We obtain excellent agreement b
tween measured and calculated Auger rates, which are fo
to increase monotonically with lattice temperature and c
rier density. The PL upconversion technique readily provid
the carrier temperature, and we discuss the impact of
carriers on our analysis. Finally, the temperature depende
of the Auger rate is used, together with estimates of thre
old carrier density, to place an upper bound on the empir
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temperature parameterT0 for lasers incorporating this struc
ture as an active region.

SAMPLE STRUCTURE

The sample of interest for these studies was gro
by molecular-beam epitaxy~MBE! on a nominally
undoped GaSb substrate. It is comprised of 40 peri
of an InAs ~15 Å!/Ga0.60In0.40Sb ~25 Å!/InAs ~15 Å!/
Al 0.30Ga0.42In0.28As0.50Sb0.50 ~39 Å! superlattice bounded b
1000 Å layers of Al0.30Ga0.42In0.28As0.27Sb0.73. The structure
is capped with 100 Å of GaSb to prevent oxidation of the
containing quinternary alloy. The superlattice is not inte
tionally doped and, although not determined specifically
this sample, background carrier densities in similar structu
grown in the same MBE system are typically in the lo
1015 cm23 range. As shown in Fig. 1, under continuo
wave excitation the sample exhibits strong room-tempera
PL, from which a band gap of 310 meV~4 mm! is obtained.

The band-edge energies of the bulk constituents o
single period of the superlattice, shown in Fig. 2, illustra

FIG. 1. Time-integrated photoluminescence at 300 K
continuous-wave excitation.

FIG. 2. Band-edge diagram for a single period of the narro
band-gap superlattice. The solid, long-dashed, and short-da
lines represent the conduction, heavy-hole, and light-hole b
bands, respectively. The energy of the superlattice conduction-
valence-band edges are shown on the right edge of the figure.
n
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the complicated type-II band alignments in this structu
The full nonparabolic band structure with momentum
dependent matrix elements is obtained from a superlat
K–p formalism similar to that applied previously to two
component superlattices2,25 but modified to allow for an ar-
bitrary number of layers in a unit cell.4 The results of this
calculation are shown in Fig. 3 for some of the lattice te
peratures relevant to the experimental studies. In
parameters26 to the calculation are limited to the energy le
els, matrix elements, and effective masses of the bulk c
stituents, and valence-band offsets between layers. As
in Fig. 3, the band-gap energy clearly decreases with incr
ing temperature, although the changes in dispersion of
various bands are rather subtle. Nevertheless,
temperature-dependent band gap results in a temperatur
pendence of the Auger and intersubband resonances. Th
explicitly accounted for in our theoretical model of the A
ger recombination and is borne out in our measurement
the temperature dependence of the Auger rates.

The superlattice has been designed to suppress Auge
combination and intersubband absorption at 300 K. This
accomplished through the reduction of the valence-ba
edge density of states and through the elimination of sta
near zone center that are one band-gap energy above
lowest conduction subband edge and below the highest
lence subband edge at a lattice temperature of 300 K.
design very effectively reduces intersubband absorption
300 K for photon energies near that of the band gap.4 In
addition, the light uppermost heavy-hole band leads to la
differential gain in lasers based on such active regions.4 This
in turn should result in low threshold current densities a
hence, low Auger rates at carrier densities appropriate
device operation. On the other hand, a detailed study of
band-structure dependence of the Auger rate in this struc
indicates that the final-state optimization results in on
about a factor of 2 suppression of the Auger rate at 300 K27

Considerably more suppression can be obtained thro
final-state optimization at lower temperatures, but a mod
cation of the superlattice design is required.

r

-
ed

lk
nd

FIG. 3. Band structures along the in-plane direction (ki) and
growth direction (k') for lattice temperatures of 50, 100, 150, 26
and 300 K. The band edges are indicated by the solid horizo
lines and the zone-center Auger resonance energies are indicat
the horizontal dashed lines.
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EXPERIMENTAL RESULTS

Time-resolved PL upconversion was used to investig
the density and temperature dependence of the recomb
tion in this superlattice. The MWIR PL, excited in th
sample by an intense 140 fs, 843 nm pulse from a Kerr-l
mode-locked Ti:sapphire laser, was mixed with a portion
the same Ti:sapphire laser pulse in a potassium titanyl ar
ate crystal oriented for phase-matched sum-frequency
eration. The intensity of the measured upconverted signa
proportional to that of the PL emitted from the sample. Te
poral resolution is obtained in the measurement by adjus
the relative delay between the pulse that excites the PL
the pulse that is used for the upconversion process. Spe
resolution is realized by adjusting the phase-matching an
and, simultaneously, a monochromator through which
upconverted signal passes. Details of the experimental s
have been described previously.16

PL decay curves for lattice temperatures of 50, 100, 1
175, 200, 230, 260, and 300 K were measured for a rang
initial carrier densities. Representative curves are show
Fig. 4 for four lattice temperatures. The decay rate of the
clearly increases both with increasing lattice temperature
increasing initial carrier density. We attribute the fast dec
occurring within a few hundred picoseconds at high car
densities to Auger recombination and the slower feature
longer delays to Shockley-Read-Hall recombination. Th
assertions are justified in the analysis discussed below.

The initial carrier densities, which are crucial in determ
ing Auger rates, were calibrated by comparing selected
perimental time-resolved PL spectra with those calcula
based on the band structures shown in Fig. 3. For these m
surements, the time delay between the pulse used to e
the sample and that used for the upconversion process
fixed at 10 ps and the entire PL spectrum was measured.
carrier temperature was extracted from the high-energy
of the spectrum and used in calculations of the PL for a ra
of carrier densities. As illustrated in Fig. 5, the calculated
spectra were then compared to the experimental spectr
yield the carrier density. Note that these results are plotted
a semilogarithmic scale to illustrate the exponential ene

FIG. 4. Time-resolved photoluminescence measured near
band-gap energy for lattice temperatures of 50, 100, 150, and 2
and initial carrier densities of~from the top! 1.731018, 1.131018,
5.731017, 2.831017, and 1.431017 cm23.
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dependence of the tail of the spectrum. The slope of
high-energy tail is primarily indicative of the carrier tem
perature, while for a reasonably cool distribution the over
width of the spectrum is largely controlled by the carri
density as a consequence of band filling. In fitting the sp
trum, we fix the band-gap energy at the low-density va
obtained from continuous wave PL~band-gap renormaliza
tion is insignificant at the densities of interest in this low
mass semiconductor!, use the carrier temperature obtain
from the high-energy portion of the spectrum, and then
just only the carrier density to obtain a best fit to the da
The PL observed below the band edge is present at all d
sities indicating that it is a consequence of band tailin
These data are ignored in the fits. We assume in the ca
lations that within 10 ps after optical excitation the initial
hot carriers diffuse across the thin superlattice and are
formly distributed in the growth direction at the time of th
measurement. Since the experimental arrangement ens
that only the emission from the central portion of the excit
region of the sample is upconverted, transverse variation
the density are ignored. Shown in Fig. 5 are theoretical
sults for three values of the carrier density, illustrating th
this procedure is sensitive to variations in density of appro
mately 620%. This process was repeated for various te
peratures and excitation conditions. We conclude from t
process and from knowledge of our optical excitation inte
sity that, over the range of our experimental conditions,
sentially all of the incident photons transmitted through t
semiconductor surface produce carriers that are confine
the superlattice, nominally independent of lattice temperat
and excitation level. Hence, for this structure, the initial c
rier density is readily determined from the incident phot
flux.

DISCUSSION

The data in Fig. 4 are converted to density depend
ratesR(n) using

he
K

FIG. 5. Semilogarithmic plot of calculated~lines! and measured
~circles! time-resolved~10 ps after excitation! photoluminescence
for an excitation fluence of 8mJ/cm2, a lattice temperature of 260
K, and a carrier temperature of 300 K. Calculated PL for carr
densities of 4.531017 ~dash-dot-dotted line!, 5.731017 ~solid line!,
and 7.031017 cm23 ~dashed line! are indicated.
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R~n!5
1

n

dn

dt
5

1

n

dn

dIPL

dIPL

dt
,

where I PL is the intensity of the PL and the derivatives a
readily obtained from Fig. 4. Specifically,dIPL /dt is ob-
tained directly from Fig. 4 anddIPL /dn is obtained from a
functional fit to the peak PL signals measured at each e
tation level. This procedure is illustrated in Fig. 6, where
show the fit and the normalized PL as a function of carr
density for the 260 K data, measured at a fixed time de
near the peak of the data shown in Fig. 4.R(n) is interpreted
as the sum of radiative and nonradiative rates. Pho
reabsorption28 is not considered here because of the sm
excitation beam size~50 mm, thin active region~0.375mm!,
low band-edge absorption coefficient~approximately 2000
cm21), and relatively small radiative rate~never larger than
10% of the total recombination rate!. Here, we are intereste
in primarily the nonradiative recombination rate. To obta
this for each density, we subtract fromR(n) the calculated
radiative rate, a quantity that is readily determined from
band structure and matrix elements and is essentially in
nificant relative to Shockley-Read-Hall and Auger recom
nation in this structure.

This procedure yields the nonradiative rates as a func
of density as shown in Fig. 7 for the same lattice tempe
tures and initial carrier densities as depicted in Fig. 4. N
that the data shown in Fig. 7 originate, in essence, enti
from experiment, with theory invoked only to account for t
minor effect of radiative recombination and to calibrate t
initial carrier density. The intercepts in these plots yield t
Shockley-Read-Hall rates, which correspond to lifetimes
all cases of about 2 ns. This value is within the 2–4 ns ra
typical of antimonide structures grown in this MBE syste
and is within a factor of 5 of the best MBE-grown an
monide structures studied in our laboratory. The specific
gin of this density-independent recombination is not know
but may be associated with antisite defects in the quintern
layers and/or interface states. Since the radiative rate
been removed from the results of Fig. 7, deviations from
zero slope are a consequence of Auger recombination.
data clearly illustrate an Auger rate that increases unifor

FIG. 6. Peak PL intensity as a function of carrier density fo
lattice temperature of 260 K. The curve represents a smooth f
tional fit to the data from which the partial derivativedIPL /dn is
obtained and used in the evaluation of the recombination rateR(n).
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with both increasing carrier density and increasing tempe
ture. We find that, over much of the density range of intere
the density dependence of the Auger rate is subquad
with carrier density12 as a consequence of degeneracy
both the conduction and valence bands. The effects of de
eracy have been confirmed through detailed investigation
the density dependence of the recombination, and the re
will be discussed elsewhere.29 The temperature dependenc
of the Auger process is seen more clearly in Fig. 8, where
plot the Auger rate as a function of lattice temperature
several different carrier densities.

The calculated direct band-to-band Auger rates are a
shown in Fig. 8. These were obtained from Fermi golde
rule calculations based on the nonparabolic band struc
with momentum-dependent matrix elements. Transition m
trix elements are evaluated using a statically screened C
lomb interaction and first-orderK–p perturbation theory for
the wave-function overlaps. The implementation is simi

c-

FIG. 7. Nonradiative recombination rates at lattice temperatu
of 50, 100, 150, and 260 K obtained from the data in Fig. 4 us
density calibrations such as that shown in Fig. 5 and the appro
described in the text.

FIG. 8. Measured~filled symbols! and calculated~open con-
nected symbols! Auger rates as a function of temperature for initi
densities of 531017 ~triangles!, 1031017 ~squares!, and 13
31017 cm23 ~circles!.
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13 052 PRB 58D.-J. JANGet al.
to that reported previously,30 but modified to include Um-
klapp processes in the growth direction.29 This intrinsic phe-
nomenon characterizes scattering processes that involve
ciprocal lattice vector.31 While these processes have litt
impact on Auger recombination in bulk narrow-ga
semiconductors32 that have large reciprocal lattice vector
they can play a significant role in superlattices. Zone fold
in such structures greatly reduces the Brillouin-zone width
the growth direction~by more than an order of magnitude
our superlattice! making Umklapp processes more probab
Calculations indicate that these processes contribute app
mately half of the total Auger rate in this structure. Umkla
processes involving a reciprocal lattice vector larger th
5(2p/D), whereD is the superlattice period of 94 Å, ar
negligible. We find that,with no adjustable parameters, the
theory successfully predicts both the density dependence
the temperature dependence of the Auger process as we
the absolute rate. The latter, however, must be placed
context with the roughly 10% systematic and random erro
the data and the 20% uncertainty in carrier density.

We have discussed the temperature dependence o
Auger process in terms of the lattice temperature. While
Auger process depends on thelattice temperature through
the temperature dependence of the band structure, it will
depend on the occupation of the bands as determined by
carrier temperature. For our measurements, carriers are
jected with roughly an electron volt of excess energy. Us
time-resolved PL, we find that most of the cooling of t
initially hot carrier distribution occurs within 10 ps, a tim
scale for which recombination is not significant. On the oth
hand, for high initial carrier densities we have observ
somewhat elevated carrier temperatures that persist for m
hundreds of picoseconds. This behavior is illustrated in F
9, where we show the measured carrier temperature
function of time after excitation for a lattice temperature
150 K and an initial carrier density of 5.731017 cm23. Al-
though we have not completed a detailed analysis of
persistent heating, it may be due in part to Auger recom
nation itself, which supplies roughly the band-gap energy
the carrier distribution for each Auger event. Auger-induc

FIG. 9. Time dependence of the carrier temperature obta
from time-resolved photoluminescence for a lattice temperatur
150 K and an initial carrier density of 5.731017 cm23. The inset
shows an expanded view of the initial carrier cooling. The d
indicate that the carrier distribution remains warmer than the lat
for hundreds of picoseconds.
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carrier heating has been observed in wider band-gap st
tures with much lower Auger rates.33 We use measurement
such as those shown in Fig. 9 to obtain an average ca
temperature over time delays ranging from 10 ps to 1 ns
each of our Auger measurements. These temperatures, w
are shown on the upper axis of Fig. 8, are used in the ca
lations of the Auger rates.

An important observation is that the average carrier te
perature is essentially identical for the two highest latt
temperatures. On the other hand, the measured and c
lated Auger rates are significantly different for these tw
lattice temperatures. This clearly indicates that the Au
rate has been modified strictly by the dependence of the b
structure on the lattice temperature. Specifically, deta
analysis of the states involved in the Auger process rev
that at a lattice temperature of 260 K, most of the final h
states are in the fourth valence subband, whereas at 30
they are in the third valence subband. This behavior, wh
arises from the slight decrease inEg as the temperature i
increased from 260 to 300 K, is illustrated in Fig. 10 whe
we show the electron~filled circles! and hole~open circles!
states for;99% of the Auger transitions for lattice temper
tures of 260 and 300 K, and for a carrier temperature of 3
K. This figure clearly indicates that electrons near the Au
resonance in the valence bands~indicated by the dashed line!
are more likely to participate in Auger transitions for a latti
temperature of 300 K compared to the case of a lattice t
perature of 260 K. This implies that either a near-zone-cen
electron in the lowest conduction subband or a near-zo
center hole in the highest valence subband~or both! is more
likely to participate in an Auger scattering process in t
former case. Since the Fermi occupation factor is highest
near-zone-center particles, we therefore expect a signifi
increase in the Auger rate as the lattice temperature incre
from 260 to 300 K, as calculated and observed.

The present calculation of the Auger rates does not

d
of

a
e

FIG. 10. Band structure of the superlattice indicating the ba
edge~short-dashed lines! and the valence-band zone-center Aug
resonance energies~dashed lines! for lattice temperatures of 260
and 300 K and a carrier temperature of 300 K. The filled~open!
circles represent electron~hole! states associated with;99% of the
hole Auger transitions at 260 K and 300 K for a carrier density
5.731017 cm23. The states are plotted as a function of in-pla
momentum,ki ~Å21!, only; hence, states not lying directly o
a subband possess a growth direction momentum compo
k' ~Å21).
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clude phonon-assisted Auger recombination, which is
pected to be rather insensitive to temperature variations.
the other hand, the calculation indicates that, in this str
ture, the rate associated with direct Auger processes
creases modestly with temperature, a trend accurately
flected in the data. Although phonon-assisted transitions
certainly present, the agreement between the magnitude,
sity dependence, and temperature dependence of the
sured rates and those calculated based purely on direct A
transitions suggests that phonon-assisted Auger transi
do not significantly impact the nonradiative recombination
this structure.

The calculated band structure can be used, together w
band-filling model and calculations of the intersubband
sorption, to obtain the temperature-dependent gain spec
for this superlattice. This, combined with the measu
Shockley-Read-Hall and temperature-dependent Auger ra
can be used to estimate the temperature-dependent thre
current densityJth(T) per active layer width for lasers utiliz
ing the superlattice for an active region. For an assumed t
cavity loss of 100 cm21, we obtain aJth(300 K) of 16
kA cm2 mm21. As shown in Fig. 11, a semilogarithmic plo
of Jth as a function of temperature is well approximated b
straight line, and the inverse slope of ln(Jth) yields the em-
pirical characteristic temperatureT0581 K. We attribute this
relatively high characteristic temperature to the suppres
of Auger recombination and intersubband absorption in
structure throughout this temperature range. We note, h
ever, that thisT0 is based solely on material properties. Sin
other temperature-dependent loss mechanisms may
present in an actual laser, thisT0 can be taken only as a
upper limit ~if Shockley-Read-Hall recombination remain
small!. Nevertheless, such a material parameter is a us
figure of merit for a laser gain medium.

FIG. 11. Calculated threshold current density~filled circles! as a
function of lattice temperature for a laser that uses the multila
superlattice as an active region. In obtaining this result, a total
of 100 cm21 was assumed, the measured temperature-depen
recombination rates and the calculated threshold carrier dens
were used. The slope of the resulting data, indicated by the s
line, yieldsT0581 K, which represents an upper bound to the ch
acteristic temperature.
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SUMMARY AND CONCLUSIONS

In summary, we have measured and calculated Au
rates for a 4-mm band-gap type-II superlattice designed f
suppression of Auger recombination and intersubband
sorption at room temperature. The calculated Auger ra
which include superlattice Umklapp processes, were
tained using Fermi’s golden rule for the transition rates a
the full temperature-dependent, nonparabolic band struct
Umklapp processes, which provide roughly half of the to
Auger rate, are found to be necessary to describe the ex
mental results. The experimental Auger rates were de
mined from time-resolved PL upconversion as a function
optically injected carrier density and lattice temperature. W
find excellent agreement between measured and calcu
rates for direct Auger transitions at all temperatures and
rier densities, which suggests that phonon-assisted Au
processes do not contribute significantly to the overall n
radiative recombination rate.

As discussed in more detail in Ref. 12, the 300 K Aug
coefficient of 2.9310227 cm6/s measured at low densitiesin
the present structure is roughly a factor of 4 smaller than
of InAs,34 even though the band gap of this bulk semico
ductor is 50 meV wider. The coefficient is also nearly
factor of 3 smaller than that measured in
~Ga0.75In0.25Sb/InAs/Al0.2Ga0.8Sb superlattice MQW with a
20-meV-wider band gap.10 On the other hand, the Auge
coefficient measured at 300 K in our 310-meV band-gap
perlattice is only;30% smaller than that obtained in a 27
meV band-gap InAs/Ga0.69In0.31Sb/InAs/AlSb type-II MQW
~Ref. 8!. While such comparisons are necessary to attemp
determine the success of Auger suppression in a given s
ture, we caution that a simple comparison of coefficients
not adequate. We clearly observe saturation of the Au
coefficient in our structure12 as a consequence of degenera
This saturation results in a high-density Auger rate that
be well below that expected assuming a simple quadr
carrier-density dependence for the rate. Saturation of the
ger coefficient was not observed in the structure studied
Ref. 10, and saturationcannotbe quantified using the tech
nique of Refs. 8 and 9. In addition, caution must be used
comparing Auger rates in various types of structures~bulk,
quantum well, and superlattice! as carrier-density conven
tions vary. For example, in a superlattice it is reasonable
use a carrier density averaged over the superlattice period~as
we have done in the present analysis!, but three-dimensiona
densities in isolated quantum wells are usually determi
based on the width of the well. In the latter case, sheet d
sities and two-dimensional Auger coefficients are often us
In either case, however, density variations along the gro
direction will exist leading to a degree of ambiguity in th
Auger coefficient.

We have used the measured temperature-dependen
combination rates and the calculated gain in the structur
extract an upper bound on the characteristic temperatur
T0581 K for a laser based on this material. We presen
have no direct experimental measure forT0 for a laser uti-
lizing this specific design as an active region. However, aT0
of 37 K was obtained in a much longer wavelength~5.2 mm!
optically pumped laser based on a similar superlattice de
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and a 3.7mm superlattice device has lased up to 300 K.13 A
T0 of 81 K for a MWIR laser, while lower than state-of-the
art near-IR lasers, would be exceptional if experimenta
realizable for a MWIR laser. We emphasize again, howev
that as long as the Shockley-Read-Hall recombination
mains small this should be considered as an upper limit
T0, since other temperature-dependent loss mechan
~e.g., carrier leakage! will exist in an actual device.
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3M. E. Flatté, C. H. Grein, H. Ehrenreich, R. H. Miles, and H
Cruz, J. Appl. Phys.78, 4552~1995!; C. H. Grein, P. M. Young,
and H. Ehrenreich,ibid. 76, 1940~1994!.

4Michael E. Flatte´, J. T. Olesberg, S. A. Anson, Thomas F. Bog
gess, T. C. Hasenberg, R. H. Miles, and C. H. Grein, Appl. Ph
Lett. 70, 3212~1997!.

5See, e.g., E. Yablonovich and E. O. Kane, J. Lightwave Techn
6, 1292~1988!; E. P. O’Reilly and A. R. Adams, IEEE J. Quan
tum Electron.30, 366 ~1994!.

6E. R. Youngdale, J. R. Meyer, C. A. Hoffman, F. J. Bartoli, C. H
Grein, P. M. Young, H. Ehrenreich, R. H. Miles, and D. H
Chow, Appl. Phys. Lett.64, 3160~1994!.

7J. R. Lindle, J. R. Meyer, C. A. Hoffman, F. J. Bartoli, G. W
Turner, and H. K. Choi, Appl. Phys. Lett.67, 3153~1995!.

8C. L. Felix, J. R. Meyer, I. Vurgaftman, C.-H. Lin, S. J. Murry, D
Zhang, and S.-S. Pei, IEEE Photonics Technol. Lett.9, 734
~1997!.

9W. W. Bewley, I. Vurgaftman, C. L. Felix, J. R. Meyer, C.-H
Lin, D. Zhang, S. J. Murry, S.-S. Pei, L. R. Ram-Mohan,
Appl. Phys.83, 2384~1998!.

10S. W. McCahon, S. A. Anson, D.-J. Jang, M. E. Flatte´, Thomas F.
Boggess, D. H. Chow, T. C. Hasenberg, and C. H. Grein, Ap
Phys. Lett.68, 2135~1996!.

11T. C. Hasenberg, R. H. Miles, A. R. Kost, and L. West, IEEE
Quantum Electron.33, 1403~1997!.

12J. T. Olesberg, Thomas F. Boggess, S. A. Anson, D.-J. Jang,
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