PHYSICAL REVIEW B VOLUME 58, NUMBER 19 15 NOVEMBER 1998-I

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, nonparkbglisand 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,T;=81 K, for lasers utilizing this superlattice as an active regj@0163-18208)01043-1

INTRODUCTION conductivity in longer wavelength(E,~120—140 meY
INAs/Gg _,In,Sb type-ll superlattice % These authors
Midwave infrared(MWIR, 2-5 um) diode lasers have showed that such narrow-band-gap superlattisesiations
been extensively studied recently due to their potential appliof which form the backbone of many current MWIR laser
cation to remote sensing, pollution monitoring, and infrareddesign$ can display Auger rates that are orders of magnitude
countermeasures. Significant progress has been made in thmaller than those measured in HgCd, Te samples with
development of MWIR lasers, with much of the recent re-comparable band gaps. The measured results were found to
search in this spectral range focused on interband antimonidee within a factor of 3 of theoretical results for this structure.
devices utilizing a variety of quantum-well and superlatticeSubsequent photoconductivity measurements at 77 and 300
designs: The realization of commercial devices operating atk on an InAs, gsShy 15/1Ng 577l o 192S0.0:Sky 09 Multiple quan-
or near room temperature, i.e., compatible with thermoelectum well [E4(5 K)=343 me illustrated the importance
tric cooling, has been elusive, however, particularly for theof final- state resonance for the Auger procésgiger rates
longer wavelength MWIR lasers. This is in part a conse-for type-1l antimonide quantum wells and superlattices with
qguence of Auger recombination in the narrow-band-gap acband gaps near 275 and 400 meV, respectively, have also
tive regions of these lasers. Auger recombination is a nonrébeen extracted from optically pumped lasers by employing
diative, density-dependent process that typically increasemeasurements of the threshold pump intensity and calcula-
strongly with decreasing band-gap energy and increasintions of the threshold carrier densfty.In both cases, Auger
temperature, thereby contributing to high threshold currensuppression relative to bulk materials was observed, and the
densities and low maximum operating temperatures in intertemperature dependence of the Auger recombination was
band MWIR lasers. evaluated. Detailed theoretical calculations of the Auger
As a result of the negative effects of Auger recombinationrates were not presented in Refs. 7-9.
on interband MWIR semiconductor lasers and long- While the characterization of Auger recombination using
wavelength detectors, this process has received consideralgbotoconductivity and optically pumped laser performance
attention as efforts have been made both to understand iteve provided significant insight into this process in MWIR
impact on laser performance and to design strategies for itaser material$;® both of these techniques possess limita-
suppression. Theoretical efforts hAvefocused on the use tions. For example, the photoconductivity measurements
of band-structure engineerind) to modify the band-edge must be performed on samples grown on a semi-insulating
density of states through strain and quantum confinerf@ent substrate, leading to growth of the structures in Refs. 6 and 7
strategy similar to that used for near-IR semiconducjors on lattice-mismatched GaAs substrates. In addition, these
and (2) to arrange superlattice minigaps to eliminate finalmeasurements require Ohmic contacts, and quantitative
states for Auger transitions. An early success of this strateggnalysis using this technique relies on low-density measure-
was demonstrated by experiments using steady-state photments of the carrier mobilities. Both the photoconductivity
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and the optically pumped laser results also require knowlfily determines the Auger rat@lthough, as we show below,
edge of the absorption coefficient at the optical excitatiorthe temperature dependence of the band structure can also
wavelength. Moreover, the analysis assumes steady-state éxave measurable effegts
citation, which could be compromised by multimode opera- The temperature dependence of the Auger process is par-
tion of the excitation sources. The optically pumped laseticularly relevant to diode laser design, since lasers designed
result§® also can be influenced by factors related to the opfor Auger suppression at one temperature may not be opti-
tical cavity. In addition, for these measurements, the Augemized at anothe?® and the temperature dependence in
recombination cannot be uniquely isolated from other recomMWIR quantum wells and superlattices may not display the
bination processes. trends that one might anticipate from simple modélk. is
Many of these limitations can be overcome using all-well known that in near-IR band-gdplk materials the Au-
optical,  device-independent,  ultrafast  techniques—ger rate increases strongly with increasing temperafiffer
approaches that have been widely applied in the visible andear-IR band-gaguantum wells however, the Auger rate
near IR, but less extensively in the MWIR due to both lim- has been found to depend only weakly on temperature, lead-
ited optical sources and limited interest in materials in thising some investigators to conclude that phonon-assisted Au-
spectral region relative to the near IR. Such techniques offeger recombination dominates in these structd?é8Others
the advantage of injecting a well-definddnd potentially have concluded that band-to-band Auger recombination still
well-calibrated carrier density that can be probed from the dominate<? but electrostatic band-profile deformation influ-
time of injection through the time required for recombinationences the band-edge populations in a manner that decreases
to be complete. In addition, ultrafast optical techniques arghe temperature dependence of the Auger rate. The tempera-
contactless and do not require semi-insulating substrateture dependence of Auger recombination in soimak
Through a combination of temporal resolution and variationMWIR [llI-V semiconductors is more complicated than in
of the optical excitation level, density-dependent recombinanear-IR materials. This is a consequence of the proximity of
tion, such as Auger recombination, can be isolated readilghe spin-orbit split-off band energ¥, to that of the funda-
from Shockley-Read-Hall recombination. We have recentlymental gapE, in narrow-band-gap semiconductors, such as
reported® subpicosecond, time-resolved, differential trans-InAs and related alloys. The split-off band can thereby pro-
mission measurements of Auger recombination at 300 K in aide resonant states for hole-hole Auger processes. Since the
(Gay 79N 25Sb/INAS/AL ,Gay goShb  superlattice  multiple  temperature dependenceskf andA, are generally differ-
guantum wel(MQW) with a band-gap energy of 330 meV. ent, the Auger resonance energy may move relative to the
This structure is similar to those employed successfully in @and-gap energy, and, therefore, the Auger rate may increase
variety of MWIR diode lasers® For these measurements the or decrease with temperatuteSimilar arguments can be
initial optically injected carrier density was determined from made with respect to subbands in MQW’s and minibands in
the optical excitation intensity and from the density depen-superlattices, potentially leading to unexpected temperature
dence of the peak differential transmission measured. No sigiependence to the recombination in such structures. For ex-
nificant Auger suppression was observed in this structure, ample, the Auger coefficient in a 275-meV band-
result that is consistent with subsequent detailed analysis @fap InAs/Gg gdng 3:Sb/INAS/AISD type-Il MQW was found
the band structuréWe later useti*? time-resolved differen- to increase with temperature modestly in a monotonic
tial transmission to measure the 300 K Auger rates in a 31@nannef On the other hand, the Auger coefficient was
meV  INAs/Ga sdNg 20Sb/INAS/AL 3053 43N0 288 sShhse  found® to saturate with temperature in a 400 meV
superlattice, a structure similar to those successfullinAs/GaSb/Gg,dng.5Sb/GaSh superlattice designed with a
utilized"® in optically pumped lasers operating at .uth up  valence-band Auger resonance in the middle of a minigap.
to 185 K and at 3.7um up to 300 K. This structure was Furthermore, the Auger coefficient was found to actually de-
designed specifically for suppression of Auger recombinacrease with temperature abowvel80 K in a similar superlat-
tion and intersubband absorption, and a factor of 4 reductiotice designed with a heavy-hole-1 to heavy-hole-3 Auger
in the Auger rate was measurédelative to InAs, a wider resonancé? Such widely varying results indicate the impor-
band-gap bulk semiconductor. This four-layer superlatticdaance of understanding the temperature dependence of the
will be the subject of the temperature-dependent measurékuger process in structures designed for MWIR lasers.
ments discussed below. We will present both experimental and theoretical analy-
Here, we describe the application of an alternative ul-ses of the temperature dependence of Auger recombination
trafast, all-optical technique, i.e., time-resolved photolumi-in a 310 meV, strain-balanced, broken-gap superlattice de-
nescencéPL) upconversiort? to measurements of the tem- signed for suppression of Auger recombination and intersub-
perature dependence of Auger recombination in théand absorption at room temperature. Time-resolved MWIR
aforementioned MWIR four-layer superlattice. Again, this PL upconversion was used to measure carrier recombination
technique is well established in the near IR but only sparselyates, and results are presented for lattice temperatures rang-
applied in the MWIRY 1" Advantages of this technique in- ing from 50 to 300 K. We obtain excellent agreement be-
clude the ability to readily extract the optically injected car-tween measured and calculated Auger rates, which are found
rier density® and the carrier temperatdfefrom time- to increase monotonically with lattice temperature and car-
resolved PL spectra. Knowledge of the carrier density igier density. The PL upconversion technique readily provides
critical to any quantitative analysis of Auger recombination.the carrier temperature, and we discuss the impact of hot
Furthermore, measurement of the carrier temperature is crarriers on our analysis. Finally, the temperature dependence
cial to the study of the temperature dependence of Augeof the Auger rate is used, together with estimates of thresh-
recombination, since it is the carrier temperature that primaeld carrier density, to place an upper bound on the empirical
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FIG. 1. Time-integrated photoluminescence at 300 K for

continuous-wave excitation. FIG. 3. Band structures along the in-plane directidg) (and
growth direction k) for lattice temperatures of 50, 100, 150, 260,
temperature paramet@y, for lasers incorporating this struc- and 300 K. The band edges are indicated by the solid horizontal
ture as an active region. lines and the zone-center Auger resonance energies are indicated by
the horizontal dashed lines.
SAMPLE STRUCTURE the complicated type-ll band alignments in this structure.
The sample of interest for these studies was grownThe full nonparabolic band structure with momentum-
by molecular-beam epitaxy(MBE) on a nominally dependent matrix elements is obtained from a superlattice
undoped GaSb substrate. It is comprised of 40 periodK-p formalism similar to that applied previously to two-
of an InAs (15 A)/GayednosSh (25 A)InAs (15 Ay component superlatticé® but modified to allow for an ar-
Al 3058y 44Ng 267So 505k 50 (39 A) superlattice bounded by bitrary number of layers in a unit cdliThe results of this
1000 A layers of A} 30Ga 4JdNg 26ASo 275ty 73 The structure  calculation are shown in Fig. 3 for some of the lattice tem-
is capped with 100 A of GaSb to prevent oxidation of the Al peratures relevant to the experimental studies. Input
containing quinternary alloy. The superlattice is not inten-parameter¥ to the calculation are limited to the energy lev-
tionally doped and, although not determined specifically forels, matrix elements, and effective masses of the bulk con-
this sample, background carrier densities in similar structurestituents, and valence-band offsets between layers. As seen
grown in the same MBE system are typically in the low in Fig. 3, the band-gap energy clearly decreases with increas-
10" cm™2 range. As shown in Fig. 1, under continuousing temperature, although the changes in dispersion of the
wave excitation the sample exhibits strong room-temperaturgarious bands are rather subtle. Nevertheless, the
PL, from which a band gap of 310 me4 um) is obtained. temperature-dependent band gap results in a temperature de-
The band-edge energies of the bulk constituents of #endence of the Auger and intersubband resonances. This is
single period of the superlattice, shown in Fig. 2, illustrateexplicitly accounted for in our theoretical model of the Au-
ger recombination and is borne out in our measurements of
the temperature dependence of the Auger rates.

The superlattice has been designed to suppress Auger re-
combination and intersubband absorption at 300 K. This is
accomplished through the reduction of the valence-band-
edge density of states and through the elimination of states

[ £ near zone center that are one band-gap energy above the
lowest conduction subband edge and below the highest va-
] | lence subband edge at a lattice temperature of 300 K. The
E, design very effectively reduces intersubband absorption at
] 300 K for photon energies near that of the band Hap.
_-I r ] addition, the light uppermost heavy-hole band leads to large
— —— —— differential gain in lasers based on such active regfoRsis
in turn should result in low threshold current densities and,
hence, low Auger rates at carrier densities appropriate for
device operation. On the other hand, a detailed study of the
band-structure dependence of the Auger rate in this structure
FIG. 2. Band-edge diagram for a single period of the narrow-indicates that the final-state optimization results in_only
band-gap superlattice. The solid, long-dashed, and short-dash@pout a factor of 2 suppression of the Auger rate at 360 K.
lines represent the conduction, heavy-hole, and light-hole bulKConsiderably more suppression can be obtained through
bands, respectively. The energy of the superlattice conduction- anlinal-state optimization at lower temperatures, but a modifi-
valence-band edges are shown on the right edge of the figure. cation of the superlattice design is required.
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FIG. 4. Time-resolved photoluminescence measured near thg:ir(:les) time-resolved(10 ps after excitationphotoluminescence

band-gap energy for lattice temperatures of 50, 100, 150, and 260 foF an excitation fluence of gJ/cnt, a lattice temperature of 260
and initial carrier densities offrom the top 1.7x 10'8, 1.1 108, K, and a carrier temperature of 300 K. Calculated PL for carrier

5.7x 101, 2.8< 10", and 1.4< 1087 cm ™2, densities of 4.5 1917 (dash-dqt—dotteq Iir_)e 5.7x 10" (solid line),
and 7.0< 107 cm™2 (dashed lingare indicated.

EXPERIMENTAL RESULTS

Time-resolved PL upconversion was used to investigatéePendence of the tail of the spectrum. The slope of this
the density and temperature dependence of the recombingigh-energy tail is primarily indicative of the carrier tem-
tion in this superlattice. The MWIR PL, excited in the Perature, while for a rea_sonably cool distribution the ove_rall
sample by an intense 140 fs, 843 nm pulse from a Kerr-len¥idth of the spectrum is largely controlled by the carrier
mode-locked Ti:sapphire laser, was mixed with a portion ofdensity as a consequence of band filling. In fitting the spec-
the same Ti:sapphire laser pulse in a potassium titanyl arsetfium, we fix the band-gap energy at the low-density value
ate crystal oriented for phase-matched sum-frequency gembtained from continuous wave Rband-gap renormaliza-
eration. The intensity of the measured upconverted signal ition is insignificant at the densities of interest in this low-
proportional to that of the PL emitted from the sample. Tem-mass semiconductpruse the carrier temperature obtained
poral resolution is obtained in the measurement by adjustinfrom the high-energy portion of the spectrum, and then ad-
the relative delay between the pulse that excites the PL angist only the carrier density to obtain a best fit to the data.
the pulse that is used for the upconversion process. Spectrihe PL observed below the band edge is present at all den-
resolution is realized by adjusting the phase-matching anglsities indicating that it is a consequence of band tailing.
and, simultaneously, a monochromator through which therhese data are ignored in the fits. We assume in the calcu-
upconverted signal passes. Details of the experimental setugtions that within 10 ps after optical excitation the initially
have been described previousfy. hot carriers diffuse across the thin superlattice and are uni-

PL decay curves for lattice temperatures of 50, 100, 150tormly distributed in the growth direction at the time of the
175, 200, 230, 260, and 300 K were measured for a range gheasurement. Since the experimental arrangement ensures
initial carrier densities. Representative curves are shown ifhat only the emission from the central portion of the excited
Fig. 4 for four lattice temperatures. The decay rate of the Plregion of the sample is upconverted, transverse variations in
clearly increases both with increasing lattice temperature anghe density are ignored. Shown in Fig. 5 are theoretical re-
increasing initial carrier density. We attribute the fast decaysults for three values of the carrier density, illustrating that
occurring within a few hundred picoseconds at high carriethis procedure is sensitive to variations in density of approxi-
densities to Auger recombination and the slower feature ainately +20%. This process was repeated for various tem-
longer delays to Shockley-Read-Hall recombination. Thes@eratures and excitation conditions. We conclude from this
assertions are justified in the analysis discussed below.  process and from knowledge of our optical excitation inten-

The initial carrier densities, which are crucial in determin-sity that, over the range of our experimental conditions, es-
ing Auger rates, were calibrated by comparing selected exsentially all of the incident photons transmitted through the
perimental time-resolved PL spectra with those calculate@emiconductor surface produce carriers that are confined to
based on the band structures shown in Fig. 3. For these mefive superlattice, nominally independent of lattice temperature
surements, the time delay between the pulse used to excitghd excitation level. Hence, for this structure, the initial car-
the sample and that used for the upconversion process wggr density is readily determined from the incident photon
fixed at 10 ps and the entire PL spectrum was measured. THg)x.
carrier temperature was extracted from the high-energy tail
of the spectrum and used in calculations of the PL for a range
of carrier densities. As illustrated in Fig. 5, the calculated PL DISCUSSION
spectra were then compared to the experimental spectra to
yield the carrier density. Note that these results are plotted on The data in Fig. 4 are converted to density dependent
a semilogarithmic scale to illustrate the exponential energyatesR(n) using
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lattice temperature of 260 K. The curve represents a smooth func- Density(x.lo” cm'3)
tional fit to the data from which the partial derivatiddp /dn is
obtained and used in the evaluation of the recombinationRéatg. FIG. 7. Nonradiative recombination rates at lattice temperatures

of 50, 100, 150, and 260 K obtained from the data in Fig. 4 using
density calibrations such as that shown in Fig. 5 and the approach

1dn_1 dn dip described in the text.

R(M =14t ~n dip, at
with both increasing carrier density and increasing tempera-
wherelp, is the intensity of the PL and the derivatives areture. We find that, over much of the density range of interest,
readily obtained from Fig. 4. Specificallgllp /dt is ob- the density dependence of the Auger rate is subquadratic
tained directly from Fig. 4 andlp, /dn is obtained from a with carrier density” as a consequence of degeneracy of
functional fit to the peak PL signals measured at each exciboth the conduction and valence bands. The effects of degen-
tation level. This procedure is illustrated in Fig. 6, where weeracy have been confirmed through detailed investigations of
show the fit and the normalized PL as a function of carrietthe density dependence of the recombination, and the results
density for the 260 K data, measured at a fixed time delayvill be discussed elsewhef@ The temperature dependence
near the peak of the data shown in FigR{n) is interpreted  of the Auger process is seen more clearly in Fig. 8, where we
as the sum of radiative and nonradiative rates. PhotoRlot the Auger rate as a function of lattice temperature for
reabsorptioff is not considered here because of the smalseveral different carrier densities.
excitation beam sizé50 um, thin active regior(0.375um), The calculated direct band-to-band Auger rates are also
low band-edge absorption coefficie@pproximately 2000 shown in Fig. 8. These were obtained from Fermi golden-
cm 1), and relatively small radiative rat@ever larger than rule calculations based on the nonparabolic band structure
10% of the total recombination rateHere, we are interested With momentum-dependent matrix elements. Transition ma-
in primarily the nonradiative recombination rate. To obtaintrix elements are evaluated using a statically screened Cou-
this for each density, we subtract froR(n) the calculated lomb interaction and first-ordef -p perturbation theory for
radiative rate, a quantity that is readily determined from thethe wave-function overlaps. The implementation is similar
band structure and matrix elements and is essentially insig-

nificant relative to Shockley-Read-Hall and Auger recombi- Carrier Temperature (K)
nation in this structure. 14|¥5 1?0 21}0 Zfo 3?0
This procedure yields the nonradiative rates as a function 4

of density as shown in Fig. 7 for the same lattice tempera-
tures and initial carrier densities as depicted in Fig. 4. Note
that the data shown in Fig. 7 originate, in essence, entirely
from experiment, with theory invoked only to account for the
minor effect of radiative recombination and to calibrate the
initial carrier density. The intercepts in these plots yield the
Shockley-Read-Hall rates, which correspond to lifetimes in
all cases of about 2 ns. This value is within the 2—4 ns range
typical of antimonide structures grown in this MBE system
and is within a factor of 5 of the best MBE-grown anti- 0
monide structures studied in our laboratory. The specific ori- 50 100 150 200 250 300
gin of this density-independent recombination is not known,
but may be associated with antisite defects in the quinternary
layers and/or interface states. Since the radiative rate has FiG. 8. Measuredfilled symbolg and calculatedopen con-
been removed from the results of Fig. 7, deviations from ahected symbolsAuger rates as a function of temperature for initial
zero slope are a consequence of Auger recombination. Theensities of 5107 (triangleg, 10X 10 (squares and 13
data clearly illustrate an Auger rate that increases uniformly< 10 cm 2 (circles.

Auger Rate (ns'l)

Lattice Temperature (K)
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FIG. 9. Time dependence of the carrier temperature obtained FIG. 10. Band st_ructure of the superlattice indicating the band

from time-resolved photoluminescence for a lattice temperature O?dge(short-dashgd lingsand .the valencg-band zone-center Auger

150 K and an initial carrier density of 57107 ¢cm 2. The inset resonance energle(slas_hed lingsfor lattice temperature_s of 260

shows an expanded view of the initial carrier cooling. The dataa.ndI 300 K and ta ::artrle:I ttler)np;artature of 30t0 (;< E;%Of/”(e?i?

indicate that the carrier distribution remains warmer than the lattic&' ¢ > féPresent elec rdholg) states associated w 070 ot the

for hundreds of picoseconds. ole Auger transitions at 260 K and 300 K for a carrier density of
5.7x10 cm 2. The states are plotted as a function of in-plane

. » . momentum,k, (A~1), only; hence, states not lying directly on
to that reported previousfy, but modified to include Um- 5 g ppand possess a growth direction momentum component

klapp processes in the growth directiotiThis intrinsic phe- k, (A7Y.
nomenon characterizes scattering processes that involve a re-
ciprocal lattice vectof! While these processes have little
impact on Auger recombination in bulk narrow-gap carrier heating has been observed in wider band-gap struc-
semiconductor® that have large reciprocal lattice vectors, tures with much lower Auger raté&We use measurements
they can play a significant role in superlattices. Zone foldingsuch as those shown in Fig. 9 to obtain an average carrier
in such structures greatly reduces the Brillouin-zone width intemperature over time delays ranging from 10 ps to 1 ns for
the growth directior(by more than an order of magnitude in each of our Auger measurements. These temperatures, which
our superlatticemaking Umklapp processes more probable.are shown on the upper axis of Fig. 8, are used in the calcu-
Calculations indicate that these processes contribute approxations of the Auger rates.
mately half of the total Auger rate in this structure. Umklapp  An important observation is that the average carrier tem-
processes involving a reciprocal lattice vector larger tharperature is essentially identical for the two highest lattice
5(2w/D), whereD is the superlattice period of 94 A, are temperatures. On the other hand, the measured and calcu-
negligible. We find thatwith no adjustable parameterthe lated Auger rates are significantly different for these two
theory successfully predicts both the density dependence anddttice temperatures. This clearly indicates that the Auger
the temperature dependence of the Auger process as well este has been modified strictly by the dependence of the band
the absolute rate. The latter, however, must be placed istructure on the lattice temperature. Specifically, detailed
context with the roughly 10% systematic and random error iranalysis of the states involved in the Auger process reveal
the data and the 20% uncertainty in carrier density. that at a lattice temperature of 260 K, most of the final hole
We have discussed the temperature dependence of tlsgates are in the fourth valence subband, whereas at 300 K
Auger process in terms of the lattice temperature. While thehey are in the third valence subband. This behavior, which
Auger process depends on thagtice temperature through arises from the slight decrease By as the temperature is
the temperature dependence of the band structure, it will alsimcreased from 260 to 300 K, is illustrated in Fig. 10 where
depend on the occupation of the bands as determined by thee show the electroffilled circles and hole(open circlel
carrier temperature. For our measurements, carriers are irstates for~99% of the Auger transitions for lattice tempera-
jected with roughly an electron volt of excess energy. Usingures of 260 and 300 K, and for a carrier temperature of 300
time-resolved PL, we find that most of the cooling of the K. This figure clearly indicates that electrons near the Auger
initially hot carrier distribution occurs within 10 ps, a time resonance in the valence bangslicated by the dashed line
scale for which recombination is not significant. On the otherare more likely to participate in Auger transitions for a lattice
hand, for high initial carrier densities we have observedtemperature of 300 K compared to the case of a lattice tem-
somewhat elevated carrier temperatures that persist for mamperature of 260 K. This implies that either a near-zone-center
hundreds of picoseconds. This behavior is illustrated in Figelectron in the lowest conduction subband or a near-zone-
9, where we show the measured carrier temperature as center hole in the highest valence subbémdboth is more
function of time after excitation for a lattice temperature oflikely to participate in an Auger scattering process in the
150 K and an initial carrier density of 710" cm 3. Al-  former case. Since the Fermi occupation factor is highest for
though we have not completed a detailed analysis of thimear-zone-center particles, we therefore expect a significant
persistent heating, it may be due in part to Auger recombiincrease in the Auger rate as the lattice temperature increases
nation itself, which supplies roughly the band-gap energy tdrom 260 to 300 K, as calculated and observed.
the carrier distribution for each Auger event. Auger-induced The present calculation of the Auger rates does not in-
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SUMMARY AND CONCLUSIONS

In summary, we have measured and calculated Auger
rates for a 4am band-gap type-Il superlattice designed for
suppression of Auger recombination and intersubband ab-
sorption at room temperature. The calculated Auger rates,
which include superlattice Umklapp processes, were ob-
tained using Fermi's golden rule for the transition rates and
the full temperature-dependent, nonparabolic band structure.
Umklapp processes, which provide roughly half of the total
T=381K Auger rate, are found to be necessary to describe the experi-
mental results. The experimental Auger rates were deter-
mined from time-resolved PL upconversion as a function of
optically injected carrier density and lattice temperature. We
find excellent agreement between measured and calculated
rates for direct Auger transitions at all temperatures and car-

FIG. 11. Calculated threshold current densftijed circles asa  er densities, which suggests that phonon-assisted Auger
function of lattice temperature for a laser that uses the multilayeprocesses do not contribute significantly to the overall non-
superlattice as an active region. In obtaining this result, a total lossadiative recombination rate.
of 100 cm* was assumed, the measured temperature-dependent As discussed in more detail in Ref. 12, the 300 K Auger
recombination rates and the calculated threshold carrier densitiqgpefficient of 2.9 10~27 cm®/s measured at low densitiés
were used. The slope of the resulting data, indicated by the solighe present structure is roughly a factor of 4 smaller than that
line, yie_ldsT0=81 K, which represents an upper bound to the char- InAs3* even though the band gap of this bulk semicon-
acteristic temperature. ductor is 50 meV wider. The coefficient is also nearly a

factor of 3 smaller than that measured in a

(Ga&y 7dng.25Sb/INnAs/AL ,Gay gSb superlattice MQW with a
clude phonon-assisted Auger recombination, which is ex20-meV-wider band gaff On the other hand, the Auger
pected to be rather insensitive to temperature variations. Ogoefficient measured at 300 K in our 310-meV band-gap su-
the other hand, the calculation indicates that, in this strucperlattice is only~30% smaller than that obtained in a 275-
ture, the rate associated with direct Auger processes inmev band-gap INAS/Gadng 3:Sb/INAs/AISb type-Il MQW
creases modestly with temperature, a trend accurately reref. 8. While such comparisons are necessary to attempt to
flected in the data. Although phonon'aSSiSted transitions ar@etermine the success of Auger Suppression ina given struc-
certainly present, the agreement between the magnitude, defire, we caution that a simple comparison of coefficients is
sity dependence, and temperature dependence of the magt adequate. We clearly observe saturation of the Auger
sured rates and those calculated based purely on direct Auggpefficient in our structuré as a consequence of degeneracy.
transitions suggests that phonon-assisted Auger transitiongis saturation results in a high-density Auger rate that can
dO not Signiﬁcantly impaCt the nonradiative recombinaﬂon inbe well below that expected assuming a Simp|e quadratic
this structure. carrier-density dependence for the rate. Saturation of the Au-

The calculated band structure can be used, together with@er coefficient was not observed in the structure studied in
band-filling model and calculations of the intersubband abRref, 10, and saturatiocannotbe quantified using the tech-
sorption, to obtain the temperature-dependent gain spectruflque of Refs. 8 and 9. In addition, caution must be used in
for this Superlattice. This, combined with the meaSUredcomparing Auger rates in various types of Structqu'
Shockley-Read-Hall and temperature-dependent Auger rategyantum well, and superlattices carrier-density conven-
can be used to estimate the temperature-dependent thresheishs vary. For example, in a superlattice it is reasonable to
current densityy,(T) per active layer width for lasers utiliz- use a carrier density averaged over the superlattice pé&sd
ing the superlattice for an active region. For an assumed totate have done in the present analysiut three-dimensional
cavity loss of 100 cm!, we obtain aJy(300 K) of 16  densities in isolated quantum wells are usually determined
kA cm? um~1. As shown in Fig. 11, a semilogarithmic plot based on the width of the well. In the latter case, sheet den-
of J4, as a function of temperature is well approximated by asities and two-dimensional Auger coefficients are often used.
straight line, and the inverse slope of Jp) yields the em- In either case, however, density variations along the growth
pirical characteristic temperatufg= 81 K. We attribute this direction will exist leading to a degree of ambiguity in the
relatively high characteristic temperature to the suppressioAuger coefficient.
of Auger recombination and intersubband absorption in this We have used the measured temperature-dependent re-
structure throughout this temperature range. We note, howsombination rates and the calculated gain in the structure to
ever, that thisT, is based solely on material properties. Sinceextract an upper bound on the characteristic temperature of
other temperature-dependent loss mechanisms may Wdg=281 K for a laser based on this material. We presently
present in an actual laser, thlg can be taken only as an have no direct experimental measure TGy for a laser uti-
upper limit (if Shockley-Read-Hall recombination remains lizing this specific design as an active region. Howeverga
smal). Nevertheless, such a material parameter is a usefulf 37 K was obtained in a much longer wavelen¢I? pm)
figure of merit for a laser gain medium. optically pumped laser based on a similar superlattice design

T (KA cm? um'l)

T I I I I I
0 50 100 150 200 250 300 350

Lattice Temperature (K)
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and a 3.7um superlattice device has lased up to 30&°1 ACKNOWLEDGMENTS
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