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We calculate the temperature dependence of the threshold current dgnsitgptimized(minimal

Jin) and unoptimized InAs/InGaSb superlattices. We find that the threshold current density of the
unoptimized superlattice is well described byece™ o, with T,~32 K from 25 to 275 K. This is

the first microscopic calculation for these superlattices which indicated thiatwell described by

an empirical exponential form. In contrast, the threshold current density of the optimized
superlattice is not well parametrized by a characteristic temperd@grdhis superlattice is only
optimized between 250 and 350 K, due to the sharp structure of the intersubband absorption
spectrum. We also consider the effect dp of uncertainties in layer thicknesses. 998
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In mid-infrared semiconductor lasers, which are cur-perlattices with different layer thicknesses but the same band
rently of great commercial and military interest, nonradiativegap (E,) at the same temperature. H&g remains the same
processes dominate near room temperature and may lead tdat features in the intersubband absorption differ among the
rapidly increasing threshold current density,J with in-  superlattices. The Auger rates depend sensitively on details
creasing temperature. Nonradiatiddugern events involving  of the band structure, but are relatively insensitive to varia-
the recombination of a pair and the temporary excitation otions in the layer thicknesses which are small but experimen-
another hole appear to dominate in lasers based on the InAsdlly realizable:+3.5 A for the InGaShb layer and 0.25 A
InGaSbh material systefr? Initial predictions for optimized for the InAs layer.

InAs/InGaSb superlattices of nonradiative recombination  The calculations of the band structures, threshold carrier
rates lower than rates in bulk semiconductors motivated furdensities §y,) andJy, are described in detail in Refs. 5 and 6.
ther exploration of this material system for use as a lasem contrast to Refs. 5 and 6 band-gap changes with tempera-
active regiort In this letter we compare the temperature de-ture and the effect of intersubband absorptiamich must
pendence ofly, for an optimized superlatticédesigned for be minimized to optimize the laser performanae in-
minimal J;, at 300 K), and another, unoptimized superlattice. cluded. For simplicity, many-body effects such as self-
A primary conclusion of this letter is that from 25 to 375 K energy and collision contributions have been neglected.
the figure of merit Ty, obtained from the empirical Based on considerations discussed in Refs. 5 and 6 we esti-
parametrizatioh Jy(T)<e™ T, describes the unoptimized mate the error iny, as a factor of 3.

superlattice well(T,=32 K below 275 K, andT,=65K Parameters for the bulk constituents of the superlattices
above 300 K, but completely fails to describe the optimized at 0 K are tabulated in Ref. 5. With the exception of g
superlattice. This is the first calculation to indicate that forparameters of the InGaSb alloy are linearly interpolated and
most InAs/InGaSb superlatticé€se., unoptimized ongsl;,  temperature independent. The temperature dependence of the
grows exponentially with temperature. bulk E4 for InAs is taken from Ref. 7, and for §3:Ga, 755b

The unusual dependence on temperature for the optirom Ref. 8. These energy gaps change by 57 and 80 meV,
mized superlattice can be traced to band structure featuresspectively, from 80 to 300 K.
within the valence band which diminish the intersubband Band structures at three different temperatures are
absorption at the lasing energi,() and also the Auger re- shown in Fig. 1 for 12.5 A InAs/39 A §,<Ga, ;:Sb, which
combination rate. As the temperature increakgsjecreases is optimized at 300 K. The most important intersubband tran-
and the intersubband absorption per electron-hole paisitions occur at the zone boundary in the growth direction.
(which, at fixed energy, is mostly independent of temperaWe show, therefore, two cross sections of the Brillouin zone;
ture) can increase or decrease depending on the local featuresthe first, the momentum in the growth directiol () in-
of the intersubband absorption. A system optimized at a parereases from the zone center to the zone boundary with zero
ticular temperature has minimal intersubband absorption &ah-plane momentumk;); in the secondK, increases from 0
the lasing energy and a minimum Auger rate for a givento 0.1 A~1, while K, remains at the zone boundary. Holes
carrier density. A complementary investigation compared suinvolved in the intersubband absorption originate in the HH1
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FIG. 2. Intersubband absorption as a function of photon energy for the 12.5
FIG. 1. Band structures for 12.5 A InAs/39 AjlpGa, 755b from 20010 350 A InAs/39 A Ing,{Ga, 758b superlattice at 300 K at the threshold carrier
K. The dashed lines are the HH1 band rigidly shifted down by the lasingdensity. The top three plots show contributions from the three relevant final
energyE, , and are the important energies for intersubband absorption. Theubbands, and the bottom is the total intersubband absorption. The arrows
dot-dashed lines indicate the resonant energies for hole-hole Auger scatténdicate the lasing wavelengths at 200—350 K.

ing at an energy gaf, below the top of the valence baitaken to be the
origin of the energy axis The hole-hole Auger transition, AM-7, is shown

schematically on the superlattice band structure on the far right. ever, E, lies within the higher-energy feature anrg,; is
93cml. Since the intersubband absorption rises less

subband. The energids, (corresponding to the lasing en- _qgickly with dens_ity than the gain, by inj_ecting more carriers
ergy) below the HH1 subband are shown by the dashed linedt is usually possible to overwhelm the intersubband absorp-
Intersubband absorption occurs at momenta where thidon. These additional carriers, however, increase the Auger
dashed line crosses other bands. The temperaturéecombination rate and lead to highky.
dependence of the energy gap of the superlattice is compa- @nt: N, andJy, for this optimized 12.5 A InAs/39 A
rable to that of the constituents, changing 60 meV from 100No.2s38.7s5b superlattice as a function of temperature are
to 300 K. The energy gafi,~E, determines the resonant shown in Fig. 3. For comparison, the same three guantities
energy for Auger transitions within the valence subbandsfor @ 16.7 A InAs/35 A I ,Ga 7sSb superlattice are also
and is indicated with a dot-dashed line on the band structured10Wn. This latter superlattice was optimized based on 0 K
one energy gap below the top of the valence band. band structure parameterbut is effectively unoptimized at

If we neglect the HH3 subban(hin solid ling, then in 300 K. The differences between the two become quite no-
the temperature range 250—350 K the dashed line lies withiticeable above 200 K because the intersubband transition in
a gap between the LH1 and LH2 subbands. As a result thet®® 16.7 A INAs/35 A 1§ ,4Ga, 76Sb superlattice lies in the
is no Auger “resonance” and the intersubband absorption idH1 subband at these temperatufes Fig. 1). At 300 K the
minimal because of the lack of final states. At 300 K, asOPtimized superlattice has a threshold current density a fac-
shown in Fig. 1, the LH1 and HH3 subbands are mostlytor of 12 lower than the other superlattlce. ,
inaccessible for Auger processes. Thus for this superlattice DPU€ t0 the anomalous behavior of the intersubband ab-
Auger processes which excite a hdleole-hole Auger cf. sorption of the optlmlzed SL in the temperature range of
Fig. 1) are weak and the dominant Auger processes at 300 I%SQ_?’_SO K'_ there_ IS no reason to expec’_[ an emplrlcgl param-
excite an electrorielectron-electron Auggr In the unopti- etrization with a singldy to have any validity. In particular,

mized superlattice the LH1 and HH3 subbands are accessib\@r temperatures just below the opt_lmlzed range, from 200 to
for band-edge Auger processes. This in addition to the in-225 K, the T, exceeds 200 K, while above 300 K g
creased carrier density required to overcome intersubband
absorption, leads to a larger hole-hole Auger rate than 200
electron-electron Auger rate at 300 K.

Ignoring the HH3 subband is approximately correct,
since the matrix elements between the HH1 and HH3 sub-
bands are weak in the region of importance in the Brillouin
zone. This picture is supported by Fig. 2, which shows the
intersubband absorption spectrum, separated according to the
final subband, for this superlattice at 300 K at the threshold
carrier density. Since the valence band structure is not very
sensitive to temperatuenlike E; andE, ), we can visualize
the effects of changing temperature on the intersubband ab-
sorption per electron-hole pair as primarily due to the chang- 100 200 300
ing E, . The lasing energies at 200, 250, 300, and 350 K are Temperature (K)
indicated by arrows. Intersubband absorption at threShOIgIG. 3. Intersubband absorption at threshalg,g, threshold carrier density

. _1 . . . . .
(@in) is only 30 cm ~ at 300 K in this design, sincg_ lies (ng), and threshold current density{) as a function of temperature for
between two large features. At a temperature of 200 K, howewo superlattices, one optimized from 250 to 350 K, and the other not.
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FIG. 4. Band structures for three superlattice with the same energy gap b

different InGaSb layer thickness. Notations are as in Fig. 1. llgIG. 5. Intersubband absorption at threshold, threshold carrier density, and

threshold current density for a family of superlattices with the same energy
gap but different InGaSb layer thicknesses.

value is 50 K. In contrast, §,=32 K for T<275K and
To=65K for T>300 K describe the unoptimized superlat- resonant for intersubband processes from Hidg,jumps by

tice well, due to the smoother character of the intersubbandog cni?, ny, doubles andy, quadruples. The relative con-
absorption ag, .

X : o stancy ofly, from a InGaSb layer width of 34—41 A suggests
It is interesting to note that th&;, of the optimized SL

3 ot that within a superlattice this thickness must be controlled to
above 300 K is lower than that of the unoptimized SL, even ithin +3.5A. The band gap of the superlattice is much

though the value o8y, is 12 times lower. This is due to the o . .
rapid rise in intersubband absorption in the optimized SLmore sensitive to the InAs layer thickness, Jpis roughly

above 300 K. We note also that the relationsﬂipr3’2 constant over a much shorter range of InAs layer thickness,

(Ref. 9 has been derived for a three-dimensional struc:turérom 12.1 to 12.66 A. Thgrefore the InAs I.ayer thlckness
where intersubband absorption can be neglected and the rAWUSt be controlled to withint0.25 A, which is within the
diative recombination rate dominates. This power law fits thefontrol of current molecular beam epitaxy technoldgy.
unoptimized superlattice to 150 K, above which the large ~ Note added in proaf During review we have become
intersubband absorption makag increase faster thaf®2  aware of related work by Bewlegt al*

We have thus identified a key anomalous effect on the The authorsH.E. and C.H.G.would like to acknow-

temperature dependence &f, arising from nontrivial fea-
tures within the band structure of the superlattice at the reso(édge support from DARPA under ONR Contract No.
nant energy. If the band structure at the resonant energy dodi00014-96-1-0887.
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only the behavior of the Auger recombination rate with tem-
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