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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 densifyfaslow density, and changes to andependence
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[S0163-182609)04203-4

[. INTRODUCTION calculated and measured Auger rates in direct-gap bulk semi-
conductors. In InSb, the rates calculated using nonparabolic
One of the most challenging electronic properties to calbands, matrix elements calculated from the Kane model, and
culate properly in a semiconductor is the carrier lifetime duestatic screenirfgare a factor of 7 smaller than the experimen-
to nonradiative processes in a dense electron-hole plasma. tally observed value$in InAs, however, experimental rafes
the nonradiative processes of interest, direct Auger prowere within 15% of those estimated for a parabolic band
cesses, an electron-hole pair recombines and the excess enedel without screening.In Iny 53Ga 47As theoretical
ergy and momentum is transferred to another carrier. Directstimate$ were an order of magnitudeigher than experi-
Auger processes will typically dominate over radiative pro-mental rate$.These calculations and measurements are typi-
cesses and phonon-assisted or impurity-assisted Auger proally performed in the nondegenerate density regime, espe-
cesses in high-quality direct-gap semiconductors at 300 Kially for the valence band. It is likely that the difficulty of
with (roughly) band gaps less than 0.5 eV and electron-holecalculating Auger rates in bulk semiconductors, despite their
pair densities greater than ¥0cm™ 3. Since states at large straightforward band structures, is related to the substantially
momentum and large excess energy are involved in diregjreater band-edge density of states in the valence band rela-
Auger processes, the recombination rate can be extremetive to the conduction band, and the heavy-hole—light-hole
sensitive to delicate features of the electronic structuredegeneracy.
Hence accurate calculations of the Auger rates require accu- Strained semiconductor superlattices, however, do not
rate calculations of the nonparabolic band structures and thgave these complications. Strain not only removes the heavy-
matrix elements between states of very different momentunhole—light-hole degeneracy, but it makes the top valence
in the same band or in different bands. For example, analytisubband’s in-plane mass light, lessening the density of states
expressions based on parabolic bands and nonparaboligismatch between valence and conduction bands. Despite
bands in InSb différby a factor of 4. the possibility of more accurate calculations in heterostruc-
A disparity of an order of magnitude is common betweentures, and the ability to excite degenerate electron-hole plas-
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mas optically at lower densities than in bulk semiconductors, 1.0

calculations of Auger rates for semiconductor heterostruc-
tures are quite rare. Results for infinite-barrier quantum
wells® were never compared with experiment. The only de-
tailed comparison of theory with experim@moncerned an
extremely narrow-gap (0.113 eV at 300 )K
InAs/Ing ,:Gay 755b superlattice grown on GaSb. The biaxi-
ally compressive strain in the nGa ;5Sb layer, com-
bined with confinement energy, is sufficient to split the top
heavy-hole subband from the next valence subband by 0.245 g
eV, an amount substantially greater than the energy gap. Mo-
mentum and energy conservation within this band structure
combine to suppress the Auger rat& strongly, as con-
firmed by experiment. The experimental results of Ref. 9,
however, did not explore the detailed density and tempera-
ture dependence of the Auger rate. Additionally, the unusu-
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ally simple “three-band” electronic structure of this super-
lattice causes the Auger rate to depend in a more limited way
on the accuracy of details of the band structure. FIG. 1. Conductior{solid), heavy-holgshort dashex and light-

In addition to measurements of Auger rates based on phdrole (long dashejlband-edge energies for the constituents of the
toconductivity measurements, Auger rates as a function ofur-layer superlattice. ConductionE§) and valence- i) band
temperature have been extracted from laser devicedges for the four-layer superlattice are shown on the right edge of
performancé? This technique, however, requires assump-the figure, as are the resonance energies for Auger proceSges (
tions concerning the density dependence of the Auger rate Eq andEy—Ey).

(typically that the rate per carrier is proportionalrt$), and

provides information on the rate at a different density forshows the growth-direction band structure and the projection
each temperature. Thus the temperature and density depeghito a line plot of the two-dimensional band structure paral-
dence of the Auger rate cannot be properly disentangled. |g| g the interfaces. Dashed lines indicate the band edges and

In this work we consider a more rigorous test case forasonance energies. The superlattice layer thicknesses have
Auger calculatllons in heterostructures. By conS|der|ng_ a hetbeen chosen to eliminate states with zero in-plane momen-
erostructure with a complgx band structure, we require OUfum in resonance regions. This type of band structure is quite
calculations of the energies and matrix elements among
states to be exceptionally accurate. We compare with mea-
surements of the density dependence of the Auger rate at 300
K and the temperature dependence of the rate at a fixed der
sity. Our calculation captures not only the density and tem-
perature dependence of the rate, but also its absolute magn
tude well within the experimental and theoretical errors. The
agreement in absolute magnitude would be impossible if su-
perlattice umklapp processes were not included, for they ac<
count for about half of the total Auger rate. In contrast, in
bulk narrow-gap semiconductors, which have largerg
reciprocal-lattice vectors, the umklapp processes are
insignificant!®* We conclude that for this superlattice a de-
tailed understanding of the single-particle band structure anc
matrix elements is of paramount importance, and simple
models of the Auger processes fail.
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ll. SAMPLE STRUCTURE FIG. 2. Band structure of the superlattice indicating the band

. . edges and the resonance energitzshed linegsas well as the most
Our structure consists of 40 periods of a narrow-gap (0.33probable transition§99%) at 300 K andn="5x 16" cm 2 for (a)

eV at 300 K type-Il four-layer superlatticé with unit cells |, Auger andb) electron Auger processes, plotted as a function
of 15-A InAs, 25-A Iny4GayeeSh, 15-A InAs, and 39-A ot in_planemomentum only. The single most probable transition is
Al 300 2658.42AS0 50510 50 grown on a GaSh substrate, not shown(with arrows as a schematic Auger process with holes indi-
intentionally doped, and with a 50-A GaSb cap. Auger tran-ated by the larger, dark empty circles, and electrons indicated by
sitions are possible for final states at least one energy gafled circles. Since a slice of the three-dimensional band structure is
(Eg) above the conduction minimum &, below the va-  shown, momentum-transfer vectors are projected onto the slice and
lence maximum. These “resonance” energisisown in Fig.  the schematic scattering process appears not to conserve momen-
1) occur within the band-edge extremes of the bulk constitutum. This is a result of projecting the three-dimensional band struc-
ents of the superlattice, and hence lie in regions of the bantlire onto a line plotK, is the momentum along the growth direc-
structure which have pronounced spectral features. Figure #on, while K, is the momentum parallel to the interfaces.
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different from that of a GaAs/AGa _,As quantum-well ~Sets between layers. Changes in temperature are assumed to
system, where the final states for an Auger event lie in rehave important effects only on the band gaps of the bulk
gions of the band structure which are not highly structurecfonstituents. Transition matrix elements are evaluated using
and in fact are quasicontinuous. Due to the highly structure@ Statically screened Coulomb interaction and first-order
nature of the band structure near the resonance energies lfr P perturbation theory for the wave-function overlaps. De-
the four-layer superlattice, the calculated Auger rate shouldgils of the formalism, not including umklapp, are available

be extremely sensitive to errors in the calculated band strudd Ref. 11. This superlattic& - p formalism has been suc-
ture. cessful in calculating the optical properties of related type-I

multilayer structures’
IIl. AUGER CALCULATIONS New to t_he calculation, tlo our knowledge,_are'umklapp
processes in the superlattice growth-axis direction which
The Auger processes involve two initial nonequilibrium contribute approximately half of the total Auger rate for this
carriers and two final states. Schematic hole and electroguperlattice. Umklapp processes involve the additional trans-
processes are shown in FiggaRand 2b), respectively(in-  fer of a reciprocal-lattice vectds in the scattering process,
dicated by their in-plane momentum ojilfthese processes and can be associated with scattering of the electrons and
are the most probable for this band structure rat5  holes from the periodic potential of the superlattice. Thus
x 10 cm 3. Most of the transitions involve nonequilib- they are properly considerddtrinsic to the superlattice—
rium electrons and holes which have substantial in-plane mathey are present in perfectly clean samples. Umklapp pro-
mentum(and thus substantial excess energy relative to theesses in bulk semiconductors are known to be unimportant
band edgg and so are not highly occupied. Final states infor Auger processes, but, due to the large unit-cell size of
the third valence subband dominate the hole Auger ratehe superlattice and the correspondingly small magnitude of
while final states in the second conduction subband dominatgne reciprocal-lattice vectors associated with the superlattice
the electron Auger rate. Golden rule calculations are perperiod, those conclusions cannot be extended to superlat-
formed with the full nonparabolic band structure andtices.
momentum-dependent matrix elements obtained from a su- Formally, addition of umklapp processes changes the Au-
perlatticeK - p formalism similar to Ref. 15, but generalized ger rateR per unit volume for processes involving two non-
to an arbitrary number of layers in a superlattice unit cell.equilibrium holes in the highest hole subband, a nonequilib-
Input parameter&abulated for this system in Ref. 1@ the  rium electron in the lowest conduction subband, and a final
calculation are limited to energy levels, matrix elements, efstate in a light-hole band from that written in E@.7) of
fective masses of bulk constituents, and valence-band offRef. 11 to

3e*n3
Rzm(l—e‘(”e‘”h)’”)% fffd3K1d3K2d3K2,fp(Kl)fp(Kz)fn(K1+K2—KZ,)

XBHH,C(K11K1+ K=Kz +G) Byn,Ln(Kz, Ko = G)
[N2+ Ky —K,y—G|%)?
X Ec(K1+ K=Ky ) +E p(Ky ) —Eqp(Ky) —Epn(Ky) . (1)

Here B, . /(K,K") is the wave-function overlap of superlat- system, a 39-A InAs/25-A Ggdn,,sSb superlattice, was
tice statesL and L’ with superlattice moment& and determined from photoconductivity measurements. The old
K’, E_(K) is the dispersion relation of theth superlattice calculations, which did not include umklapp, and our calcu-
state, andf, and f, are electron and hole Fermi functions, lations, which do, are shown in Fig. 3 along with the experi-
respectively, with the corresponding quasichemical potenmental values. The increase of a factor of 2 in the Auger rate
tials ue anduy,. \ is the reciprocal screening lengthis the  significantly improves the correspondence between theory
electron chargef: is Planck’s constantn is the electron’s and experiment. Now the disagreement is on the order of
free masse is the dielectric constant, ariilis the tempera- 25%. We note that there is substantial uncertainty in the
ture. The essential change in the formalism is the addition off€asured value of the Shockley-Read-H&RH) lifetime

the sum overG and the appearance & in the screened for this sample using this method. Alternative choices for the

Coulomb potential and the wave-function overlaps. Expres-SRH lifetime within the error bars of the measurement would

sions for transitions among other states can be straightfo#fnprove the fit at the low-density end.
wardly extended from Ref. 11. For the 4u0n superlattice,
processes involvin_g a reciprocal_—lattice_ vector Iargt_ar_ than V. OPTICAL MEASUREMENTS
5(2#/D), whereD is the superlattice period, are negligible.
As a preliminary test we have redone calculations for an Measurements of the carrier recombination rate in the
8.8-um superlattice at 77 KRef. 9. The Auger rate for this 4.0-um band-gap superlattice were performed using time-
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1.5 T v T v T v T T linear crystal, and the upconverted light intensity was de-
—~ T_77K tected[shown in Fig. 4b) for a lattice temperature of 150 K
@ - and a photon energy corresponding to the peak of the PL
% ® Moasurement (Ref. 9 O ?pﬁctrrlljr?. For_ both r?ethfd?hthebsigg_aldincre?stes as tzet;]ni-
S 1o |  ATheory (without Umkiapp) | ially hot carriers relax to the band-edge states, an en
S O Theory (with Umklapp) decays as the carriers recombine.
g For the pump-probe measurements the initial carrier den-
© ° 1 sity is estimated from the dependence of the maxindimT
s < A on pump power, compared to its theoretical dependence on
T 05 o i i electron-hole density, both shown in the inset of Fi(g)4
% o o A An independent estimate is obtained from the time-resolved
= A | photoluminescence spectrum at 10 ps, shown in the inset of
§ FQ___O_____________S_B_Hf_f_a_@ ________ Fig. 4(b) along with a theoretical calculation. We assume the
o carriers diffuse to a nearly uniform distribution along the
0.0 1 growth direction of the sample on a time scale short com-
0 2 4_ _6 178 - 10 pared to the recombination time. Our estimates of the exci-
Electron-hole pair density (x 10" cm ) tation density with these methods are consistent with the

number of photons in the pump pulse.

FIG. 3. Theoretical and experimental recombination rate as a We express the recombination rate per electron-hole pair
function of the electron-hole pair density for a §8a system mea-

sured at 77 K in Ref. 9. The filled circles are the experimental

points, and the triangles are the calculations reported in Ref. 9,

which do not include umklapp processes. The diamonds are calcu-

lations which do include umklapp processes. R(n)= E d_n _ E @ d_S @)
ndt ndSdt’

as

resolved differential transmissibhand time-resolved photo-

luminescencéPL) upconversiort®?° Pulses of 140-fs dura- WwhereSis either the differential transmissidpump probg

tion and photon energy 1.476 eV from a mode-lockedor the PL intensity(PL upconversiop The two derivatives

Ti:sapphire laser were used to excite electron-hole pairs ifh Eq.(2) are readily related to the data of Fig. 4, allowing us

the superlattice. For the differential transmission measureto obtain an experimentally determined recombination rate as

ments 170-fs probe pulses from a synchronously pumped function of density and temperature.

optical parametric oscillator were used to probe the transmis-

sion at 0.349 eV. The time-resolvedT/T is shown in Flg V. COMPARISON OF THEORY AND EXPERIMENT

4(a) for several values of the pump power. For the PL up-

conversion measurements, a delayed piece of the pump pulse Figure §a) shows these rates as a function of carrier den-

(gating pulsg was mixed with the midinfrared PL in a non- sity from the pump-probe measurements at 300 K. The zero-

density intercept of the data is thEnpurity-assistel SRH

Pump-probe PL Up—conversion recombination ratg0.37 ns'), and deviations from zero

T slope are associated with Auger recombination. Despite the

carrier

ficient C=2.9x10 %" cm®/s. At densities near where the

valence band becomes degenerate X1a*® cm3), the

» rate saturates to a linear form. This indicates that the domi-

o 1 2 3 0 ' 3 nant Auger process involves promoting a hole in the valence
Delay time (ns) Delay time (ns) band rather than an electron in the conduction band. We fit

the density dependence with the expressi@n?/(1

delay in the 4.0xm sample for several initial excitation densities. T N/MNsat), Wherens,= 3'_5X_1018 cm °. A fit with satura-

The inset shows the relationship between the maxindiT and 10N is shown by the solid line, while the dashed line shows
the density, measuredilled circles and calculatedscaled verti- & fit, without saturation, to the |9W'den5't!; behavior. The
cally to agree with the measurements and indicated by the soli@greement between the theoretical results with umk{dzp

line). (b) PL upconverted intensity vs time from pump. The inset Monds and experimental measuremenitgsluding the satu-
shows a comparison of the experimerifdled circles and theoret- ~ ration behavior is remarkable.

ical (solid line) PL spectra 10 ps after excitation to a density of ~We note that to our knowledge this is also the first accu-
5.5x 10 cm™3, rate calculation of the density dependence of the Auger rate

(a) E8} ®) 3 large number of interfaces and the incorporation of a quin-
8 Ei g ternary alloy in this superlattice, the structure is of high qual-
3,0 3 ity as indicated by the low SRH rate. We note that the the-
N A 4., & oretical radiative rate never exceeds 0.05'nfor the carrier
3 5 10 15 03 04 3 densities of interest, and is therefore insignificant relative to
= Eneray (&) | & the nonradiative rates.
4t T = 150K | 3 The pair density dependence of the Auger recombination
T =200K g rate per pair at low densities in Fig(e§ is n?, with a coef-
g
g

FIG. 4. (a) Differential transmission AT/T) vs pump-probe
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Carrier Temperature (K) VI. CONCLUDING REMARKS
145 190 200 260 300

® (@) T=300K I/’ . ('b) 0t e z The agreement between theory and experiment for both
25 | A Theory (without Umkiapp) ! £F 1.2 the 8.8um system(77 K) of Ref. 9 and the 4.Q¢em system
S| Omeoymumie . [ 128 (300 K) measured here is quite remarkable. We note that the
%4 - /. o g% Auger calculations performed agree within 25% for both
Iy With saturation — 2 © & these samples, which were grown by two different research-
g3 [ Without /. 22 *s 5 ers in two different machines, and whose Auger rates were
g, _saturation_,7/ AT 2 1 “.; measured at different temperatures by two different groups
':E: SN < ‘3 3 using two very different techniques. The theory-experiment
81} A {1°* = agreement would be impossible without the inclusion of um-
= SRHz-2.7ns 2. Klapp scattering in the calculations. An additional comment

TR 0 700 150 200 250 300 ° concerning umklapp scattering is that its importance in

Electron—hole pair density (x 107 cm™)  Lattice Temperature (K) multiple-quantum-well systenan exceed an order of mag-

) ] o nitude due to the smaller value of the reciprocal lattice vec-
FIG. 5. (a) Theoretical and experimental recombination rate for

a 4'0.7‘”” samp!e at 300 K asa fu_nctlon of t_he_ electron-hole pair Other effects on the electronic structure of the superlattice
density determined from differential transmission measurements.

The solid line is the fit to the data including saturation to a linear and the Auger calculations which havg been neglected in-
dependence. The dashed line is the low-density fit without satursSlUd® some many-body effects: screening effects, band-gap
tion. Results of calculations witfdiamond$ and without(triangles ~ fénormalization, internal fields, matrix-element enhancement
umklapp processes are showh) Rates as a function of tempera- from the Coulomb interaction, and denSity-dependent broad-
ture determined by PL upconversidarcles and calculateddia-  ening of excited states. Due to the large momentum transfer
monds. At temperatures below 300 K the carriers do not cool to thecharacteristic of the Auger processes, screening is relatively
lattice temperature before recombining, so the measured averaggeffective. We find that calculations including static screen-
carrier temperature from 0.01 to 3 ns is also indicated. ing differ from those ignoring screening by about 15% for
hole Auger and 5% for electron Auger. Band-gap renormal-
ization, although detectable in the sample at the highest car-
rier densities, is less than 10 meV. This small effect also
in the degenerate regime. Previous calculations either werguggests that the effects of internal fieléghich would pri-
limited to T=0 K (Ref. 1) (predicting a linear rajeor relied = marily act to change the band gare small. Matrix-element
on the density-dependence of the rate of the most probabknhancement at the valence and conduction edges due to the
Auger transition (predicting a density-independent Auger Coulomb attraction of the electron and hole is typically 10%
rate when both conduction and valence bands arén the dilute limit?? and is reduced by screening. Density-
degenerate’ dependent broadening is likely overshadowed by broadening
Shown in Fig. $b) are Auger rates as a function of tem- due to electron-phonon scattering, which has a characteristic
perature for a density Of j:@ Cm_3. An additional d|ff|CU|ty t|me Sca|é9 in these structures O«fdl ps_ Broadening of
of measurements below room temperature is that the carriegscited states in general must be less than 10 meV, due to the

do not Cgol to the latice temperature before theygharpness of optical features. In contrast, the size of the
recombine'®. Hence the Auger calculations are performedp,nd-structure feature leading to Auger suppression is

with a band structure determined by the lattice temperaturgoughly 140 meV. Hence this broadening, whatever its

and a carrier temperature taken from the high-energy tail Ogource, should not have an important effect on the Auger

the time-resolved PL spectrum. For this sample the signal tQ .
Calculations.

noise of the PL measurements, which require photon count: We regard these results as a rigorous test of heterostruc-

ing, is not as good as that of the pump-probe measurements. .
9 9 pump-p re Auger calculations. The measurements presented here

However, the PL technique provides a straightforward mean®! _ . .
for accurately measuring the carrier temperature. show a systematic exploration of the density and temperature

An analysis based on the rate of the most probable Augef€Pendence of the Auger rate in a type-l heterostructure,
transitiorf! yields an exponential dependence on temperatur@nd are well reproduced by the calculations, including the
for nondegenerate semiconductoRs:exp(aEy/kT), where trans_mon fromnz_ to n behavior. _We do note, however, that
a depends on electron and hole masses. Both our theoretichl® linear behavior is apparent in the data from Ref. 9 when
and experimental rates increase faster than this expressiénS replotted as in Fig. 3.
with temperature. In particular the carrier temperature is the
same (300 Kfor lattice temperatures of 260 K and 300 K,
while the rates(both calculated and measujeare signifi- ACKNOWLEDGMENTS
cantly different. The difference is entirely due to subtle
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