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Temperature dependence of nonradiative recombination in low-band
gap In xGa1ÀxAs ÕInAs yP1Ày double heterostructures grown
on InP substrates
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We have used photoexcitation-dependent radiative efficiency measurements to investigate the rates
of defect-related, radiative, and Auger recombination in lattice-matched InxGa12xAs/InAsyP12y

double heterostructures on InP substrates. Temperature dependence is used to discern the underlying
mechanisms responsible for the nonradiative recombination processes. We find that defect-related
recombination decreases with an increase in the temperature when the epistructure is lattice matched
to the substrate (x50.53). In contrast, when the epistructure is lattice mismatched to the substrate,
defect-related recombination increases slowly with the temperature. The difference between the
lattice-matched and mismatched cases is related to fundamental changes in the defect-related
density of states function. The temperature dependence in the lattice-mismatched structures is
attributed to two competing effects: wider carrier diffusion, which augments the capture rate, and
thermally activated escape, which reduces the occupation of shallow traps. The band gap and
temperature dependence of the Auger rate demonstrate that the conduction to heavy hole band/
splitoff to heavy hole band mechanism generally dominates Auger recombination in undoped
low-band gap InxGa12xAs. With this interpretation, our results give a spin–orbit valence split-off
band effective mass ofmso5(0.1260.02)m0 . © 2003 American Institute of Physics.
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INTRODUCTION

Low band gap InxGa12xAs is important for a variety of
infrared technologies. When the ternary alloy is latti
matched to InP (x50.53), the band gap energy coincid
with a major optical communications band where optical
ber loss and dispersion are minimal. Lattice-mismatch
indium-rich InxGa12xAs alloys extend the operation o
InGaAs/InP-based devices deeper into the infrared, enab
new technologies like thermophotovoltaic~TPV! energy con-
version. However, lattice-mismatched epistructures tend
contain a high density of defects, which often facilitate rap
nonradiative recombination. Defect-related trapping and
combination limit the performance of almost all semicondu
tor devices. Among other detrimental effects, trapping a
nonradiative recombination at defects restrict minority c
rier transport and contribute to localized heating. These pr
lems can be alleviated somewhat by including a special s
graded region between the substrate and the device.1 In these
devices, defect states appear to be concentrated near the
edges where the traps are less effective and nonradiativ
combination through the intermediate defect levels is l
efficient.2

a!Electronic mail: tigfroerer@davidson.edu
b!Work done at Davidson College.
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Changes in the nature and concentration of defects a
the rate of Shockley–Read–Hall~SRH! recombination,3 but
changes in alloy composition primarily affect Auger recom
bination, which depends heavily on the band structure. T
likelihood of band-to-band Auger scattering increases d
matically with a decrease in band gap energy and an incre
in temperature,4 so room-temperature devices based on n
row band gap materials are often limited by rapid Aug
recombination. A wide variety of Auger processes can oc
in a semiconductor depending on the doping concentra
and the band structure.5 Theoretical predictions for the domi
nant Auger mechanism in bulk, undoped InGaAs do n
agree. Dutta and Nelson suggested that the conductio
heavy hole band/conduction to conduction band~CHCC!
process has the largest rate,4 but Gel’montet al.6 and Haug7

have disputed this result. Gel’montet al. found the conduc-
tion to heavy hole band/split-off to heavy hole band~CHSH!
mechanism dominant,6 while Haug determined that phonon
assisted CHCC was most important.7 It should be noted tha
these predictions depend on the alloy composition, car
density, and temperature.

Experimental results are more consistent, and they in
cate that the CHSH Auger process generally dominate
bulk In0.53Ga0.47As.8,9 The Auger rate in undoped, lattice
matched InGaAs/InP quantum wells shows little temperat
dependence, suggesting that a phonon-mediated mecha
8 © 2003 American Institute of Physics
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is most important in the quantum-confined case.9 Recently
the compositional dependence of Auger recombination
measured in low-band gap, degeneraten-type InxGa12xAs
and was shown to be consistent with a phonon-assi
CHCC mechanism.10 In this article, we report a comprehen
sive investigation of how temperatureandcomposition affect
the Auger rate in bulk, undoped InxGa12xAs. The combina-
tion of composition and temperature dependence provid
valuable crosscheck on interpretation of our results.

EXPERIMENT

Our samples are based on the following design: a latt
matched ~LM ! InAsyP12y /InxGa12xAs/InAsyP12y double-
heterostructure device~LM when y52.14x21.14)11 is
grown lattice mismatched~LMM ! on an InP substrate with
an intervening compositionally step-graded region
InAsyP12y . The low-band gap InxGa12xAs alloy serves as
the light absorber/emitter and the LM InAsyP12y cladding
layers passivate the interfaces and confine carriers in
InxGa12xAs material. Deleterious effects of the LMM~e.g.,
dislocation formation and morphological defects! are allevi-
ated by including an appropriate number of20.2% mis-
match InAsyP12y steps between the substrate and the dou
heterostructure device. The lowest band gap~;0.5 eV at
room temperature! InxGa12xAs alloys under investigation
experience severe~up to21.7%! LMM. Our step-graded de-
sign, combined with the passivation afforded by L
InAsyP12y cladding layers, has resulted in dramatic improv
ments in TPV converter performance.11 In this work, we re-
port photoexcitation-dependent radiative efficiency meas
ments on several different epistructures that range from
LM condition (x50.53) where no grading is employed
step-graded structures accommodating significant LM
(x50.60, 0.66, and 0.78!. A schematic and details of th
sample structures are given in Table I.

Calibrated radiative efficiency measurements ove
range of temperatures are used to study how the SRH

TABLE I. Sample structure with nominal growth parameters. Individu
samples are identified by the InxGa12xAs band gap energy averaged over
range of temperatures~77–296 K!.

Undoped InAsyP12y , 30 nm

Undoped InxGa12xAs, 1.5mm

Undoped InAsyP12y buffer, 1mm

Undoped InAsyP12y step-grade region:
0.3 mm/step (LMM/step'20.2%), n steps

Undoped InP substrate

Nominal epistructure parameters

AverageEg

~eV! x y
LMM
~%! n

0.77 0.53 0 0 0
0.71 0.60 0.14 20.46 2
0.65 0.66 0.27 20.87 4
0.56 0.78 0.53 21.69 8
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Auger recombination processes compete with radia
events. Previous work has shown that these structures
duce strong band-to-band photoluminescence and gene
have minority carrier lifetimes in excess of 1ms at room
temperature.1 Since radiative recombination is even faster
low temperatures and SRH recombination saturates at
carrier densities, we assume that the 77 K, high-excita
measurements are close to 100% internal quantum efficie
Auger recombination, which can be important at high-carr
density, is expected to be slow in the low temperature
gime. The low-temperature, high-carrier density result p
vides a baseline for calibrating measurements at other t
peratures and excitation intensities. We measure the rela
integrated photoluminescence~PL! signal r PL ~corrected for
detector response! as a function of the photoexcitation inten
sity, and plot the ratior PL /r gen against the carrier generatio
rate r gen5I abs/(EexV). In this latter expression,I abs is the
intensity of the absorbed laser light,Eex is the laser energy
(l51064 nm), andV is the photoexcited volume. The lase
spot has a 0.039 cm full width at half maximum~FWHM!
Gaussian profile and this width is used as an approxim
measure of the diameter ofV. Representative experimenta
data are shown in Figs. 1 and 2.

THEORY

The net rate of carrier recombination varies with carr
densityn as

r rec5A~n!1
B

N
n21Cn3, ~1!

where A(n), B, and C characterize the rates of defec
related, radiative, and Auger recombination, respectiv
The photon recycling factorN is the average number of ra
diative recombination events required for a photon to esc

FIG. 1. Internal radiative quantum efficiency~integrated PL intensity di-
vided by the excitation power! vs the steady-state rate of electron-hole p
generation and recombination in the nominally lattice-matched epistruc
The solid and dashed curves are theoretical fits to the data.

l

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



n
m

hi
t
fle
r

ar
ve
d
r-
di
on
at
s.
ef
id

th
an
y

o
w
f

ts
en
u

-

e
-
does

unc-

e
g
et

ith

.
ed by
ion-

1740 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Gfroerer et al.
the photoexcited region. While the overlap of the PL a
absorption spectra depends on the temperature, we esti
an average absorption coefficient12 of 53103 cm21 for lu-
minescence in InxGa12xAs and calculateN54 in our device
by numerically averaging over photon trajectories. For t
calculation, escaping photons include those that leave
sample and those that travel through the substrate but re
off the lower surface, because these latter photons rarely
turn to the small region of original excitation where the c
rier density is sufficient to provide for another radiati
event. Since the three recombination mechanisms depen
different powers ofn, they tend to dominate in different ca
rier density regimes. In addition, they each demonstrate
tinct thermal behavior such that changes in the excitati
dependent efficiency curve with temperature further facilit
identification and resolution of their individual contribution
Most important, the temperature dependence of the co
cients that describe the nonradiative mechanisms prov
insight into the recombination paths themselves.

If defect levels are concentrated near the center of
band gap, one can neglect the thermal population of b
states when the Fermi energy coincides with the energ
the traps. In this case, SRH recombination statistics3 simplify
to linear dependence on carrier density:A(n)5Ddn/2t
whereDd is the number of midgap defect states andt is the
capture time. And, radiative efficiency measurements on
LM structure are consistent with this analysis. However,
have found that this treatment produces inadequate fits
our LMM structures.2 In this latter case, good theoretical fi
are only obtained when we include a relatively high conc
tration of defect levels near the band edges. Hence, we
the defect-related density of states~DOS! function shown in
the inset of Fig. 3 to calculateA(n) in the LMM structures.
We note that the ratioDd /t changes little with the mis-
matched alloy composition~see Fig. 4! and assign the aver

FIG. 2. Internal radiative quantum efficiency vs the steady-state rat
electron-hole pair generation and recombination in the lowest band
lattice-mismatched epistructure. The solid and dashed curves are theor
fits to the data.
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age 77 K value (Dd /t)avg52.13105 s21 to the discrete mid-
gap contribution. In this model,Dd continues to represent th
number of midgap states whileEd provides a relative mea
sure of the number of band edge states. Our experiment
not permit absolute measurement ofDd or Ed independent of
t so these quantities are presented together. While the f
tional form of the DOS function is somewhat arbitrary~other

of
ap
ical

FIG. 3. Near-band edge recombination coefficientEd /t vs the InxGa12xAs
band gap energy in LMM structures. The defect-related DOS function~di-
vided by capture timet! that specifies the relationship betweenEd andDd is
shown in the inset. The center spike in the DOS is a delta function w
integralDd /t.

FIG. 4. Temperature dependence ofDd /t in each of the four epistructures
Since the band gap changes with the temperature, structures are identifi
an averageEg . The solid and dashed curves represent the carrier diffus
limited model.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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simple combinations of band edge and band center st
also seem to work!, we find that this distribution always
gives good fits.

In our experiments, nonradiative recombination is m
sured against radiative recombination, which slows with
increase in temperature. Recombining free carriers must h
equal and opposite momenta, a condition that decrease
likelihood as the average thermal energy increases. In a
tion, the radiative rate is proportional to the density of ph
ton modes that can participate.13 Quantitatively, the radiative
coefficientB for free carriers should vary as14

B}Eg
2/~kT!3/2. ~2!

This temperature dependence (B}T23/2) has been observe
experimentally in lattice-matched InGaAs/InP,12 although it
should be noted that those authors did not fit their data to
form. It should also be noted that, due to the small bind
energy of excitons in InGaAs (Eex'2 meV),15 excitonic ef-
fects will not be important in the temperature range of o
experiments (77 K<T<296 K).

The internal radiative efficiency is defined a
Bn2/(Nr rec). Since the radiative efficiency measureme
cannot distinguish between an increase inA or C and a de-
crease inB, or vice versa, the theoretical behavior ofB is
used in the analysis. We adjust the room temperature, lat
matched value16 (B51.5310210 cm3/s) within the context
of Eq. ~2!, where PL spectra are used to estimateEg .

Assuming a PL spectrum of functional form,

I PL~hy!}e~hy2Eg!Ahy2Eg ~3!

yields Eg5hyPLpeak2kT/2. B also depends on the effectiv
mass of the participating electron and hole. Changes in
fective mass with alloy composition are complex, especia
in the valence band where strain can split the degenerac
heavy and light holes and produce an anisotropic b
structure.17 Still, the average hole mass does not change
preciably and the effective mass of the electron is too sm
to make a significant contribution.18 Hence, we neglect the
variation ofB with the effective mass in our analysis.

RESULTS

We start with our 77 K measurements where Auger
combination can be neglected and use a least-squares fi
procedure to obtain the bestEd /t values for each structure
SinceDd andEd are fixed for a given sample~the density of
defect-related states does not depend on the temperature!, we
then fit the higher temperature data witht andC as adjust-
able parameters~see Figs. 1 and 2 for representative fit!.
The continued success of the model over a wide range
higher temperatures provides further evidence that our m
fied DOS interpretation is correct. We should note that
absolute values forDd /t, Ed /t, andC are subject to some
uncertainty because they depend on several approxima
including our estimate of the photon recycling factorN. Nev-
ertheless, in this work we are primarily concerned with te
perature and/or band gap dependentchangesin these param-
eters, which should not depend on these approximations
do not depend onN.
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The band gap dependence ofEd in the LMM structures
is shown in Fig. 3 (Ed'0 for the LM structure becaus
inclusion of near-band edge states does not yield better fi!.
The increase inEd with a decrease in band gap suggests t
the density of near-band edge defect levels grows with
increase in lattice mismatch between the substrate and
epistructure. This phenomenon is consistent with our attri
tion of the new levels to structural changes that accomp
lattice mismatch. The temperature dependence ofDd /t for
each of the structures under investigation is shown in Fig
The quantitative agreement among the LMM structures de
onstrates a surprising feature of this system: the numbe
midgap defect states does not depend on the degree of la
mismatch.

Defect-related recombination varies with the tempe
ture primarily through changes in the range of diffusion
carriers and thermally activated trapping and escape
cesses. At higher lattice temperaturesT, carriers have more
kinetic energy and tend to diffuse farther before recomb
ing. Depending on the distribution of defects, this featu
may increase the probability per unit timet21 that a carrier
will encounter a defect site. For example, short- a
medium-range spatial fluctuations in PL intensity have be
found to correlate differently with dark current in lattice
mismatched InGaAs photodiodes.19 This phenomenon may
be due to motion of carriers in the material and the relat
proximity of traps. Thermally activated escape should be
important in the LM structure because defect levels are v
deep relative tokT. However, the LMM structures have
high concentration of shallow traps. SRH recombination s
tistics on the defect-related DOS functions shown in Fig
indicate that asT increases from 77 to 296 K, thermall
activated escape reduces the defect-related recombin
rate by approximately a factor of 2. This phenomenon
offset by the decrease int with temperature shown in Fig. 4
so that the overall rate increases slowly between 77
296 K.

The carrier capture rate is given byc5s v̄nT , where
s is the capture cross section,nT is the trap density, and
v̄ is the mean thermal velocity of the participating carrie
v̄5A3kT/m* . The solid, dotted, and dashed curves in Fig
are fits to the lattice-mismatched results (Eg;0.71, 0.65, and
0.56 eV! based on this model. If trapping is limited by ele
tron diffusion (m* 50.04m0),18 the fitting parameters give
snT'0.01 cm21 while heavy hole18 (m* 50.46m0) limited
diffusion yieldssnT'0.03 cm21. If the defect centers have
cross sections comparable to the dimensions of lattice s
s'(0.3 nm)2, the trap concentrationnT is approximately
231013 cm23.

The temperature dependence ofDd /t in the LM struc-
ture (Eg;0.77 eV) deviates considerably from that of th
mismatched alloys.Dd /t appears to decrease with the tem
perature in this case. Clearly, SRH recombination is not
fusion limited in the LM sample and the temperature dep
dence is too weak to be consistent with thermally activa
capture/escape mechanisms. Hence, the apparent quen
of defect-related recombination with the temperature is d
ficult to explain. Nevertheless, the general results forA(T) in
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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these structures are consistent with our previous disco
that the defect-related DOS in the LM structure is fundam
tally different from that in the LMM case.2

The band gap and temperature dependence of the A
coefficient C are shown in Figs. 5 and 6. The solid an
dashed lines are theoretical fits to the high-temperature d
Our analysis is based on the simplest case of nondegen
statistics and parabolic energy bands. In this case,
band-to-band Auger coefficient is expected20 to vary as
C}exp(2Ea /kT) whereEa is an activation energy dictate
by conservation of energy and momentum. When the ba
ground density of carriers is important, the dependence oC
on Ea and the temperature is more complicated.21 However,
since we are optically exciting far more carriers than

FIG. 5. Auger recombination coefficientC vs the band gap energy in
InxGa12xAs at several temperatures. The results clearly show the expo
tial dependence ofC on Eg .

FIG. 6. Arrhenius plot of Auger recombination coefficientC in each of the
four epistructures. The average thermal activation energy is 3464 meV.
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number generated thermally, exponential behavior is
pected to dominate. Even though the nondegenerate ass
tion is suspect at the highest carrier densities and parab
valence bands are a somewhat crude approximation
narrow-gap semiconductors, the theory fits surprisingly w
The linear fits in Fig. 6 yield an average thermal activati
energy of 3464 meV for the Auger process. While no
shown in Fig. 6, we note that thermal activation of the Aug
rate appears to level off at the lowest temperatures, sugg
ing that a phonon-mediated process becomes importan
small T. This observation is consistent with the findings
Hausseret al.9

SinceEa depends on the energy separation and curva
of the participating bands, it can be used to ident
which Auger mechanisms are most important. If one
the transitions involves the spin–orbit split-off band, th
Ea5m(Eg2D) wherem depends on the effective mass
the participating carriers andD is the spin–orbit offset; oth-
erwise,Ea is simply equal tomEg . The average band ga
dependence ofC according to Fig. 5 yieldsm50.1560.04
regardless of the underlying mechanism~the slope is inde-
pendent ofD!. However, determination ofm from Fig. 6
depends on whether carriers in the split-off band participa
Since D'0.34 eV in GaAs andD'0.39 eV in InAs,22 D
does not vary significantly with the InGaAs compositio
Using D50.35 eV,23 Auger transitions that involve excita
tion of holes to the split-off band givem50.1260.04. If the
split-off band is not involved, the temperature dependence
C yields m50.0560.01.

The two determinations ofm ~via dependence on th
band gap and temperature! are expected to agree, indicatin
that only Auger mechanisms that include the spin–orbit sp
off band are consistent with our experimental results. Whe
transition to the split-off band is included, the band gap a
temperature dependent evaluations ofm statistically agree.
The small discrepancy between the mean values may b
tributed to changes in effective mass andD with the alloy
composition. We conclude that the dominant band-to-ba
Auger recombination path involves excitation of heavy ho
to the split-off band in accordance with previous experime
tal work on lattice-matched InGaAs/InP.8,9 In this case4

m5
mso

2mv1mc2mso
, ~4!

wheremv andmc are the heavy hole and electron effecti
masses, respectively. Using the average valuem50.14
60.03, we obtainmso5(0.1260.02)m0 for the effective
mass of split-off holes. While the final Auger state lies w
above the split-off valence band edge, the shape of this b
is not expected to deviate significantly from parabolic.7 We
know of no other reported measurement ofmso in bulk
InxGa12xAs. But in the absence of strain,mso is not expected
to vary significantly with the alloy composition17 and our
value can be compared with findings in InAs and GaAs. O
measurement falls between two experimental determinat
and a theoretical prediction. Experimental work has fou
mso5(0.1460.01)m0 in InAs24 andmso5(0.1560.01)m0 in
GaAs25 while theoretical treatment givesmso'0.11m0 in
GaAs.17

n-
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



s
ed
n
co
M
ub
ra

ion
ro
v

an
ce
n
e

p
re

, w
te
o

a
pe

f
g
a
li

er
l
C
o

eri-

ar-

pl.

d.
,

kev-

J.

o-
c.

, J.

s

m

.

i-

1743J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Gfroerer et al.
CONCLUSION

We have measured temperature dependent change
SRH and Auger recombination in lattice-match
InxGa12xAs/InAsyP12y double heterostructures grown o
InP substrates. The temperature dependence of SRH re
bination changed dramatically between the LM and LM
cases. When the epistructure is LMM relative to the s
strate, the variation of SRH recombination with the tempe
ture can be attributed to a combination of thermal diffus
and thermal activation out of shallow traps. The results p
vide additional evidence for a previous report, which unco
ered a high concentration of defect levels near the b
edges in these structures.2 While the temperature dependen
in the LM structure is difficult to interpret, the deviatio
from LMM behavior is consistent with the disparity in th
underlying defect-related DOS functions.

The Auger mechanism in all of the low-band ga
InxGa12xAs alloys depends strongly on the temperatu
with average thermal activation energy of 3464 meV. While
this feature generally points to band-to-band processes
cannot rule out the possibility that a weak phonon-media
mechanism is also present. Our results agree with the w
of Reeset al. who found Ea53965 meV in undoped In-
GaAs lattice matched to InP.8 By extending the investigation
to lattice-mismatched, indium-rich alloys, we confirmed th
a similar band-to-band Auger mechanism continues to o
ate over the composition range 0.53<x<0.78. The extension
also enabled us to study the band gap dependence o
Auger rate. By comparing the temperature and the band
dependent results, we were able to rule out band-to-b
Auger mechanisms that do not include the spin–orbit sp
off band, demonstrating that the CHSH path dominates
this material.
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