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Defect-related density of states in low-band gap In xGa1ÀxAs ÕInAs yP1Ày
double heterostructures grown on InP substrates
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We have measured the excitation-dependent radiative efficiency in a set of lattice-matched
InxGa12xAs/InAsyP12y double heterostructures incrementally lattice mismatched to InP substrates.
We find that the overall rate of defect-related recombination shows little change from the
lattice-matched case. However, the excitation-dependent transition between defect-related and
radiative recombination changes dramatically with mismatch. While a simple defect recombination
model assuming defect levels concentrated near the middle of the band gap fits well for the
lattice-matched material, the model does not fit the shape of the efficiency curve for the mismatched
structures. We show that the addition of band edge exponential tails to the defect-related density of
states gives a much better theoretical fit. ©2002 American Institute of Physics.
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Thermophotovoltaic~TPV! energy conversion system
that utilize broadband, blackbody-like radiators require hig
performance, low-band gap~0.4–0.7 eV! photovoltaic
converters.1 Our approach to meeting this requirement
volves a converter design based on a lattice-matched~LM !
InAsyP12y /InxGa12xAs/InAsyP12y double-heterostructure
device~LM when y52.14x21.14!, which is grown lattice-
mismatched~LMM ! on an InP substrate with an intervenin
compositionally step-graded region of InAsyP12y . The low-
band gap InxGa12xAs alloy serves as the light absorber a
the LM InAsyP12y cladding layers passivate the interfac
and confine carriers in the InxGa12xAs material. Deleterious
effects of the LMM~e.g., dislocation formation and morpho
logical defects! are alleviated by including an appropria
number of20.2% mismatch InAsyP12y steps between the
substrate and the double heterostructure.2

The lowest band gap~;0.5 eV at room temperature!
InxGa12xAs alloys under investigation experience severe~up
to 21.7%! LMM, which usually leads to large increases
the rate of defect-related recombination. For TPV appli
tions, such an increase in carrier recombination is proble
atic because it reduces the conversion efficiency of the c
Our step-graded design, combined with the passivation
forded by LM InAsyP12y cladding layers, has resulted i
dramatic improvements in converter performance. In this
ter, we explore the physical basis for these improvements
considering the effect of LMM on defect-related recombin
tion in the InxGa12xAs layer. We report excitation-depende
radiative efficiency measurements on several different
structures that range from the LM condition (x50.53) where
no grading is employed to step-graded structures accom
dating significant LMM~x50.60, 0.72, and 0.78!.

We measure the radiative efficiency as a function of
citation power at 77 K to study the changeover betwe
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defect-related~nonradiative! and radiative recombination in
the structures~see Fig. 1!. The band gap energy in the activ
layer (Eg) is determined from 77 K photoluminescence spe
tra. Since Auger recombination is slow at low temperatu
and defect recombination saturates at high carrier densi
we scale the peak internal quantum efficiency to 100% at
K. The low-temperature, high-excitation result provides

FIG. 1. Internal radiative quantum efficiency~integrated photoluminescenc
intensity divided by the excitation power! vs the rate of electron-hole pai
generation and recombination in steady state. Structures are identified b
InGaAs band gap energy at 77 K. All curves are scaled to 100% p
efficiency and incrementally shifted by 20% for clarity. The solid lines a
included to emphasize the difference in the shape of the efficiency curve
the nominally lattice-matched (Eg50.80 eV) and mismatched structures.
0 © 2002 American Institute of Physics
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baseline for calibrating measurements at other excitation
tensities. In the smallest band gap (Eg50.58 eV) alloy, onset
of the nonradiative Auger mechanism is evident at the hi
est excitation rates, even at 77 K. Nevertheless, the platea
the efficiency curve is wide enough to confirm that the
diative efficiency is nearly 100%. Measurements at hig
temperatures, where the efficiency curves do not appro
100%, always have narrower excitation-dependent efficie
peaks.

In Fig. 1, the radiative efficiency grows as the stead
state electron-hole excitation rate approaches the thres
for saturating the defect-related recombination mechani
While increasing LMM is expected to generate larger def
densities, which typically augment the nonradiative proce
we find that this threshold shows little change from the L
case. This observation is consistent with low-injection tra
sient measurements, which show microsecond lifetimes
similar structures.2 The results are very unusual, but the
may be explained by another unique feature of the d
shown in Fig. 1: the shape of the efficiency cur
changes dramatically between the LM (Eg50.80 eV) and
LMM ~Eg50.74, 0.68, and 0.58 eV! structures.

A similar phenomenon has been observed in other s
tems with treated free surfaces.3 The effect is attributed to
changes in the energetic distribution of surface states in
band gap of the material. When the excitation is intermed
between the defect and radiative recombination domina
regimes, the quasi-Fermi levels for electrons and holes s
away from the low-excitation pinned position and move
ward their respective band edges. The quasi-Fermi levels
termine the energy range of defect states that contribut
recombination. Thus, the photoluminescence~PL! efficiency
in this transition region is very sensitive to the energe
distribution of defect states. Variation in the slope of t
efficiency curve with increasing excitation is used to map
distribution of defect states within the gap.

The statistics of recombination through defect states
pends strongly on the position of the associated energy le
within the band gap.4 When a carrier is captured at a defe
site, the escape probability depends on the proximity of
trap energy to the corresponding band edge. If all of
defect levels are concentrated near the middle of the b
gap, the escape probability goes to zero and the def
related Shockley–Read–Hall~SRH! recombination rate sim
plifies to a linear dependence on the photoexcited densit
electron-hole pairs. Since the radiative rate is proportiona
the square of the carrier density, the radiative efficiency
given by

h5
Bn2/N

An1 Bn2/N
,

wheren is the photoexcited carrier density andA andB are
coefficients that describe the strength of the SRH and ra
tive mechanisms, respectively. The photon recycling factoN
accounts for the possibility of PL reabsorption in the act
region and connects relative external radiative efficien
measurements with the internal quantum efficiency.
shown in Fig. 2, this simple defect recombination model
rather well in the LM case.
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However, as indicated in Fig. 3, the model does not
the shape of the efficiency curve for the LMM samples. W
have developed a computer simulation based on the c
plete recombination theory that allows for other distributio
of energy levels associated with defects. For the LMM str
tures, we find that addition of band edge exponential tails
the defect-related density of states~DOS! gives a much bet-
ter theoretical fit~see Fig. 3!. A similar distribution was used
to fit the results of transport measurements on amorph
silicon5 and AlGaAs/InGaAs/GaAs heterostructures.6 The
tail states can be attributed to local distortions of the bond
configuration in the interface region.7

FIG. 2. Internal radiative quantum efficiency vs the steady-state rate
electron-hole pair generation and recombination for the nominally latt
matched structure. The theoretical fit to the data assumes a discrete DO
defect levels, which is concentrated near the middle of the band ga
shown~Ev andEc represent the valence and conduction band edges, res
tively!.

FIG. 3. Internal radiative quantum efficiency vs the steady-state rate
electron-hole pair generation and recombination for a moderately m
matched structure. The theoretical fits correspond to the defect-level D
functions indicated in the inset graphs.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Details of the DOS functions used in the theoretical
are shown in Fig. 4. The capture timet is defined as the
reciprocal of the probability per unit time that a carrier w
be captured for the case in which the traps are all em
Hence,t is a measure of the fraction of space swept out b
moving carrier in a given period of time. One very surprisi
feature of Fig. 4~b! is the reduction of defect states conce
trated near the center of the gap relative to the discrete
This result suggests that LMM does not simply add sta
near the band edges, but also moves some levels from
center to the edges of the gap.

We should note that our modeling procedure does
generate a unique solution for the density of states funct
The concentration of defect states at the band edges an
characteristic energy of the exponential tails can be modi
somewhat and still yield reasonable fits. However, the mo
is capable of identifying important qualitative features in t
underlying distribution of defect levels. For example, fl
distributions with a constant DOS across the gap prod
efficiency curves that closely resemble those for the disc

FIG. 4. Defect-related DOS functions~divided by the capture timet! used
to obtain the theoretical fits shown in Fig. 3. Energy is measured from
valence band edge.
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y.
a

-
t.
s
he

t
n.
the
d

el

t
e
te

distribution. Hence, a flat distribution is also inconsiste
with our LMM results. We can generally conclude that t
LMM structures have a relatively high concentration of d
fect levels near the band edges. Deep level transient s
troscopy experiments are underway to verify the DOS p
files indicated here.

In conclusion, radiative efficiency measurements sh
surprisingly low SRH recombination rates in our LMM
structures and the physics underlying this special beha
has remained largely a mystery. However, the results
ported in this letter contain a unique feature that may exp
the superior performance of this system: the shape of
efficiency curve changes dramatically between the LM a
LMM cases. Good theoretical fits are only obtained when
distribution of defect states in the LMM structures is a
sumed to be fundamentally different from that of the L
system. We find that defect states are concentrated nea
band edges where they are less likely to facilitate nonra
tive recombination. This discovery represents an import
step in understanding what distinguishes these states
the nonradiative centers that are typically found in LM
epistructures.
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