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Carrier Recombination Rates in Strained-Layer
InGaAs-GaAs Quantum Wells
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Abstract—The carrier recombination rates in semiconductor
quantum wells are found to be structure dependent, and under
high levels of excitation, generally do not follow the recombi-
nation rule of the bulk material. Through a differential carrier-
lifetime measurement in the strained-layer InGaAs-GaAs
quantum wells, we show that in quantum wells with lower po-
tential barrier or thinner well width, the recombination rates
are smaller due to a larger portion of the injected carriers pop-
ulating the confinement layers where the carriers recombine
more slowly owing to diluted carrier volume density. The pre-
sent study indicates that the carrier recombination rate is not
an intrinsic property of the material composition, and that a
simple recombination rule based on the power series of carrier
density is, in general, not applicable in quantum wells.

bulk III-V semiconductors, the carrier recombination
rate R can be described by the relation

R = An + Bn® + Cn® )

where n is the carrier density, 4 is the coefficient for the
recombination with impurity, at defects, or on the sur-
face, B is the coefficient for bimolecular recombination,
and C is the coefficient for Auger recombination. Other
higher order processes may also become important at
higher carrier densities, one of them being the carrier
leakage loss having a rate proportional to n* with 3 < x
< 4 [1]. In the regime where the higher order recombi-
nation processes are strong, the differential carrier life-
time, defined as 1/7, = dR/3n, increases superlinearly
with the carrier density [1]. In semiconductor quantum
wells, the bimolecular recombination process follows the
n? rule for the carrier densities in the low 10'% / cm’ [2],
[3]. It was assumed that the n? and n® recombination pro-
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cesses at higher carrier densities were similar to that in
the bulk material [4], [5]. Possible ways to suppress Au-
ger recombination through band-structure engineering
have also been discussed [6]. However, a recent study [7]
revealed that the relation described in (1) did not hold in
AlGaAs-GaAs quantum wells under high levels of exci-
tation (n > 10'°/ cm®). Typically, the inverse of the dif-
ferential carrier lifetime increased sublinearly with in-
creasing carrier density and became nearly independent of
carrier density forn > 10'® /em®. The deviation from the
recombination rule of bulk materials is attributed to the
storage of a portion of carriers in the continuum states
where the radiative transition rate is much smaller due to
diluted carrier volume density. Faster carrier depletion
processes, such as Auger recombination and carrier leak-
age loss [4], [5], which would result in a superlinear in-
crease in the recombination rates, are apparently masked
by this carrier storage effect.

In this paper, through a differential carrier-lifetime
study in the strained-layer InGaAs-GaAs quantum wells,
we provide the first experimental evidence which shows
that the carrier lifetime is not an intrinsic property of the
material, but is structure dependent. By reducing the
height of the potential barrier or decreasing the well width,
the carrier lifetime can be prolonged. Thus, the A, B, and
C coefficients in (1) cannot be regarded as the character-
istics of the material composition of the well. Although
the present study is done using the strained-layer InGaAs-
GaAs quantum wells, the structure dependency is generic
to quantum wells with finite potential barriers, and it
should be taken into account when the higher order re-
combination processes are evaluated based on the lifetime
data.

The structures of the samples used in this study are
shown in Fig. 1. For studying the effect of the barrier
height on the carrier lifetime, a comparison is made
between sample (4) with an undoped 70 A thick
strained Ing ,Gag gAs single quantum well flanked by two
2000 A thick graded AL Ga, _,As (0.2 < x < 0.65) con-
finement layers, and sample (B) with an undoped
70 A thick strained Ing,GaggAs single quantum well
flanked by two 1000 A thick GaAs confinement layers,
followed by the second stage of Aly ,Gag sAs confinement
layers. For studying the effect of the well width, a com-
parison is made between two samples with an undopead
strained Ing ,sGag 7sAs single quantum well with 120 A
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Fig. 1. Layer structure of the samples.

(sample C) and 80 A (samgle D) well widths, respec-
tively, flanked by two 1000 A thick GaAs barrier layers,
followed by Al ,Gay 3As barrier layers. The step-confine-
ment materials were grown at the University of Illinois,
and the graded confinement materials were grown at the
David Samoff Research Center. All samples were made
of efficient laser materials, as reported previously [9],
[10]. The materials were prepared by metalorganic chem-
ical vapor deposition, and were processed into
60 um wide stripe-geometry lasers.

The method of carrier-lifetime measurement was de-
scribed previously [1], [7]. Briefly, the differential carrier
lifetime 7, (1/7, = 8R/3n,) of the injected carriers is
measured by the risetime of the luminescence emitted
from the front mirror when the laser is driven by a small
step-function current pulse at various dc bias levels below
the threshold. Once the differential carrier lifetime Ty i
measured as function of the dc bias current 1, the injected
sheet carrier density #, is calculated using the formula [1]

n(l) = (1/ed) g (1) dI @

where d is the thickness of the quantum well. Since the
injected carriers are not necessarily confined in the well,
we have adopted the sheet carrier density rather than the
volume carrier density.

Fig. 2(a) shows the measured data of 1 /74as a function
of n, for samples 4 and B with different barrier heights.
When a comparison of the carrier recombination rates is
made for samples of different structure and growth con-
dition, the role of the material quality factor needs to be
evaluated. The carrier recombination rates associated with
the quality factors, including the defect density, impurity
concentration, and surface recombination rates, are lin-
early proportional to the carrier density. In the differential
carrier-lifetime measurement, these factors are repre-
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Fig. 2. Experimental data of 1/7, versus n, relations for (a) samples A

(triangles) and B (crosses), and (b) samples C (open circles) and D (closed
circles).

sented by the intercepts with the abscissa in the 1/7, ver-
sus n; curve, and they can be conveniently separated from
other factors of interest. From the small values of inter-
cepts in Fig. 2, we conclude that the material quality fac-
tors can be neglected in the present study.

In both samples, the 1/7, versus n, relations exhibit a
sublinear behavior similar to those observed in the Al-
GaAs-GaAs single-quantum-well lasers [7]. The 1/7,
value of sample B, with lower barrier height, is signifi-
cantly smaller than that of sample A4, and it stays essen-
tially constant forn > 0.5 x 10" /cm?. Fig. 2(b) shows
the 1/7, versus n, data of samples C and D with different
well widths. The lifetime is longer by a factor of two in
sample D, which has a smaller well width.

Previously, a sublinear 1 /7, versus n; relation had been
observed in the bulk GaAs and InGaAsP materials for car-
rier densities from 10" to 10" /cm® at low temperatures
[1] (—=50°C for GaAs and —150°C for InGaAsP). In those
cases, the sublinear behavior has been attributed to the
carrier-density dependency of the B coefficient when a
bandtail effect is taken into account [11]. However, the
bandtail in the quantum-well material cannot explain why
the radiative recombination rate is affected by the barrier
height as shown in Fig. 2.

The observed structure dependency in the 1 /74 versus
n, relation can be understood in terms of the effective
number of carriers confined in the wells participating in
the radiative transition [7]. In sample B, the only confined
quantum-well state (one subband) in the conduction band
is located at approximately AE = 80 meV (=3kT for T
= 300 K) below the energy barrier. In the limit of the low
carrier density when the Fermi level is below the band
edge, the ratio of the numbers of carriers per unit energy
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interval in the continuum and in the confined state is exp
(—AE/KT) X pyux/Ppow Where pyyy and pow are the den-
sities of the states of the continuum and of the confined
state, respectively. This ratio is estimated to be on the
order of 1 for a 5 meV energy interval at the bottom of
the continuum. This estimate is consistent with a previous
numerical calculation [12]. Hence, even at very low car-
rier density, a considerable fraction of the injected car-
riers is unconfined. The well width determines the num-
ber of the confined states, and thus also has a profound
influence on the carrier distribution. In the case of sample
B, once the carriers populate the continuum states, their
volume density is reduced by a factor of 70 /2000 A, the
ratio of the thickness of the quantum well and the con-
finement layers, and the bimolecular recombination rate,
proportional to n?, is reduced by the same ratio. When a
significant portion of the carriers populates the confine-
ment layers, the overall carrier recombination rate is re-
duced. The nearly constant carrier lifetime of sample B at
high carrier densities is indicative of a large fraction of
the carriers populating the confinement layers. Thus, the
confinement layers serve as a carrier reservoir, and the
carrier lifetime in the reservoir is primarily limited by the
nonradiative recombination caused by, ¢.g., defects. This
process effectively introduces a negative term to the total
recombination rate (1). This external effect also gives rise
to effective coefficients 4, B, and C in (1) which cannot
be treated solely as the material composition of the well.
Based on the experimental data obtained in GaAs-
AlGaAs [7] and in the strained InGaAs-GaAs quantum
wells, we conclude that the structure dependency of the
carrier lifetime is generic to quantum-well structures with
finite potential barriers.

We note that the intensity of the confinement layers’
emission at a shorter wavelength in all of our samples is
rather weak, even at very high injection currents. This is
consistent with the low recombination rates in the con-
finement layers due to the low carrier volume density.

Owing to a lack of detailed knowledge on the magni-
tude of the transition matrix element of the strained In-
GaAs-GaAs quantum well, a quantitative comparison be-
tween the theory and the experiment has not be made.
However, since two samples with identical material com-
position in the quantum well share the same radiative-
transition matrix element, the key feature of the structure
dependency can be explained by simply comparing the
numbers and the distribution of the carriers in the quan-
tum well. We have adopted the following approach. Using
the published data of the effective masses, the energy lev-
els and the density of states in the quantum wells can be
accurately determined. If the radiative transition is as-
sumed to follow the k-selection rule, the transition rate as
a function of the injected carrier density can be calculated
to within a proportionally constant which is the square of
the matrix element. For comparison to the experimental
data, the proportionality constant is adjusted so that the
calculated curve for sample A fits the experimental data
of sample A. The same proportionality constant is then
used in the calculation for other samples.

These calculated curves are shown in Fig. 2. The in-
tercept, which represents the material quality factor as
discussed above, for each curve has been shifted to fit the
data in the low carrier-density limit. We have used the
effective masses for electron and heavy hole (perpendic-
ular to the plane of the well) of the unstrained material
listed in [13]. The light-hole band (perpendicular to the
plane of the well) is unconfined [13], and therefore does
not need to be considered. The in-plane effective mass
that determines the density of states in the valance band
is 0.191 m, from [14]. Since the carriers in the confine-
ment layers have a much smaller radiative transition rate,
the tails of the Fermi-Dirac distribution above the quan-
tum-well potential barriers are neglected. The calculation
correctly explains the general features of the experimental
data.

The present study indicates that the carrier recombina-
tion rate is not an intrinsic property of the material com-
position, and that a simple recombination rule such as that
of (1) is, in general, not applicable in quantum wells. In
materials with low potential barriers, the carrier storage
effect may lead to an underestimation of the recombina-
tion coefficients based on the carrier-lifetime data unless
appropriate correction is made for the carrier density in
the well. The study also suggests that the radiative recom-
bination rate can be enhanced or suppressed in a tailored
structure to meet the device requirement. For example, a
higher potential barrier enhances the rate of the radiative
transition and reduces the threshold current. A lower po-
tential barrier suppresses the radiative and higher order
nonradiative recombination processes and facilitates the
energy storage for Q switching or pulse amplification [8].

In conclusion, we have found that the carrier recombi-
nation rates in semiconductor quantum wells are structure
dependent, and under high levels of excitation, generally
do not follow the recombination rule of the bulk material.
Through a carrier-lifetime measurement in the strained-
layer InGaAs quantum wells, we show that the inverse of
the carrier lifetime typically increases sublinearly with the
injection carrier density, and in the case of quantum wells
with lower potential barriers, it stays nearly constant at
high carrier densities. The deviation from the bulk recom-
bination rule is due to the storage of the injected carriers
in the continuum states where the radiative transition rate
is much smaller due to the diluted carrier density.
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