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The carrier recombination rate in GaAs-AlGaAs single quantum well lasers is investigated
using a small-signal technique for carrier densities from 107 to 16'%/cm®. For carrier
densities up to mid 10'%/cm’, the inverse of the differential carrier lifetime, 1/7,, increases
linearly with the carrier density. The differential rate, however, saturates at higher

carrier densities and remains nearly constant for carrier densities higher than 10'/cm® The
deviation from the bulk recombination behavior is due to a portion of the injected

carriers populating the semicontinuum states where the rate for the radiative transition is
much smaller. The experimental data indicate that the runaway increase of threshold current
with decreasing cavity length commonly observed in the short-cavity lasers is mainly

due to the loss of carrier confirement at high carrier densities rather than due to fast
carrier-depleting processes, such as Auger recombination.

Single quantum well semiconductor materials have
been widely used for high-power lasers which offer low
threshold current and high efficiency. Due to the small
volume of the gain medium, the carrier density required for
iasing is on the order of 10'/cm’, which is one order of
magnitude higher than that for the conventional double-
heterostructure lasers. At such high carrier densities, a
number of carrier loss mechanisms, such as Auger recom-
bination, carrier leakage over the guantum well potential
barriers, and population of the indirect valleys, become
strong enough to compete with the radiative recombination
prozess.”? Indeed, the phenomena of runaway threshold
current increase and low characteristic temperature 7,
commonly observed in the short-cavity lasers as the cavity
length decreases, is indicative of the loss of radiative effi-
ciency and have been explained based on a model that
includes ali the aforementioned processes.”” There have
been a number of papers on the carrier recombination rates
in GaAs and GaAs guantum wells for carrier densities in
the 10" to 10'%/cm’ regime.> The recombination rate
generally follows a simple relation: R=An + Bn®, where
the 4 and B are coeflicients for the band-to-impurity and
band-to-band bimolecular recombination processes, and »
is the injected carrier density. At higher carrier densities,
the recombination rate is expected to deviate from this
simple relation. For example, the rate of Auger recombi-
nation is proportional to n’, the rate of carrier leakage is
proportional to »* with x possibly larger than 4,> and the
rate of the stimulated emission is faster than #°. The pres-
ence of the indirect valleys is expected to contribute a neg-
ative term due to the longer carrier lifetime in the indirect
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valleys although the exact values of the lifetime and inter-
valley scattering rate are vnknown.

In this letter, we present an experimental study on the
carrier recombination rate in GaAs/AlGaAs single quan-
tum well lasers using the differential carrier lifetime
technique.® The differential carrier lifetime, defined as
1/7y=08R/On, is measured by the rise time of the lumines-
cence of the laser when driven by a small step-function
current pulse at varicus dc bias below the threshold. Using
samples with antireflection (AR} coating on both mirrors,
the laser action is suppressed, This allows the measurement
of the differential carrier lifetimne and carrier density to be
made at carrier densities up to 2% 10'%/em® for the first
time. We have found that, for carrier densities up to 10'%/
em’, the differential recombination rate 1/7, is linearly
proportional to the carrier density. The recombination
rate, however, saturates and becomes independent of the
injection level for carrier densities above 10'/cm’® The
experimental data suggest that fast carrier-depleting pro-
cesses, such as Auger recombination and carrier leakage
over the guantum well potential barrier, do not play a
major rule in the loss of efficiency at very high injection
fevels.

The lasers used in this study are the graded-index
separate-confinement (GRIN-SCH) single quantum well
lasers. The structure, as shown in Fig. 1, consists of a
100-A-thick undoped GaAs quantum well flanked by two
2000-A-thick linearly graded Al,Ga;. As layers. We have
studied samples with 0.3 <x<0.4 and 0.3 <x<0.6. The
materials were grown by the atmospheric pressure
metalorganic chemical vapor deposition (MOVCD) tech-
nique, and processed into laser devices with 60-um-wide
and  300-um-long  stripes. Zr0O; AR coatings
{R < 0.5% )are applied 1o both mirrors in order to suppress
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FIG. 1. Layer composition of the graded-index separate-confinement
Al Ga, _ As/GaAs single quantum well lasers.

the laser action. A laser device without the AR coating has
a threshold current of 100 mA. With the AR coating, the
laser action is no longer observed for currents as high as 1
A. The differential carrier lifetime is measured by the rise
time of the luminescence from the front mirror when the
laser is driven by a small step-function-like current pulse
with a rise time of < 100 ps. The current pulse is superim-
posed on a dc bias current, ranging from 1 to 300 mA. The
luminescence is detected by a silicon avalanche photediode
with a rise time of 150 ps. The intensity of the fuminesence
increases superlinearly with current in a complex way.
However, for an incremental change in the drive current,
the corresponding change in the luminescence intensity is
proportional to the change in the carrier density and its
rise time is the same as the differential carrier lifetime. The
detected signal is amplified using 2 B&H model DC-7000
broadband (DC-7 GHz) microwave amplifier. The wave-
form is then displayed using a fast sampling oscilioscope
with a Tektronix $4 sampling head. The overall response
time of the system is 3C0 ps. The oscilloscope traces are
recorded ueing a Tektronix DCSO1 digital camera and pro-
cessed wvsing a computer. By averaging over hundreds to
thousands of waveforms, the accuracy is greatly enhanced.
The present experiment is carrier out at room temperature.
The de bias current is expected to increase the junction
temperature by about Z0 K at a laser current of 300 mA.
By comparing the lifetime data taken at various tempera-
tures, we have found that the junction temperature
increase has a negligible effect on the carrier lifetime.

Once the differential carrier lifetime 7, is measured as
a function of de¢ bias current, I, the injected carrier density
n is determined by’

i
n:('e—gé—i)f‘fd(])d], (1}

where 4 is the area of the stripe and & is the thickness of
the guantum well. Figure 2 skows the measured 1/7,as a
function of carrier density for samples with 0.3 «x<0.4
and 0.3 <x < 0.6. For low carrier densities, /7, increases
linearly with increasing carrier density and can be fitted by
1/7,=A4 + Bn with A=1X10%s and B=1.5%x10"%/s/
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FIG. 2. Measured 1/7,as a function of carrier density for aluminum mole
fraction 0.3 <x < 0.6 (dots) and 0.3 <x<0.6 (iriangles) in the graded
region. The sclid curve is the theoretical band-to-band radiative recom-
bination rate.

cm?® for the 0.3 < x < 0.4 sample, and 4 = 1.8 X 10%/s and
B =1.5x10"%/s/cm® for the 0.3 < x <0.6 sample. The B
factor is about one-half the value reported in Ref. 5. The
1/7; vs 1 curve becomes sublinear at higher carrier densi-
ties and 1/7, remains approximately (1 ns) ~1 indepen-
dent of n for n> 10"/cm’. Except for the different inter-
cepts &t zero carrier density, there is ne significant
difference in the carrier lifetime data of these two sampies.
We note that a similar saturation behavior has also been
observed in pseudomorphic InGaAs/GaAs single guantum
well materials,® in which case 1/ T, saturates at a (3 ns) ~ !
for n> 10 /em’,

The sublinear 1/7; vs # relation indicates that the car-
riers are depleted at a much slower rate than predicted
based on a n’-dependent bimolecular recombination rate
and that fast carrier-depleting processes, such as Auger
recombination and carrier leakage, do not play a major
role in determining the differential carrier lifetime in GaAs
guantum wells at high carrier densities. Indeed, based on
the published Auger recombination coefficient of
¢=422X10"" em’s ! for bulk GaAs,” the lifetime of
carriers caused by Auger process would be 74, =1/
3en? = 350 ps at a carrier density of 1.5 10"%/cm’®, which
is considerably shorter than the observed lifetime. This
suggests that the Auger recombination coefficient in GaAs
quantum wells must be smaller than that of bulk GaAs.

In the present study, we are unable to quantify the
contribution of the stimulated emission to the carrier re-
combination rate. However, its importance can be ruled
out based on the following argument. If the stimulated
emission were significant, the differential recombination
rate would be faster, rather than slower, than predicted
based on the n” process and 1/7,; would increase superlin-
early, rather than sublinearly with n. The nearly constant
1/74 under high levels of excitation reflects the absence of
any fast recombination processes.

The general features of the experimental data can be
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understood by considering a simple band-to-band radiative
transition at high levels of excitation when a considerable
arount of carriers becomes unconfined due to band filling,
A numerical calculation reveals that for a carrier density of
2% 16"/ cm3, the quasi-Fermi level in the conduction band
is at 246 meV. Thus a considerable portion of the injected
carriers populates the semicontinuum states. The n® re-
combination rate for the carriers in the semicontinuum
states is much smaller because the carrier volume density is
diluted by the larger volume of the confinement layers. In
addition, because the minimum of the L valley is 50 meV,
or less than two times the thermal energy above the Fermi
energy, the radiative transition rate could be further re-
duced due 1o the population of the indirect valley. The
solid curve in Fig. 2 is the calculated bimolecular recom-
bination rate as a function of carrier density. In this cal-
culation, we have assumed 2 parabolic band structure with
the effective masses equal to 0.067m, 0.46m, and
0.082m, for the electrons, heavy holes, and light holes,
respectively. The radiative transition is assumed to follow
the k selection rule. The tails of the Fermi-Dirac distribu-
tion above the guantum well potential barriers are ignored.
Since the values of the transitior matrix elements are un-
known, we have adjusted the slope of the calculated (rel-
ative} 1/7, vs n relation and shifted the intercepts to fit the
experimental data in the low carrier density regime. The
calculation did not include the effect of the L valley, which
may cause the fransition rate to saturate at lower carrier
densities.

In conclusion, the differential carrier recombination
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rate in AlGaAs/GaAs single guantum well lasers have
been investigated using a small-signal technique for carrier
densities from 10" to 16™/cm’. For carrier densities up to
mid 10'*/cm’, the differential carrier lifetime 7, follows the
relation: 1/7, = A4 + Bn, where 4 and B are the coefficients
for the band-to-impurity and band-to-band recombination
processes. The differential rate saturates at higher carrier
densities and becomes independent of the injection fevel for
carrier density above 10'°/cm®. The experimental data sug-
gest that the loss of efficiency of single quantum well laser
under high levels of injection is mainly due to loss of ear-
rier confinement rather than due to fast carrier-depleting
processes.
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