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We have measured the heavy hole exciton saturation intensity in GaAs/AlGaAs quantum
wells as a function of applied electric field and AlGaAs barrier design. We find that

the saturation intensity increased with increasing applied field, and decreasing barrier
thickness or height, because of increased carrier sweep-out rates. Time-resolved sweep-out
time and temperature-dependent saturation intensity measurement point out the roles

of both thermionic emission and tunneling in the field and barrier-dependent carrier escape
time. By reducing the barrier Al composition from 30 to 20%, we achieved an increase

in the saturation intensity by a factor of ~6.

The physics of excitons in semiconductor quantum
wells has attracted much recent research. One reason for
this interest is the successful application of excitonic elec-
troabsorption in optical modulators or switches, such as
the self-electro-optic effect device (SEED).! These devices
use the quantum-confined Stark effect in which the exci-
tons red shift with applied electric field.> Although indi-
vidual device switching energies are low, fast SEED sys-
tems operate at optical intensities well above the minimum.
This is because enough power must be passed through one
device to switch the next one after allowing for system
losses. It is known, however, that the excitonic absorption
saturates as the optical intensity is increased. This degrades
the contrast ratio of the SEED at high powers. It is there-
fore important to study and understand the physics of
quantum well exciton saturation in an applied electric field.

Exciton saturation has been extensively studied at zero
applied electric field by cw and time-resolved laser
spectroscopy.’™ The microscopic mechanisms involved are
well understood at zero field.!” In this letter, we empiri-
cally investigate quantum well exciton saturation as a func-
tion of electric field, barrier width, barrier concentration,
and temperature. We consider the physical mechanisms
which determine the saturation intensity, especially the
field-assisted carrier sweep-out time from the wells. We
conclude that the saturation intensity can be significantly
increased by improving the barrier design.

Five p-i-n GaAs/Al,Ga, _ ,As multiple quantum well
samples were grown by molecular beam epitaxy, with the
quantum wells as the intrinsic region of the diode. The well
thickness L, was 95 A, and the barrier thickness L, and
barrier Al concentration x were varied according to the
table in the inset of Fig. 1. The number of periods was
varied where necessary to give a total intrinsic region
thickness of 1.0 um. We regard sample III as a reference,
since it has the same barrier design as many SEED devices.
The sample parameters were chosen to establish the effect
of variable x at constant L,, and vice versa.

Saturation measurements were made using tunable cw
dye or titanium:sapphire lasers. The beam was chopped at
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1 MHz with a 10% duty cycle by an acousto-optic modu-
lator to reduce thermal effects. Spot radii on the sample
ranged from 2 to 30 um. The I-¥ photocurrent character-
istics were measured as a function of incident laser power
and wavelength with an HP4145B semiconductor param-
eter analyzer. Photocurrent peaks were observed at the
voltage which red-shifted the excitons to the laser wave-
length. At low powers the magnitude of the heavy hole
photocurrent peak is linearly proportional to the laser
power and occurs at a fixed voltage. At high powers, the
peak increases sublinearly with the power and shifts to
higher voltage. The sublinear behavior is caused by exciton
saturation, while the shift is caused by series resistance and
space-charge effects, as discussed below.

The I-V characteristics were analyzed to obtain the
peak diode sensitivity S (photocurrent/laser power) as a
function of power at fixed wavelength excitation. From §
we deduced the absorption coefficient a at photon energy
fiw according to S'= (1 —R)|e|[l — exp( — aL)]/#iw,
where R is the front surface reflectivity and L is the total
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FIG. 1. Heavy hole exciton saturation intensity at 300 K vs reverse bias
for the GaAs/Al,Ga, _ ,As quantum well p-i-n samples. The well thick-
ness was 95 A throughout and the barrier composition and thickness L,
are as indicated.
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FIG. 2. Normalized temperature dependence of the heavy hole exciton
saturation intensity for sample I at 8 V reverse bias.

thickness of quantum well material. We have assumed
100% internal quantum efficiency, as has been observed
previously. 1.2 We were able to verify this directly up to 200
K. The deduced low-intensity values of a are in good
agreement with direct measurements in similar condi-
tions.? By assuming a phenomenological dependence of a
on the local intensity J of the form a(l) = ay[l + (I/
1)), we deduced the saturation intensity I, from the
low-intensity slope of a(I). These values of I; were then
divided by the effective interaction length factor
apL[1 —exp( — apl)] ™' to allow for absorption within
the sample.*

In Fig. 1 we show the 300 K heavy hole exciton satu-
ration intensities as a function of voltage for the five sam-
ples. Each point was taken at a specific wavelength, and the
associated voltage is the position of the heavy hole peak in
the I-V curves at low power. The average field is deter-
mined by this voltage and the intrinsic region width. From
Fig. 1, we can draw three clear conclusions about I;:

(a) I, increases with applied field;

(b) I, decreases with the barrier thickness L,;

(c) I, decreases with the barrier Al concentration, x.
It is clear that thin barriers with low x give the best satu-
ration performance for SEEDs, and that the saturation
performance can be greatly improved in this way.

We now discuss the physics behind the experimental
behavior (a)-(c). A quantitative analysis of I, is compli-
cated at finite applied field because the steady-state elec-
tron and hole populations can differ due to differing sweep-
out rates. Therefore we have to consider the different
saturating efficiencies of the two particle types, and also the
effect of space-charge buildup.

The particle lifetime 7; can be expressed as

77 '=1g '+ A;exp( — [AE(F)/kgT))

+ B;exp( — [2L,y2m,AE(F)/#]). (1)

The terms on the right of Eq. (1) refer to recombination,
thermionic emission, and tunneling, respectively. The inset
of Fig. 2 illustrates the latter two processes schematically.
The subscript i refers to electrons or holes with effective
masses m, T is the carrier temperature. The functional
forms of Eq. (1) assume a simplified model of the thermal
emission and tunneling, which however retains the basic
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physical trends. In this model we average the potentials of
the tilted barriers so that the effective barrier height
AE(F) becomes [AE — E; — |e|F(L,+ L;)/2}, where
E,, is the first subband energy, F is the electric field, and
AFE'is the band discontinuity. A and B are independent of
the field. The electron and hole lifetimes can differ because
of the different effective masses and band offsets in Eq. (1).
On inspection of Eq. (1), we note that:

(a’) the lifetimes decrease with F through AE(F);

(b’) the lifetimes increase with L,;

(c’) the lifetimes increase with AE' ie., with x.

The close parallel between (a)-(c) and (a")-(c’) strongly
suggests that the saturation intensity is inversely related to
the carrier lifetimes, and that the variation in I; between
the samples is caused by differing tunneling and thermionic
emission rates.

The steady-state carrier populations are given by
N; = Iat/#w, which implies a ratio 7,/7, of the electron-
to-hole populations. There can, therefore, exist a space
charge which can screen the applied field and generate field
nonuniformities. This reduces the exciton red shift pro-
duced by the external field, and leads to exciton broaden-
ing. Moreover, Eq. (1) shows that 7, and 7, can begin to
depend on each other and on the laser intensity because of
space-charge modifications to the field. Picosecond field
screening effects have been studied in GaAs/AlGaAs
quantum wells,'""1? and steady-state space-charge effects
have been noted in InGaAs/InP."> Wood et al. have re-
cently given a self-consistent analysis of the intensity-
dependent space-charge effects, also in InGaAs/ InP.!* We
expect the steady-state properties of the GaAs/AlGaAs
system to be very different from InGaAs/InP because the
band discontinuities are smaller, and thus the hole thermal
emission times should be much shorter. In our experi-
ments, we partly compensated for space-charge effects by
measuring the photocurrent at the exciton peak as a func-
tion of fixed wavelength laser power. At constant voltage
the spectral position of this peak shifts with increasing
power; however, we always applied sufficient additional
external voltage to move the exciton peak to the fixed op-
erating wavelength. Hence, to lowest order, the average
internal field is presumably always the same. However, we
could not completely eliminate space-charge effects, be-
cause space-charge-induced field nonuniformities lead to
exciton broadening and a reduction in the peak height,
even though the average field is unchanged.

At 300 K the excitons saturate at zero applied field
with a microscopic saturation density of N, of ~3X 10"
cm ~ 2 when the electron and hole densities are identical.>*
At high temperatures where the carrier gases have Boltz-
mann distributions, the exciton saturation is essentially
proportional to the number of carriers in the region of £
space up to ~ 1/a,, where a, is the exciton radius.'® Hence
the saturation density for a single thermalized carrier type
is greater than N, by a factor m;/u, where p is the reduced
mass. (The heavier carriers are distributed over a larger
region of k space). Taking this into account, together with
the different electron and hole populations and lifetimes,
we obtain
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FIG. 3. Electron sweep-out time vs reverse bias for sample 1I and our
previous quantum well sample at 300 K.

13= [ﬁsz/a(Lw + Lb) ] [(me + mh)/(meTh + the) ]
(2)

Without detailed knowledge of both 7, and 7, which is not
readily available and difficult to measure, Eq. (2) cannot
be analyzed quantitatively. However, our basic conclusion
that /; is dominated by the lifetimes is fully consistent with
Eq. (2). This follows because the field and barrier depen-
dence of a and N, are comparatively small.'’

We performed two additional measurements to test
our understanding of the trends in the lifetimes based on
Eq. (1). First, we measured the temperature dependence of
I in sample I at 8 V between 60 and 360 K. In Fig. 2 we
plot (JaLAT~') against T~ !. We chose the quantity
(IaLAT ") to highlight the temperature variation of 7,
and 7, after allowing for the linear T dependence of N,.'°
We interpret the results as follows: ([aLAT~ 1) is essen-
tially independent of 7 at low temperatures because the
lifetimes are dominated by tunneling. As the temperature is
raised, the thermal emission process becomes activated.
The deduced activation energy is around 80 meV, which is
consistent with thermal excitation of electrons over the
AlGaAs barrier.

We then measured the electron sweep-out time versus
field for two samples with differing L, by the technique of
time-resolved electroabsorption.'?!® The results are given
in Fig. 3. The 57 A data is reproduced from our previous
work,'® while the 35 A data is for sample II. The data
shows how a reduction in the L, at approximately constant
x leads to a reduction in 7,. In addition, both samples show
a general trend to a reduction in 7, as the field is increased.
(The minima around 11 V and 7 V for the two samples are
caused by resonant tunneling.) These measurements con-
firm our predictions from Eq. (1) that sweep-out times
decrease with applied field, but increase with L,, at least
for electrons. Recently, the switching speeds of SEED de-
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vices fabricated with 35 A barriers have been shown to be
significantly faster than those with 60 A barriers,!” which
gives further support to our interpretation. However, we
cannot yet make quantitative comparisons between sweep-
out times and saturation intensities because of uncertain-
ties in hole sweep-out.

In conclusion, we have shown that the exciton satura-
tion intensity increases with applied electric field, and de-
creases with barrier thickness or height. We explain the
results qualitatively in terms of lifetime shortening by ther-
mionic or tunneling field-assisted carrier sweep-out. A
fuller understanding of the hole behavior will be necessary
for a quantitative analysis, and for determining if the
mechanism is pure exciton saturation or a more complex
process involving space-charge effects. The most significant
increase in I(~6 at 0 V) was achieved by decreasing x
from 0.3 to 0.2. These results should lead to a considerable
improvement in the power-dependent performance of
quantum well electroabsorptive devices such as the SEED.

We would like to acknowledge many helpful discus-
sions with G. D. Boyd and D. S. Chemla.
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