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Quantum Well Carrier Sweep Outf Relation to
Electroabsorption and Exciton Saturation

A. Mark Fox, David A. B. Miller, Senior Member, IEEE, Gabriela Livescu, J. E. Cunningham,
and William Y. Jan

Abstract—We have studied the effects of changing the barrier
design of GaAs-Al,Ga, _,As quantum wells on the electroab-
sorption, exciton saturation, and carrier sweep-out times. Five
samples have been studied with x values ranging from 0.2 to
0.4, and barrier thicknesses from 35 to 95 A. Within this range,
we find that the electroabsorption is not very sensitive to the
barrier thickness, but that the ionization field of the excitons
approximately doubles for an increase of x from 0.2 to 0.4. The
samples with high, thick barriers have lower internal quantum
efficiencies than those with low, thin barriers. We find that the
exciton saturation intensity increases with increasing applied
field, and decreasing barrier thickness or height. These find-
ings are adequately explained by the field and barrier depen-
dence of the thermionic emission and tunneling sweep-out rates.
Time-resolved electroabsorption measurements confirm our
understanding of the variation in sweep-out rates between sam-
ples, and indicate that the escape mechanism at low field is
probably a thermally-assisted tunneling process.

1. INTRODUCTION

HE physical mechanisms by which carriers escape

from quantum wells under the influence of electric
fields are an important factor in determining the perfor-
mance of quantum well electroabsorptive devices such as
the self-electrooptic effect device (SEED) [1], [2]. These
are devices which operate by the quantum confined Stark
effect, in which the excitons red-shift and broaden when
an electric field is applied perpendicular to the quantum
well layers [3]. If the carriers are swept out of the wells
too rapidly on increasing the field, the broadening can in-
crease. From this point of view, it is desirable to have
quantum wells with relatively long sweep-out times, so
that the excitons are sharper and can persist up to higher
field levels. On the other hand, other physical properties
of the quantum wells are favored by short sweep-out
times. For example, there may be applications which re-
quire very fast switching times from single devices, and
this would clearly be favored by having a faster sweep-
out rate. Boyd e? al. have recently demonstrated that the
switching time of symmetric SEED devices can be made
as short as 33 ps by using appropriately designed quantum
wells with very fast carrier sweep-out times [4]. Another
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important property which is affected by the sweep out is
the exciton saturation intensity. This, in fact, turns out to
be an extremely important consideration in the design of
SEED systems, because these systems tend to run at in-
tensity levels much greater than that required to switch a
single device. The reason for this is the need to pass on
sufficient energy to the next device in the system to switch
it after allowing for losses between consecutive devices.
At these high power levels, the exciton absorption satu-
rates, and this puts an effective upper limit on the maxi-
mum intensity which can be used. The system speed is
determined by the time to integrate sufficient energy to
switch the state of the devices, and therefore exciton sat-
uration effects become the limiting factor in determining
the maximum bit rate [5]. In a recent publication we have
shown how the saturation intensity is strongly affected by
the design of the quantum well structure, and that this
effect is most likely caused by the change in carrier sweep-
out times which accompanied the change in design [6].
In this paper we consider the physical processes which
affect the carrier sweep-out rate in quantum wells subject
to a perpendicular electric field, and we discuss how the
sweep-out time is related to the electroabsorption and the
exciton saturation intensity. We present a series of results
on five carefully designed GaAs-AlGaAs quantum well
structures which have allowed us to understand better the
key physical mechanisms of thermionic emission and tun-
neling. We have thus been able to measure the depen-
dence of the electroabsorption and exciton saturation in-
tensity as a function of barrier design, electric field, and
temperature. We have also measured the sweep-out times
directly for two of the samples. From these measurements
we have been able to come to a fairly clear understanding
of the main trends in the sweep-out rate, and our conclu-
sions have general applicability to other quantum well
material systems, provided due consideration is given to
the important material-dependent parameters. The paper
is organized as follows. In Section II we discuss the basic
physics that determines the sweep-out rate. In Section III
we give details of the samples studied. In Sections IV and
V we describe, respectively, the electroabsorption perfor-
mance and exciton saturation intensity measured for the
five samples. In Section VI we describe our direct mea-
surements for the field and temperature dependence of the
sweep-out times for two of the samples, and compare it
to a third reference sample. In Section VII we gather to-
gether the various results and come to our conclusions.
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II. CARRIER SWEEP-OUT MECHANISMS

There are three physical mechanisms that contribute to
the field dependence of the carrier lifetime 7 in a quantum
well in an electric field: recombination, thermionic emis-
sion, and tunneling. In Fig. 1 we give a schematic dia-
gram that illustrates these three processes. On the as-
sumption that the three mechanisms are independent of
each other, we may write:
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where 73!, 77", and 77! are the recombination, ther-
mionic emission, and tunneling rates, respectively. As
will become clearer, 7 is determined by a number of key
parameters. These include: intrinsic material properties
such as the carrier effective masses and band discontinu-
ities; sample dependent factors such as the quantum well
and barrier thickness; and external factors, such as the
temperature and field strength. The three different mech-
anisms respond differently to changes in the various pa-
rameters, and so we shall consider each separately.

We consider first the carrier recombination rate. This is
not in fact a sweep-out mechanism at all, and therefore
does not contibute to the current measured in a photocur-
rent measurement. In good samples, the recombination
rate is basically determined by the radiative lifetime,
which is closely related to the electron-hole overlap and
the occupancy factors {7]:

1 )
T_B oc "Zn, [|(¢'¢m|¢hn’>'h S 8rea(E) f(1 — fOE dE} 2

where 75 is the bimolecular recombination lifetime. The
summation is over all electron and hole sublevels in the
quantum well. {¢,,| ¢, > is the electron-hole overlap (the
interband matrix element is assumed to be independent of
energy), &rq is the reduced density of states, and £., f, are
the conduction and valence band occupancies. The main
functional dependence of 75 is with respect to the tem-
perature and the field strength. With increasing tempera-
ture, the radiative lifetime increases on account of the
thermal spread of the carriers in the bands [8], while with
increasing field the electron-hole overlap diminishes re-
sulting again in an increase in 75 [9]-[11]. In samples of
poorer purity, effects such as trapping become increas-
ingly more dominant. In most of our samples, it appears
that essentially all of the photocarriers are collected ex-
cept at very low fields in the samples with high or thick
barriers. This tells us that 7, is usually negligible in com-
parison to the faster tunneling and thermionic emission
rates.

The thermionic emission lifetime is determined princi-
pally by the height of the barrier over which the carriers
must be emitted. Schneider and von Klitzing have derived
the following expression for the thermionic emission life-
time in a quantum well [12]:
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Fig. 1. Schematic band diagram of an optically excited quantum well in
an electric field. The carrier loss mechanisms of recombination R, tunnel-
ing 7, and thermal emission E are indicated.

Here we have added a subscript i to allow for the fact that
the emission times of electrons and holes may differ (i =
e for electrons and & for holes). In (3) m; is the effective
mass in the quantum well, L, is the well width, F is the
electric field, and T is the temperature. H;(F) is the field-
dependent barrier height over which the carriers must be
emitted. We have assumed that the emission rate against
the field is negligible compared to that along the field,
which will be true except at very low field strengths.
Equation (3) was derived by assuming that the density of
states close to the top of the barrier is essentially three
dimensional, and that the carrier statistics are Boltzmann-
like. The field dependence of the barrier height is simply
given by

H!(F) = QIAEg - El('m - |€’FLH/2 (4)

where Q,/Q, is the ratio of conduction to valence band
discontinuities, (Q, + Q, = 1), AE,, is the difference in
band gaps between the well and barrier material, and
E" is the nth subband energy relative to the center of the
well. Thus as the field is increased, the emission rate in-
creases because the barrier height decreases. Note that the
emission rate of electrons and holes is very different, and
in the GaAs-AlGaAs system where Q, = 0.65 [13], the
holes can be emitted significantly faster than the electrons
due to the smaller barrier height. Note also that the emis-
sion rate can be made faster by reducing AE,. This cor-
responds to using low values of x in the GaAs-
Al,Ga, _,As system.

The importance of thermionic emission for vertical
transport in quantum wells has been widely studied in the
context of CW transport and photocurrent measurements
[14]-[16]. There is, however, very little information
available about the dynamics of the thermionic emission
process. Itis not immediately clear whether the approach
of Schneider and von Klitzing embodied in (3) is, in fact,
appropriate for the SEED devices to which this paper is
orientated. The reason is that (3) does not consider the
time taken for the carriers to scatter from the subband in
which they are excited optically to the quasi-continuum
at the top of the well. In the case of SEED devices, the
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photon energy is resonant with the n = 1 heavy hole ex-
citon, which means that the carriers are created only in
the first sublevel of the quantum wells. In order to be
emitted, the thermalized carriers high up in the n = 1
sublevel must be scattered into the continuum states by
carrier-carrier scattering or by interaction with phonons.
If we assume that this scattering process is extremely ef-
ficient on account of the high density of states in the quasi-
continuum, then (3) will be valid for the case of SEED
devices.

The tunneling rate is determined by the quantum me-
chanical transmission of the particles through the finite
potential barrier. Following the analysis of Larsson et al.
[17], we write the tunneling rate from the nth sublevel as
the product of the barrier collision frequency and the tun-
neling probability:

2L, N2myH| (F)
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where L, is the barrier thickness and my,; is the effective
mass in the barrier. In (5) we have taken the transmission
of just a single barrier, which is the high field limit of the
multiple barrier analysis of Larsson et al. Moreover, we
have accounted for the variation in barrier height through-
out the trapezoidal barrier in terms of an effective barrier
height H/. As a first approximation, the tilted barriers can
simply be averaged out, in which case H](F) would be
the same as H;(F) in (4), only with L,, replaced by (L,, +
Ly). A more sophisticated model would integrate over the
varying potential throughout the barrier in an a-decay type
model [18]. We have used the simplified form in (5) to
highlight the basic physical trends in the tunneling rate.
The general charactersitics of the tunneling rate is that it
increases with the field due to the reduction of the effec-
tive barrier height, and decreases with increasing barrier
thickness. It is practically insensitive to the temperature,
but depends strongly on the effective mass of the particle.
This latter effect is the basis of ‘effective mass filtering’’
proposed by Capasso er al., which uses the slower tun-
neling rate of the holes caused by their heavier effective
mass [19].

The reduction in 7, with increasing field was first stud-
ied in relation to the quenching of photoluminescence
which occurs when the tunneling time becomes much less
than the radiative recombination time [11], [20]-[23].
More recently, there have been a number of studies in
which the tunneling time has been measured directly by
way of resolving the photocurrent transients after short
pulse excitation [24]-[26], or by time-resolved photolu-
minescence or nonlinear absorption optical spectroscopy
[6], [18], [26]-[38]. These studies confirm that the tun-
neling rate does indeed decrease as the barrier thickness
is increased, and is increased by an increase in the field
strength. A particularly interesting phenomenon is that of
resonant tunneling, where the field aligns sublevels in ad-
jacent wells and the tunneling rate is enhanced by a co-
herent (or partially coherent) process. This enhancement
of the tunneling rate at the resonant field has been directly
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observed by a number of groups [24]-[26], [32]-[34],
[36]-[38]. From the point of view of devices, the en-
hanced tunneling rate is already potentially useful for
sweeping the carriers out faster.

In writing (1) we made the approximation that the three
carrier loss mechanisms contributing to the lifetime are
independent of each other. This is not strictly true for
thermionic emission and tunneling, because thermally as-
sisted tunneling processes are possible. Larsson er al.
proposed the thermal occupation of higher sublevels fol-
lowed by rapid tunneling through the barrier as the escape
mechanism for their GaAs-Alj ,5Gag 75As quantum well
p-i-n photodetectors [17]. Schneider et al. proposed a
similar process to explain the temperature dependence of
the photocurrent transients in a GaAs-AlAs superlattice
{24]. Moreover, near the top of the barrier, the tunneling
transmission may be so high that the effective barrier
height for thermal emission is reduced (Fowler-Nordheim
tunneling). Since it is both a tunneling and a thermal pro-
cess, the probability for thermally assisted tunneling de-
pends strongly on the barrier thickness as well as the bar-
rier height and temperature. The expression for the escape
probability by this process would contain a product of the
exponentials on the right-hand side of (3) and (5) with the
appropriate activation energy as Hy(F) in (3) and with a
reduced effective barrier height H/(F) in (5).

On the basis of the discussion above, we can make some
overall general observations about the sweep-out times.
(We omit discussion of the recombination rate because,
as discussed above, it is generally negligible for our sam-
ples.)

1) The sweep-out time decreases with increasing field
because both the thermal emission and tunneling lifetimes
decrease due to the reduction in the effective barrier
height.

2) The sweep-out times increase with L, due to the in-
crease in the tunneling time.

3) The sweep-out times increase with increasing AE,
due to the increase in both the thermal emission and tun-
neling times. For the GaAs-Al,Ga, _, As system, this im-
plies that the sweep-out times increase with x.

4) The sweep-out times decrease with the temperature

due to the decrease in the thermal emission time.
In trying to ascertain which of the sweep-out processes is
dominant for a particular sample, it is useful to note that
the hallmark of thermionic emission is its exponential de-
pendence on T~ ', while tunneling is exponentially sen-
sitive to the barrier thickness. Of course, a thermally-as-
sisted tunneling process would be very sensitive both to
temperature and barrier thickness.

In concluding this section it is worth emphasizing two
points which are particularly relevant to the SEED and
similar quantum well electroabsorptive devices. First, the
sweep-out times of electrons and holes are very different
due to their different effective masses and band disconti-
nuities. This has a number of important implications for
devices, especially as regards space charge effects [39]-
[42]. Such space charge effects become increasingly more
important at high power levels, especially in the
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TABLE 1
SAMPLE PARAMETERS FOR THE FivE GaAs-Al,Ga, _ As p-i-n MULTIPLE QUANTUM WELL SAMPLES
STUDIED. THE WELL WIDTH WAS 95 A THROUGHOUT. ALL THE SAMPLES WERFE DESIGNED TO HAVE A TOTAL
QUANTUM WELL THICKNESS OF 1.0 um. L, 1S THE BARRIER THICKNESS. Tg AND 77 ARE THE CALCULATED
THERMIONIC EMISSION AND SINGLE BARRIER TUNNELING TIMES FOR ELECTRONS AND HEAVY HOLES AT A
FIELD STRENGTH OF 1.5 X 10 V cm ™" AT ROOM TEMPERATURE

. 71 (pS) 7¢ (ps) 77 (ps) 77 (ps)
Sample X L, (A) Periods (electrons) (holes) (electrons) (holes)
I 0.2 65 65 14 3.5 30 1.2 x 10
11 0.3 35 80 420 16 5.2 510
111 0.3 65 65 420 16 390 4.2 x 10°
v 0.3 95 55 420 16 2.7 x 10* 3.1 x 10
\ 0.4 65 65 9700 76 3300 1.1 x 107

Gag 47Ing 53As-InP system, which has a much larger va-
lence band discontinuity than GaAs-Algy ;Gag ;As. The
hole sweep-out times are not always much slower than the
electron times in the GaAs-AlGaAs system. This follows
because of the smaller band discontinuity in the valence
band which favors rapid thermal emission. It is also pos-
sible that valence band mixing effects can reduce the hole
tunneling times compared to those of pure heavy hole
states [43]. The second point is that SEED devices gen-
erally require about an optical absorption length of quan-
tum well material, so that the devices contain a multiple
quantum well structure rather than individual wells.
Equations (1)-(5) are still valid for the sweep-out time
from a particular well, but it is necessary to consider what
happens to the carriers once they have escaped from the
wells. The field strength is generally at least 10* Vem ™',
so that the carriers will be rapidly accelerated to the sat-
urated drift velocity of ~ 107 cms ™. Some of the carriers
will be swept straight to the equipotentials in the contact
layers, but others will be scattered and recaptured by sub-
sequent wells. It is known that such capture events take
place in less than 1 ps in InGaAs-InP quantum wells [44].
The net effect of recapture is to increase the effective
sweep-out time.

III. SAMPLE DEsIGN

From the discussion in the previous section [points 1)-
4)], it is clear that the sweep-out time depends critically
on the electric field strength, the barrier thickness L, and
barrier height (which is proportional to x). We therefore
grew five p-i-n GaAs-Al,Ga,_, As multiple quantum
well (MQW) samples by molecular beam epitaxy with the
quantum wells as the intrinsic region of the diode. A con-
trollable field could then be applied to the quantum wells
by applying reverse bias to the diode. We designed the
samples with the same well thickness (95 A), but with
varying barrier thickness L, and barrier Al concentration
x. Table I gives details of the samples. Samples I, 111, and
V have the same barrier thickness (65 A ), but have the x
value varying from 0.2 to 0.4, while samples II, III, and
v hoave constant x (0.3) but have L, varying from 35 to
95 A. Note that we have varied the number of periods
where necessary in samples II and IV, so that the total
MQW thickness remains constant at 1.0 pm. This means

that a given applied voltage corresponds to the same nom-
inal field strength for all the samples. We regard sample
III as a reference, since it has the same barrier design as
many SEED devices.

The samples were grown on n-doped GaAs substrates.
The detailed layer structure, starting from the substrate
up, was as follows. 0.2 um GaAs buffer layer (n ~ 2 X
10" cm™), 1.2 um Aly 3Gay ;As stop etch (n ~ 5 x 10"
em ), 0.24 um 15 A/15 A short period GaAs-
Al Ga, _,As superlattice (n ~ 5 X 107 cm™), 1.0 um
intrinsic MQW structure (see Table I), 0.75 um
AlLGa,_ As (p ~ 5 x 107 ecm™?), 0.1 um GaAs (p* ~
2 x 10" em™). The samples were processed into 200
pm X 200 pm mesas, and after depositing gold contact
pads on the top p " layer, the optical window was approx-
imately 120 pm x 200 pm. For the room temperature
electroabsorption measurements, tungsten probes were
used to make contact to the samples, but wire bonding
was required for the low temperature work. In the trans-
mission measurements, the samples were mounted on
sapphire or BK7 disks with clear epoxy, and the GaAs
substrates were etched away using a jet etcher.

In the last four columns of Table I we indicate the val-
ues of 7 and 77 calculated for electrons and heavy holes
at room temperature for our five samples from (3) and (5).
We assumed a field strength of 1.5 X 10* Vem™', which
corresponds approximately to the built-in field of the diode
at 0 V applied bias. As expected, the escape time for sam-
ples with low or thin barriers is lower than for those with
high or thick barriers. It is clear that the dominant escape
mechanism for the holes is thermal emission, while for
electrons, the dominant mechanism depends on the details
of the sample. Note how short the hole thermal emission
times are. In particular, it is not generally true to presume
that the hole escape rate is very much slower than the
electron escape rate. This will depend on the sample de-
sign, the temperature, and the field strength.

IV. ELECTROABSORPTION

In Fig. 2 we show representative photocurrent spectra
for the five samples at room temperature. These spectra
were taken using a tungsten lamp light source and 0.25 m
monochromator with a resolution of ~2 meV. The volt-
ages shown are the reverse bias applied to the diode. The
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Fig. 2. Measured electroabsorption for our five samples at room temper-
ature. The barrier thickness increases horizontally across the figure, while
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the barrier height increases vertically downwards.

five graphs are laid out so that x varies vertically while L,
varies across the figure. We notice immediately that all
five samples show very good quantum confined Stark ef-
fect performance. Let us first consider the variation in
electroabsorption with barrier thickness at constant x. For
x = 0.3, we measure only small variations in the exciton
linewidth and red-shift on varying L, from 95 to 35 A.
As discussed above, the principal effect of reducing the
barrier thickness is to reduce the tunneling time. The rea-
son why we do not see any large effect is that at room
temperature, the linewidth is dominated by LO-phonon
broadening and inhomogeneous broadening due to inter-
face roughness and alloy disorder [45]. The thermal life-
time of the excitons is known to be only 300 fs at room
temperature [46], which is much less than the 5 ps elec-
tron tunneling time calculated for the 35 A barrier sample
at 0 V (see Table I). However, there must ultimately come
a point at which the thinness of the barrier does cause
significant exciton line broadening, because the tunnel-
ling time continues to decrease exponentially with the
barrier thickness as the barrier is thinned further. In fact,
we have also investigated samples grown with 25 and 15
A Aly3Gag ;As barriers. In these samples, the 0 V exci-
ton linewidth was significantly larger than for samples II-
IV, most noticeably for the 15 A barrier sample, where
the linewidth was broader by a factor ~ 1.3 at 5 V. From
the point of view of devices, there appears to be no sig-

nificant loss in electroabsorption involved in reducing the
barrier thickness from 65 to 35 A.

We now consider the variation of electroabsorption with
the x value of the barriers. On changing the x value, we
change the confinement energy of the carriers. This does
appear to have a noticeable effect on the electroabsorp-
tion. For sample I with x = 0.2, the heavy hole exciton
is barely resolved at 15 V, whereas for sample V with x
= 0.4, the exciton is still well resolved at 30 V. The 80
meV exciton red-shift for sample V at 30 V bias (field
~3 x 10° V cm™") is particularly noteworthy. This red-
shift corresponds to about ten exciton binding energies.
The results imply that the field for exciton ionization at
least doubles on increasing x from 0.2 to 0.4. The reason
why the excitons are less stable to field in the samples
with smaller x is most likely that the carriers can be ther-
mally emitted very rapidly over the relatively low bar-
riers, which would give rise to lifetime broadening. Note
that the electroabsorption of sample I with x = 0.2 is still
very useable from the point of view of SEED devices.
These devices require a large contrast between the low
and high field absorption at the exciton wavelength, so
that the main criterion is the O V exciton linewidth rather
than the stability of the excitons to high fields. In fact, it
is actually preferable that the excitons begin to broaden
at more modest voltages, since then the voltage required
for a particular contrast ratio decreases.
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In order to get a meaningful comparison of the elec-
troabsorption performance, we have scaled up the 0 V
spectra for samples III-V by the factors shown in the fig-
ure. This was necessary because we took photocurrent
rather than absorption spectra. The photocurrent i gener-
ated for incident optical power P is given by

i=p M= Blel o cany, ©)

hw
Here, « is the absorption coefficient at the incident photon
energy of Aw, R is the reflectivity of the front surface, and
L is the total thickness of quantum well material. » is the
internal quantum efficiency of the photodiode; that is, the
number of electrons collected per absorbed photon. The
principal reason why 5 would be different from unity is
that the sweep-out time is comparable to the recombina-
tion time, in which case, a significant number of photo-
electrons are lost from the current through recombination.
The photocurrent spectra have the same general shape as
the absorption spectra, with peaks at the same wave-
length, but on making comparisons at different voltages,
it is necessary to consider whether % is unchanged with
voltage. At O V we observed that the whole spectrum for
samples III-V was scaled down compared to the spectrum
at 5 V. This was not true for samples I and II, where, for
example, we observed a monotonic decrease in the peak
photocurrent at the heavy hole exciton as a function of
voltage. By contrast, the heavy hole exciton photocurrent
peak for samples III-V increased at first as the voltage
was applied, reaching a maximum between 2.5 and 5.0
V, and thereafter decreased with voltage. The reason for
this behavior is that 5 is less than unity for samples
III-V at low voltages because of their long sweep-out
time. As the voltage is increased, 7 increases to unity be-
cause the sweep-out time decreases compared to the re-
combination time. The scale-up factors in Fig. 2 were in-
cluded to compensate for the nonunity 7. In samples I and
II, we observed that the photocurrent in the continuum
states immediately above the heavy hole exciton was
practically independent of voltage up to 5 V. We chose
the scale-up values by comparing the magnitude of the
photocurrent for samples III-V in the same spectral re-
gion at 0 and 5 V, i.e., we assume that only » in (6)
changes between 0 and 5 V at this photon energy. Thus
the reciprocal of the scale-up factor gives an approximate
measure of n for the particular sample at 0 V. Note that
this suggests that n decreases with barrier thickness and
with x, which is entirely consistent with points 2) and 3)
in Section II.

We were able to verify directly that  is indeed unity
to within experimental error for sample 1. This was done
by measuring the photocurrent I-V characteristic of the
diode at low temperatures using a Hewlett Packard
HP4145B semiconductor parameter analyzer, when the
diode was illuminated with a known amount of laser
power. Fig. 3 shows a schematic of tlie apparatus used.
(The acoustooptic modulator was superfluous for this

VARIABLE
ATTENUATOR

TUNABLE CW
LASER

10% DUTY CYCLE

@
1 MHz

i
1
1
} HP PARAMETER |
L _ANALYSER |

Fig. 3. Experimental apparatus for the quantum efficiency measurements
and exciton saturation intensity measurements.

2.50 T T T

GaAs/Alo2Gao.eAs

L MH 30K

Photocurrent (pA)

Fig. 4. Photocurrent /-¥ spectrum for sample I at 30 K for excitation
wavelengths of 796 nm (solid line) and 807 nm (dotted line). The incident
power was 3.8 uW. The heavy hole (HH), light hole (LH), and resonant
tunneling (RT) peaks are labelled.

measurement, but was needed later for the saturation
measurements.) For this measurement, the sample was
mounted in a continuous flow Helium cryostat. Fig. 4
shows representative I-V characteristics at 30 K for two
different wavelengths at an incident power level of 3.8
uW. Consider first the I-V for 807 nm excitation (dotted
line). The laser wavelength is longer than the exciton line
at 0 V, and as the voltage is increased, first the heavy hole
exciton and then the light hole exciton is swept through
the laser wavelength. Consider now the /-V for 796 nm
excitation (solid line). This wavelength is closer to the
exciton at 0 V, and so the voltage required to bring the
heavy hole exciton into resonance with the laser is smaller
(2 V). As for 807 nm excitation, we see peaks corre-
sponding to both the heavy and light hole excitons. There
is a third peak, which we assign to resonant tunneling ef-
fects. Low temperature photocurrent spectra of this sam-
ple reveal an anomalous line broadening around 5 V cor-
responding to the resonant tunneling of electrons from the
first sublevel in one well to the second sublevel in the
adjacent well [47]. Returning to the heavy hole peak at
~2 V, we notice that this heavy hole peak appears flat-
tened. The reason for the flattened peak is that at these
low temperatures and voltages, the exciton lines are very
narrow, with a larger peak absorption height compared to
room temperature. The absorbance [I — exp (—al)] is
insensitive to o when o becomes very large, and so we
see that the photocurrent becomes independent of voltage
near the heavy hole peak. We can thus take [1 — exp
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(—aL)] equal to unity at the flattened peak, and thereby
obtain a value of  from (6), given that P is known, and
(1 — R) = 0.7 for GaAs. In this way we arrive at a value
of unity for 7 at 30 K and 2 V to within the estimated 20%
absolute accuracy of the power meter. We were able to
repeat this procedure up to 200 K, and found no signifi-
cant departure of 7 from unity in this temperature range.
Above 200 K, the exciton peaks in the I-V characteristics
were rounded at all voltages, so that we could not deduce
7 because [1 — exp (—aL)] was not known. Throughout
this paper we have assumed that 7 remains essentially
unity at and slightly above room temperature, as has been
observed previously [1], [3], and confirmed in recent
quantum efficiency measurements in samples with similar
designs to ours [48]. This assumption is consistent with
the fact that the peak exciton photocurrent measured in
the spectra for samples I and II was a monotonically de-
creasing function of voltage, as discussed above. On the
basis of this assumption, we could measure the room tem-
perature I-V characteristic of any of the five samples for
varying laser wavelength and convert it to an «-V char-
acteristic. We thus could obtain the values of the exciton
absorption coefficient at room temperature as a function
of voltage. The values of o deduced by assuming unity 3
are in good agreement with direct measurements in simi-
lar conditions [3]. Given the discussion above, this con-
version is less reliable for samples III-V at low voltages,
and we have to make an estimate of the actual value of 7
based on the electroabsorption scale-up factor.

V. EXCITON SATURATION

Exciton saturation measurements were made using the
apparatus shown in Fig. 3. The excitation source was
either a CW Styryl 9 dye laser or a titanium sapphire laser.
We used an acoustooptic modulator to produce a train of
square wave pulses of 100 ns duration at a repetition rate
of 1 MHz. This low 10% duty cycle was necessary in
order to reduce thermal effects in the sample. Spot radii
on the sample ranged from 2-30 um. The experiment con-
sisted in measuring the /-V photocurrent characteristic of
the diodes as a function of incident laser power and wave-
length with an HP4145B semiconductor parameter ana-
lyzer. Fig. 5 shows typical results for two different wave-
lengths in sample V at room temperature. (Sample V is
the one that saturates most easily because of its high bar-
riers.) We have divided the photocurrent by the laser
power to obtain the responsivity of the quantum wells,
considering them as a photodiode. In this figure, positive
voltage corresponds to reverse bias on the diode. The laser
spot was Gaussian with a measured e =2 radius (w) of 4.5
um. In Fig. 5(a), the laser wavelength is 840 nm, ap-
proximately 5 nm longer than the heavy hole exciton at 0
V. The responsivity shows peaks at the voltages where
the applied field exactly red-shifts the excitons to the laser
wavelength, because the absorption has a maximum at the
exciton wavelengths. Thus in Fig. 5(a) we first see a peak
at 6 V corresponding to the heavy hole exciton, and then
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Fig. 5. Room temperature responsivity curves of sample V for two differ-
ent wavelengths at incident power levels of either 0.4 uW (solid line) or
40 pW (dotted line).

at 16 V for the light hole exciton. The solid curve shows
the responsivity measured at an incident power level of
0.4 uW, while the dotted curve shows the responsivity at
40 yW. The 40 uW curve follows the 0.4 uW curve fairly
closely, except in the vicinity of the heavy hole peak. (The
small down scaling of the 40 uW curve is probably just
the experimental accuracy of our power measurements.)
We measure less responsivity at the heavy hole peak at
the higher power level, which we interpret as being caused
by saturation of the excitons. In Fig. 5(b) we show the
responsivities measured at the same power levels as for
Fig. 5(a), but with the laser tuned to 846 nm. Now we
must apply 12 V reverse bias to red-shift the heavy hole
exciton to the laser wavelength, and the light hole is out-
side the range of the 20 V sweep. We observe negligible
saturation at the heavy hole peak at the higher power level,
which tells us that the saturation intensity has increased
with the voltage. This is also why we do not observe any
saturation at the light hole peak in Fig. 5(a).

In order to obtain a value for the heavy hole exciton
saturation intensity at a particular voltage we proceed as
follows. First we convert the responsivity at the heavy
hole peak to an absorption coefficient using (6) with the
assumption of n = 1. In Fig. 6 we show the values of alL
deduced in this way as a function of average incident laser
intensity (P/7rw2). The data is for the heavy hole exciton
at 6 V, as in Fig. 5(a). In the intensity range where the
saturation varies linearly with intensity, the averaged in-
tensity correctly accounts for the variation in the satura-
tion across the spot size due to the Gaussian profile of the
laser. If we assume a phenomenological absorption satu-
ration dependence of the form

Qg

oD =137

N
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Fig. 6. Intensity dependence of the heavy hole exciton absorption in sam-
ple V at 6 V reverse bias.

then at low intensity o is a linear function of /, and J, is
the extrapolated intercept on the intensity axis. We have
shown the extrapolation of (/) in Fig. 6, which gives an
intercept at 3.7 kW cm 2. In order to obtain the value of
I from the experimental data, we have to allow for the
fact that the intensity I in (5) is the local intensity inside
the sample, while the data is measured against incident
intensity. In the limit of small changes in «, where the
effective interaction length approximation is valid [45], I,
can be obtained by multiplying the experimental intercept
by (1 — R)[1 — exp (—apl)] /apl.. We thus obtain a value
of 1.8 kW cm 2 for the heavy hole exciton saturation in-
tensity of sample V at 6 V and room temperature.

In Fig. 7 we show the 300 K saturation intensities of
the heavy hole excitons as a function of reverse bias for
the five samples. The values were obtained exactly as de-
scribed in the previous paragraphs, with the same spot
size throughout. The average field is determined by the
applied voltage, the built-in voltage of the diode, and the
intrinsic region width, and is therefore approximately the
same for all the samples at a given voltage. From Fig. 7,
we can draw three clear conclusions about /..

1) I increases with applied field.

2) I; decreases with the barrier thickness L.

3) I, decreases with the barrier Al concentration x.

It is clear that thin barriers with low Al concentration
give the best saturation performance for SEED’s, and that
careful design of the quantum well structure can lead to
improved saturation performance.

We now discuss the physics behind the experimental
behavior 1)-3). Exciton saturation in quantum wells has
been extensively studied experimentally and theoretically
in a variety of material systems for the case of zero elec-
tric field [45], [46], [49]-[58]. In the GaAs-AlGaAs sys-
tem, for example, the heavy hole excitons are known to
saturate at 300 K with a microscopic saturation areal den-
sity of N, of ~3 x 10" cm™2 for the case of zero applied
field [45], [49]. The case of finite electric field has re-
ceived less attention, with only a few studies published at
present [6], [31], [42]. A quantitative analysis of I, at fi-
nite applied field is complicated by the fact that 7, and 7,
are different, as discussed in Section II. Since the steady
state areal carrier populations generated at a CW intensity
I are given by

N = IaT[(LW + Lh)

! hw ®)
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Fig. 7. Heavy hole exciton saturation intensity at room temperature as a
function of applied reverse bias for the five GaAs-Al,Ga, . As quantum
well p-i-n samples.

we have therefore to consider the effect of having different
electron and hole densities within the sample. There are
two main consequences of this. First we must consider
the different saturating efficiencies of the two particle
types, and second, we have to consider the effects of space
charge buildup. These two effects are discussed in more
detail below. However, before going into details we can
make some general observations which give the main
ideas to explain the results. The principal point is that (8)
shows that the carrier densities vary strongly with the
sweep-out rate through 7;,. This means that by reducing
the sweep-out times we can reduce the carrier densities
generated at a given intensity. Both space charge effects
and microscopic exciton saturation depend on the carrier
density, and thus by reducing the sweep-out time, we
should be able to increase the exciton saturation intensity.
The close parallel between 1)-3) above and points 1)-3)
in Section II, confirms this supposition, and strongly sug-
gests that the variation in /; between the samples is caused
by differing tunneling and thermionic emission rates. This
conclusion does not depend on the detailed microscopic
mechanism of the exciton saturation.

The saturation of excitons by a gas of thermalized car-
riers, but with differing electron and hole populations, can
be anlaysed by an extension of the methods of Schmitt-
Rink et al. [57], [58]. At room temperature, where the
carrier gases have Boltzmann distributions, the exciton
saturation is essentially proportional to the number of car-
riers in the region of k space up to ~1/a,, where a, is
the exciton radius. This implies that the saturation density
for a single thermalized carrier type at high temperatures
is proportional to its effective mass [see (2.3.37b) in [58]].
(The heavier carriers are distributed over a larger region
of k space.) The fractional exciton absorption saturation
8o/ ay is then given by
(S(I 1 e Nh

s

+ =2
N

Sh

"N

Se
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When N, = N, = N, the absorption saturation is simply
—da /@y = N/N;. Therefore we deduce that the individ-
ual particlc saturation densities N,; are greater than N; by
a factor m; / u, where p = m,my, /(m, + m,) is the reduced
mass. Taking this into account, we can combine (8) and
(9) to obtain

hwN, m, + my,
I, = . (10)
aO(Lw + Lb) m,Ty + m,7T,

In principle, (10) allows us to evaluate the exciton satu-
ration intensity at finite applied field. In order to do this,
we need detailed knowledge of the field dependence of
both 7, and 7,, and also of N,/ay. N,/cy may change
somewhat as the field is applied. N, is inversely propor-
tional to @’ [57], and a, has been calculated to increase
by 25-40% on increasing the field from 0 to 10° V em™!
in ~100 A quantum wells [3], [59], [60]. This would
cause a reduction in N, by a factor of ~2 at most. This
decrease in N, is offset, to a large extent, by the accom-
panying decrease in «. Therefore it is very unlikely that
the field and barrier dependence of N,/ can explain the
experimental results. Therefore we expect the strong field
and barrier dependence of 7, and 7, to dominate the field
dependence of I,.A quantitative analysis of (10) requires
measurements of both 7, and 7, as a function of voltage,
and this data is not yet available. However, our basic con-
clusion that the saturation intensity is dominated by the
lifetimes is fully consistent with (10).

As mentioned above, the other consequence of having
different electron and hole densities in the sample is the
buildup of space charge as the intensity is increased. For
example, if the electrons escape faster than the holes, then
the holes are left behind and generate the space charge.
The space charge can screen the applied field and generate
field nonuniformities. The result is a reduction of the ex-
citon red-shift produced by the external field, and also
exciton broadening. Both these effects would change the
absorption at the laser wavelength as the intensity is in-
creased, and might therefore look like exciton saturation.
Moreover, (3)-(5) shows that 7, and 7, can begin to de-
pend on each other and on the laser intensity by means of
the space charge modifications to the field. Steady-state
space charge effects have been observed in InGaAs-InP
[39]-[41], and Wood er al. have recently given a self-
consistent analysis of the intensity dependent space-charge
effects in this material [42]. These space charge effects
are particularly acute in InGaAs-InP, where the hole
sweep-out times are very slow because of the large band
discontinuity for that system. It is reasonable to expect
that steady state space charge effects in the GaAs-AlGaAs
system will be less severe than in InGaAs-InP, because
the band discontinuities are smaller, and the hole thermal
emission times in GaAs-AlGaAs are expected to be fast
(see Table I). We were able to see some evidence for space
charge effects at low voltages in sample V, which has the
largest band discontinuity of our five samples. Fig. 8
shows the responsivity of this sample with the laser tuned
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Fig. 8. Responsivity of sample V for 838 nm excitation at an incident
power level of either 0.4 W (solid line) or 40 pW (dotted line). The shift
in the heavy hole peak to higher voltage with increasing power may be an
indication of the importance of space charge effects in this sample at low
voltages.

to 838 nm, such that the heavy hole exciton was red-
shifted to the laser wavelength with 4 V reverse bias. As
for Fig. 5, the solid and dotted lines are for 0.4 and 40
uW incident power. We notice that at the higher power
level the heavy hole peak has saturated and shifted to
about 5 V. This shift might well be caused by the buildup
of space charge, since this effect would tend to reduce the
field inside the sample, and thus we would have to apply
more external voltage to bring the average internal field
up to the level required to red-shift the exciton to the laser
wavelength. (The shift cannot be explained in terms of
series or contact resistance, because in that case the light
hole exciton would also shift to higher voltages at the
higher power level). Since the laser wavelength is fixed,
and the exciton red-shift is determined by the magnitude
of the internal field, we can be reasonably sure that the
average internal field in the sample at 4 V and 0.4 W
power is the same as at 5 V and 40 uW power. Therefore,
we can partly isolate the change in absorption due to space
charge by following the exciton peak in the I-V curve as
the power is increased, rather than measuring the photo-
current at constant voltage. However, we could not com-
pletely eliminate space charge effects, because space-
charge induced field nonuniformities cause exciton
broadening, which leads to a reduction in the peak height
even though the average field is unchanged. In practice,
we found that the difference in /; between measuring the
responsivity at fixed voltage as opposed to following the
peak was about a factor 2, which is within the estimated
absolute accuracy, and is much less than the variation be-
tween the samples and voltages.

The highest saturation intensities were rpeasured for
sample 1, which had x = 0.2 and L, = 65 A. Since this
sample has the lowest barrier, and thermionic emission is
more sensitive to the barrier height than tunneling [com-
pare (3) and (5)], our understanding of this result is that
the high saturation intensity is related to a very rapid ther-
mal emission process. If this is indeed the case, then I
should be very sensitive to temperature. We therefore
measured I, for this sample as a function of temperature.
In Fig. 9, we plot (LT ~") against T ™' between 60 and
360 K. The quantity (J,aLAT~ ') was chosen based on (10)
to highlight the temperature variation of 7, and 7, after
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Fig. 9. Normalised temperature dependence of the heavy hole exciton sat-
uration intensity for sample I at 8 V reverse bias.

allowing for the linear T dependence of N; at high tem-
peratures [57]. The applied voltage was 8 V. The mea-
surement could not be made at lower voltage because the
value of [1 — exp (—apl)] was too close to unity to give
meaningful results from photocurrent measurements (see
Fig. 4). We interpret the results as follows. (I,aL\T ™)
is essentially independent of T at low temperatures be-
cause the lifetimes are dominated by tunneling. As the
temperature is raised, the thermal emission process be-
comes activated. The error bars on the measurements are
unfortunately too large to obtain reliable values of the ac-
tivation energy. The important result is the strong sensi-
tivity to temperature, which confirms our intuition that the
high saturation intensity measured at room temperature is
caused by rapid thermal emission.

We close this section with a brief discussion of the es-
timated accuracy of our values of /,. The Gaussian beam
averaging and effective interaction length correction are
accurate up to first order in da / g This is also true of the
theoretical models used to write (9). We could not reli-
ably detect values of 6o/ less than 2-3%, and our val-
ues of [, are based mainly on the intensities required to
give da /oy of ~5-10%. The first order approximation
should be reasonable at these intensity levels. Also, at
these relatively low power levels, our neglect of higher
order many-body effects such as band-gap renormaliza-
tion should be reasonable. Such effects become increas-
ingly more important at higher intensities, and may be the
reason why, for example, the data in Fig. 6 do not fit very
accurately to the two-level saturable atom approximation
of (7) at high intensity. We do not think that thermal ef-
fects are significant in our data. These would have shown
up in the data such as Figs. 5 and 8 as a shift to lower
voltage at high powers, which was never observed with
the 10% high frequency duty cycle. We assumed that the
internal quantum efficiency 5 was unity and invariant with
intensity. There is no reason to expect 5 to vary with in-
tensity in the limit of small éa/ oy This follows because
7 is determined by the ratio of the sweep-out time to the
recombination time, and this should be unaffected by in-
tensity to first order. The assumption of n = 1 affects the
values of «L determined from the photocurrent spectra,
but the values of I, deduced from extrapolating «(/) are

not very sensitive to n for the values of 5 encountered in
the samples (minimum value ~60%), provided 7 is un-
changed with intensity. Our absolute accuracy is affected
by the accuracy of our value of the beam radius, and also
the calibration of the power meter. A reasonable estimate
for the absolute accuracy is a factor of 2. The principal
result of our work is the variation of I, between the sam-
ples and with the applied voltage. This is a comparative
study, with the measurements performed indentically for
all the samples and voltages, and so the basic result is
valid, irrespective of the validity of any of our approxi-
mations.

VI. CARRIER SWEEP-OUT MEASUREMENTS

We made direct measurements of the sweep-out times
of samples I and II by performing pump-probe experi-
ments on transmission samples made from the same wafer
as the previous measurements. A schematic diagram of
the apparatus is given in Fig. 10. The samples were
mounted in a continuous flow Helium cryostat for the
temperature dependent measurements. The laser pulse-
width was 0.5 ps, tunable from 790-870 nm, and the es-
timated maximum carrier density was 5 X 10'° cm™>. The
focused spot radius was typically 15-20 um. The com-
bination of lock-in techniques and aperturing of the trans-
mitted beams ensures that we only detect the change in
probe transmission induced by the pump. We used a cam-
era-imaging system to check that the pump and probe
spots were overlapping on the sample. In these condi-
tions, the rise time of the detected nonlinear signal is di-
rectly related to the sweep-out time [61]-[63].

In Fig. 11 we show our results for the sweep-out times
measured for samples I and II, together with our earlier
p-i-n quantum well sample [32]. This earlier sample had
0.9 pm of GaAs-Al, 3,Gay gAs quantum wells with a well
thickness of 65 A and L, = 57 A, and therefore has bar-
riers similar to those of sample III. The values for the
escape time given are the 10-90% rise time of the differ-
ential eletroabsorption signal, as has been used previously
[32], [63]. On comparing the results for the three sam-
ples, we can come to general conclusions about the field
and barrier dependence of the escape times and compare
them to our understanding based on (1)-(5).

1) All three samples show a general trend to a reduc-
tion in escape time as the voltage is increased. The min-
ima at 5, 7, and 10 V for the three samples are well ex-
plained by resonant tunneling of electrons between the first
and second sublevels of adjacent quantum wells. The ar-
rows in Fig. 11(a) and (b) show the resonant voltage de-
duced from independent spectroscopic studies on these
same samples [47], [64], and also from low temperature
photocurrent I-V characteristics (see Fig. 4). The co-
incidence of the resonant voltages measured by indepen-
dent techniques and the minima in the escape time con-
firms our assignment of the escape time minima to elec-
tron resonant tunneling, and also indicates that space
charge effects are negligible at the carrier densities gen-
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Fig. 11. Sweep-out time versus reverse bias for (a) sample I, (b) sample
11, and (c) our previous quantum well sample. Results are shown for both
room temperature and either 10 or 100 K. The arrows in (a) and (b) indicate
the electron resonant tunneling voltage found from independent spectro-

scopic studies of these samples.

erated. At fields well above the resonance, the escape time
limits out to a value of around 10 ps for samples I and II.
This time corresponds to the average transit time of the
carriers through the 1 pm intrinsic region at a saturation
drift velocity of ~10” cms™', and represents an effective
lower limit on the escape times that can be measured by
this technique. The reduction of escape time with applied
field can be caused by either an increase in the thermionic
emission rate or the tunneling rate [see (3)-(5)]. These
measurements are consistent with the measured increase
in saturation intensity with voltage.

2) On comparing Fig. 11(a) and (c), we see that a re-
duction in x at approximately constant L, leads to a re-
duction in the escape time. Again, this is consistent with
either enhanced tunneling or thermionic emission, al-
though the latter would seem more likely. These results
confirm that the most likely cause of the increase in /; on
reducing x is the reduction in the sweep-out time.

3) On comparing Fig. 11(b) and (c) we see how a re-
duction in L, at approximately constant x leads to a re-
duction in the carrier escape time. This is characteristic
of a tunneling event, and cannot be explained in terms of
pure thermionic emission. The result explains the increase
in I, observed on reducing L,, and also the faster SEED
switching time measured for samples with 35 A barriers
compared to 60 A [4].

4) The escape times of all three samples are very sen-
sitive to temperature at low voltages, but practically in-
dependent of T above resonant voltage. (The fact that we
give no data points in Fig. 11(c) at 100 K below 9V in-
dicates a very long lifetime.) This result suggests that the
escape process is thermally assisted at low fields, and
proceeds by tunneling at high fields. A simple explanation
of why this might be so has been given by Larsson et al.
[17]. They argued that at low fields a pure tunneling es-
cape mechanism is unlikely due to the large number of
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barriers that must be crossed. On the other hand, at high
fields the carriers need only tunnel through a single bar-
rier, and therefore this process has a high probability.
Since the low-field escape time is also affected by the bar-
rier width [cf. point 3) above], the most likely explanation
seems to involve a thermally-assisted tunneling escape
mechanism.

In order to investigate the low-field thermally-assisted
escape mechanism, we examined the temperature depen-
dence of the escape time of sample I at 3.0 V in more
detail. Fig. 12 shows the variation of the measured sweep-
out time against temperature. We find two different types
of behavior. Up to 100 K, the sweep-out time is indepen-
dent of the temperature, while above 100 K it decreases
rapidly with 7. Around room temperature, the measured
escape time begins to limit out at the sample transit time
of ~10 ps. These results are consistent with the temper-
ature-dependent satuation measurements shown in Fig. 9.
The results can be readily explained on the basis of (1),
(3), and (5). These equations show that at low tempera-
tures, thermal emission is frozen out, and the escape time
is determined by tunneling, which depends only very
weakly on 7. We thus deduce a value of 330 ps for the
tunneling time. At sufficiently high temperatures, thermal
emission must become the dominant escape mechanism,
and we can use (1) to deduce 7. To do this we subtracted
the 13 ps sample transit time from the measured sweep-
out time, and we assumed that 7 is negligible. The sim-
ple allowance for the transit effects becomes less reliable
for the data points at higher temperatures. The deduced
values of 7, are plotted on a logarithmic scale against T~
in the inset of Fig. 12 between 140 K and room temper-
ature. This Arrenhius plot gives the activation energy as
49 + 15meV at3.0 V. The +15 meV uncertainty is based
on the sensitivity of the fit to variations in the activation
energy, and also on the estimated accuracy of the thermal
emission times. The curve fitted to the sweep-out times in
Fig. 12 was obtained from (1) with tunneling and transit
times of 330 and 13 ps, respectively. The thermal emis-
sion time was taken from the straight line fit in the inset.
We repeated this analysis at 3.5 V, and found a tunneling
time of 100 ps and thermal activation energy of 47 meV.,

In order to obtain a clearer understanding of the phys-
ical significance of the activation energy, we show in Fig.
13 a sketch of the electron and heavy hole energy levels
of the sample at an applied field of 45 kV em ™', corre-
sonding to about 3.0 V applied bias after allowing for the
built-in voltage. The levels were found by fitting the low
temperature optical absorption spectra using the tunneling
resonance technique to find the subband energies at finite
field. The x value of the AlGaAs was determined to be
0.19 from the absorption edge of the top Al,Ga,_,As
p-type contact, and also from X-ray measurements. We
assumed a band offset ratio Q,:Q, of 67:33 [65]. The
shaded bands indicate the energies which correspond to
the experimentally determined limits of the activation en-
ergy. We see that the activation energy seems to corre-
spond to two possible escape mechanisms: either emis-
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Fig. 12. Escape time for sample I between 10 K and room temperture at
3.0 V against temperature T. The inset shows an Arrhenius plot of the
thermal emission time between 140 K and room temperature deduced from
the escape time assuming a tunneling time of 330 ps and a transit time of
13 ps. The straight line fit is for an activation energy of 49 meV. The curve
fitted to the escape time assumes the same fitting parameters as for the
straight line fit in the inset.
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Fig. 13. Electron and heavy hole energy leve} diagram of sample I at 45
kV cm™' applied field, which corresponds to 3.0 V applied reverse bias.
The shaded bands indicate the range of energies which might participate in
the thermally-activated escape mechanism.

sion of heavy holes over the top of their confining barrier,
or the onset of coupling of electrons to continuum states
through just one barrier. Our other results show the sen-
sitivity of the escape process to the barrier thickness at
low fields, and so the latter mechanism seems more likely.
The proposed escape mechanism via thermal occupation
of higher subbands [17], [24] does not appear to be con-
sistent with our data. Similarly, the simple emission of
electrons over the top of their barrier is inconsistent with
our results. There is, however, another escape mechanism
which would account for the deduced activation energies,
namely, phonon-assisted tunneling {31}, [66]-[68]. Our
measured activation energy is consistent with the energy
of the AlAs-like LO-phonon mode in the AlGaAs barrier.
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Further work will be needed to determine the escape
mechanism more precisely.

A question remains as to whether the sweep-out times
measured in this way are for electrons or holes, or a con-
volution of both. The experiment measures the fastest es-
caping carriers, which are usually presumed to be the
electrons. From the discussion in Section II, we do not
consider it justified to make such a presumption for the
GaAs-AlGaAs system because of the possibility of very
rapid hole thermal emission. However, the fact that we
do see a minimum at the field for resonant tunneling of
electrons does seem to suggest that the sweep-out times
refer to electrons only.

VII. CONCLUSIONS

We have demonstrated the importance of the carrier
sweep-out physics both for the excition saturation inten-
sity and for the electroabsorption. We have shown that
the exciton saturation intensity can be increased by using
low or thin barriers, without significant loss to the elec-
troabsorption performance. This result is particularly im-
portant for SEED systems. We have also shown that the
exciton saturation intensity increases with applied field.
Our time-resolved measurements indicate that the sweep-
out mechanism is thermally assisted at low fields. The
precise mechanism is yet to be resolved, but is probably
either thermal excitation of the electrons to the point where
they can couple to continuum states through just a single
barrier, or alternatively, optical phonon-assisted tunnel-
ing. At high fields, the escape mechanism is probably pure
tunneling. The behavior of the holes is still not fully
understood, and more work will be needed in this area
before arriving at a quantitative analysis of the exciton
saturation intensity. An improvement in the understand-
ing of the sweep-out physics should lead to further ad-
vances such as the recently demonstrated 33 ps optical
SEED switch [4].
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