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The magnitudes of excitonic nonlinearities were compared at 12 K in InGaAs/GaAs multiple 
quantum well structures with growth directions oriented along the [ 1001 and [ 1111 crystal axes 
by measuring both the steady-state and time-resolved differential transmission spectra. As 
expected, the spectra for the [loo] sample are indicative of excitonic bleaching at all times and 
for all excitation levels, and a carrier recombination time of 0.8 ns and a nonlinear cross section 
(change in absorption coefficient per carrier pair) of - 8 X lo-l4 cm2 are extracted for the [ 1001 
sample. By comparison, for low excitation levels, the spectra for the [ 11 l] sample are consistent 
with a blueshift of the exciton, indicating a screening of the strain-induced piezoelectric field. At 
higher excitation levels, the spectra are dominated by excitonic bleaching. Under identical 1 ps 
pulsed excitation conditions, the magnitudes of the changes in the absorption coefficient caused 
by screening in the [ 11 l] sample are comparable to those measured for bleaching in the [ 1001 
sample. By contrast, the steady-state changes in the absorption coefficient caused by screening in 
the [l 1 l] sample are an order of magnitude larger than the changes caused by bleaching in the 
[loo] sample. It was demonstrated that the larger steady-state response for the [ll l] sample is 
caused by carrier accumulation over the longer (density-dependent) lifetime for that sample and 
that it is not the result of a larger nonlinear cross section. The slow, nonexponential, 
density-dependent recombination rates measured for the [l 1 l] sample are consistent with carrier 
escape and drift to screen the entire multiple quantum well structure and are not consistent with 
screening within the individual quantum wells. 

I. INTRODUCTION 

Extremely large optical nonlinearities have been pre- 
dicted for strained quantum well structures composed of 
zincblende materials grown on substrates oriented in direc- 
tions other than [lOO].‘>* In such materials, the strain pro- 
duces a piezoelectric field with a component along the 
growth direction. This field shifts the excitonic resonances 
to lower energies through the quantum confined Stark ef- 
fect (QCSE). The nonlinearity then arises from a blueshift 
of the exciton as this strain-induced field is screened by the 
redistribution of photogenerated charge within individual 
wells. Recently, the existence3 and screening4 of these fields 
have been demonstrated, and the first steady-state mea- 
surements of the optical nonlinearities reported.5 Specifi- 
cally, in the latter studies,5 the nonlinear cross sections 
(changes in absorption coefficient per electron-hole pair) 
in InelsGacssAs multiple quantum well (MQW) struc- 
tures oriented in the [21 l] direction were reported to be an 
order of magnitude larger than those measured in a similar 

‘IPermanent address: Central Research Laboratories, Texas Instruments 
Incorporated, Dallas, TX 75265. 

structure grown in the [loo] direction and substantially 
larger than those previously reported in multiple quantum 
well structures. 

Here, we compare the transient and steady-state non- 
linear responses of a sample with a strain-induced piezo- 
electric field along the growth direction to those of an iden- 
tically grown sample with no field along the growth 
direction. Specifically, we compare the nonlinear response 
of an In,15Gaes,As MQW structure grown in the [I 1 l] 
direction to that of an identical MQW structure grown in 
the [loo] direction, and we make this comparison by 
measuring the time-resolved and the steady-state 
differential transmission spectra. We show that the 
transient nonlinear response of the [ll I] sample is 
consistent with a screening of the strain-induced - 
piezoelectric field by carriers that have escaped from the 
wells and have drifted to the edges of the MQW region, 
and not with in-well screening. As a result, we attribute 
the order-of-magnitude larger steady-state nonlinear 
response that we measure for the [l 1 l] sample to carrier 
accumulation over the longer (density-dependent) lifetime 
for the screening nonlinearity, not to a larger nonlinear 
cross section. 
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FIG. 1. Schematic of In,,i5Gaes5As multiple quantum well structures. 
Apart from the growth directions and substrate doping, the two samples 
are identical. 

FIG. 2. Absorbance (logtc l/T) spectra for the [lOO] sample (solid line) 
and the [l 1 l] sample (broken line) at 80 K. 

II. SAMPLE STRUCTURE AND CHARACTERIZATION 

The two InclsGacssAs multiple quantum well samples 
used in our studies are sketched in Fig. 1. They were grown 
simultaneously by metal organic chemical vapor deposition 
(MOCVD) 6 and are identical except for the growth direc- 
tions and the GaAs substrates. One was grown in the [lOO] 
direction on an n+-doped substrate, and the other in the 
[ 11 l]B direction (more precisely, tilted 2” toward the [lOO] 
direction) on a semi-insulating substrate. Symmetry dic- 
tates that there will be no piezoelectric field for the [loo] 
sample and that the field along the growth direction will be 
maximized for the [ll l] sample.7 Each MQ-W structure 
consists of ten 7-nm-wide InGaAs wells separated by 14- 
run-wide GaAs barriers. GaAs buffer and cap layers were 
grown for each structure, as indicated in Fig. 1. Following 
growth, the samples were glued to a glass wafer, and the 
substrates were polished to a thickness of -50 pm. The 
latter procedure reduced the magnitude of the weak band- 
tail absorption associated with the GaAs substrates that 
can obscure the MQW excitonic peaks. We emphasize that 
the well widths, barrier thicknesses, and compositions of 
our samples are nominally identical to those used in the 
earlier steady-state studies;’ however, in contrast to the 
previous work, the samples used here are not doped to 
form a p-i-n structure and are of a different orientation. 
Theory predicts even larger nonlinearities for the [ 11 l] ori- 
entation than for the [2 1 l] orientation used in the previous 
studies.5 

The absorption spectra of the two samples used here 
are shown in Fig. 2 for 80 K. Notice that the n= 1 heavy- 
hole-to-conduction-band excitonic transition ( ElHl ) for 
the [l 1 l] sample is shifted toward the red by roughly 7 nm 
with respect to the same feature in the [loo] sample. If the 
lattice mismatched layers are taken to be coherently 
strained, the fundamental band gap for the [l 1 l]-oriented 
wells is 20 meV larger than the gap for the [loo] samples 
When this difference in band gaps is taken into account, 
the redshift of the [l 1 l] exciton shown in Fig. 2 is consis- 
tent with a piezoelectric field of -20 V/pm within the 
quantum wells, which decreases the transition energy via 
the QCSE.8 Furthermore, the ,!ZlHl transition for the [ 1111 

sample is weaker and broader than that for the [loo] sam- 
ple, which is also consistent with the presence of a strong 
electric field within the [l 1 l] quantum wells. In each spec- 
trum, the slope on the short wavelength side of the exci- 
tonic transition is caused by background absorption asso- 
ciated with the band tail of the substrate material. 

As a further indication of material quality, the time- 
resolved photoluminescence of each sample is shown in 
Fig. 3, for an excitation fluence of 6.4 ,uJ/cm’ and an ex- 
citation wavelength of 532 nm. Notice that the decays are 
exponential with a time constant of 0.8 ns for the [loo] 
sample and 0.7 ns for the [1 1 l] sample. For these measure- 
ments, the samples were excited by 5 ps pulses from a 
frequency-doubled, compressed, continuous wave (cw ) 
mode-locked Nd:YAG laser. In each case, the photolumi- 

n 1 1 2 3 4 
Time (ns) 

FIG. 3. Time-resolved photoluminescence for the [loo] sample (squares) 
and the [ll l] sample (triangles) at 12 K. Each sample was excited using 
5 ps, 6.4 pJ/cm’ pulses at 532 nm. 
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nescence decays were acquired using a 0.25 m spectrome- 
ter, tuned to the center of the ElHl exciton transition, and 
a streak camera with 12 ps resolution. The samples were 
cooled to 12 K in a helium cryostat. The photolumines- 
cence lifetimes of the two samples measured in this way 
were approximately equal and constant as the excitation 
fluence was varied over two orders of magnitude, from 0.64 
to 64 pJ/cm’. For time delays longer than those shown and 
for fluences lower than 0.64 pJ/cm”, however, the decays 
became slower and nonexponential, and as a consequence, 
the signal quickly became too weak to readily detect with 
our system as presently configured. 
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III. TEMPORALLY AND SPECTRALLY RESOLVED 
DIFFERENTIAL TRANSMISSION 

FIG. 4. Anticipated nonlinear spectral signatures of (a) the [lOO] and 
(b) the [Ill] sample. 

In order to minimize the uncertainties associated with 
the nonexponential recombination of carriers and with dif- 
fusion, which often complicate steady-state measurements, 
the nonlinear response of each sample was spectrally and 
temporally resolved using a conventional differential trans- 
mission technique. The pulses used in these measurements 
had a duration of -1.5 ps full width at half maximum 
(FWHM); they were produced by a cavity-dumped, syn- 
chronously mode-locked dye laser, which could be tuned 
across the ElHl MQW excitonic transition in each sample. 
Each pulse from the laser was split into two parts, one 
(probe) was attenuated and time delayed with respect to 
the other (pump), and they were spatially overlapped in 
the sample with an angle of 5.5” between the two beams. 
The probe transmission, following excitation by the pump, 
was measured as a function of probe delay, of excitation 
fluence and of wavelength. The radius of the pump beam 
(48 pm, half-width at em1 of the irradiance, HWl/e) at 
the sample was arranged to be larger than that of the probe 
(18 ,wm, HWl/e) to ensure that the probe monitored an 
area of the sample which had been excited by approxi- 
mately uniform illumination. The cavity dumper was op- 
erated at a repetition rate of 1 MHz. The quantity actually 
measured was the differential transmission, AT/T, which 
is the change in probe transmission normalized by the lin- 
ear transmission. This signal was acquired by chopping the 
pump beam at 25 Hz and the probe at 2.2 kHz and by 
using two cascaded lock-in amplifiers to detect the change 
in probe transmission at the difference frequency. The 
change in the absorption coefficient, Aa, can be extracted 
from these measurements using the equation 

the exciton and shift it to the red. The screening of this 
huge field, by photogenerated carriers, is expected to nar- 
row the exciton and shift it back toward the blue. In con- 
trast to the bleaching, this blueshift will have a spectral 
signature consisting of both a positive and negative peak. 

Representative results for the [lOO] sample are shown 
in Fig. 5. As expected, for the [loo] sample, the spectral 
signature is characteristic of bleaching at all fluences and at 
all time delays. This is illustrated in Fig. 5 (a) for a fixed 
time delay of 100 ps and Auences ranging from 0.18 to 18 
pJ/cm2 and in Fig. 5 (b) for a fixed fluence of 0.18 pJ/cm2 
and time delays ranging from 5 ps to 1 ps. (The measure- 
ment at 1 ys was made by setting the delay so that the 
probe pulse arrived at the sample - 100 ps before the cor- 
responding pump pulse, but 1 ps after the previous pump 

Aa=-(l/L)ln(l+AT/T), (1) 
where L is the active length of the sample (70 nm in this 
case). Finally all measurements were performed with the 
sample temperature at 12 K, nominally the same temper- 
ature used in earlier steady-state experiments.5 

The anticipated nonlinear responses of our two sam- 
ples are illustrated in Fig. 4. For the [loo] sample, we 
expect the main consequence of photoexcitation to be a 
bleaching and broadening of the exciton, which will pro- 
duce a change in absorption, ha, with a large negative 
peak centered near the excitonic peak. In the [ 1111 sample, 
the estimated 20 V/pm strain-induced field will broaden 

5 ps” 0.18 N/cm2 

-2.0 :865870 855 860 880 885 

Wavelength (nm) 

FIG. 5. Spectrally resolved change in absorption coefficient Aa of the 
[IOO] sample (a) for representative fluences at a fixed time delay of 100 ps 
and (b) for several times at a fixed pump fluence of 0.18 $/cm’. 
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FIG. 6. Spectrally resolved change in absorption coefficient Aa of the 
[l 1 l] sample (a) for representative tluences at a fixed time delay of 100 ps 
and (b) for several t imes at a fixed pump tluence of 18 pJ/cm’. 

pulse.) As can be estimated from Fig. 5(b), the bleaching 
decays with the same time constant as was extracted from 
the ps time-resolved photoluminescence measurements de- 
scribed above. For low fluences, where ha is a linear func- 
tion of carrier density, we can reliably extract a nonlinear 
absorption cross section, a,h=Aa/n, from these measure- 
ments. Since our pulse width is short compared to the 
recombination lifetime, the carrier density can be estimated 
from 

n = aF/hv, (2) 
where F is the fluence of the pump and hv is the photon 
energy. Using this procedure, a peak cross section, 
c&[lOO], of 8X lo-l4 cm2 is extracted. This value is con- 
sistent with those obtained in similar flatband GaAs/ 
AlGaAs (Ref. 9) and [lOO]-oriented InAs/GaAs (Ref. 
10) and InGaAs/InP M Q W  samples.” 

By contrast, representative results for the [ 11 l] sample 
are shown in Fig. 6. The spectral signature for the [l 1 l] 
sample is characteristic of a blueshift associated with the 
screening of the strain-induced field only at very low flu- 
ences, as illustrated in Fig. 6(a) for the same fixed time 
delay and range of fluences shown in Fig. 5(a). At the 
higher fluences, excitonic bleaching contributes, or domi- 
nates, as indicated by the shape of the spectral signatures 
shown in Fig. 6(a). As illustrated in Fig. 6(b), at these 
higher fluences, the spectral signature indicating bleaching 
decays into one characteristic of screening in roughly 0.7 
ns. This is the same time constant extracted from the time- 
resolved photoluminescence measurements for this sample 
(Fig. 3). Once the bleaching component has decayed, how- 
ever, the decay associated with the remaining screening 

l,-lo~ ,,,,,, I ,,(,, yiq 

100 300 500 700 900 
Probe Delay (ps) 

FIG. 7. The decay of the change in absorption coefficient Aa of the [ll l] 
sample for fixed wavelengths of 877 nm (circles), 880 nm (squares), and 
883 nm (triangles) and for a fixed pump fluence of 18 pJ/cm’ at 12 K. 

becomes very nonexponential and slows to the point that 
the positive and negative peaks indicative of an excitonic 
blueshift are still evident after 1 ps. In fact, the magnitude 
and shape of Aa after 1 ~1s are insensitive to the pump 
tluence over the range studied here, to within the accuracy 
of the experimental technique. 

Because the spectral profiles shown in Fig. 6 reflect 
contributions from two sources (i.e., bleaching and screen- 
ing) and, therefore, change shape with time in a compli- 
cated manner, the extraction of meaningful carrier decay 
rates from such differential transmission measurements is, 
at best, difficult, particularly at a single fixed wavelength. 
This point is illustrated in Fig. 7, where the absorption 
change at a fluence of 18 pJ/cm2 is plotted as a function of 
time for three fixed wavelengths: 877, 880, and 883 nm. A 
wavelength of 877 nm is near line center for the ElHl 
transition and, therefore, is expected to be more sensitive to 
bleaching than to the excitonic blueshift caused by screen- 
ing of the piezoelectric field responsible for the QCSE (see 
Fig. 4). Therefore, as the carriers responsible for bleaching 
recombine, the decay at 877 nm is roughly exponential 
with an initial slope of -0.7 ns, again consistent with the 
photoluminescence measurements for this sample shown in 
Fig. 3. By comparison, at wavelengths above the ElHl 
excitonic resonance (e.g., 880 and 883 nm), the probe is 
less sensitive to bleaching and is more sensitive to the blue- 
shift of the resonance (again, see Fig. 4). At the latter 
wavelengths, as shown in Fig. 7, the measured decays are 
dramatically slower. Clearly, then, carrier recombination 
rates cannot be extracted from differential transmission 
measurements at a single wavelength without a detailed 
knowledge of the line shapes and relative strengths of the 
two contributions as a function of carrier density. Never- 
theless, it is clear from Fig. 6 that the carrier decay is 
density-dependent and nonexponential and that a screen- 
ing contribution persists for more than 1 ,us. 

The latter important point is emphasized in Fig. 8, 
where the differential transmission induced by a low pump 
fluence (0.18 pJ/cm2) is plotted for several time delays. At 
such a low fluence, bleaching is neglible, screening domi- 
nates at all times, and this screening decays imperceptibly 
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FIG. 8. Spectrally resolved change in absorption coefficient Aa of the 
[ll l] sample for several times at a fixed pump fluence of 0.18 $/cm*. 

in the first ps. We emphasize that this decay is much 
slower than would be expected for in-well screening;12 
these time scales suggest that the carriers escape and move 
to screen the entire MQW structure, as discussed below. 

The competing contribution from bleaching with in- 
creasing fluence dictates that any direct comparison of the 
magnitudes of the nonlinear responses arising from a 
screening of the piezoelectric field in the [l 1 I] sample and 
from bleaching in the [loo] sample be restricted to the 
lower fluences. For this purpose, we show in Fig. 9 the 
absorption change for each sample for a fluence of 0.18 
pJ/cm2 and a time delay of 5 ps. This fluence is such that 
screening dominates at all times for the [ 11 l] sample and 
bleaching for the [loo] sample, and this delay ensures that 
negligible recombination will have occurred in either sam- 
ple. In comparing the magnitudes of the responses, the 
peak absorption change Aa for the [ 1001 sample should be 
divided by roughly a factor of 2 in an attempt to compen- 
sate for the differing carrier generation rates that result 
from the unequal peak absorption coefficients shown in 
Fig. 2. When this is done, the peak response of the [l 1 l] 
sample is comparable to the response of the [loo] sample. 

1.5, , , , , I , ( 

855 860 865 870 875 880 885 890 
Wavelength (nm) 

FIG. 9. Spectrally resolved change in absorption coefficient A.a of the 
[Ill] sample (broken line) and the [lo01 sample (solid line) for a time 
delay of 5 ps and a pump fluence of 0.18 @/cm’ at 12 K. 

Such a comparison of the magnitudes would be more 
rigorous if an absorption cross section a&[1 111 could be 
extracted for the [l 1 l] sample and compared directly to 
the o&[lOO] extracted above. Strictly sp”eaking, this is in- 
appropriate for the [l 1 l] sample for at least two reasons. 
First, the [ 11 l] nonlinearity is associated with a reduction 
of the Stark shift of the excitonic resonance, which varies 
with the square of the field. Consequently, a cross section 
can be properly defined only over a limited range of flu- 
ences, where the screening field is approximately linear in 
the photogenerated carrier density and is small compared 
to the unscreened piezoelectric field. Outside of this re- 
gime, ha is a nonlinear function of n, and therefore, a cross 
section will depend upon carrier density. Nevertheless, we 
could define a oeh[l 1 l] at a given carrier density (i.e., da/ 
dn), if it were not for the more serious problem of carrier 
accumulation from shot to shot. Even using ps pulses sep- 
arated by - 1 ps, this accumulation is significant, as illus- 
trated in Figs. 6 and 8, and prevents an accurate determi- 
nation of the carrier density. It is possible, however, to 
place an upper bound on a cross section deflned at this 
specific fluence. By noting that the.total carrier density n is 
the density created by the most recent pump pulse, npulse, 
plus that accumulated, nacc, we can define a maximum 
cross section at this fluence, a,,, as 

ha Aa -~ 
amax- > 

npulse npuke+ ni, ’ (3) 

where, for direct comparison with bleaching and with Ref. 
51 nacc is estimated by assuming that all carriers that ini- 
tially are excited in the wells remain and accumulate there, 
whether they do or not. Using the data from Fig. 6, we 
estimate o,, to be less than 12 x lo-l4 cm2. This again 
indicates that the [l 1 l] cross section associated with 
screening is at best comparable to the [loo] cross section 
associated with bleaching. Furthermore, as shown in Fig. 
8, Aa does not change measurably in magnitude or in 
shape between successive pump pulses, which indicates 
that the carriers produced by a single pump,. npulse, pro- 
duce a negligible change compared to those that accumu- 
late over many. .pump periods, nacc . The latter condition 
(i.e., nacc > npulse ) further suggests that the screening cross 
section is probably significantly less than that for bleaching 
at these densities. 

IV. STEADY-STATE MEASUREMENTS 

The conclusions (i) that the optical nonlinearities 
measured in the [ 11 l] piezoelectric sample are comparable 
to, not an order of magnitude larger than, those measured 
in the.[lOO] sample and (ii) that the [ill] carrier recom- 
bination is nonexponential and, for low carrier densities, 
much slower than that in the [loo] sample are both con- 
trary to conclusions reached as the result of earlier steady- 
state investigations of similar samples.5 In an effort to in- 
vestigate these differences, we performed similar steady- 
state measurements on our samples. Specifically, the 
differential transmission measurements described earlier 
were repeated using a tunable cw titanium sapphire laser. 
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FIG. 10. Steady-state spectrally resolved change in absorption coefficient 
ha for the [ill] sample (broken line) and for the [lo01 sample (solid 
line) at 12 K taken with a cw pump irradiance of 16.2 W/cm2. 

In this case, the radii of the pump and probe beams were 
300 pm (HWl/e) and 45 pm (HWl/e), respectively. 
Otherwise the experimental conditions were identical. 

The change in absorption coefficient, Aa, as a function 
of wavelength is shown for each sample in Fig. 10, for a 
peak irradiance of 16.2 W/cm’. We emphasize two fea- 
tures that are evident in this figure. First, the spectral sig- 
nature for the [ 1001 sample is indicative of bleaching, while 
that for the [l 1 l] sample is indicative of a blueshift of the 
exciton. Second, despite the larger linear absorption coef- 
ficient for the [lOO] sample, the magnitude of the signal 
attributed to screening is approximately a factor of 5 larger 
than that associated with bleaching. 

These results are quite similar to those obtained in 
previous steady-state measurements.5 In the steady-state, 
the estimated carrier density, 

n =aIr/hv, (4) 

is very sensitive to an accurate determination of the carrier 
lifetime 7. In the previous work,5 identical lifetimes ( -2 
ns) were extracted from time-resolved differential trans- 
mission measurements for the two samples used there and 
were used to estimate a cross section for the [ 11 l] sample 
that was roughly an order of magnitude larger than that 
for the [loo] sample. If we were to use the 0.7 ns lifetime 
extracted from the time-resolved photoluminescence mea- 
surements shown in Fig. 3 (or from the differential trans- 
mission measurements at 877 nm shown in Fig. 7) to in- 
terpret our cw results, then we would arrive at the same 
conclusion. That is, we would extract a,h[l 1 l] -2X lo-t2 
cm2 compared to aJlOO] u 1 x lo-l3 cm.’ Notice that the 
latter value is in reasonable agreement with the a,h[lOO] 
extracted earlier from the pulsed measurements. For our 
[l 1 l] sample, however, we have demonstrated that the de- 
cay rate is nonexponential and a function of carrier den- 
sity. From Fig. 8, iu the regime where screening is domi- 
nant, this density-dependent decay time is clearly longer 
than - 1 ,us, so that 0.7 ns would be an incorrect value to 
use. Consequently, in our steady-state measurements, we 

FIG. 11. Schematic of spatial dependence of band structure for (a) a 
clamped and (b) a free [ill] MQW structure. 

attribute the larger ha for the [l 1 l] sample to the accu- 
mulation of carriers during the longer lifetime, not to a 
larger cross section. 

v. DlsCUsslory 

The extremely slow decay rates that are measured for 
the screening contribution to the nonlinear response of our 
samples are consistent with carrier escape from the wells 
and drift to produce spatially separated electron and hole 
distributions, which screen the entire structure. The precise 
nature of this process depends on the distribution of strain 
throughout the MQW structure. Two limiting cases for the 
strain configuration are discussed below; these are known 
as the mechanically clamped (or coherently strained) and 
mechanically free cases, respectively.13 Based on the non- 
linear optically observations, our arguments suggest a mea- 
sure of mechanical clamping in the [ 11 l] piezoelectric sam- 
ple. 

Under clamped conditions, the lattice-constant charac- 
teristic of the unstrained substrate material is imposed on 
the entire structure. Hence, there is no strain in the barrier 
regions and piezoelectric fields exist only in the strained 
quantum wells. The conduction and valence band edges 
measured along the growth direction would resemble those 
sketched in Fig. 11 (a). These fields would broaden the 
exciton and shift it to the red through the QCSE. For 
In,i,G~~s,As/GaAs MQW structures with 7 nm well 
widths, as studied here, the potential difference accumu- 
lated across a single well (in the clamped case) is larger 
than the band offset, as indicated in the figure. As a con- 
sequence, the excitonic states are only weakly bound (e.g., 
by a few meV), and thus, carriers can readily escape from 
the wells even at temperatures as low as 12 K. Following 
photogeneration then, the carriers will quickly escape the 
wells and will drift apart to screen the entire structure. The 
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field produced by this charge separation will flatten the 
overall band structure by reducing the resultant field in the 
wells (and thereby cause the exciton to blueshift), while 
producing a field with opposite sign in the barriers. A per- 
fectly flattened (i.e., screened) version of the band struc- 
ture would resemble the free structure shown in Fig. 
11(b). 

In this clamped picture, the degree to which the elec- 
trons and holes are separated depends upon the size of the 
accumulated potential, which, in turn, depends directly on 
the number and distribution of photogenerated carriers. 
Therefore, the resulting effective carrier recombination rate 
also will depend strongly on carrier number and distribu- 
tion, since it depends on the overlap of electron and hole 
wave functions. If the carrier escape and drift mechanisms 
are assumed to be fast compared to the m-well recombina- 
tion rate, then, for a given photogenerated carrier density, 
the bands will be the flattest immediately following this 
generation, escape and drift. Subsequently, as the carriers 
recombine, the bands will steepen causing the carrier sep- 
aration to increase, and the recombination rate will de- 
crease. Consequently, a nonexponential recovery that 
slows with decreasing carrier density is expected. 

The largest charge separations and the slowest decay 
rates are expected at low carrier numbers, where the 
screening is small. The maximum charge separation possi- 
ble in our samples is -200 nm, which is the length of the 
multiple quantum well region, and the slow decay rates 
observed here for low carrier numbers are consistent with 
those that we have observed in other structures with 
built-in fields. Specifically, we have performed similar stud- 
ies to those described here on hetero-n-i-p-i samples,14 in 
which electrons and holes are separated by similar dis- 
tances and in which recombination lifetimes in excess of 1 
,us are observed. In the n-i-p-i samples the built-in fields are 
smaller than the piezoelectric fields considered here. Con- 
sequently, we would expect even more complete charge 
separation and, therefore, slower recombination rates for 
the present samples, as observed. 

If the pump pulses produce more carriers than are 
needed to flatten the bands, then the excess carriers will 
remain in the wells. The observed nonlinearity in this case 
will be a combination of the excitonic blueshift, caused by 
the screening of the strain-induced piezoelectric field pro- 
duced by the carriers that have escaped the wells, and of 
bleaching caused by those that remain in the wells. The 
contribution of the bleaching will increase, and eventually 
dominate, with increasing pump fluence. At the high flu- 
ences, initially (while the bands are approximately flat), 
that fraction of the carriers remaining in the wells will 
recombine at approximately the same rate as carriers in the 
nonpiezo[lOO] sample. As the carriers remaining in the 
wells become depleted, the bleaching will disappear and 
the recombination rate will slow. At this point, the nonlin- 
earity is associated primarily with the excitonic blueshift 
and recombination proceeds as described in the preceding 
paragraphs. All of these tendencies of a clamped structure 
are consistent with our observations. 

So far, our discussion of the clamped case has ne- 

glected the effects of screening by the separation of charge 
within individual wells. The principal consequences of 
such in-well screening would be a flattening of the potential 
within each well, an accompanying increase in confinement 
energy for the carriers in each well, and consequently, a 
reduction of the cumulative potential over the entire struc- 
ture. The decay of the in-well screening signal would be 
determined either by carrier escape from the wells or by 
the recombination of carriers separated by no more than 
one well width. Neither carrier escape nor in-well recom- 
bination are consistent with the longer-than-ps recovery 
times for the blueshift observed here. At the higher flu- 
ences, if such effects are present initially, then, they are 
obscured by the onset of excitonic bleaching by phase- 
space filling. 

We will now discuss the response of a mechanically 
free strained-layer structure for comparison. Under free 
conditions, the potential difference across the entire MQW 
structure is essentially zero. Thus, the lattice spacing takes 
a value that is the average of the two materials, weighted 
by the relative widths of the barriers and wells. If the bar- 
rier width is twice the well width then the strain (and 
hence the piezofield) in the barriers will be one-half of that 
in the wells, and of opposite sign. The corresponding 
energy-band structure is sketched in Fig. 11 (b). 

At first sight, then, for a free structure, there is no 
long-range field to produce carrier drift so that there can be 
no long-range screening by photogenerated carriers, only 
bleaching and in-well screening. However, if in-well 
screening is included, then carrier generation immediately 
reduces the field (and flattens the potential) within each 
individual well. This tends to introduce an accumulated 
overall tilt to the bands that is opposite in sense to that 
shown for the clamped case in Fig. 11 (a). This encourages 
carriers to escape and drift (electrons to the right and holes 
to the left). The escape of carriers from the wells reduces 
the in-well screening and partially restores the in-well field. 
By comparison, the drift of electrons and holes in opposite 
directions following their escape produces a field that acts 
to oppose the accumulated tilt of the bands, both by in- 
creasing the net field in the wells and decreasing that in the 
barriers. This carrier escape and drift continues until flat- 
band conditions are once again approximately restored. At 
this point, the structure again resembles that shown in Fig. 
11 (b), except that the field in the wells is reduced by an 
amount determined by the difference between the intra- 
and extra-well screening, and the field in the barriers is 
reduced by the extra-well space-charge field. Notice that, if 
recombination were to occur before the electrons and holes 
escaped the wells and separated, then, the recovery of the 
nonlinearity would be much faster than that observed. 

For this reason, we assume that, prior to the onset of 
recombination, the optically excited free structure is a 
screened version of that shown in Fig. 11 (b), with a frac- _ 
tion of the carriers screening the fields in the wells and a 
fraction of the carriers screening the entire MQW struc- 
ture. The carriers in the wells have the smaller separation - 
and, consequently, a higher recombination rate. As the 
in-well screening becomes reduced by this recombination, 
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the in-well field increases causing a cumulative tilt that will 
tend to drive the electrons and holes at the edge of the 
MQW structure back into the wells. Since the response 
time for movement back into the wells is short compared 
to the in-well recombination time, this process adiabati- 
cally maintains roughly flatband conditions as carriers re- 
combine from within the wells. Therefore, the recovery of 
the nonlinearity is expected to be faster than that observed, 
whether or not in-well screening plays a significant role. 
Consequently, we speculate that the. tendencies of a free 
structure are not consistent with our results. 

Regardless of whether the structure is assumed to be 
clamped or free, we see no evidence of in-well screening in 
our measurements. In simplistic terms, in order for one 
exciton to screen the piezoelectric field seen by another, 
their excitonic orbits must overlap; however, this is the 
same intuitive description as that given for bleaching. We 
speculate, therefore, that in-well screening is not readily 
detected in our measurements because the in-well carrier 
density required for the onset of screening is the same as 
that for bleaching, and therefore, the contributions of in- 
well screening are obscured by those of bleaching. 

VI. SUMMARY AND CONCLUSIONS 

We have measured the transient and steady-state dif- 
ferential transmission spectra of an InGaAs multiple quan- 
tum well structure with growth in the [l 1 l] direction and 
compared them to spectra for an identical sample with 
growth in the [ 1001 direction. The time-resolved spectra for 
the [lOO] sample were indicative of excitonic bleaching for 
all fluences and all time delays, and from these, we were 
able to extract an exponential decay time of 0.8 ns and a 
reliable cross section of a,h[lOO] N 8 X lo-l4 Cm2. By com- 
parison, the time-resolved spectra for the [ill] sample 
were consistent with a blueshift of the exciton, at the low- 
est fluences, indicative of a screening of the strain-induced 
piezoelectric field, but were dominated by bleaching at the 
higher fluences. The bleaching contribution was found to 
decay in -0.7 ns. By contrast, the screening contribution 
exhibited a very nonlinear decay lasting much longer than 
a microsecond. Most importantly, at a given fluence, the 
magnitude of the change in the absorption coefficient 
caused by screening for the [ 11 l] sample was at best com- 
parable to, not an order of magnitude larger than, that 
measured for bleaching in the [loo] sample. The steady- 
state changes in absorption coefficient caused by screening 
in the [ 11 l] sample, however, were an order of magnitude 

larger than the changes caused by bleaching in the [loo] 
sample, consistent with the longer accumulation time for 
carriers in the [ 11 l] sample (not a larger change in absorp- 
tion coefficient per electron-hole pair). 

The recombination rates measured for screening in the 
[ 11 l] sample are too slow to be caused by in-well screening. 
Consequently, we attribute the screening nonlinearities in 
our [ll l] sample to carriers escaping from the wells and 
drifting to the edges of.the MQW region, as would occur in 
a partially clamped structure. Since electrons and holes 
drift in opposite directions the resulting spatial separation 
of charge not only accounts for the partial screening of the 
electric fields in the quantum wells, but also for the ex- 
tremely slow, density-dependent recombination, rate. Be- 
cause of carrier accumulation, even when sequential pump 
pulses were separated by several ps, however, the present 
experiments did not allow the temporal resolution of the 
rapid carrier escape or space-charge field formation. 
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