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Departamento de la Ingeniesı´a Electrónica, ETSI Telecommunicacio´n, Universidad Polite´cnica de Madrid,
Cuidad Universitaria, 28040-Madrid, Spain

~Received 12 April 1995; accepted for publication 13 September 1995!

We measure the per-carrier nonlinear responses caused by photoexcited carriers in two strained
@111#-oriented InGaAs/GaAs multiple-quantum-well structures, and we compare them to that
measured in a@100#-oriented structure. Without an external bias, we find that the absorption
coefficient changes per photogenerated carrier for the@111#-oriented piezoelectric materials are
smaller than for the@100#-oriented materials, not larger, as originally suggested. Subsequently,
measurements of the per-carrier nonlinear responses as a function of reverse bias voltage
demonstrate that the smaller per-carrier nonlinearities measured for the@111# structures are partially
the result of a broadening of the excitons by the huge in-well fields, but can be primarily attributed
to the quality of the@111#-grown materials. When corrected for differing in-well fields and for
differing excitonic linewidths, the per-carrier responses are similar in magnitude, suggesting that the
@111# response may eventually approach that of@100# material, but probably will not significantly
exceed it. ©1996 American Institute of Physics.@S0021-8979~96!02501-9#
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I. INTRODUCTION

A number of semiconductor optical and electro-optic
devices~e.g., optical switching and logic devices! require a
large nonlinear change of their optical properties~either ab-
sorptive or refractive! per absorbed photon or per injecte
carrier pair. The change in refractive index or absorpt
produced by a laser pulse is proportional to the shorter
either the pulse duration or the excited carrier lifetime. O
timally, the pulse duration and carrier lifetime are matche
in which case the switching energy~product of power and
time! is determined primarily by the change in absorpti
coefficient per photogenerated~or injected! carrier pair.
Therefore, any mechanism that has the potential to enha
the per carrier nonlinear response is of considerable inte
It has been suggested1 that the screening of the huge piez
electric fields present in strained-layer multiple-quantu
well ~MQW! structures grown along thê111& and ^211& di-
rections might provide such an enhancement. The prese
of the piezoelectric field along the growth direction in su
materials shifts the exciton to the red through the quantu
confined Stark effect~QCSE!. The nonlinearity then arises a
the photogenerated~or injected! charge screens the piezo
electric field causing the exciton to shift to the blue as t
QCSE is reduced.

Early theoretical work1,2 ~based on mechanically free la
tices! predicted a large nonlinear response for strained m
rials oriented in thê211& and^111& directions because of the
screening of the strain-induced piezoelectric fields by pho
excited carriers that remain in the quantum wells~in-well
screening!. To date, however, there have been only a fe
measurements3–6 of the nonlinear response of these piez
electric quantum wells. In the first measurement,3 the accu-
mulated absorption change of a@211#-oriented InGaAs/GaAs
MQW under cw excitation was shown to be an order
J. Appl. Phys. 79 (1), 1 January 1996 0021-8979/96/79(1)/4
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magnitude larger than that measured in a similar structu
grown in the @100# direction ~which had no piezoelectric
field along the growth direction!. In addition, measurements3

of the photoluminescence following excitation of large ca
rier densities indicated that each sample initially recover
on a nanosecond time scale. Under the presumption of si
lar recombination lifetimes for the two samples, these initi
results seemed to imply a factor of 10 enhancement of t
per-carrier nonlinearities in the piezoelectric MQWs.

A subsequent comparison4 of @111#- and @100#-oriented
strained MQWs using 1 ps excitation pulses confirmed th
the steady-state nonlinearities were larger in the@111#-
oriented piezoelectric sample than in the nonpiezoelect
@100#-oriented sample, but attributed the enhanced respo
to a carrier accumulation over the much longer lifetime me
sured for the@111# sample compared to the@100# sample—
not to a larger per-carrier response. The much long
lifetimes4 measured for the@111# sample were attributed to
the mechanically clamped lattice of the InGaAs/GaAs grow
on GaAs. In such structures, the lattice constant of the su
strate~GaAs! is imposed on the entire MQW. Therefore, th
strain and the piezoelectric field are localized in the well an
as a result, a potential accumulates across the MQW reg
as shown schematically in Fig. 1. In such a structure, on
the electrons and holes have escaped the wells and move
opposite directions to the edges of the sample, they are se
rated in space by a potential that can approach that of
band gap. Under these circumstances, the recombination
nonexponential and extremely slow. In fact, in the previou
studies by Cartwrightet al.4 the sample recovered very little
in the 1ms between laser pulses at low pump fluences. Un
recently this extremely slow sample recovery precluded a
temporal resolution of the optical nonlinearity and determ
nation of carrier dynamics in piezoelectric MQWs.
41717/7/$6.00 © 1996 American Institute of Physics
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Recently, however, by embedding a piezoelectric MQ
in a p- i -n structure specifically designed to reduce the li
time of photoexcited carriers and by operating our laser s
tem at a low repetition rate~25 kHz!, we were able5,6 to
isolate the nonlinear effects associated with the carriers
jected by a single laser pulse from the cumulative effects
previous pulses. By doing this, we were able to tempora
resolve the piezoelectric optical nonlinearities and to sh
that, for times long compared to the carrier escape time,
nonlinearities are dominated by long-range~out-of-well!
screening of the piezoelectric field by carriers that have
caped the wells and moved to the edges of the MQW reg
however, these measurements were not performed u
conditions that were appropriate for extracting a per-car
nonlinear figure of merit.

In this article we extend this work to provide the fir
measurements of the per-carrier nonlinear optical respo
associated with out-of-well screening of the piezoelec
field in strained,@111#-oriented InGaAs/GaAsp- i ~MQW!-n
structures. We have measured this per-carrier nonlinea
sponse in two piezoelectric structures with dramatically d
ferent bandstructures and nonlinear responses, and we
compared it to that measured in a conventional nonpie
electricp- i ~MQW!-n structure grown in the@100# direction.
The per-carrier responses were first measured on the sam
as grown~i.e., without any applied bias!. The measurement
were then repeated as a function of reverse bias. By so do
we were able to measure the per-carrier nonlinear resp
of each sample at comparable in-well fields and to elimin
field-induced broadening from the comparison.

II. SAMPLES STUDIED

The two piezoelectric samples studied here are the s
two p- i -~MQW!-n structures that were used in our rece
work.5,6 Specifically, in the first of these~no. 279!, the MQW
region consists of ten 10-nm-wide In0.15Ga0.85As/GaAs wells
separated by 15-nm-wide GaAs barriers. The MQW regio

FIG. 1. Schematic of the mechanically clamped spatial band structure
motion of photogenerated carriers in a strained@111#-oriented multiple-
quantum-well structure.
418 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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clad by 117.5-nm-wide undoped GaAs spacer layers.
sample was grown on ann1-doped@111#-oriented substrate
and capped by a 300-nm-thick layer ofp1 GaAs. The con-
centration of bothn andp dopants is.231018 cm23, which
is more than sufficient to allow a built-in potential of;1.4 V
to develop between the doped regions when the sample is
externally biased.

The spatial band structure of sample 279~without exter-
nal bias! is shown in Fig. 2 for convenience. The procedu
used to calculate that band structure5,7 and the piezoelectric
constants8,9 used in that calculation are discussed in so
detail elsewhere. The piezoelectric field in the QWs~;155
kV/cm! is arranged to be in opposition to thep- i -n electric
field ~;52.1 kV/cm!, and, therefore, the total in-well field
~the difference between the piezoelectric field and thep- i -n
field! is about 100 kV/cm, equivalent to the piezoelect
field in a strained, undoped In0.1Ga0.9As/GaAs MQW.

The thickness of the well and the barrier layers we
carefully chosen so that the accumulated decrease in po
tial over the MQW region due to the piezoelectric field
greater than the accumulated increase due to thep- i -n field.
Consequently there are local potential minima for electro
and holes at opposite ends of the MQW region. As we h
recently demonstrated,5 at low excitation levels in an unbi
ased sample, electrons and holes that are photogenerat
the QWs will escape and move to these minima to produc
space-charge field that is in opposition to the piezoelec
field. As a result, the total field in the QW will be reduce
and the exciton will shift to the blue because of a reduct
in the QCSE.

We have also shown6 that, as the excitation levels ar
increased, the field in the QWs~as indicated by this blue
shift! saturates. This saturation demonstrates that the sam
cannot be optically driven~in the absence of an externa
potential! beyond flatband conditions in the QW region. An
attempt to optically produce a positive cumulative poten
across the MQW region in this sample by producing mo
carriers than is needed to flatten the average potential
produce movement of charge~i.e., a current! so as to screen

andFIG. 2. Schematic of the spatial band structure and motion of photoge
ated carriers in the@111#-oriented InGaAs/GaAsp- i -~MQW!-n sample
no. 279.
Huang et al.
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the p- i -n field. This screening of thep- i -n field will allow
an increase of the net in-well field. The increase in the
well field will, in turn, tend to tilt the cumulative potentia
back toward having a local minima, thus producing a curr
that opposes the change. The quasisteady state between
two currents ensures that the bands cannot be driven be
having an average potential that is flat across the MQW
gion. If the latter were not so, then the blue shift wou
become a red shift at higher excitation levels, and it does
This behavior is of interest, but it is of no consequence to
here, since we perform all of our per-carrier measuremen
a regime where the change in potential due to screenin
small compared to the unscreened potential difference
tween the two minima.

As a final point on this sample, we note that the poten
difference between these two minima is;0.3 V which is
much smaller than the potential difference of;1.4 V be-
tween the ends of the undoped piezoelectric MQW structu
used in earlier attempts4 to measure the nonlinear respons
Consequently, the recombination lifetime of the spatia
separated electrons and holes will be greatly reduced c
pared to those earlier structures.

The second piezoelectric sample~no. 280! is identical to
the first except that the barriers have a thickness of 30
This seemingly minor change in sample design causes a
jor change in the spatial band structure, as illustrated in
3. As with sample no. 279, the piezoelectric field in the QW
~;155 kV/cm! is in opposition to thep- i -n electric field
~;52.1 kV/cm!, and the total in-well field is about 100 kV
cm. In contrast to no. 279, however, the thicknesses of
well and the barrier layers dictate that the accumulated
crease in potential over the MQW region due to the pie
electric field is smaller than the accumulated increase du
the p- i -n field. Consequently there are no local potent
minima for electrons and holes at opposite ends of the MQ
region for sample no. 280. In this case~as we have also
recently demonstrated5!, when electrons and holes are ph
togenerated in the QWs, they will escape and move~in the

FIG. 3. Schematic of the spatial band structure and motion of photoge
ated carriers in the@111#-oriented InGaAs/GaAsp- i -~MQW!-n sample
no. 280.
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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opposite direction to the carriers in no. 279! to the doped
regions to produce a space-charge field that reinforces
piezoelectric field. As a result, the total field in the QWs wil
be increased, and the exciton will shift to the red because
an increase in the QCSE. At higher excitation levels th
screening of the in-well field can never become large enou
to produce a negative slope in the average potential~and a
corresponding blue shift!. That is, as with sample no. 279
and for similar reasons, sample no. 280 cannot be optica
driven beyond having an average potential that is flat acro
the MQW region.

The third sample is identical to sample no. 280 exce
that it was grown in the@100# direction. For completeness,
the spatial band structure of the nonpiezoelectric sample
shown in Fig. 4. In the absence of an external bias, the on
field in the QWs is the built-inp- i -n field ~;25 kV/cm!,
which is smaller than the net in-well field in the other two
samples. In this sample, photogenerated carriers will esca
the wells and move to screenp- i -n field causing a blue shift
of the exciton as the QCSE is reduced.

As a final comment on these three samples, we note th
the 10-nm-wide InGaAs well thicknesses used here a
below10 the critical thicknesses for both the^100& and ^111&
orientations for an In mole fraction of 0.15. Consequentl
we would not expect misfit dislocations to significantly re
duce the strain-induced field and, thereby, to reduce the
sociated nonlinear response. Nevertheless, we checked
dislocations in three ways. First, we used a microscope
visually inspect each sample, and we observed no eviden
of dislocation formation. Second, we performed x-ray
diffraction studies on similar samples~with x50.15) that
revealed no evidence of dislocation formation. Finally~and
most importantly!, we measured the excitonic shifts that cor
respond to optically induced flatband conditions, and w
measured the shift of the exciton as a function of externa
applied electrical reverse bias. A comparison of these tw
sets of measurements, using the procedure described in R
5, demonstrated quantitative agreement with the spatial ba

ner-FIG. 4. Schematic of the spatial band structure and motion of photogen
ated carriers in the@100#-oriented InGaAs/GaAsp- i -~MQW!-n.
419Huang et al.
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structures calculated~and shown qualitatively in Figs. 2–4!
assuming no dislocation formation.

III. MEASUREMENT OF THE [111] PER-CARRIER
NONLINEAR RESPONSE

In both the piezoelectric and nonpiezop- i ~MQW!-n
structures studied here, the change in absorption coeffic
Da is caused by the screening of the perpendicular in-w
field E' ~intrinsic, built in, or applied! by a photogenerated
space charge fieldEsc,

Da~l!5a~E'2Esc!2a~E'!. ~1!

We have shown elsewhere11 that, when this quantity is mea
sured under a restricted set of conditions, the normali
spectrumDa~l!/N ~obtained by dividing the change in ab
sorption coefficient by the density of photogenerated carr
N! will have a shape and an amplitude that are independ
of excitation level, but that the spectrum will shift slightl
and linearly with excitation level. Except for this shift, thes
are exactly the properties that allow the definition of a p
carrier absorptive cross section for bleaching nonlinearit
The latter has been commonly used to quantify the effecti
ness of optically created carriers in changing the absorp
coefficient.12–17 For this reason we choose to use the pe
change in absorption coefficient per carrier,

seh5
Da~lpeak!

N
, ~2!

as the measure of the strength of the nonlinearity, wherelpeak
designates the wavelength at whichDa is a maximum. For
the samples used here~each of which contains ten 10-nm
thick wells!, the density of carriersN generated in each wel
is uniform from the front to the back of the sample to with
10%, and the magnitude of the average carrier densityN is
known to within615%.

The conditions necessary forseh to be a constant and
independent of excitation density are:11

~i! that the number of carriers that escape the wells a
move to screen the field increases linearly with fl
ence and with photoexcited carrier density;

~ii ! that the resulting photogenerated space-charge fi
Esc must be small compared to the initial unexcite
in-well perpendicular fieldE' ;

~iii ! that the area under the excitonic absorption line m
remain approximately constant~i.e., bleaching is neg-
ligible!; and

~iv! that the shift in the center wavelength of the exciton
peak caused by photoexcitation,Dl~E'2Esc!
2Dl~E'!, is small compared to the excitonic line
width G0.

All of our measurements were performed well within th
‘‘linear’’ regime.

Also, we have established11 that ~in the low-excitation
regime whereseh can be defined! seh follows the following
phenomenological scaling expression:

seh56S f eCNwIwe D a0

G0

]Dl~E!

]E U
E'

, ~3!
420 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996

Downloaded¬21¬Aug¬2004¬to¬129.105.69.164.¬Redistribution¬subjec
ient
ell

ed
-
ers
ent

e
r-
es.
e-
ion
ak

-

n

nd
-

eld
d

st

ic

-

is

where f is the fraction of the photogenerated carrier densit
that escapes the wells and moves to screen the perpendicu
field, e is the fundamental charge,C is a constant that is
determined by whether the excitonic lineshape is Gaussian
Lorentzian,e is the dielectric constant of the material,a0 is
the amplitude, andG0 is the half-width at half-maximum
linewidth of the exciton. Finally,Dl~E! gives the shift of the
center wavelength of the exciton with in-well field. In agree-
ment with previous studies,11,18–21we found that the exci-
tonic peak in our samples shifted quadratically with the per
pendicular field @Dl~E')5gE'

2 # for in-well fields below
;40 kV/cm. Above this value, the excitonic shift continued
to increase with the field, but the shift was no longe
quadratic.11 For the three samples considered here the num
ber of wells and the well widths are identical. Consequently
the first term~in parenthesis! in Eq. ~3! would be expected to
be constant.

We emphasize that the scaling of the per-carrier Stark
shifted nonlinearityseh with well number, electric field, am-
plitude, and width of the excitonic transition@as given by Eq.
~3!# has been demonstrated11 by measuring the per-carrier
nonlinear response of a number of MQW structures as
function of temperature, bias, and materials system.

For our studies, values forseh were extracted from stan-
dard two-color pump-probe differential transmission mea
surements. These measurements were performed using t
independently tunable, cavity dumped, cw-mode-locked dy
lasers. Each laser produced pulses of;2 ps in duration~full
width at half-maximum intensity!, and the measured jitter
between pulses from the two lasers was always less than
ps. One laser was used to generate a known density of c
riersN by tuning it to a fixed wavelength slightly to blue of
the heavy-hole exciton, while the other was used as a va
able wavelength probe and was tuned across the exciton
absorption profile. The focused spot size of the probe at th
sample was adjusted to be 1/3 of the pump spot size~100
mm, half-width ate21 of the maximum! to ensure relatively
constant excitation over the probe spot.

All measurements reported here were performed with
fixed time delay of 800 ps between the pump and prob
pulses. This delay was chosen because a separate study
the photoexcited carrier dynamics6 showed that the photoex-
cited carriers had completely escaped the wells by this tim
but had not yet undergone significant recombination. In ad
dition, separate in-plane transport measurements were p
formed using standard techniques22,23 to determine the loss
of carriers by diffusion out of the optically excited region.
All estimates of optically created carrier densities reporte
here take this diffusion into account. The laser repetitio
rates~25 kHz for sample 279 and 147 kHz for the other two
samples! were chosen to ensure an acceptable signal-to-noi
ratio yet to allow almost complete recovery of the samples

Under these conditions, standard lock-in technique
were used to measure the differenceDT in the probe-pulse
transmission with and without the pump present as a functio
of wavelength and fluence. The differential absorption spec
trum was then extracted for each fluenceF and time delayt
using the expression
Huang et al.
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Da~l,t5800 ps,F !52
1

Nwlw
F lnS 11

DT

T D G , ~4!

whereNwlw is the total thickness of quantum well materia
All measurements were performed at 80 K to improve t
signal-to-noise ratio. Most important, we emphasize that v
ues forseh were only extracted from regimes where thes
spectra were clearly shown to be independent of excitat
fluenceF.

IV. PER-CARRIER RESPONSE OF UNBIASED
SAMPLES

We measuredDa/N for each of the three samples de
scribed in Sec. II as grown~i.e., without an externally ap-
plied bias!. First, however, we measured the peakDa as a
function of fluence for each sample to ensure that the am
tude of the Stark shift varied linearly with fluence over th
range used to extractseh. Operation within this regime, in
turn, ensured thatEsc!E' . In addition, we verified that the
shifts in the center wavelength of the exciton
Dl~E'2Esc!2Dl~E'!, were less than one-tenth that of th
excitonic linewidthG0~E'! for all measurements reported
here.

Results of such measurements on sample no. 279~see
Fig. 2! are shown in Fig. 5 for selected excitation levels. Th
quantity actually plotted in Fig. 5~and in similar figures
throughout! is

@Da~l,800 ps,F !2Da~l,250 ps,F !#/N

for the in-well carrier densities indicated and for a samp
temperature of 80 K. We subtracted the spectrum at250 ps
~i.e., ;140 ms! to ensure that we compensated for any r
sidual background that accumulated from pulse to pul
From Fig. 5 it is clear that the exciton shifts to the blue wi
increasing fluence, consistent with the band structure sho
in Fig. 2. It is also clear that for carrier densities within th
regime that the shape and magnitude of the quantityDa~l!/N
is independent of excitation level. Under these condition

FIG. 5. Stark-shifted absorption change per photogenerated carrier a
function of wavelength for the@111#-oriented sample no. 279 for selected
injected carrier densities at 80 K.
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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the peak change in the absorption coefficient per carri
seh[Dapeak/N, can be taken as a valid per-carrier figure o
merit. The value extracted from Fig. 5 for the@111#-oriented
sample no. 279 and 80 K isseh5~2767!310214 cm2. Simi-
lar data are presented in Fig. 6 for sample no. 280. In co
trast to no. 279, notice that the spectra for no. 280 are indic
tive of a red shift of the exciton, consistent with the ban
structure shown in Fig. 3, and thatseh5~2166!310214 cm2.
Finally, data for the@100#-oriented samples are presented i
Fig. 7. The spectra are indicative of a blue shift an
seh5~4806100!310214 cm2.

In view of the scaling law given by Eq.~3!, the mea-
sured values forseh given in the previous paragraph, at first
appear surprising. All other parameters being equal~namely,
a0 and G0!, inspection of Eq.~3! would suggest thatseh
should increase with in-well electric-field strength. Cons
quently, since the in-well field in each of the@111#-oriented
samples is;100 kV/cm, and it is;25 kV/cm for the@100#

s aFIG. 6. Stark-shifted absorption change per photogenerated carrier a
function of wavelength for the@111#-oriented sample no. 280 for selected
injected carrier densities at 80 K.

FIG. 7. Stark-shifted absorption change per photogenerated carrier a
function of wavelength for the@100#-oriented sample for selected injected
carrier densities at 80 K.
421Huang et al.
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sample, one might expect from the field dependence al
that theseh for the @111# samples would be equal, but large
than for the@100# sample. Indeed, we find thatseh for no.
279 is roughly equal toseh for no. 280, but surprisingly tha
seh for the @100# sample is a factor of 20 larger than for no
279 or no. 280. The implication is that the exciton is broa
ened substantially in the@111# samples compared to th
@100# sample. Indeed, the excitonic linewidths for the unb
ased samples at 80 K are separately measured to be 3.4
and 1.1 nm for the@111#-oriented samples 279 and 280 an
for the @100#-oriented sample, respectively. The questi
then arises as to whether this broadening of the excito
linewidths and the associated smaller per-carrier nonline
ties measured in the piezoelectric samples are the resu
broadening by the huge in-well fields, whether they can

FIG. 8. Linear absorption spectra at 80 K as a function of reverse bias
the @111#-oriented samples~a! no. 279 and~b! no. 280, and~c! for the
@100#-oriented sample.
422 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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attributed to material quality, or whether they are the res
of some intrinsic difference in the nonlinear mechanisms.
the following section, in order to address this issue, we p
form the first side-by-side comparison of the strained@111#-
and @100#-oriented MQWs as a function of bias voltage. B
so doing we are able to measure the per-carrier nonlin
response of each sample at comparable in-well fields an
eliminate field-induced broadening from the comparison.

V. PER-CARRIER RESPONSE AS A FUNCTION OF
BIAS VOLTAGE

The shifts in the excitonic peaks with applied voltage f
each of the samples used here are shown in Fig. 8. No
that the peak shifts to the blue with increasing reverse v
age for the@111#-oriented sample no. 279 and for sample n
280 and to the red for the@100#-oriented sample, as expecte
for the band structures shown in Figs. 2, 3, and 4, resp
tively. The per-carrier responseseh was measured at eac
reverse bias voltage for each sample, always taking car
ensure that we were operating in the regime whereseh can be
defined, as described in Sec. III. In particular, we emphas
that, in determiningseh for each bias voltage, the photoin
duced shift in the excitonic peak was always less than 0.1
the excitonic linewidth. Also, for each bias voltage and ea
sample, the in-well field was calculated using the sa
procedure5,7–9used to calculate the band structures shown
Figs. 2–4.

Theseh measured for each sample are plotted as a fu
tion of net in-well field in Fig. 9. Several features are wor
noting. First, notice thatseh for the @100#-oriented MQW is
much larger than those for the@111# samples for modest, bu
equal, in-well fields. This feature suggests that the remain
difference in theseh for the two samples can be attribute
directly to the ‘‘intrinsically’’ broader exciton in the@111#
samples~which may be an indication of material quality!.
Next, notice that the general trends are similar for ea
sample. Specifically, for small in-well fields,seh increases

for

FIG. 9. Comparison of the per-carrier nonlinear responseseh of the @111#-
oriented samples no. 279~open diamonds! and no. 280~solid circles! and
the @100#-oriented sample~solid squares! as a function of in-well field at a
temperature of 80 K.
Huang et al.
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with the field, consistent with negligible broadening of t
exciton with field and with an increasing~quadratic! shift of
the exciton with field@see Eq.~3!#. At higher in-well fields,
seh decreases with increasing in-well field, consistent the
set of field-induced broadening of the exciton. Finally, not
that at the highest in-well fields, when field-induced broa
ening is expected to dominate, theseh for all three samples
become roughly equal~within a factor of 2!.

These tendencies are made clearer if we plot the norm
ized quantity sehG/a0 to remove the effect of excitonic
broadening, as we have done in Fig. 10. Notice that
quantitysehG/a0 is roughly the same for each sample. Sin
the oscillator strength~as represented by the area under
excitonic peak! is approximately the same for each samp
and since the in-well fields are equal, this result further s
stantiates that the smallerseh obtained for the@111#-oriented
samples~shown in Fig. 9! are mainly associated with th
larger excitonic linewidths~and smaller amplitudes! in the
@111# samples and that this larger linewidth is most proba
related to less than optimized material quality or to so
fundamental limitation of growth in the@111# direction.

VI. CONCLUSIONS

Consequently, we conclude from these measurem
that the per-carrier nonlinear optical response of piezoe
tric MQWs can be optimized by properly adjusting the n
in-well fields. We also conclude that we might expect furth
improvement~perhaps as much as a factor of 6! in the per-
carrier nonlinear optical response of piezoelectric MQW
with optimized growth conditions, but that the per carr

FIG. 10. Comparison of the normalized per-carrier nonlinear respo
sehG0/a0, of the @111#-oriented samples no. 279~open diamonds! and no.
280 ~solid circles!, and the@100#-oriented sample~solid squares! as a func-
tion of in-well field at a temperature of 80 K.
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nonlinearities will probably not exceed those of@100# mate-
rials. Nevertheless, these materials are likely to continue
gain attention because of the additional design flexibility th
the in-well piezoelectric fields provide. For example, in@111#
structures, because of the presence of the in-well piezoe
tric field ~which can be arranged to oppose thep- i -n field!,
it is always possible to engineer the bandstructure to prov
the optimal in-well bias conditions without an externally ap
plied bias, while this is not possible in@100# structures with-
out severely restricting the width of the intrinsic region.
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