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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 g100]-oriented structure. Without an external bias, we find that the absorption
coefficient changes per photogenerated carrier for[1id]-oriented piezoelectric materials are
smaller than for thg100]-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 fdrdtfestructures 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 thafddf0] material, but probably will not significantly
exceed it. ©1996 American Institute of Physids§0021-89786)02501-9

I. INTRODUCTION magnitude larger than that measured in a similar structure
grown in the[100] direction (which had no piezoelectric
A number of semiconductor optical and electro-opticalfield along the growth directionin addition, measuremerits
devices(e.g., optical switching and logic devigeequire a  of the photoluminescence following excitation of large car-
large nonlinear change of their optical propertiegher ab-  rier densities indicated that each sample initially recovered
sorptive or refractive per absorbed photon or per injected o g nanosecond time scale. Under the presumption of simi-
carrier pair. The change in refractive index or absorptiong, recombination lifetimes for the two samples, these initial
produced by a laser pulse is proportional to the shorter ofggyits seemed to imply a factor of 10 enhancement of the
e_ither the pulse duratiqn or the exc_ited_ ca_rrier lifetime. Op'per—carrier nonlinearities in the piezoelectric MQWs.
fumally, the pulse durgtloq and carrier lifetime are matched, A subsequent comparisbif [111]- and[100}-oriented
n Wh'.Ch case t.he SW't.Ch'n.g energproduct of power a“‘?' strained MQWSs using 1 ps excitation pulses confirmed that
::Ig]e?%‘iclzisegftggnrqIr;)i(z)tg;?naenrgt:érthi(ra\jeccgzggial:]ri:rbsp?a:ﬁtlonthe steady-state nonlinearities were larger in fi41]-
; . " oriented piezoelectric sample than in the nonpiezoelectric
Therefore, any mechanism that has the potential to enhan . .
00J-oriented sample, but attributed the enhanced response

the per carrier nonlinear response is of considerable interest. ) ; o
It has been suggestethat the screening of the huge piezo- t0 a carrier accumulation over the much longer lifetime mea-
sured for thd111] sample compared to tH&00] sample—

electric fields present in strained-layer multiple-quantum- .
well (MQW) structures grown along tha11) and (211 di- not to a larger per-carrier response. The much longer

rections might provide such an enhancement. The presengr%et'mesz mgaslrretlj for tzﬁll_l] sa:cn;rn]le were a';tnbuted to

of the piezoelectric field along the growth direction in suchiN® Mechanically clamped lattice of the InGaAs/GaAs grown
materials shifts the exciton to the red through the quantum®” GaAs. In such structures, the lattice constant of the sub-
confined Stark effedtQCSE. The nonlinearity then arises as Strate(GaAs is imposed on the entire MQW. Therefore, the
the photogeneratebr injected charge screens the piezo- strain and the piezoelectric field are localized in the well and,
electric field causing the exciton to shift to the blue as the?S @ result, a potential accumulates across the MQW region
QCSE is reduced. as shown schematically in Fig. 1. In such a structure, once

Early theoretical work? (based on mechanically free lat- the electrons and holes have escaped the wells and moved in

ticeg predicted a large nonlinear response for strained mate2Pposite directions to the edges of the sample, they are sepa-
rials oriented in thé211) and(111) directions because of the rated in space by a potential that can approach that of the
screening of the strain-induced piezoelectric fields by photoband gap. Under these circumstances, the recombination is
excited carriers that remain in the quantum wéltswell nonexponential and extremely slow. In fact, in the previous
screening To date, however, there have been only a fewstudies by Cartwrighet al? the sample recovered very little
measurements® of the nonlinear response of these piezo-in the 1us between laser pulses at low pump fluences. Until
electric quantum wells. In the first measuremettie accu-  recently this extremely slow sample recovery precluded any
mulated absorption change of 2l1]-oriented InGaAs/GaAs temporal resolution of the optical nonlinearity and determi-
MQW under cw excitation was shown to be an order ofnation of carrier dynamics in piezoelectric MQWSs.
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FIG. 1. Schematic of the mechanically clamped spatial band structure anBIG. 2. Schematic of the spatial band structure and motion of photogener-
motion of photogenerated carriers in a straiffdd1]-oriented multiple- ated carriers in thg111]-oriented InGaAs/GaA9-i-(MQW)-n sample
quantum-well structure. no. 279.

Recently, however, by embedding a piezoelectric MQWclad by 117.5-nm-wide undoped GaAs spacer layers. The
in a p-i-n structure specifically designed to reduce the life-sample was grown on am"-doped[111]-oriented substrate,
time of photoexcited carriers and by operating our laser sysand capped by a 300-nm-thick layer pf GaAs. The con-
tem at a low repetition raté25 kHz), we were ablg®to  centration of botm andp dopants is>2x10" cm ™2, which
isolate the nonlinear effects associated with the carriers inis more than sufficient to allow a built-in potential 6f..4 V
jected by a single laser pulse from the cumulative effects ofo develop between the doped regions when the sample is not
previous pulses. By doing this, we were able to temporallyexternally biased.
resolve the piezoelectric optical nonlinearities and to show  The spatial band structure of sample 2#8thout exter-
that, for times long compared to the carrier escape time, thgal bias is shown in Fig. 2 for convenience. The procedure
nonlinearities are dominated by long-rangeut-of-well)  used to calculate that band structf@nd the piezoelectric
screening of the piezoelectric field by carriers that have esconstant$® used in that calculation are discussed in some
caped the wells and moved to the edges of the MQW regiordetail elsewhere. The piezoelectric field in the QWsL55
however, these measurements were not performed undkl/cm) is arranged to be in opposition to tipei-n electric
conditions that were appropriate for extracting a per-carriefield (~52.1 kv/cm), and, therefore, the total in-well field
nonlinear figure of merit. (the difference between the piezoelectric field andghien

In this article we extend this work to provide the first field) is about 100 kV/cm, equivalent to the piezoelectric
measurements of the per-carrier nonlinear optical respondéld in a strained, undoped JuGa As/GaAs MQW.
associated with out-of-well screening of the piezoelectric ~ The thickness of the well and the barrier layers were
field in strained[111]-oriented InGaAs/GaAg-i (MQW)-n  carefully chosen so that the accumulated decrease in poten-
structures. We have measured this per-carrier nonlinear réial over the MQW region due to the piezoelectric field is
sponse in two piezoelectric structures with dramatically dif-greater than the accumulated increase due tethe field.
ferent bandstructures and nonlinear responses, and we haG@nsequently there are local potential minima for electrons
compared it to that measured in a conventional nonpiezoand holes at opposite ends of the MQW region. As we have
electricp-i (MQW)-n structure grown in th¢100] direction.  recently demonstratetat low excitation levels in an unbi-
The per-carrier responses were first measured on the samplased sample, electrons and holes that are photogenerated in
as grown(i.e., without any applied biasThe measurements the QWs will escape and move to these minima to produce a
were then repeated as a function of reverse bias. By so doingpace-charge field that is in opposition to the piezoelectric
we were able to measure the per-carrier nonlinear respondield. As a result, the total field in the QW will be reduced,
of each sample at comparable in-well fields and to eliminat&nd the exciton will shift to the blue because of a reduction

field-induced broadening from the comparison. in the QCSE.
We have also shovinthat, as the excitation levels are

increased, the field in the QWss indicated by this blue

shift) saturates. This saturation demonstrates that the sample
Il. SAMPLES STUDIED cannot be optically driver(in the absence of an external

The two piezoelectric samples studied here are the sanmotentia) beyond flatband conditions in the QW region. Any

two p-i-(MQW)-n structures that were used in our recentattempt to optically produce a positive cumulative potential
work > Specifically, in the first of thes@o. 279, the MQW  across the MQW region in this sample by producing more
region consists of ten 10-nm-wideylpGa, gsAS/GaAs wells  carriers than is needed to flatten the average potential will
separated by 15-nm-wide GaAs barriers. The MQW region igproduce movement of chardee., a currentso as to screen

418 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996 Huang et al.

Downloaded-21-Aug-2004-t0-129.105.69.164.-Redistribution-subject-to-~AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



4 — : : : : : 4 — . : . . .
<——— Epiezo = 15.5 Vum-~1 o Erme = 2,49 Vm-"
—> EpiN = 5.21 Vum-—1
3t : 3t :
N ~~
> >
S—’ ~—r
2 2f — 2 2f :
C C
: . :
a 1t @ | a 1t @ |
|_> I_>
o L 1 1 1 il il il 1 O [ 1 i L 1 i I ]
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Distance (nm) Distance (nm)

FIG. 3. Schematic of the spatial band structure and motion of photogenef!G. 4. Schematic of the spatial band structure and motion of photogener-
ated carriers in thg11i]-oriented InGaAs/GaA9-i-(MQW)-n sample  ated carriers in thgl00]-oriented InGaAs/GaAg-i-(MQW)-n.
no. 280.

the p-i-n field. This screening of the-i-n field will allow  opposite direction to the carriers in no. 27® the doped
an increase of the net in-well field. The increase in the in+egions to produce a space-charge field that reinforces the
well field will, in turn, tend to tilt the cumulative potential piezoelectric field. As a result, the total field in the QWs will
back toward having a local minima, thus producing a currenbe increased, and the exciton will shift to the red because of
that opposes the change. The quasisteady state between thaseincrease in the QCSE. At higher excitation levels the
two currents ensures that the bands cannot be driven beyorsdreening of the in-well field can never become large enough
having an average potential that is flat across the MQW reto produce a negative slope in the average potefaiadl a
gion. If the latter were not so, then the blue shift would corresponding blue shjft That is, as with sample no. 279
become a red shift at higher excitation levels, and it does notind for similar reasons, sample no. 280 cannot be optically
This behavior is of interest, but it is of no consequence to uslriven beyond having an average potential that is flat across
here, since we perform all of our per-carrier measurements ithe MQW region.
a regime where the change in potential due to screening is The third sample is identical to sample no. 280 except
small compared to the unscreened potential difference behat it was grown in thg¢100] direction. For completeness,
tween the two minima. the spatial band structure of the nonpiezoelectric sample is
As a final point on this sample, we note that the potentialshown in Fig. 4. In the absence of an external bias, the only
difference between these two minima-+90.3 V which is field in the QWs is the built-inp-i-n field (~25 kVv/cm),
much smaller than the potential difference ofL.4 V be-  which is smaller than the net in-well field in the other two
tween the ends of the undoped piezoelectric MQW structuresamples. In this sample, photogenerated carriers will escape
used in earlier attemptgo measure the nonlinear response.the wells and move to scregni-n field causing a blue shift
Consequently, the recombination lifetime of the spatiallyof the exciton as the QCSE is reduced.
separated electrons and holes will be greatly reduced com- As a final comment on these three samples, we note that
pared to those earlier structures. the 10-nm-wide InGaAs well thicknesses used here are
The second piezoelectric samgteo. 280 is identical to  below!° the critical thicknesses for both t200) and(111)
the first except that the barriers have a thickness of 30 nnorientations for an In mole fraction of 0.15. Consequently,
This seemingly minor change in sample design causes a mae would not expect misfit dislocations to significantly re-
jor change in the spatial band structure, as illustrated in Figduce the strain-induced field and, thereby, to reduce the as-
3. As with sample no. 279, the piezoelectric field in the QWssociated nonlinear response. Nevertheless, we checked for
(~155 kV/cm is in opposition to thep-i-n electric field dislocations in three ways. First, we used a microscope to
(~52.1 kV/cm), and the total in-well field is about 100 kV/ visually inspect each sample, and we observed no evidence
cm. In contrast to no. 279, however, the thicknesses of thef dislocation formation. Second, we performed x-ray-
well and the barrier layers dictate that the accumulated dediffraction studies on similar sampldsvith x=0.15) that
crease in potential over the MQW region due to the piezotevealed no evidence of dislocation formation. Findlyd
electric field is smaller than the accumulated increase due tmost importantly, we measured the excitonic shifts that cor-
the p-i-n field. Consequently there are no local potentialrespond to optically induced flatband conditions, and we
minima for electrons and holes at opposite ends of the MQWneasured the shift of the exciton as a function of externally
region for sample no. 280. In this casas we have also applied electrical reverse bias. A comparison of these two
recently demonstratéd when electrons and holes are pho- sets of measurements, using the procedure described in Ref.
togenerated in the QWs, they will escape and mrehe 5, demonstrated quantitative agreement with the spatial band
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structures calculatethnd shown qualitatively in Figs. 234 wheref is the fraction of the photogenerated carrier density

assuming no dislocation formation. that escapes the wells and moves to screen the perpendicular
field, e is the fundamental char is a constant that is

IlIl. MEASUREMENT OF THE [111] PER-CARRIER det ’rmin d by whether the excit grf linesh is G ian or

NONLINEAR RESPONSE ete ed by whether the excitonic lineshape is Gaussian o

Lorentzian,e is the dielectric constant of the materiay, is

In both the piezoelectric and nonpiegBi(MQW)-N yhe amplitude, and’, is the half-width at half-maximum
structures studied here, the change in absorption Coeﬁ'c'e%ewidth of the exciton. FinallyA\(E) gives the shift of the
Aa is caused by the screening of the perpendicular in—weIL

field E. (intrinsic. built i liedl b hot ted enter wavelength of the exciton with in-well field. In agree-
leld E, (intrinsic, built in, or applieiby a photogenerated - o iy previous studie$;®~*'we found that the exci-
space charge fiell,

tonic peak in our samples shifted quadratically with the per-
Aa(N)=a(E, —Ego—a(E)). (1) pendicular field[ANE, )= yE?] for in-well fields below
~40 kV/cm. Above this value, the excitonic shift continued

sured under a restricted set of conditions, the normalizea0 |ncrgasie with the field, but the S_h'ﬁ was no longer
spectrumAa(\)/N (obtained by dividing the change in ab- quadratict* For the three sgmples cqns@ered here the num-
sorption coefficient by the density of photogenerated carrier@®" Of wells and the well widths are identical. Consequently,
N) will have a shape and an amplitude that are independerf'® first term(in parenthesisin Eq. (3) would be expected to

of excitation level, but that the spectrum will shift slightly Pe constant. _ _

and linearly with excitation level. Except for this shift, these =~ We emphasize that the scaling of the per-carrier Stark-
are exactly the properties that allow the definition of a per-Shifted nonlinearityo, with well number, electric field, am-
carrier absorptive cross section for bleaching nonlinearitiesPlitude, and width of the excitonic transiti¢as given by Eq.
The latter has been commonly used to quantify the effective(3)] has been demonstratécdy measuring the per-carrier
ness of optically created carriers in changing the absorptiofionlinear response of a number of MQW structures as a
coefficient!?~1’ For this reason we choose to use the peakunction of temperature, bias, and materials system.

We have shown elsewhéfdhat, when this quantity is mea-

change in absorption coefficient per carrier, For our studies, values far,, were extracted from stan-
Aol dard two-color pump-probe differential transmission mea-
geth”ea“) (2)  surements. These measurements were performed using two
N )

independently tunable, cavity dumped, cw-mode-locked dye
as the measure of the strength of the nonlinearity, whgsg ~ 1asers. Each laser produced pulses-@ ps in duratior(full
designates the wavelength at whialr is a maximum. For ~Width at half-maximum intensify and the measured jitter
the samples used hefteach of which contains ten 10-nm- between pulses from the two lasers was always less than 10
thick wells), the density of carriersl generated in each well ps. One laser was used to generate a known density of car-
is uniform from the front to the back of the sample to within riers N by tuning it to a fixed wavelength slightly to blue of
10%, and the magnitude of the average carrier dem¢ity  the heavy-hole exciton, while the other was used as a vari-

known to within =15%. able wavelength probe and was tuned across the excitonic
The conditions necessary fer,, to be a constant and absorption profile. The focused spot size of the probe at the
independent of excitation density are: sample was adjusted to be 1/3 of the pump spot &1.89€

. 71 . .
(i) that the number of carriers that escape the wells and™ half-width ate™" of the maximum to ensure relatively

move to screen the field increases linearly with fly- constant excitation over the probe spot. )
ence and with photoexcited carrier density- All measurements reported here were performed with a

(i) that the resulting photogenerated space-charge fielixéd time delay of 800 ps between the pump and probe
E.. must be small compared to the initial unexcited pulses. This 'delay was chosen because a separate study of
in-well perpendicular fieldE, ; the photogxmted carrier dynamfcshowed that the phot_oe>.<-

(i) that the area under the excitonic absorption line musfited carriers had completely escaped the wells by this time,
remain approximately constafite., bleaching is neg- Put had not yet undergone significant recombination. In ad-
ligible); and dition, separate in-plane transport measurements were per-

(iv) that the shift in the center wavelength of the excitonicformed using standard techniqé@®’to determine the loss
peak caused by photoexcitationAN(E, —Eg) of carriers by diffusion out of the optically excited region.
—AN(E,), is small compared to the excitonic line- All estimates of optically created carrier densities reported
width T. here take this diffusion into account. The laser repetition

rates(25 kHz for sample 279 and 147 kHz for the other two

All of our measurements were performed well within this sampleswere chosen to ensure an acceptable signal-to-noise

linear” regime. _ _ o ratio yet to allow almost complete recovery of the samples.
Also, we have establlshéjdthat (in the low-excitation Under these conditions, standard lock-in techniques
regime wherev, can be definedoe, follows the following  were used to measure the differensE in the probe-pulse

phenomenological scaling expression: transmission with and without the pump present as a function
eCN,l,\ ao aA)\(E)| of wavelength and fluence. The differential apsorption spec-

Ten=*| f c T, 9 |_° (3)  trum was then extracted for each fluere@and time delayr

0 E, using the expression
420 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996 Huang et al.
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FIG. 5. Stark-shifted absorption change per photogenerated carrier asfG. 6. Stark-shifted absorption change per photogenerated carrier as a
function of wavelength for th¢111]-oriented sample no. 279 for selected function of wavelength for th¢111]-oriented sample no. 280 for selected

injected carrier densities at 80 K. injected carrier densities at 80 K.
T the peak change in the absorption coefficient per carrier,
Aa(N,7=800 psF)=— N In| 1+ - } (4)  oei=AapeadN, can be taken as a valid per-carrier figure of
wiw

merit. The value extracted from Fig. 5 for thEl1]-oriented
whereN,,, is the total thickness of quantum well material. sample no. 279 and 80 K is.,=(27=7)x10 ** cn. Simi-

All measurements were performed at 80 K to improve thelar data are presented in Fig. 6 for sample no. 280. In con-
signal-to-noise ratio. Most important, we emphasize that valtrast to no. 279, notice that the spectra for no. 280 are indica-
ues for o, were only extracted from regimes where thesetive of a red shift of the exciton, consistent with the band
spectra were clearly shown to be independent of excitatiogtructure shown in Fig. 3, and thag,=(21+6)x10"* cn?.

fluenceF. Finally, data for thg 100]-oriented samples are presented in
Fig. 7. The spectra are indicative of a blue shift and

IV. PER-CARRIER RESPONSE OF UNBIASED o= (480100 %10 cn.

SAMPLES In view of the scaling law given by Eq23), the mea-

sured values foo,, given in the previous paragraph, at first,
appear surprising. All other parameters being egoamely,
ay and I'y), inspection of Eq.(3) would suggest thatr,
should increase with in-well electric-field strength. Conse-

guently, since the in-well field in each of th&l1]-oriented

tude of the Stark shift varied Iingarly 'vviFh flgence _OVer_thesamples is~100 KV/cm, and it is~25 kV/cm for the[100]
range used to extraet,,. Operation within this regime, in

turn, ensured thaE <E, . In addition, we verified that the
shifts in the center wavelength of the exciton,

We measured\a/N for each of the three samples de-
scribed in Sec. Il as growfi.e., without an externally ap-
plied biag. First, however, we measured the pesk as a
function of fluence for each sample to ensure that the ampli

ANE, —Es9—ANE, ), were less than one-tenth that of the 500 ' ' '
excitonic linewidthT'o(E,) for all measurements reported 400
here. <> 300
Results of such measurements on sample no. (&6 € 200
Fig. 2 are shown in Fig. 5 for selected excitation levels. The : 100
quantity actually plotted in Fig. %and in similar figures < o
throughout is - 100
[Aa(\,800 psF)—Aa(\,—50 psF)]J/N Z 200
for the in-well carrier densities indicated and for a sample } =300 ___ N=1x1015cm-3 :
temperature of 80 K. We subtracted the spectrumad ps < —400 | - N=2x1015¢cm=3 1} i .
(i.e., ~+40 u9) to ensure that we compensated for any re-  _zo[ 7 N=3x1015cm=3 ]
sidual background that accumulated from pulse to pulse. 915 9ﬁ0 9é5 930

From Fig. 5 it is clear that the exciton shifts to the blue with W | h
increasing fluence, consistent with the band structure shown avelength (nm)
in Fig. 2. It is also clear that for carrier densities within this . . .
. . . FIG. 7. Stark-shifted absorption ch hot ted
regime that the shape and magnitude of the quantit{\)/N o lorath T (B 00 oo P B ood hiocted

=Y N N function of wavelength for th¢100]-oriented sample for selected injected
is independent of excitation level. Under these conditionSgarrier densities at 80 K.
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‘ attributed to material quality, or whether they are the result
R S ] of some intrinsic difference in the nonlinear mechanisms. In
895 305 915 925 the following section, in order to address this issue, we per-
form the first side-by-side comparison of the straifigtil]-
and[100]-oriented MQWs as a function of bias voltage. By
so doing we are able to measure the per-carrier nonlinear
response of each sample at comparable in-well fields and to
eliminate field-induced broadening from the comparison.

(111): #280
0.2} #

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

a(104cm-1)

The shifts in the excitonic peaks with applied voltage for
each of the samples used here are shown in Fig. 8. Notice
, ) - that the peak shifts to the blue with increasing reverse volt-
920 8930 940 950 age for thd 111]-oriented sample no. 279 and for sample no.

Wavelength (nm) 280 and to the red for theL00]-oriented sample, as expected
for the band structures shown in Figs. 2, 3, and 4, respec-

G 8 Li bsorbii 80 K function of bias § tively. The per-carrier response,, was measured at each

. 8. Linear absorption spectra at as a function of reverse bias fo H H

the [111]-oriented samplega) no. 279 and(b) no. 280, and(c) for the Feverse bias voltage for ea_Ch _sample, a}lways takmg care to
[100]-oriented sample. ensure that we were operating in the regime wheggan be

defined, as described in Sec. lll. In particular, we emphasize

that, in determiningo,, for each bias voltage, the photoin-
sample, one might expect from the field dependence alonduced shift in the excitonic peak was always less than 0.1 of
that theoy, for the[111] samples would be equal, but larger the excitonic linewidth. Also, for each bias voltage and each
than for the[100] sample. Indeed, we find that,, for no.  sample, the in-well field was calculated using the same
279 is roughly equal t@, for no. 280, but surprisingly that procedurg’~°used to calculate the band structures shown in
o, for the [100] sample is a factor of 20 larger than for no. Figs. 2—4.
279 or no. 280. The implication is that the exciton is broad-  The o, measured for each sample are plotted as a func-
ened substantially in th¢l1l] samples compared to the tion of net in-well field in Fig. 9. Several features are worth
[100] sample. Indeed, the excitonic linewidths for the unbi-noting. First, notice thair., for the [100]-oriented MQW is
ased samples at 80 K are separately measured to be 3.4, 4nduch larger than those for th&11] samples for modest, but
and 1.1 nm for th¢111]-oriented samples 279 and 280 and equal, in-well fields. This feature suggests that the remaining
for the [100]-oriented sample, respectively. The questiondifference in theo,, for the two samples can be attributed
then arises as to whether this broadening of the excitonidirectly to the “intrinsically” broader exciton in th¢111]
linewidths and the associated smaller per-carrier nonlinearisamples(which may be an indication of material quality
ties measured in the piezoelectric samples are the result dfext, notice that the general trends are similar for each
broadening by the huge in-well fields, whether they can besample. Specifically, for small in-well fieldss, increases
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nonlinearities will probably not exceed those[@D0] mate-

rials. Nevertheless, these materials are likely to continue to

gain attention because of the additional design flexibility that

" the in-well piezoelectric fields provide. For example[141]

° structures, because of the presence of the in-well piezoelec-
tric field (which can be arranged to oppose fhe-n field),

@« - it is always possible to engineer the bandstructure to provide

the optimal in-well bias conditions without an externally ap-

8 plied bias, while this is not possible jA00] structures with-

out severely restricting the width of the intrinsic region.
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