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By embedding piezoelectric InGaAs/GaAs multiple quantum wells (MQWS) in specifically 
designed p-i-n structures, we demonstrate that the nonlinear optical response can be used to 
identify the dominant screening mechanisms and simultaneously to determine the strain distribution. 
Furthermore, we show that a knowledge of the screening mechanisms and spatial band structure, in 
turn, can be used to control the nonlinear optical response. For this demonstration, we fabricate two 
p-i(MQW)-n samples on [Ill]-oriented GaAs substrates. The samples are designed such that, if the 
dominant screening is associated with photogenerated carriers that remain in the wells, a blue shift 
of the exciton would be expected in each. By contrast, if the screening is associated with carriers 
that have escaped the wells and moved to screen the entire MQW, one will shift to the blue and the 
other to the red if the lattice is mechanically clamped, but both wiIl shift to the red if the lattice is 
mechanically free. The observation of a blue shift and a red shift indicates that, while in-well 
screening may be present, the dominant screening is out-of-well and that these particular structures 
are mechanically clamped to the lattice constant of the GaAs. Most importantly, these results 
illustrate the added flexibility that the piezoelectric field gives in tailoring the nonlinear optical 
response. Q 1994 American Institufe of Physics. 

1. INTRODUCTION 

Strained multiple quantum well structures composed of 
zincblende semiconductor materials grown on [Ill]-oriented 
substrates’ are attractive for a number of novel nonlinear 
optical and electronic device applications because of the 
presence of large piezoelectric fields along the growth direc- 
tion. For example, the strain-induced piezoelectric fields that 
exist in such structures have been exploited to produce self- 
electro-optic effect devices (SEEDS) that exhibit a blue shift 
with applied voltage and, consequently, have a lower switch- 
ing voltage than conventional red-shifting SEEDS.’ Mono- 
lithic blue-green light sources fabricated from strained [ill]- 
oriented structures have been proposed’ in order to take 
advantage of the high lasing efficiency” of strained [ill]- 
oriented QW diodes and of the frequency doubling capabili- 
ties of the [Ill]-oriented materials.5 In addition, improved 
performance has been predicted’ for piezoelectric electronic 
devices, such as high electron mobility transistors (HEMTs). 

Full exploitation of piezoelectric MQWs, however, will 
require a thorough understanding of their band structures and 
of the origins of their optical nonlinearities. Thus far, the 
existence7 of. piezoelectric fields in strained [Ill]-oriented 
InGaAs/GaAs QWs and the screenings of these fields by 
photoexcited carriers have been demonstrated. In addition, 
the nonlinear responses of piezoelectric MQW structures to 
steady-state’ and pulsed” optical excitations have been re- 
ported. 

In these materials, the piezoelectric field along the 
growth direction shifts the exciton to the red through the 
quantum confined Stark effect (QCSE). The nonlinearity 

then arises as this strain-induced field is screened by photo- 
generated charge. The question is whether this screening 
arises from carriers that remain in the weIl or whether it 
arises from carriers that have escaped the wells and drifted to 
screen the entire MQW region. Early theoretical work’ on 
piezoelectric multiple quantum we&, which contained pre- 
dictions of large optical nonlinearities, was based on m-well 
screening, and early steady-state measurements of the non- 
linear optical properties’ were interpreted in terms of this 
model. By contrast, recent, pulsed measurements of the non- 
linear response of piezoelectric MQWs” have been shown to 
be consistent with out-of-well screening, i.e., electrons and 
holes escape the QWs and move to screen multiple wells. 
For the structures studied to this point, however, a blue shift 
of the exciton would be expected for both in-well and out- 
of-well screening. 

The magnitude and spectral dependence of,the optical 
nonlinearities, whatever the origin of the screening, will also 
depend critically on the band structure, which depends on the 
distribution of strain throughout the MQW structure. The two 
limiting cases of the strain configuration are known as me- 
chanically clamped and mechanically free.r’ If the material is 
clamped, the lattice constant of the thick, unstrained GaAs 
substrate material is imposed on the entire structure, includ- 
ing the InGaAs quantum wells. Thus, there is no strain in the 
barrier regions and piezoelectric fields exist only in the 
strained QWs. By contrast, if the band structure is mechani- 
cally free, then the strain is distributed between the barriers 
and wells, and the lattice spacing acquires a value that is 
weighted by the relative widths of the barriers and wells. 
Early theoretical work1Y’2 was based on the assumption that 
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the structures are mechanically free, and attempts have been 
made to grow mechanically free piezoelectric MQWs.r3 As 
stated above, early measurements” of the nonlinear optical 
properties of piezoelectric lnGaAs/GaAs MQWs grown on 
GaAs substrates were interpreted in terms of this model. 
However, InGaAs/GaAs MQWs grown on [loo]-oriented 
GaAs substrates are commonly assumed to be mechanically 
clamped, and it seems reasonable to expect that [ill]- 
oriented samples that are grown directly on GaAs substrates 
will be mechanically clamped as well. In fact, more recent 
measurementsr’ of the nonlinear optica properties of piezo- 
electric MQWs grown on GaAs substrates were considered 
to be consistent with a mechanically clamped band structure, 
but these measurements were not definitive on this point. 
Recent photocurrent and photoluminescence measurementsI 
on the structures used here are also consistent with mechani- 
cal clamping, but this issue is not addressed directly. 

In this work, we demonstrate that the nonlinear optical 
response can be used, to determine whether the screening is 
predominantly m-well or is long range, and to determine 
whether the lattice is clamped or free. Conversely, we dem- 
onstrate that a knowledge of the band structure and screening 
mechanism can be used to engineer the nonlinear response. 
We do this by designing two samples whose nonlinear spec- 
tral responses depend critically on the assumed screening 
mechanism and band structure. Specifically, both of the 
samples will exhibit a blue shift upon photoexcitation if the 
screening is in-well, regardless of whether the lattice is 
clamped or free. The band structures of the samples are en- 
gineered such that if the dominant screening is out-of-well, 
then one sample will produce a blue shift of the exciton if it 
is clamped and a red shift upon excitation if it is free. The 
second sample is engineered to produce a red shift in either 
case. The blue shift observed in one and the red shift ob- 
served in the other indicates that the dominant screening is 
from carriers that have escaped the wells and that the band 
structures are mechanically clamped. These results also dem- 
onstrate that simple changes in the design of the structure 
can make dramatic changes in the band structure and in the 
nonlinear optical properties. Specifically, we demonstrate 
that, by doubling the barrier thickness in otherwise identical 
samples, a blue shift upon photoexcitation can be converted 
to a red shift. 

II. PIEZOELECTRIC MQW DESIGN 

Each sample studied here consists of a strained [ill]- 
oriented InGaAs/GaAs MQW embedded in the intrinsic re- 
gion of a p-i-n structure [P-i-(MQW)-n]. The two samples 
are identical except for the widths of the barriers in the 
MQW structure. Specifically, the MQW region of each 
sample contains ten identical Inu,Ga,,As quantum wells 
separated by GaAs barriers. Each well is 10 nm wide. In one 
sample (No. 279), the barriers have a thickness of 15 nm; in 
the other (No. 280), the barriers have a thickness of 30 nm. 
In each sample, the MQW region is clad by undoped GaAs 
spacer layers so that the total thickness of each intrinsic re- 
gion (i.e., MQW region plus spacer layers) is 570 nm. Each 
sample is grown on an n+-doped [lll]B-oriented substrate, 
and the p-i-n structure is completed by a 300~run-thick pf 
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FIG. 1. The mechanically clamped band structures of samples (1) 279 and 
[b) 280 and the ACY spectra for 279 (circles) and for 280 (triangles) for a time 
delay of 800 ps, a pump fluence of 1.5 ,uJ/cm2, and a sample temperature of 
77 K. 

GaAs cap layer. The concentrations of n and p dopants are 
sufficiently large (>2X10r8 cme3) to allow a built-in poten- 
tial almost equal to the band gap (-1.4 V) to develop be- 
tween the doped regions in each sample without completely 
depleting the doped regions. The samples were not con- 
nected to any external potential. The quantum wells are 
strained and, because of the orientation of the substrate, ex- 
perience a piezoelectric field which shifts the excitonic lines 
to the red via the quantum confined Stark effect.r5 In addi- 
tion, the orientation of the substrate and the location of the 
doped regions are such that the piezoelectric field opposes 
the p-i-n field. 

The two InGaAs/GaAs MQW p-i-n samples studied in 
this work were designed assuming mechanical clamping and 
were tailored such that there are local potential minima 
(other than the QWs) in one sample and there are no local 
potential minima in the other, as shown in Fig. 1. In design- 
ing these samples, we have taken advantage of recent 
demonstrations14*16,17 that both the electric fields in the indi- 
vidual QWs and the average potential across the total MQW 
region in strained [ill] p-i-(MQW)-n structures can be eas- 
ily manipulated by varying the well and barrier widths. As- 
suming that the samples are mechanically clamped, the net 
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TABLE I. Expected dependence of the excitonic shift of samples Nos. 279 
and 280 on the bandstructure and location of the charges that screen the 
electric field. 

Band structure Clamped Free 

Screening In-well Out-of-well In-well Out-of-well 
Excitonic shift No. 279 Blue Blue Blue Red 
Excitonic shift No. 280 Blue Red Blue Red 

potential difference, VMaw , across the MQW region of each 
sample is given byr4 

V n(L W-+LB) 2dnLw 
MQW= D Vbi+ D Ep, (1) 

where Vbi is the built-in potential of the p-i-n junction, E, is 
the piezoelectric field, n is the number of InGaAs wells, L w 
is the well width, LB is the width of barriers between the 
QWs, d is the width of intrinsic GaAs spacer between MQW 
region and the doped layers, and D is the overall width of the 
intrinsic region, which is a constant in both samples assum- 
ing the thickness of depletion layers is negligible. Using the 
value E, = - 15 5 kV/cm’7*‘8 for Ino.,,Gaas,As/GaAs QWs 
in Eq. (l), we obtain VMQw= -0.31 V for sample No. 279, 
i.e., the accumulated decrease in potential over the MQW 
region due to the piezoelectric field is greater than the accu- 
mulated increase due to the p-i-n field, and consequently 
there is a local potential minimum for electrons at one end 
and holes at the other end of the MQW region, as shown in 
Fig. l(a). In sample No. 280, the barriers are thicker 
(LB=30 mn), and therefore we obtain VMQw=+O.43 V, i.e., 
the accumulated decrease in potential associated with the pi- 
ezoelectric field is less than the accumulated increase due to 
the p-i-n field. In the latter case, as illustrated in Fig. l(b), 
there are no local minima for either electrons or holes. By 
contrast, it can readily be shown that if the samples were 
mechanically.free the average potential difference across the 
MQW region would be positive in both samples, and conse- 
quently there would be no local minima in either. 

The nonlinear responses of these two samples depend 
critically both on the location of the carriers responsible for 
the screening and on the band structure. The expected re- 
sponses are summarized in Table I. The exciton is red shifted 
by the net in-well field in both samples, regardless of the 
choice of band structure (i.e., clamped or free). Conse- 
quently, if the screening is dominated by carriers that remain 
in the wells then a blue shift of the exciton should be ob- 
served in each case. By comparison, if the screening is pri- 
marily associated with the carriers that have escaped the 
wells and moved to screen the entire MQW, then the nonlin- 
ear response depends definitively on the choice of band 
structure. If a clamped structure is assumed, as sketched in 
Fig. 1, then the nonlinear -optical response of the p-i- 
(MQW)-n with the local potential minima is very different 
from the sample without local potential minima. Specifically, 
for sample No. 279, which has local potential minima, the 
electrons and holes created by the optical excitation escape 
the wells, drift towards, and finally accumulate at the local 
minima, until there is no average potential change across the 

MQW region. The electric field resulting from the spatial 
separation of the photogenerated electrons and holes is in the 
same direction as the p-i-n field, and therefore, it reduces 
the total electric field in the quantum wells and causes a blue 
shift of the exciton. By contrast, for sample No. 280, which 
does not have local potential minima, the optically generated 
electrons and holes move towards the n and p doped regions 
and therefore screen the p-i-n field. As a result, the total 
field in the quantum wells increases and the exciton shifts to 
the red. We emphasize that if the samples were mechanically 
free, both band structures would qualitatively resemble that 
shown in Fig. l(b), and both would exhibit a red shift. 

Ill. NONLINEAR OPTICAL RESPONSE 

The laser that we used for our measurements was a 
cavity-dumped cw mode-locked dye laser that .could be 
tuned completely across the heavy-hole excitonic feature and 
that produced 3.2-ps pulses (full width at half maximum of 
the intensity). The quantity measured was the change in 
transmission of a weak probe pulse with and without a stron- 
ger pump present as a function of wavelength, time delay 
and pump fluence. From these differential transmission mea- 
surements, we then extracted the change in the absorption 
coefficient, Acr. The laser repetition rate was reduced to 25 
kHz, the minimum value that gave an acceptable signal-to- 
noise ratio. We experimentally verified that this time between 
pulses (-40 ,d.s) allowed the sample to almost completely 
recover. 

Representative Aa spectra for samples Nos. 279 and 280 
are shown in Fig. l(c) for a pump fluence of 1.5 $/cm2 and 
for a time delay of 800 ps. Notice that the dominant features 
of the No. 279 spectrum are a positive peak followed by a 
negative one, characteristic of a blue shift of the exciton. 
This spectral signature confirms that the band structure is not 
free. Thus, assuming the clamped bandstructure of Fig. l(a), 
the carriers eventually would be expected to escape the QWs 
and to drift to the potential minima to screen the average 
field across the MQW region. This drift will continue until 
the bands are roughly flat across the MQW region. Excess 
carriers not needed to screen the field will remain in the 
wells. A fluence of 1.5 ,uJ/cm’ was sufficient to generate a 
photoexcited carrier density of roughly 5 X 10” cme2, when 
the laser was tuned on or above the n = 1 heavy hole exciton. 
This density is roughly a factor of six times that needed to 
completely screen the average field (-8X lOlo cm-‘). Con- 
sequently, following drift, but before significant recombina- 
tion occurs, we would expect many more carriers to reside in 
the wells than out of the wells. The observed blue shift for 
No. 279 shown in Fig. l(c) does not provide information as 
to which group of carriers (those in or those out of the wells) 
dominates the nonlinear response, since a blue shift would be 
expected for this structure in either case. 

By comparison, for the band structure shown in Fig. l(b) 
for sample No. 280, a blue shift again would be expected for 
in-well screening, but a red shift would be expected for 
screening by carriers that have escaped the wells. As shown 
in Fig. l(c), the spectrum for sample No. 280 is dominated 
by a negative peak followed by a positive peak and is indica- 
tive of a red shift of the exciton. From this red shift, we 
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Reverse Bias (V) 

FIG. 2. Blue shift of the heavy-hole exciton for sample No. 2.79, plotted as 
a function of reverse bias potential at 77 K. 

conclude that the nonlinear response is dominated by the 
screening associated with carriers that have escaped the 
wells, despite the fact that there are many more carriers in 
the wells than out of them. In fact, the asymmetry that is ._ 
evident in each spectrum is caused by the saturation associ- 
ated with these excess carriers that remain in the QWs. We 
carefully chose a time delay of 800 ps to ensure that carrier 
escape from the wells was complete, but that recombination 
was negligible. 

The spectra in Fig. 1 demonstrate conclusively that the 
dominant screening is out-of-well and that the band struc- 
tures are not free, but to demonstrate that the band structures 
are clamped and that we have a quantitative understanding of 
the clamped structure, we now demonstrate that the maxi- 
mum shift of the exciton for sample No. 279, as displayed in 
Fig. .1(c), quantitatively corresponds to a flattening of the 
bands drawn in Fig. i(a). Specifically, the excitonic blue shift 
shown in Fig. l(c) for No. 279 is estimated to be -5.5 meV 
If the band structure in Fig. l(a) is correct, this blue shift 
should correspond to -0.3 V flattening of the average poten- 
tial across the MQW region. The accuracy of these. numbers 
can be checked by measuring the excitonic blue shift as a 
function of reverse bias, as shown in Fig. 2. To change the 
voltage across the MQW region by the -0.3 V, a reverse bias 
of -0.75 V would be required. As can be seen from Fig. 2, 
this reverse bias produces a blue shift of -6.3 meV, which is 
in good agreement with the -5.5 meV extracted from Fig. 
l(c). 

IV. CONCLUSIONS 

Consequently, we conclude that we have a good quanti- 
tative, as well as qualitative, understanding of the strain dis- 
tribution and dominant screening process in thin [ill]- 
oriented InGaAs/GaAs MQWs grown on GaAs substrates. 
The lattice of such a structure is mechanically clamped to 
that of GaAs, and for wells narrow enough to produce sig- 
nificant confinement (i.e., SlO nm), while in-well screening 
may be present, the dominant screening mechanism is long 
range. We emphasize that the latter is true even under con- 

ditions where many more carriers remain in the wells than 
out of them. In addition,- we have demonstrated that the car- 
rier dynamics and nonlinear optical response of strained pi- 
ezoelectric p-i-(MQW)-n structures can be tailored by en- 
gineering the band structure, if the distribution of strain is 
known. By assuming a mechanically clamped band structure, 
we have designed two similar samples with dramatically dif- 
ferent optical responses. Specifically, we have illustrated 
that, by simply doubling the barrier thickness in one of two 
otherwise identical samples, we can predictably alter the 
band structure in such a way that the exciton of one sample 
shifts to the blue under photoexcitation (and to the blue with 
increasing reverse bias), while that of the other shifts to the 
red under photoexcitation (and to the blue with increasing 
reverse bias). Under conditions of mechanical freedom, a red 
shift under photoexcitation would have been expected for 
both of the samples. The procedures used here to investigate 
the band structure and screening mechanisms can be readily 
modified to investigate piezoelectric MQW structures grown 
or processed in ways that make their band structures less 
obvious. 
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