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Optical studies of strain effects in quantum wells grown on„311… and „100… GaAs substrates
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Pseudomorphic InGaAs/GaAs quantum wells~QW’s! grown on vicinal substrates show a blueshift of the
photoluminescence~PL! emissions with respect to~100! ~nominal! ones. This effect has been discussed in the
literature and it is associated with an inhomogeneous distribution of stresses in narrow quantum wells. In order
to study the shift of the PL emissions at large substrate misorientation angles, we have made PL measurements
on three InGaAs/GaAs QW’s (30 Å wide!, grown on (311)A, (311)B, and~100! substrates. We have done
theoretical calculations considering the effect of strain on the conduction and valence bands of the QW’s,
where a single fitting parameter accounts for the inhomogeneous distribution of strain. Our model agrees with
previously obtained results and reproduces the experimental PL blueshifts observed for the studied samples,
showing that in relatively wider quantum wells the inhomogeneous distribution of strain and indium segrega-
tion play a less important role than in narrow ones. In~100! and (311)A GaAs/AlGaAs samples subjected to
an external hydrostatic pressure, our model shows, for both samples, that the blueshift of the QW PL emissions
increases with pressure, in good agreement with experimental results, emphasizing the strong relation between
strain and blueshift regardless of the growth direction.

DOI: 10.1103/PhysRevB.64.195325 PACS number~s!: 78.67.De, 78.20.Hp, 78.20.Bh
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I. INTRODUCTION

Pseudomorphic quantum wells~QW’s! have acquired im-
portance due to the possibilities for band-structure engin
ing and applications, since strained layers show features
as the lifting of the light- and heavy-hole bands degener
and the decreasing of the highest valence-band effec
mass.1

There are different methods to include the effect of str
on the QW conduction and valence bands, using the bia
approximation.1–3 In this approximation, the stress caused
the lattice mismatch between the barriers and quantum
creates a strain pattern whose components are the same
QW plane (exx5eyy) and different along the growth direc
tion (ezz), with no shearing components. Furthermore, it
considered that stress has no influence on the barriers.4 This
approach leads to a good agreement with experimenta
sults for ~100! pseudomorphic samples.

For samples grown on non-~100! substrates the effect o
stress is, in general, much more complex. The lowering
the symmetry of the system5,6 and the presence of polariza
tion fields1,7 can substantially affect the strain field asso
ated with the stress. In addition, vicinal InGaAs/Ga
samples present an inhomogeneous strain distribution in
QW plane, where some regions are subjected to a hydros
stress and others subjected to a biaxial stress. In this case
biaxial approximation is no longer accurate.3 These authors
show that the signature of this inhomogeneous distribution
strain is a shift to higher energies~blueshift! of the photolu-
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minescence~PL! peaks from narrow vicinal QW’s with re
spect to~100! ones.

The aim of this paper is to study the effect of strain in t
PL emissions of samples grown on~311! and ~100! sub-
strates, with a built-in strain~pseudomorphic InGaAs/GaA
samples! or subjected to an externally induced strain~lattice-
matched GaAs/AlGaAs QW’s subjected to hydrosta
pressure!.

A theoretical model discussed in the Sec. II was used
obtain the expected shifts of the PL emissions, giving a ba
ground for interpreting the experimental results presente
Secs. III and IV. In Sec. V we summarize this work.

II. THEORY

We have performed theoretical calculations concern
the conduction- and valence-band bound states, atki50
~where ki is the projection of the wave vector in the QW
plane!, for a single quantum well, considering strain and d
ferent degrees of substrate misorientation@non-~100! orien-
tation# from @100# towards the@111# direction. The descrip-
tion of the model follows.

The three nominal directions are defined by thez axis
along the@100# direction, they axis along@011# direction,
and thex axis along@011̄# direction. To introduce the non
nominal directions we have definedx8 along the@011̄# di-
rection, y8 along the@(22/a),1,1# direction, andz8 along
the @1,(1/a),(1/a)# direction, wherea5A2/tanu and u is
the angle between the growth directionz8 and thez direction,
©2001 The American Physical Society25-1
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ranging fromu close to zero~nominal@100# direction!, to u
equal to 54.7°~@111# direction!.

With these definitions we have the transformation

S kx

ky

kz

D 5S 1 0 0

0 cos~u! sin~u!

0 2sin~u! cos~u!
D S 0

0

kz8

D . ~1!

The normal strain componentsex8x8 ,ey8y8 , andez8z8 re-
lated to the tension and compression along each specifi
rection and the shearing strain componentsex8y8 ,ey8z8 , and
ez8x8 are written in the basis (x̂,ŷ,ẑ) by the transformation8
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di-

S exx

eyy

ezz

exy

eyz

ezx

D 5TS ex8x8

ey8y8

ez8z8

ex8y8

ey8z8

ez8x8

D , ~2!

where
T5S 1 0 0 0 0 0

0 cos2~u! sin2~u! 0 2sin~u!cos~u! 0

0 sin2~u! cos2~u! 0 22sin~u!cos~u! 0

0 0 0 cos~u! 0 sin~u!

0 2sin~u!cos~u! sin~u!cos~u! 0 cos2~u!2sin2~u! 0

0 0 0 2sin~u! 0 cos~u!

D . ~3!
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In summary, rewriting the given wave vector and the str
components~along the x8,y8,z8 directions! in the basis
( x̂,ŷ,ẑ), the valence- and conduction-band Hamiltonians
the misoriented quantum well are obtained.

To solve the valence-band Hamiltonian and find the h
bound states, we have used the model proposed by Chao
Chuang,2 which uses the complete Luttinger-Kohn Ham
tonian including deformation effects.

The conduction-band Hamiltonian including strain
given by

Hc5
\2

2m*
~kx

21ky
21kz

2!1
2ah

3
~exx1eyy1ezz!, ~4!

whereah is the hydrostatic deformation potential for the ba
riers or QW.9

In pseudomorphic quantum wells the cubic symmetry
GaAs is broken, leading to a complex distribution of stra
expected to be even more complex in non-~100! quantum
wells.5,6 In addition, quantum wells grown on misoriente
substrates could also present intense polarization fields,
to produce a significative modification in the strain value7

To the best of our knowledge it does not exist an exact
well-defined way to consider these phenomena in the ca
lations. In order to deal with these systems we will introdu
some approximations, as described below.

Pseudomorphic QW’s are subjected to stress due to
difference in the lattice parameter between the barriers
the QW. The usual approach for~100! structures is to con-
sider a biaxial strain inside the quantum well, i.e.,
n
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exx5eyy5
a02am

am
~5!

and

ezz5
22C12

C11
exx , ~6!

wherea0 andam are, respectively, the lattice constants of t
barriers and the QW, andC11 andC12 are the stiffness con
stants for the QW material.2 In our model, we will also as-
sume a biaxial strain in non-~100! pseudomorphic quantum
wells.

It is already known that vicinal samples show a bluesh
of the PL emissions with respect to the nominal ones.3 This
qualitative behavior is supported by our model if we suppo
that the strain transformation@Eq. ~2!# does not lead to any
shearing components (eyz50). This approximation leads to
a blueshift that increases with the misorientation angle
pointed out by Lo´pezet al.,10 and it is a possible indication
that the observed blueshift is related to the existence of o
normal strain components in the QW plane.

These authors also show that an inhomogeneous s
distribution along the QW interfaces is of great importan
in determining the experimental blueshift observed in narr
InGaAs/GaAs samples. In other words, there are region
QW interfaces where the strain is biaxial and other regio
where the strain is hydrostatic, and these strain changes
associated to the tangent of the misorientation angle.

To introduce this effect in our theoretical model, we d
fined an analogous parameter (J) responsible for a biaxial to
5-2



m

th
s

i
e
o

e

fs

th

fa
b
o

ve

of

ta-
is-
m.
as

ses.
ined

ure
tatic
ture,
As

c

der

the

as
g in

ser
ctra

e
b

.

e of

OPTICAL STUDIES OF STRAIN EFFECTS IN . . . PHYSICAL REVIEW B64 195325
hydrostatic conversion of strain, modifying the strain co
ponent along the growth direction (ez8z8) to a new value
given by

«z8z85x~ez8z82ex8x8!1ex8x8 , ~7!

where

x512J tanu. ~8!

In Eq. ~7!, x51 corresponds to a pure biaxial strain.
In order to test our model, we set our parameter (J) to a

correct value to obtain the total blueshift expected by
theoretical model proposed by Porto and Sanchez-Dehe3

for a 5-ML-wide In0.35Ga0.65As/GaAs QW with the tilt angle
equal to 4.3° and in the absence of indium segregation. W
the same value ofJ, our model shows a reasonable agre
ment with the calculated blueshifts obtained by the auth
for vicinal angles ranging from zero to 10.6°~Fig. 1!. The
deformation potentials, lattice, and stiffness constants w
obtained according to Van de Walle11 and the alloy param-
eters were calculated by linear interpolation. The band of
was determined considering a biaxial compression,3 where
the hydrostatic contribution is taken into account only by
changes in the strain components due to the parameterJ.

Therefore, the results obtained here agrees with the
that in narrow QW’s the experimental blueshifts can only
obtained by considering an inhomogeneous distribution
strain along the quantum well interfaces.3 In addition, these
authors show that as the quantum well becomes relati

FIG. 1. Comparison between the calculated blueshift~solid
circles! ~Ref. 3! and the obtained by our model~open circles! as a
function of the misorientation angle for a 5-ML-wid
In0.35Ga0.65As/GaAs QW. The electronic effective mass was o
tained by a linear interpolation between InAs (mc* 50.028m0) and
GaAs (mc* 50.067m0) effective mass. The parameterJ was set to
1, indicating an inhomogeneous distribution of strain in the QW
19532
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wider, the contribution of the inhomogeneous distribution
the strain to the blueshift becomes minor.

Our theoretical model shows that for a given misorien
tion angle and indium content the blueshift of the PL em
sions as a function of the well width presents a maximu
For a fixed well width, our calculations demonstrate that
the indium content increases, the blueshift also increa
These facts are in close agreement with previous obta
results.3,10

In order to simulate the effect of the hydrostatic press
on GaAs/AlGaAs samples, we supposed that the hydros
stress causes a hydrostatic strain field along all the struc
not only inside the QW as admited for the InGaAs/Ga
samples.4 We defined ex8x85ey8y85ez8z8 , where ex8x85
2P/3B. In this equation,B is the GaAs bulk modulus@755
kbar ~Ref. 12!# and P is the applied external hydrostati
pressure.11

For the QW grown on~100! substrate,u is close to zero
degrees; for the QW grown on~311! substrate,u525.24°.
We supposed thatB(GaAs)5B(AlGaAs), and we used the
same strain values (ex8x8 ,ey8y8 ,ez8z8) for the (311)A and
~100! samples, as the hydrostatic strain is an invariant un
the transformation8 expressed by the Eq.~2!.

III. PSEUDOMORPHIC InGaAs ÕGaAs QW’s GROWN ON
„311… AND „100… SUBSTRATES.

The growth sequence of the epitaxial layers on
(311)A, (311)B, and ~100! substrates was~i! a 1-mm un-
doped GaAs buffer layer,~ii ! a 30-Å undoped In0.2Ga0.8As
quantum well, and~iii ! a 500-Å undoped GaAs cap layer.

In the PL experiments, the samples scattered light w
analyzed by a Jobin-Ivon T-64000 spectrometer operatin
single mode connected to a charge-coupled device~CCD!
camera. The excitation light was produced by an Ar la
emitting at 514.5 nm. Figure 2 shows the obtained spe

-

FIG. 2. PL spectra for the studied samples. The temperatur
the experiment was 10 K.
5-3
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S. L. S. FREIREet al. PHYSICAL REVIEW B 64 195325
for the three samples, and clearly evidences a blueshift o
(311)A and (311)B PL emission energies with respect to t
energy of the~100! sample.

The theoretical blueshift obtained by our model is sho
in Table I, together with the experimental data, revealin
good agreement with the experimental results. It is wo
mentioning that the calculations considered a homogene
distribution of strain@x51, corresponding to a biaxial strai
in Eq. ~7!# and the absence of indium segregation.

During epitaxial growth, indium atoms have the tenden
to segregate from underlying layers to the top, exchang
their positions with galium atoms of the top layer.13 In addi-
tion, the distribution of strain in vicinal QW’s is expected
be inhomogeneous; i.e., there are regions where strai
mainly hydrostatic and regions where it is mainly biaxi
These effects are very important in narrow vicinal InGaA
GaAs QW’s, being less important as the QW becomes r
tively wider.10 For the 5 ML InGaAs/GaAs QW discussed
the previous section, the experimental blueshift can be
plained only if one considers indium segregation and an
homogeneous distribution of strain.3 In contrast, our theoret
ical result for the In0.2Ga0.8As QW (30 Å wide! discussed in
this section clearly shows that segregation effects and a
homogeneous distribution of strain play a less important r
in our ~311! structure. This is consistent with the fact th
relatively wider QW’s are less affected by these effects,
the segregation and the changes in the strain distribution
a less important role as the distance from the QW interfa
become bigger.

Previous results10 show that the heavy-hole exciton bind
ing energies vary slightly with the vicinal angle, for angl
ranging from 0 to 6°. To the best of our knowledge, there
no further evidence of the relation between the exciton bi
ing energy and the tilt angle for angles greater than 6°. Ho
ever, the good agreement between our theoretical model
experience suggests that the heavy-hole exciton binding
ergies are almost the same for the (311)A, (311)B, and
~100! InGaAs/GaAs samples studied.

A theoretical simulation considering an idealize
In0.2Ga0.8As without strainreveals aredshift~a shift to lower
energies! of the ~311! PL emissions with respect to the~100!
ones. This hypothetical behavior reinforces the results sh
in this section, where the blueshift of the PL emissions
closely related to the presence of mechanical deformati
In addition, our calculations show that the effect of the bia
ial strain occurs mainly on the valence band of the~311!
InGaAs/GaAs structure.

TABLE I. Comparison between the experimental and theoret
blueshifts for the In0.2Ga0.8As QW. The parameterJ was set to
zero, indicating that the distribution of strain in the QW is main
homogeneous.

Blueshift (In0.2Ga0.8As QW)
Theoretical Experimental

~311! orientation (311)B sample (311)A sample
13 meV 12 meV 15 meV
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IV. STUDIES OF GaAsÕAlGaAs QUANTUM WELLS GROWN
ON „311… A AND „100… SUBSTRATES UNDER

HYDROSTATIC PRESSURE

Photoluminescence under hydrostatic pressure was
to characterize the (311)A- and ~100!-oriented
GaAs/Al0.35Ga0.65As 50-Å QW structures at room tempera
ture. For details about the samples and the experime
setup, see Freireet al.14

Figures 3~a! and 3~b! shows the dependence on pressu
of the PL peak energies from the~100! and (311)A QW
layers. An increase~blueshift! of the emission energy as th
pressure increases is observed for both samples. Thes
perimental results clearly show that the blueshift of the Q
PL emissions is closely related to an internal strain patt
acting on the sample caused by the external hydrost
pressure.

We have used our theoretical model to simulate the ef
of the pressure on the emission energies of the QW’s
discussed in Sec. II. The electronic effective mass in
barriers was obtained bymc* 5(0.06710.083x)m0,12 where
x stands for the percentage of aluminum. The potential d
continuity at the interfaces for conduction and valence ba

l

FIG. 3. Dependence of the blueshift with pressure for the Ga
AlGaAs QW’s ~300 K!. The solid circles correspond to the expe
mental data, in both samples~Ref. 14!. The theoretical curves
~crosses! indicate the obtained blueshift for each sample consid
ing that the hydrostatic pressure produces a hydrostatic strain
corrected theoretical curve@open circles,~100! sample# indicates
the blueshift considering an additional nonhydrostatic strain fie
adjusted to reobtain the~100! experimental data. Using the sam
nonhydrostatic parameter used for the~100! sample, the blueshift is
still lower than the observed for the (311)A sample@open circles,
(311)A sample#. The lines are a guide for the eyes. The only d
ference between two correspondent simulations for the sample
the angleu @close to zero for~100! QW and 25.24° for the (311)A
sample!.
5-4
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was assumed to be equal to 60% and 40%, respectivel
the difference in the energy gap of the two materials.15 In this
model, the band offset does not change with the hydrost
pressure.2 The results for the samples are shown in Fig
~curves with crosses!. In both samples, the hydrostatic a
proximation gives a smaller blueshift than the experimenta
observed.

The growth of quantum wells breaks the cubic symme
of GaAs, as discussed before. In addition, deformation co
ponents may arise due to the anisotropy of the sample@e.g.,
due to the difference in elastic constants between the ba
and the QW~Ref. 11!#. As a consequence, a hydrosta
stress field can lead to a nonhydrostatic strain field. To
best of our knowledge, we did not find quantitative inform
tion about the influence of these effects in similar sample

In order to get a qualitative picture of this phenomeno
we tryed to fit the experimental data by adjusting theez8z8
value. In this way, this strain component is supposed to
count for all of the nonhydrostatic distribution of strain. Wi
the inclusion of this parameter of nonhydrostaticity, we ha
obtained a good agreement with the experimental data for
~100! sample, as can be seen in Fig. 3@graphic ~a!, open
circles, forez8z851.4ex8x8#.

Using the sameez8z8 fitted value for the~100! sample, we
obtained the curve for the (311)A sample@graphic~b!, open
circles#, also shown in Fig. 3. As the pressure increases,
note that the agreement with the experimental data beco
worse. This is consistent with the fact that QW’s grow
along the~311! direction have a still lower symmetry tha
the ~100! ones, responsible for additional nonhydrosta
strain components. In addition, this structure is believed
have a complex array of microfacets along all the sampl16

which can substantially interfere on the distribution of stra
in the QW plane.

Notzel et al.17 evidence the presence of this corrugat
pattern inside the (311)A QW, responsible for aredshift of
the PL emissions observed for (311)A samples with respec
to the nominal ones. For a given pressure, our experime
data for the (311)A sample~Fig. 4! also show this redshift
Our simulations predict the occurrence of a redshift
lower than the experimentally observed. We claim that t
difference is another evidence of an additional confinem
potential taking place inside the (311)A quantum well,18

caused by the corrugated pattern.
It is worth mentioning that although hydrostatic pressu

modifies the energy of both the valence- and conducti
band edges, our theoretical calculations show that this e
is more pronounced on the conduction-band edge.

V. SUMMARY AND CONCLUSIONS

We developed a theoretical model that considers the
conduction and valence bands including the effect of str
The inhomogeneous distribution of strain was included in
simulations by an adjustable parameter responsible for
biaxial to hydrostatic conversion of strain, leading to a go
agreement with previous results obtained for a narrow~5-
ML-wide! InGaAs/GaAs QW, not considering indium segr
gation effects.3
19532
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In order to study the shift of the QW PL emissions f
large misorientation angles and relatively wider QW’s, w
have made PL experiments in three In0.2Ga0.8As/GaAs QW’s
(30 Å wide! grown on (311)A, (311)B, and ~100! sub-
strates. There is a blueshift of the (311)A and (311)B PL
emission energies with respect to the energy of the~100!
sample.

The calculations have shown very good agreement w
the experimental blueshift, considering only a homogene
distribution of strain inside the (311)A and (311)B QW’s. It
is reasonable to accept that phenomena occurring next to
interfaces, like an inhomogeneous distribution of strain a
indium segregation, will play a less significant role in th
QW PL emissions as the QW becomes wider. The acc
dance between our theoretical and experimental results in
approximation used is qualitatively supported by previo
results,3 where relatively wider QW’s account for a less im
portant inhomogeneous strain effect.

The role of strain in the PL emissions was also studied
~100!- and (311)A-oriented GaAs/AlGaAs samples. In th
case, the deformations are created by a hydrostatic pres
produced by a liquid piston-cylinder optical cell. Now th
strain in the sample is not created by a mismatch of mater
but by anexternalagent. As the pressure increases, the
perimental data show a blueshift of the PL energies w
respect to the zero~atmospheric! pressure, for both samples
As a consequence, the effects of deformations can be h
lighted in order to show the qualitative influence of strain
the PL blueshift, regardless of the growth direction.

The theoretical model explains very well the observ
blueshift in the experiments, emphasizing the role of non
drostatic strain produced by a hydrostatic stress. Our res
corroborate the fact that the nonhydrostatic distribution
strain is more pronounced in the (311)A GaAs/AlGaAs QW,

FIG. 4. The PL peak energy versus pressure for the~100! and
(311)A GaAs QW’s. For a given pressure, the (311)A PL emission
energies are shifted to lower energies with respect to the~100!
sample~redshift!. The lines are a guide for the eyes.
5-5
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being a qualitative observation of the complicated pattern
strain distribution in~311! samples with no specific regard
the mechanisms that rule this distribution.

Note that we have discussed two different kinds of bl
shift. In pseudomorphic InGaAs/GaAs QW’s it is associa
to a difference in PL energies between two QW’s induced
the misorientation angle; in GaAs/AlGaAs samples the bl
shift is associated with a difference in PL energies of
same QW, induced by the hydrostatic pressure. Howeve
the same pressure, we can see from Fig. 4 that there
redshiftof the (311)A GaAs/AlGaAs QW PL emission with
respect to the~100!. A hypothetical simulation of the
InGaAs/GaAs samples studied here indicates that in the
sence of strain there will also occur aredshift of the PL
emissions of the high-index pseudomorphic QW in instea
a blueshift. As a consequence, our results confirm the s
relation between the strain and the blueshift in pseudom
phic samples.

Furthermore, the obtained experimental results under
o

v.

e
,
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drostatic pressure corroborate the fact that the bluesh
closely related to the existence of only normal strain com
nents in the QW, giving an additional support for consider
zero the shearing strain (eyz50) in the transformation ex
pressed by Eq.~2!.

The results also indicate that the blueshift for the~311!
InGaAs/GaAs samples is mainly due to the effect of the
axial strain on the valence band and the blueshift for
GaAs/AlGaAs samples is mainly due to the action of hyd
static strain on the conduction band. So our results em
size that~normal! strain leads to a blueshift, but its influen
on the conduction and valence bands depends on its na
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