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Optical studies of strain effects in quantum wells grown on(311) and (100) GaAs substrates

S. L. S. Freiré and J. E. T. Reis
Faculdade de fica, Universidade Federal de Ubéndia, C.P. 593, Ubefladia, Minas Gerais, Brazil

L. A. Cury, F. M. Matinaga, and J. F. Sampaio
Departamento de Bica, Instituto de Ciecias Exatas, Universidade Federal de Minas Gerais, C.P. 702, 30123-970, Belo Horizonte,
Minas Gerais, Brazil

F. E. G. Guimaras
Instituto de Fsica de Sa Carlos, Universidade de ®aPaulo, Sa Carlos-SP, Brazil
(Received 19 May 2001; published 26 October 2001

Pseudomorphic InGaAs/GaAs quantum wel®N’s) grown on vicinal substrates show a blueshift of the
photoluminescencéL) emissions with respect td00 (nomina) 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 A witlegrown on (3117, (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(180 and (311A 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.
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I. INTRODUCTION minescencdPL) peaks from narrow vicinal QW's with re-
spect to(100) ones.
Pseudomorphic quantum well@W's) have acquired im- The aim of this paper is to study the effect of strain in the

portance due to the possibilities for band-structure engineePL emissions of samples grown dB811) and (100 sub-
ing and applications, since strained layers show features sugirates, with a built-in straipseudomorphic InGaAs/GaAs
as the lifting of the light- and heavy-hole bands degeneracyamplegor subjected to an externally induced stréattice-
and the decreasing of the highest valence-band effectiv@atched GaAs/AlGaAs QW's subjected to hydrostatic
mass: pressurg

There are different methods to include the effect of strain A theoretical model discussed in the Sec. Il was used to
on the QW conduction and valence bands, using the biaxig?otain the expected shifts of the PL emissions, giving a back-
approximation~3 In this approximation, the stress caused byground for interpreting the expenmentgl reSl_JIts presented in
the lattice mismatch between the barriers and quantum wefp€cs. lll and IV. In Sec. V we summarize this work.
creates a strain pattern whose components are the same in the
QW plane €= ¢€,,) and different along the growth direc- Il. THEORY
tion (e,,), with no shearing components. Furthermore, it is
considered that stress has no influence on the bafriEnis
approach leads to a good agreement with experimental r
sults for (100 pseudomorphic samples.

For samples grown on nofi-:00 substrates the effect of

We have performed theoretical calculations concerning
the conduction- and valence-band bound statesk;at0
?Where k| is the projection of the wave vector in the QW
plang, for a single quantum well, considering strain and dif-

> .~ . ferent degrees of substrate misorientatinon{100) orien-
stress is, in general, much more complex. The lowering i

the symmetry of the systéifiand the presence of polariza- Iﬁ{atlon] from [100] towards thg111] direction. The descrip-

o 7 . - . tion of the model follows.
tion fields-’ can substantially affect the strain field associ The three nominal directions are defined by thexis

ated with the stress. In addition, V'C'r.]al .In(.;aA.S/G‘fiASalong the[100] direction, they axis along[011] direction,
samples present an inhomogeneous strain distribution in the ) - ) .

QW plane, where some regions are subjected to a hydrostat?é‘d thex axis along[011] direction. To introduce tﬁe non-
stress and others subjected to a biaxial stress. In this case, theminal directions we have defined along the[011] di-
biaxial approximation is no longer accurdt@hese authors rection,y’ along the[(—2/a),1,1] direction, andz’ along
show that the signature of this inhomogeneous distribution ofhe [1,(1/),(1/a)] direction, wherea= J2/tané and 6 is
strain is a shift to higher energié¢slueshify of the photolu-  the angle between the growth directipnand thez direction,
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ranging fromé close to zerdnominal[100] direction), to #

) : Exx Exry!
equal to 54.7°([111] direction.
With these definitions we have the transformation €yy 'y’
€;7 €y
Ky 1 0 0 0 =T , (2
. exy Gx/yr
ky|=| 0 cog6) sin(6) 0. (1) . .
K, 0 —sin(@) cogd)/ \ky vz e
€,y (S
The normal strain components: ,€yryr, and e, re-
lated to the tension and compression along each specific di-
rection and the shearing strain componets. ,€,,-, and ere
€, are written in the basisx(y,z) by the transformatich
|
1 0 0 0 0 0
0 cog( ) sir?(6) 0 2sin( 9)cog 0) 0
. 0 Sirf( 9) co( ) 0 —2sin(§)cog 6) 0
o 0 0 co$6) 0 sin(9) ®
0 -—sin(@)cogd) sin(h)cog ) 0 cog(6) —sirt(6) 0
0 0 0 —sin(0) 0 cog 6)
|
In summary, rewriting the given wave vector and the strain ap—an
components(along the x’,y’,z" directiong in the basis Exx= €yyT T o 5
(x,y,2), the valence- and conduction-band Hamiltonians for "
the misoriented quantum well are obtained.
To solve the valence-band Hamiltonian and find the hole
bound states, we have used the model proposed by Chao and
Chuang? which uses the complete Luttinger-Kohn Hamil- c =_2C126 6)
tonian including deformation effects. Z Cqyy

The conduction-band Hamiltonian including strain is
given by wherea, anda,, are, respectively, the lattice constants of the
barriers and the QW, an@,, andC,, are the stiffness con-
stants for the QW materidlln our model, we will also as-
sume a biaxial strain in noft00) pseudomorphic quantum
wells.

It is already known that vicinal samples show a blueshift
of the PL emissions with respect to the nominal oh&kis
wherea,, is the hydrostatic deformation potential for the bar- qualitative behavior is supported by our model if we suppose
riers or QW? that the strain transformatiditq. (2)] does not lead to any

In pseudomorphic quantum wells the cubic symmetry ofshearing component$)(Z 0). This approximation leads to
GaAs is broken, leading to a complex distribution of strain,a blueshift that increases with the misorientation angle as
expected to be even more complex in @M quantum pointed out by Lpezet al, 10 and it is a possible indication
wells®® In addition, quantum wells grown on misoriented that the observed blueshift is related to the existence of only
substrates could also present intense polarization fields, abf@rmal strain components in the QW plane.
to produce a significative modification in the strain valles. These authors also show that an inhomogeneous strain
To the best of our knowledge it does not exist an exact andistribution along the QW interfaces is of great importance
well-defined way to consider these phenomena in the calcun determining the experimental blueshift observed in narrow
lations. In order to deal with these systems we will introducelnGaAs/GaAs samples. In other words, there are regions of
some approximations, as described below. QW interfaces where the strain is biaxial and other regions

Pseudomorphic QW'’s are subjected to stress due to thehere the strain is hydrostatic, and these strain changes are
difference in the lattice parameter between the barriers andssociated to the tangent of the misorientation angle.
the QW. The usual approach f¢t00) structures is to con- To introduce this effect in our theoretical model, we de-
sider a biaxial strain inside the quantum well, i.e., fined an analogous parameté& X responsible for a biaxial to

hz 2 2 2 2a
HCZ—2 (ks +|( +k )+ (exx+e vt €29, (4)
m*
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FIG. 1. Comparison between the calculated blueststilid wider, the contribution of the inhomogeneous distribution of
circles (Ref. 3 and the obtained by our modépen circlesas a (e Strain to the blueshift becomes minor. o
function of the misorientation angle for a 5-ML-wide Our theoretical model shows that for a given misorienta-
Ing 3:Ga c:AS/GaAs QW. The electronic effective mass was ob- tion angle and indium content the blueshift of the PL emis-
tained by a linear interpolation between InA®}{=0.028n,) and ~ Sions as a function of the well width presents a maximum.
GaAs (m* =0.067m,) effective mass. The parametgrwas set to ~ For a fixed well width, our calculations demonstrate that as
1, indicating an inhomogeneous distribution of strain in the QW. the indium content increases, the blueshift also increases.

These facts are in close agreement with previous obtained

hydrostatic conversion of strain, modifying the strain com-results®*?
ponent along the growth directioref,/) to a new value In order to simulate the effect of the hydrostatic pressure
given by on GaAs/AlGaAs samples, we supposed that the hydrostatic
stress causes a hydrostatic strain field along all the structure,
ey =X(€p1 7 — €ryr) T Exryr (7) not only inside the QW as admited for the InGaAs/GaAs
sampled. We defined Exix) = Eyryr = €511, WhEre €,/ =
where —P/3B. In this equationB is the GaAs bulk moduluf755
kbar (Ref. 12] and P is the applied external hydrostatic
x=1-Etané. (8  pressuré?

For the QW grown or{100) substrateg is close to zero
degrees; for the QW grown of811) substrate 0=25.24°.
We supposed thaB(GaAs)=B(AlGaAs), and we used the

ame strain valuese(: ,€,ry/ ,€,1,) for the (311A and

In Eq. (7), x=1 corresponds to a pure biaxial strain.
In order to test our model, we set our parametg) (o a
correct value to obtain the total blueshift expected by th

theoretical model proposed by Porto and Sanchez-Déhesa(loo) samples, as the hydrostatic strain is an invariant under

for a 5-ML-wide Iny 35Ga gsAS/GaAs QW with the tilt angle the transformatiohexpressed by the E¢2).
equal to 4.3° and in the absence of indium segregation. With

the same value oE, our model shows a reasonable agree-

ment with the calculated blueshifts obtained by the authors |, psEUDOMORPHIC InGaAs /GaAs QW's GROWN ON

for vicinal angles ranging from zero to 10.6Fig. 1). The (31D AND (100 SUBSTRATES.

deformation potentials, lattice, and stiffness constants were

obtained according to Van de Wadfteand the alloy param-

eters were calculated by linear interpolation. The band offset The growth sequence of the epitaxial layers on the

was determined considering a biaxial compressiovhere  (311)A, (311)B, and (100 substrates waé) a 1-um un-

the hydrostatic contribution is taken into account only by thedoped GaAs buffer layetji) a 30-A undoped I§,Gay sAs

changes in the strain components due to the pararigter quantum well, andiii) a 500-A undoped GaAs cap layer.
Therefore, the results obtained here agrees with the fact In the PL experiments, the samples scattered light was

that in narrow QW's the experimental blueshifts can only beanalyzed by a Jobin-lvon T-64000 spectrometer operating in

obtained by considering an inhomogeneous distribution osingle mode connected to a charge-coupled de(@ED)

strain along the quantum well interfacef addition, these camera. The excitation light was produced by an Ar laser

authors show that as the quantum well becomes relativelgmitting at 514.5 nm. Figure 2 shows the obtained spectra
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TABLE I. Comparison between the experimental and theoretical 20—
blueshifts for the Ig,GagAs QW. The parameteE was set to 0ol ° BExperimental
zero, indicating that the distribution of strain in the QW is mainly < Theory
homogeneous. 80 - Theory (commected) 1
60 4
Blueshift (Iny ,Gay gAs QW) 40 1
Theoretical Experimental
20 (100)
(311 orientation (311B sample (311 sample S 0 ]
13 meV 12 meV 15 meV ﬁ T T
= 0 1 2 3 4 5 6 7 8 9 10
= T T T T T T T T T T
g 100 .
=
[ia}

for the three samples, and clearly evidences a blueshift of the 80
(311)A and (311B PL emission energies with respect to the 60
energy of the(100) sample.

The theoretical blueshift obtained by our model is shown
in Table I, together with the experimental data, revealing a 20
good agreement with the experimental results. It is worth
mentioning that the calculations considered a homogeneous S S S S
distribution of strairf y=1, corresponding to a biaxial strain 0 1 23 ‘_‘ 5 6 7 8 910
in Eq. (7)] and the absence of indium segregation. Hydrostatic Pressure (kbar)

During epitaxial growth, indium atoms have the tendency g, 3. pependence of the blueshift with pressure for the GaAs/
to segregate from underlying layers to the top, exchangingiGaAs QW’s (300 K). The solid circles correspond to the experi-
their positions with galium atoms of the top layéin addi-  mental data, in both sample®Ref. 14. The theoretical curves
tion, the distribution of strain in vicinal QW's is expected to (crossesindicate the obtained blueshift for each sample consider-
be inhomogeneous; i.e., there are regions where strain isg that the hydrostatic pressure produces a hydrostatic strain; the
mainly hydrostatic and regions where it is mainly biaxial. corrected theoretical curvopen circles,(100 samplg indicates
These effects are very important in narrow vicinal InGaAs/the blueshift considering an additional nonhydrostatic strain field,
GaAs QW'’s, being less important as the QW becomes relaadjusted to reobtain th€l00) experimental data. Using the same
tively widerl® For the 5 ML InGaAs/GaAs QW discussed in nonhydrostatic parameter used for {i€0 sample, the blueshift is
the previous section, the experimental blueshift can be edtill lower than the observed for the (3¥)sample[open circles,
plained only if one considers indium segregation and an in{311)A samplg. The lines are a guide for the eyes. The only dif-
homogeneous distribution of strainn contrast, our theoret- ference between two correspondent simulations for the samples is
ical result for the 1p.,Ga, sAs QW (30 A wide discussed in the angled [close to zero fof100) QW and 25.24° for the (3118
this section clearly shows that segregation effects and a noﬁ-ample'
homogeneous distribution of strain play a less important role
in our (311) structure. This is consistent with the fact that IV. STUDIES OF GaAs/AlGaAs QUANTUM WELLS GROWN
relatively wider QW's are less affected by these effects, as ON (311) A AND (100 SUBSTRATES UNDER
the segregation and the changes in the strain distribution play HYDROSTATIC PRESSURE
a less important role as the distance from the QW interfaces
become bigger. Photoluminescence under hydrostatic pressure was used

Previous result§ show that the heavy-hole exciton bind- to  characterize the (314r and (100-oriented
ing energies vary slightly with the vicinal angle, for angles GaAs/Ab ;Ga, gsAs 50-A QW structures at room tempera-
ranging from 0 to 6°. To the best of our knowledge, there isture. For details about the samples and the experimental
no further evidence of the relation between the exciton bindsetup, see Freiret al*
ing energy and the tilt angle for angles greater than 6°. How- Figures 8a) and 3b) shows the dependence on pressure
ever, the good agreement between our theoretical model ard the PL peak energies from tH@00 and (311A QW
experience suggests that the heavy-hole exciton binding emayers. An increaséblueshify of the emission energy as the
ergies are almost the same for the (341)(311)B, and  pressure increases is observed for both samples. These ex-
(100 InGaAs/GaAs samples studied. perimental results clearly show that the blueshift of the QW

A theoretical simulation considering an idealized PL emissions is closely related to an internal strain pattern
Ing .Ga, gAs without strainreveals aedshift(a shift to lower  acting on the sample caused by the external hydrostatic
energieg of the (311) PL emissions with respect to ti@00  pressure.
ones. This hypothetical behavior reinforces the results shown We have used our theoretical model to simulate the effect
in this section, where the blueshift of the PL emissions isof the pressure on the emission energies of the QW's, as
closely related to the presence of mechanical deformationgliscussed in Sec. Il. The electronic effective mass in the
In addition, our calculations show that the effect of the biax-barriers was obtained by} = (0.067+ 0.08%) Mo, 2 where
ial strain occurs mainly on the valence band of f8&1)  x stands for the percentage of aluminum. The potential dis-
InGaAs/GaAs structure. continuity at the interfaces for conduction and valence bands

GaAs QW (311)A |
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was assumed to be equal to 60% and 40%, respectively, of
the difference in the energy gap of the two matertals this
model, the band offset does not change with the hydrostatic
pressuré. The results for the samples are shown in Fig. 3
(curves with crossesIn both samples, the hydrostatic ap-
proximation gives a smaller blueshift than the experimentally
observed.

The growth of quantum wells breaks the cubic symmetry
of GaAs, as discussed before. In addition, deformation com-
ponents may arise due to the anisotropy of the sarfepte,
due to the difference in elastic constants between the barrier
and the QW(Ref. 11)]. As a consequence, a hydrostatic
stress field can lead to a nonhydrostatic strain field. To the
best of our knowledge, we did not find quantitative informa-
tion about the influence of these effects in similar samples.

In order to get a qualitative picture of this phenomenon,
we tryed to fit the experimental data by adjusting #e,
value. In this way, this strain component is supposed to ac- o 2 4 & 8 10
count for all of the nonhydrostatic distribution of strain. With Hydrostatic Pressure (kbar)
the inclusion of this parameter of nonhydrostaticity, we have
obtained a good agreement with the experimental data for the FIG. 4. The PL peak energy versus pressure for(it@) and
(100 sample, as can be seen in Fig[@aphic(a), open (311)A GaAs QW's. For a given pressure, the (3AIFL emission
circles, fore,, =1.4e4]. energies are shifted to lower energies with respect to(110%)

Using the same,, fitted value for thg 100 sample, we sample(redshify. The lines are a guide for the eyes.
obtained the curve for the (314)sample]graphic(b), open
circleg, also shown in Fig. 3. As the pressure increases, we |n order to study the shift of the QW PL emissions for
note that the agreement with the experimental data becomegrge misorientation angles and relatively wider QW's, we
worse. This is consistent with the fact that QW’s grownhave made PL experiments in threg jBa, As/GaAs QW's
along the(311) direction have a still lower symmetry than (30 A wide) grown on (3117, (311)B, and (100 sub-
the (100 ones, responsible for additional nonhydrostaticstrates. There is a blueshift of the (3ALand (311B PL
strain Components. In addition, this structure is believed t%mission energies with respect to the energy of (m)
have a complex array of microfacets along all the sarffle, sample.
which can substantially interfere on the distribution of strain The calculations have shown very good agreement with
in the QW plane. the experimental blueshift, considering only a homogeneous

Notzel et al” evidence the presence of this corrugatedgistribution of strain inside the (318)and (311B QW's. It
pattern inside the (318 QW, responsible for aedshiftof s reasonable to accept that phenomena occurring next to the
the PL emissions observed for (3 pamples with respect interfaces, like an inhomogeneous distribution of strain and
to the nominal ones. For a given pressure, our experiment@ghdium segregation, will play a less significant role in the
data for the (311 sample(Fig. 4) also show this redshift. Qw PL emissions as the QW becomes wider. The accor-
Our simulations predict the occurrence of a redshift buidance between our theoretical and experimental results in the
lower than the experimentally observed. We claim that thisapproximation used is qualitatively supported by previous
difference is another evidence of an additional confinemengesults® where relatively wider QW’s account for a less im-
potential taking place inside the (3% )quantum welf'8 portant inhomogeneous strain effect.
caused by the corrugated pattern. The role of strain in the PL emissions was also studied in

It is worth mentioning that although hydrostatic pressure(100)- and (311A-oriented GaAs/AlGaAs samples. In this
modifies the energy of both the valence- and conductioncase, the deformations are created by a hydrostatic pressure
band edges, our theoretical calculations show that this effe@roduced by a liquid piston-cylinder optical cell. Now the
is more pronounced on the conduction-band edge. strain in the sample is not created by a mismatch of materials
but by anexternalagent. As the pressure increases, the ex-
perimental data show a blueshift of the PL energies with
respect to the zer@tmospherigpressure, for both samples.

We developed a theoretical model that considers the QWAs a consequence, the effects of deformations can be high-
conduction and valence bands including the effect of stresdighted in order to show the qualitative influence of strain on
The inhomogeneous distribution of strain was included in thehe PL blueshift, regardless of the growth direction.
simulations by an adjustable parameter responsible for the The theoretical model explains very well the observed
biaxial to hydrostatic conversion of strain, leading to a goodblueshift in the experiments, emphasizing the role of nonhy-
agreement with previous results obtained for a nar(éw drostatic strain produced by a hydrostatic stress. Our results
ML-wide) InGaAs/GaAs QW, not considering indium segre- corroborate the fact that the nonhydrostatic distribution of
gation effects’ strain is more pronounced in the (3BLaAs/AlGaAs QW,

V. SUMMARY AND CONCLUSIONS
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being a qualitative observation of the complicated pattern ofirostatic pressure corroborate the fact that the blueshift is
strain distribution in(311) samples with no specific regard to closely related to the existence of only normal strain compo-
the mechanisms that rule this distribution. nents in the QW, giving an additional support for considering
Note that we have discussed two different kinds of blue—zero the shearing strairef,=0) in the transformation ex-
shift. In pseudomorphic InGaAs/GaAs QW's it is associatedpressed by Eq(2).
to a difference in PL energies between two QW's induced by  The results also indicate that the blueshift for (841)
the misorientation angle; in GaAs/AlGaAs samples the blueinGaAs/GaAs samples is mainly due to the effect of the bi-
shift is associated with a difference in PL energies of theaxjal strain on the valence band and the blueshift for the
same QW, induced by the hydrostatic pressure. However, &aAs/AIGaAs samples is mainly due to the action of hydro-
the same pressure, we can see from Fig. 4 that there is fatic strain on the conduction band. So our results empha-
redshiftof the (311A GaAs/AlGaAs QW PL emission with  sjze that(norma) strain leads to a blueshift, but its influence

respect to the(100. A hypothetical simulation of the on the conduction and valence bands depends on its nature.
InGaAs/GaAs samples studied here indicates that in the ab-

sence of strain there will also occurradshift of the PL

emissions of the high-index pseudomorphic QW in instead of

a blueshift. As a consequence, our results confirm the strict

relation between the strain and the blueshift in pseudomor- The authors acknowledge the financial support of CNPg-

phic samples. Brazil (Process No. 420077/99-5and FAPEMIG-Brazil
Furthermore, the obtained experimental results under hytProcess No. CEX 1245/97
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