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Evaluation of strain distribution in freestanding and buried lateral nanostructures
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A free-standing lateral nanostructure based on GaAs@001# containing a Ga0.97In0.03As single quantum well
and similar structures after the overgrowth with GaAs and AlAs, respectively, have been investigated by
high-resolution x-ray grazing incidence diffraction~GID! and conventional x-ray diffraction~HRXRD!. The
wire shape of the freestanding structure and the lateral density variation in the overgrown samples, were
determined by running scans with constant length of the scattering vector~transverse scans! across the grating

truncation rods~GTR’s! close to the (2̄20) reflection. The in-plane strain distribution became available cross-
ing the (220) GTR’s by a scan in the longitudinal direction. Exploiting the capability of GID for depth
resolution, the in-plane strain distribution was analyzed for different values of depth below the sample surface.
The strain analysis was completed by HRXRD measurements close to the~004! reflection. The x-ray mea-
surements were interpreted in terms of the distorted wave Born approximation applied for GID geometry. The
strain distribution is determined by comparing the measured GTR intensities with the corresponding simula-
tions containing the displacement fields obtained from finite-element calculations. At the freestanding wire
structure we find laterally compressive strain of aboutDa/ai52231023 at the single quantum well~SQW!
with a steep strain gradient close to the wire side walls. Both overgrown samples show pronounced lateral
strain variation within the overgrown layer, which still appears up to the completely planar surface. Within the
SQW the in-plane strain is still compressive after GaAs overgrowth and of similar amount compared to the
freestanding grating. The strain is increased by about 30% after overgrowth with AlAs. For both overgrown
samples the strain gradient near the wire side walls is reduced, but reaches a maximum close to the SQW.
Accompanied by the defect passivation, these findings explain the difference in the energy shift of the photo-
luminescence line between freestanding and overgrown lateral nanostructures.@S0163-1829~99!08047-9#
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I. INTRODUCTION

In addition to varying chemical composition the ele
tronic band gap of semiconductors can be modified by v
tical and lateral patterning. Quantization along the grow
direction is obtained by keeping the thickness of the ac
layer smaller than the excitonic radius of the particular m
terial ~single quantum well-SQW!. The created atomiclike
energy levels modify the electronic band gap that initiate
blueshift of the photoluminescence~PL! signal. Because this
energy shift scales inversely with the thickness of the SQ
the electronic properties can be tailored by controlled pre
ration.

Additional lateral patterning~quantum wires-QW! in-
crease the density of states close to the quantization leve
the SQW, increases the quantum efficiency of radiative
combination, and lowers the threshold of respective laser
vices. Patterning in both lateral directions~quantum dots-
QD! creates three-dimensional~3D! atomiclike aggregates
on a mesoscopic level, which provides interesting new ph
cal properties.1

The lattice relaxation of the lateral nanostructure modifi
the electronic band gaps as well. Depending on the thickn
ratio between active and confinement layers, the lateral
tice parameter of the QW in a freestanding structure is lar
than that in a pseudomorphically strained structure. The
duced shift of the electronic band levels is usually descri
PRB 600163-1829/99/60~24!/16701~14!/$15.00
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by deformation potentials.2 Up to now the relation between
strain relaxation and the induced shift of the PL energy
been investigated only qualitatively. The PL shift as a fun
tion of the wire width has been observed f
GaAs/InxGa12xAs /GaAs@001# QW’s.3 As shown in Fig. 1
the PL line is redshifted for free-standing wire structures
decreasing the wire widths. In contrast, the overgro
samples show an opposite behavior. Upon decreasing
wire width, the PL-line is blueshifted. The blue shift is e

FIG. 1. PL-line shift of a series of free-standing and overgro
wires of a GaAs/In0.14Ga0.84As/GaAs SQW structure, measured at
K. The overgrowth material is GaAs.
16 701 ©1999 The American Physical Society
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16 702 PRB 60A. ULYANENKOV et al.
plained by lateral quantization; the redshift by the latt
relaxation of the freestanding wires with respect to
pseudomorphic strain state measured at the nonstructu
mesa. Comparing freestanding and overgrown samples
PL-intensity was significantly enhanced in the case of lat
and the strain induced redshift was compensated after
overgrowth process.4

A deeper understanding of the relationship between
spatial strain distribution and the initiated shifts of relat
band levels would help to improve the quality and efficien
of laser devices. Due to the different geometry the relati
between the strain and the band shift known for bulk
epitaxial materials cannot be transfered directly on late
nanostructures. Therefore, nondestructive methods for s
analysis are required to be accompanied by numerical s
calculations to determine the 3D strain distribution close
the active SQW within a investigated nanostructure.

X-ray diffraction techniques are widely used for stra
anlysis of epitaxial layer systems.5 Modern x-ray equipments
and high-power x-ray sources enable high resolution in
ciprocal space and consequently a nondestructive determ
tion of strains in a three-dimensional space. After the p
neering papers published by Tapfer and Holy,6,7 Baumbach
et al. introduced the method of reciprocal space mapping
an efficient tool for inspecting the strain distribution of la
eral nanostructures8 and Shenet al. presented the first quan
titative in-plane strain analysis of surface nanostructures9 in-
terpreted by use of a geometric approach.

Due to the lateral patterning of the sample surface, sa
lite reflections appear close to any fundamental Bragg refl
tion of the substrate. Their angular distance is a measure
the inverse of the perodicityD of the patterning. The one
dimensional truncation of the infinite 3D space by the sam
surface leads to an extension of the Bragg intensities a
the surface normal. A systematic inspection of these cry
truncation rods~scan across the fundamental Bragg pe!
and the grating truncation rod intensities~across the satellite
peaks! provides information about the shape and the resid
strain in QW’s.10 Accompanied with finite-element calcula
tions and numerical rocking-curve simulations based on
semikinematic approximation for the x-ray scattering p
cess, the determination of the 3D strain distribution acr
the nanostructure becomes available. The capability of
technique was recently demonstrated.11 Using high-
resolution coplanar x-ray diffraction the authors evalua
the strain distribution in InP/InxGa12xAsP/InP lateral nano-
structures and analyzed a correlation of their results to o
cal properties of the respective wire laser structure.

Besides high-resolution x-ray diffraction~HRXRD!, non-
coplanar grazing incidence diffraction is an efficient tool f
in-plane strain analysis.12 Exploiting refraction of the inci-
dent beam at the sample surface, the penetration depth o
beam into the sample can be changed in the range betwe
nm and several 100 nm. This enables an evaluation of
vertical variation of the in-plane strain acting at the quant
wires. For @11̄0# oriented wires on cubic substrates, bo
strain and wire shape influence the recorded rocking cur
These contributions can be separated by the inspectio
two symmetry-equivalent in-plane Bragg reflections.13

This technique was applied to investigate the strain dis
bution in free-standing InxGa12xAsP/InP@001# quantum
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wire structures.11 Combining the curve simulations in term
of the distorted wave Born approximation~DWBA! and
finite-element calculations, we found a quantitative corre
tion between the residual in-plane strain and the PL-ene
of GaAs /InxGa12xAs/GaAs nanostructures.14 Furthermore,
we found a periodic strain modulation for the first time in
almost homogeneous AlxGa12xAs layer overgrown onto a
GaAs lateral wire structure.15 This periodic strain distribu-
tion may suppress the strain relaxation within the SQW a
has to be considered for device optimization.

The aim of this paper is the systematic analysis of
strain distribution in GaAs/InxGa12xAs/GaAs wire structures
before and after overgrowth with AlAs and GaAs compo
ites. The In concentration (x53%) is small enough to pre
vent nonelastic strain release and strain-induced defect
eration. We combine HRXRD and grazing inciden
diffraction ~GID! to determine the out-of-plane and the i
plane strain components separately; the latter one is con
ered as a function of depth below the sample surface.
experimental rocking curves are analyzed taking into acco
the displacement fields calculated by using a finite-elem
approach based on linear elasticity theory. The adaptatio
parameters to the experiment is performed by refining
model structure. Using a deformation potential approach,
evaluated strain distribution is discussed in terms of its c
sequence for strain-induced band-gap variations explain
respective PL measurements. The paper is organized as
lows: first we explain the experimental techniques used~Sec.
II !, then we present the DWBA approach for analyzing t
data~Sec. III! and the experimental results~Sec. IV!. Finally,
we discuss the results in terms of the displacement field
culated by finite element method~FEM! and discuss the re
spective consequencies for the optical properties.

II. SAMPLE PREPARATION AND EXPERIMENTS

A. Sample preparation

A series of GaAs/InxGa12xAs/GaAs single-quantum wel
structures with an additional one-dimensional lateral patte
ing was prepared. The principal structure of the sample
shown in Fig. 2.

For all three samples the vertical structure was grown fi
by solid source molecular beam epitaxy~MBE!. A 200-nm
thick GaAs buffer layer was deposited on a GaAs~001! sub-
strate, followed by atSQW55 nm-thick Ga0.97In0.03As single-
quantum well, and capped by a GaAs layer with a nomi
thickness oft top520 nm.

The lateral patterning of this layered structure was carr
out by a lithography process and subsequent etching.
spin-coated positive photoresist polymethylmethacrylate w
exposed by an electron beam using a commercial E-Be
~EIKO! and then developed. The deposition of a thin~6 nm!
aluminum layer and a subsequent lift-off process define
metallic etch mask. The pattern, a one dimensional gra
along the@11̄0# direction with a periodicityD5250 nm and
a nominal wire width oft top595 nm, was transferred ont
the semiconductor material by wet chemical etching us
1:1:60 H3PO4:H2O2:CH3OH at 21 °C at a rate of 20
nm/min. The etching deptht, i.e., the sum overt top, tSQW and
the bottom part of the gratingtbot, which corresponds to the
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PRB 60 16 703EVALUATION OF STRAIN DISTRIBUTION IN . . .
depth etched into the buffer layer, amounts to 60 nm for
samples, as found by a morphology profiler~DEKTAK !.
Wet chemical etching instead of the anisotropic reactive i
beam etching was used because it produces less dam
side walls, essential for high-optical quality. Due to th
choice the defined grating finally shows trapezoidal sh
with ~111! facets as side walls. In addition to the gratin
arrays with a size of 2000mm3400 mm, two-dimensional
reference~mesa! fields of 100mm3100 mm were realized
on each sample. This enabled us to obtain photolumin
cence data as a function of the strain present in the gra
structure for direct comparison with a laterally unpattern
reference.

Of special interest was the change of the strain distri
tion within the partially relaxed wires after the overgrow
with material of different lattice parameters. Thus two of t
three samples were overgrown with GaAs and AlAs, res
tively, using an additional MBE step. In the following w
refer to the freestanding sample as Sample 1, the overgr
ones by Sample 2~GaAs overgrowth!, and Sample 3~AlAs
overgrowth!. The nominal thickness of this overlayer
tover5100 nm in both cases. In case of Sample 3 a cap layer
with the thickness oftcap510 nm had to be deposited t
protect AlAs from oxidation.

The geometrical parameters introduced in this section
illustrated in Fig. 3.

B. Diffraction techniques

All x-ray measurements have been performed by runn
particular line scans in reciprocal space. The three coo
nates of the reciprocal space inside the sample are define
follows:

qx5
2p

l
~cosa f cosq f2cosa i cosq i! ~1!

FIG. 2. Sketch of the investigated series of samples showing
principle shape and deposited materials. The shaded area show
position of the In0.03Ga0.97As single-quantum well.
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qy5
2p

l
~cosa f sinq f1cosa i sinq i! ~2!

qz5
2p

l
~Asin2 a f2sin2 ac1Asin2 a i2sin2 ac!, ~3!

Here,a i,f denote the incident and exit angle with respect
the sample surface,q i,f refer to the in-plane angles with re
spect to the diffracting lattice plane~Fig. 4!, and ac is the
critical angle of total external reflection, which for GaAs an
l50.124 nm amounts to 0.253°. Considering the crysta
graphic alignment of wires (i@ 1̄10#), we introduce two re-
ciprocal vectors in addition; theq' axis is set parallel to

@110# and qi parallel to@ 1̄10#. qz coincides with the sur-
face normal in direct space, i.e., the@001# direction. Using
this setup, the satellite peaks occuring due to the o
dimensional patterning of the surface are expected w
scanning alongq' .

Scans in coplanar scattering geometry~HRXRD! were
performed in the (qx ,qz) plane. For the considered symme
ric (004) reflection the diffracting lattice plane lies parall
to the sample surface, thereforeq i,f become zero and only

e
the

FIG. 3. Sketch of an overgrown grating structure denoting
relevant geometric parameters used for the simulation of the x
measurements.

FIG. 4. ~a! Sketch of the reciprocal space showing the record
RLP’s and the corresponding geometry.~b! Detailed GID setup
with all relevant angles depicted.
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FIG. 5. Simulation of the intensity distribu
tion around the symmetric~004! reflection with-
out ~a! and with~b! consideration of the displace
ment field of sample 1 calculated by FEM. The
contour lines are plotted on logarithmic sca
from 1310211 to 131026.
th

m
nc
ic
r
pl

ta
Fi
th

ry
p

an

of
m

i-
to
h
ng

c

vid

il
th
ir

ttice
ring
if

tion

a
r
the
pe.
oth

tern
the

the
n

ray
m-

re
.
nt-

ain
tri-
ro-
on-
the
nt
le-

ody
ra-
m
the
ns.

d-

de-
he
a i,f have to be changed. Because both angles are large~about
20°), the influence of refraction can be neglected for
calculation ofqz .

In the noncoplanar GID geometry the incoming bea
strikes the sample surface with a grazing angle of incide
a i , whereas the angle with respect to the diffracting latt
plane q i is measured in plane. A diffracted beam occu
under a grazing angle of exit with respect to the sam
surfacea f at the detector positionq i1q f52qBragg when-
ever an in-plane Bragg reflection becomes adjusted by ro
ing the sample around its surface normal, as depicted in
4. Thus, line scans performed with this setup run in
(qx ,qy) plane with small and fixedqz . qz scans~rod scans!
were recorded at the particularq' positions of satellites. Fol-
lowing Eqs. ~1!–~3!, four angles can be changed to va
three reciprocal space coordinates. This gives us the op
tunity to keep one of the angles fixed. We seta i fixed to
define a particular information depth for each line sc
Similar scans recorded at differentqz provide depth resolu-
tion.

The information depthL is defined as the decay length
the probing x-ray beam below the sample surface. It beco
evanescent under condition of total external reflection.L is
given by the reciprocal of the imaginary part ofqz

1

L
5Iqz5

1

L i
1

1

L f
, ~4!

using

L i,f5
l

2A2p$A~a i,f
2 2x08!214x09

22~a i,f
2 2x08!%1/2

. ~5!

x08 and x09 denote the real and imaginary part of the d
electric susceptibility modifying the x-ray refractive index
n512x08/21 ix09/2. Keeping the angle of incidence wit
respect to the sample surface smaller than the criticle a
of total external reflectionac , the value ofL i is limited to
few nanometers. In the case ofa i.ac , the penetration depth
approaches several hundreds of nanometers and is only
celed by the imaginary partx09 , which is linearly propor-
tional to the absorption coefficientm.5 In the HRXRD setup
L i always exceeds several hundred nanometers and pro
depth-averaging information only.

An additional advantage of GID geometry is the possib
ity to separate the influence of the displacement field and
grating shape on measured x-ray diffraction curves. For w
structures we expect relaxation only alongq' , i.e., the di-
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rection of the lateral patterning, whereas the substrate la
parameter is observable along the wires. Since the scatte
experiment is only sensitive to lattice parameter variation
the momentum transfer is aligned solely along the relaxa
direction, the longitudinal scan (qy scan! shows the influence
of strain in the recorded intensity distribution. Performing
transverse scan (qx scan! the length of the scattering vecto
is nearly unchanged, thus this line scan is insensitive to
in-plane strain and displays only the influence of sha
Therefore, we are able to separate the contributions of b
effects, strain and shape, by recording the intensity pat
around two symmetrically equivalent in-plane reflections,
strain sensitive(220) and thestrain insensitve (2̄20).13

The GID measurements have been performed with
diffractometer in z-axis geometry at experimental statio
ID03 at the ERSF~Grenoble, France! using a wavelength of
l50.1218 nm, whereas the coplanar high-resolution x-
diffraction experiments were carried out at the wiggler bea
line BW2 at HASYLAB ~Hamburg, Germany! using a wave-
length of l50.124 nm. Both experimental stations a
equipped with a silicon~111! double crystal monochromator
High resolution in reciprocal space was achieved by mou
ing a silicon~111! analyzer crystal in front of the scintilation
detector, resulting in an in-plane resolutionDq better than
1024.

C. Strain influence

As it clearly can be seen in Fig. 5, the presence of str
within the structure dramatically changes the intensity dis
bution around the fundamental Bragg reflections in recip
cal space. The displacement field of Sample 1, which is c
sidered for the simulation of these maps is calculated by
commercial software MARC 7.0 using the finite eleme
method. The geometrical structure is divided into small e
ments of appropriate size and shape~8-node cuboid or in a
more general case 8-node truncated pyramidal-shaped b!
for which the physical quantity of interest is calculated ite
tively up to a termination condition defined by a maximu
deviation between neighboring nodes. The periodicity of
grating is taken into account by the boundary conditio
What means, no displacement is considered along@ 1̄10# for
all nodes, along@110# ~i.e., the replication direction of the
grating! for the nodes belonging to the left and right boun
aries of the bulk and along@001# ~i.e., the growth direction!
for the nodes belonging to the bottom boundary of the
fined substrate layer. As the driving force for relaxation t
relative lattice constant difference, i.e., the misfitf, of the
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deposited layers with respect to the GaAs substrate (f 50) is
considered. The results of the calculation that is used for
interpretation of the measured x-ray intensities aretwo of the
six components of the strain tensor,exx(x,z) and ezz(x,z),
and the displacementsdx(x,z) anddz(x,z) along the@ 1̄10#
and @001# direction, respectively. The latter ones are us
for the simulation of the x-ray measurements.

III. THEORETICAL CONSIDERATION

Lateral surface gratings, such as quantum wires, give
to structurized x-ray diffraction pattern. Both for coplan
and grazing incidence geometries, equidistant diffract
maxima appear due to the lateral periodicity of the wir
These maxima have a fine structure which reflects the
tailed geometrical shape of the wires and the strain statu
the crystallographic lattice. In principle, the diffractio
curves of GID from nanostructures contain direct inform
tion on the shape and strain distribution within the QW, p
viding the possibility of a complete study of a sample by
single method.

We use the distorted-wave Born approximation for a t
oretical description of the diffraction process on the mu
layered surface and buried gratings. To take into account
double-diffraction effects, the perturbation theory was e
tended up to second order, by analogy with Ref. 18. T
approach was already used for the calculation of conv
tional x-ray diffraction and x-ray reflectometry pattern.8,16

The lattice and wire imperfections cause diffuse scatter
accompanying the coherent component of the output in
sity. The incoherent component contains certain informat
about QW shape fluctuations,17 and interface,19,20 and lattice
imperfections.21 Although this component is clearly visibl
in some of the experiments presented here, we simulated
theoretical curves in the coherent approximation to dis
guish the principal features of the applied method. The
fuse scattering from surface gratings is the subject of fo
coming investigations. Here, we discuss qualitatively
sample imperfections giving rise to the diffuse componen
the diffraction signal.

The scattering of x-rays from investigated structures
described by the wave equation~we consider heres polar-
ization of x-rays!

~D1K2!c~r !5V~r !c~r !. ~6!

The incident waveF with vacuum wave vectorK being
scattered by an optical potentialV originates the wavec(r ),
which can be written in general as

c~r !5F~r !1E dr 8G0~r ,r 8!V~r 8!c~r 8!, ~7!

with G0(r ,r 8) as the Green function of the free particle. B
using the Heisenberg representation of quantum mecha
we express the solution of Eq.~6! in the complete orthogona
basis of solutions for the wave equation

~D1K2!c (0)~r !5V1~r !c (0)~r !, ~8!

wherec (0)(r ) is the distorted wave scattered by the poten
V1. This wave is considered further as the initial state for
e
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scattering by the perturbation potential22 V25V2V1. Fol-
lowing perturbation theory, the eigenfunctionc(r ) can be
expanded as the series

c~r !5c (0)~r !1c (1)~r !1c (2)~r !1•••, ~9!

where high-order approximations toc(r ) are calculated by
means of the recursion formula

c (n)~r !5E dr 8G1~r ,r 8!V2~r 8!c (n21)~r 8! ~10!

with G1(r ,r 8) as the Green function of a particle interactin
with the potentialV1.

Let us now consider the multilayered gratings~Fig. 3!,
which can be buried within the structure, in general case.
nonperturbed potential within layerm V1

(m) is chosen to be
proportional to the mean electric susceptibility of this lay

V1
(m)52K2^x0

(m)&5x0a
(m)Va

(m)~r !1x0b
(m)Vb

(m)~r !. ~11!

Here the susceptibilitiesx0a
(m) andx0b

(m) correspond to regions
a andb ~Fig. 3!, respectively, which can be filled by mate
rials with different refractive properties. The heavy-si
functionsVa

(m)(r ) andVb
(m)(r ) describe the geometrical con

figuration of layer segments and are expressed by the he
side function of grating shapeVSG(r i ,z) and the function
VML

(m)(z) defining a vertical multilayered structure.

Va
(m)~r !5VSG

(m)~r i ,z!VML
(m)~z!;

~12!
Vb

(m)~r !5@12VSG
(m)~r i ,z!#VML

(m)~z!.

We have chosen the perturbation potentialV2 in the form

V2
(m)52K2eih„r2u(m)(r )…

†xha
(m)Va

(m)1xhb
(m)Vb

(m)
‡[2K2xGID

(m) .
~13!

Here, we introduced the susceptibilities of regionsa andb of
layerm for grazing incidence diffraction on reciprocal lattic
vector h. The vector functionsu(m)(r )5u0

(m)(r )1Du(m)(r )
are the atom displacement functions describing the ela
deformation of the lattice structure and consisting of an
disturbed partu0

(m)(r ) originated during the epitaxial growth
and displacementsDu(m)(r ) caused by grating-induced per
odic distortions during the etching process.

Due to the periodicity, the susceptibilityxGID
(m) of layer m

can be expanded into the series

xGID
(m) ~r !5eih„r2u0

(m)(r )…(
H

x̃h,H
(m) ~z!eiHr i ~14!

with Fourier components

x̃h,H
(m) ~z!5

xha
(m)

D E
2D/2

D/2

dx e2 iHr ie2 ihDu(m)(r )Va
(m)~r !

1
xhb

(m)

D E
2D/2

D/2

dx e2 iHr ie2 ihDu(m)(r )Vb
(m)~r !,

~15!

where the vectorH5(2p/D)ex is the reciprocal grating vec
tor andex is the unit vector in thex direction. The reciprocal
grating vector describes the grating truncation rods, the t
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FIG. 6. FEM calculation of the
displacementsdx ~a! anddz ~b! of
the freestanding grating~sample
1!. The limits of the contour bands
are given in units of 1023 nm.
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dimensional diffraction pattern formed by the scattering p
cess on the periodic grating mesostructure. The position
GTRs in reciprocal space is defined by the condition for
scattering vectorQi5Khi2K0i5hi1H (K0 and Kh are
wave vectors of incident and diffracted waves, respective!.

Here we drop the cumbersome explicit expressions for
diffracted wave amplitudes and refer the reader to
works.8,5,23 For a simulation of the wave amplitudes, pertu
bation theory has been developed up to second order~9!
giving a DWBA of second order. In this way the mutu
interaction between the diffracted and reflected wave fie
as well as theUmweganregungbetween the diffraction pro
cesses forming different GTR’s are taken into considerat
The grating structure acts as transmission media both
incoming and outgoing~diffracted! waves. The changes i
the intensity profile caused by such a twofold diffraction m
be considerable in comparing with the theoretical treatm
based on the first order distorted-wave Born approximatio8

The structure amplitude of layerm corresponding to the re
ciprocal lattice vectorh is composed of the scattering amp
tudes of different GTR’s

Sh
(m)~Q!54p2(

H
d~Qi2hi2H!Sh,H

(m) ~Qz!, ~16!

where the amplitudesSh,H
(m) (Qz) are defined by

Sh,H
(m) ~Qz!5eihz„zm2u0z

(m)(zm)…E
zm

zm11
dz x̃h,H

(m) ~z!ei (Qz2hz)(z2zm).

~17!

The valuesx̃h,H
(m) (z) for the freestanding wires~Sample 1! are

calculated by Eq.~15!, neglecting the second term. Formu
~17! represents the contribution of one layer to the scatte
amplitude of one grating truncation vectorH. To evaluate
the total layer scattering amplitude, we replace
-
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periodic grating shape functionVa
(m)(r ) and grating-induced

displacement functionU (m)(r )[exp@2ihDu(m)(r )# by their
Fourier transforms

U (m)~r !5(
H

UH
(m)~z!eiHr i, Va

(m)~r !5(
H

VaH
(m)~z!eiHr i.

~18!

Upon substituting the expression~18! into Eq.~15!, the layer
scattering amplitude for freestanding wires is derived fro
Eq. ~17!:

S̃H
(m)~Qz!5xha

(m)(
H8

E dz e2 iQz(z2zm)UH8
(m)

~z!VaH2H8
(m)

~z!.

~19!

In the case of buried gratings~Samples 2 and 3!, this func-
tion is modified to

S̃H
(m)~Qz!5~xha

(m)2xhb
(m)! (

H8ÞH
E dz e2 iQz(z2zm)

3UH8
(m)

~z!VaH2H8
(m)

~z!

1E dz e2 iQz(z2zm)UH
(m)~z!^xh

(m)&~z!.

~20!

The first term in Eq.~20! is proportional to the compositiona
contrastxha

(m)2xhb
(m) between the segments of the~a! real and

~b! ‘‘inverted’’ wires. The second term describes the scatt
ing on the mean virtual layer with the susceptibility^xh

(m)&
averaged over the grating period.

As was mentioned in Sec. I, we expect the lattice d
placements mainly in the verticalz direction and lateralx
direction, neglecting the strain fields along the wires (y di-
rection!. Thus choosing the reciprocal lattice vectorh to be
perpendicular to displacement vectorsu(m) ~i.e., parallelly to
e

d

FIG. 7. Rod scans across th
11st to 13rd GTR ~a! and
21st to 23rd GTR ~b! recorded
with HRXRD at the symmetrical
~004! RLP of sample 1. The peak
not described by theory is cause
by the mirror used for collimation
of the incident beam.
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y axis!, the diffraction process is insensitive to the stra
distribution within sample because all the vectorsUH8Þ0

(m)

vanish. In our case this situation corresponds to diffract
on (2̄20) reflection~transverse scans!, and from GTR’s we
obtain information about the shape and composition of wir
Conversely, longitudinal scans from the strong~220! reflec-

FIG. 8. In-plane scans for sample 1 recorded with GID from
both symmetry equivalent strong in-plane reflections, the longitu

nal (220) RLP~a! and the transverse (22̄0) RLP~b! and from the
weak ~200! RLP ~c!.
n

s.

tion include information on both the shape and the strain.
Sample 2, the diffraction pattern from reflection~220! de-
pends on the strain profile only because the wires being
ied by the GaAs layer do not display their own geometri
shape. According to the theory developed above, the com
nation of longitudinal and transverse scans is believed
give complete knowledge about the strain profile, shape,
composition of freestanding and buried quantum wir
Moreover, the separation of the information in differe
types of scans simplifies the analysis of diffraction curv
and eliminates ambiguity during the fitting of experimen
data.

The coherent intensity of diffracted waves scattered
layer m to the position of the GTR in reciprocal space
proportional to

Wh
(m)~Qz!52K2@T0

(m)Sh
(m)~qz0

(m)!Th
(m)1R0

(m)Sh
(m)~qz1

(m)!Th
(m)

1T0
(m)Sh

(m)2qz1
(m)!Rh

(m)1R0
(m)Sh

(m)(2qz0
(m))Rh

(m)] .

~21!

Here, the transmitted and reflected wave amplitudesT0,h
(m) and

R0,h
(m) of incident and diffracted waves are calculated on

basis of the Fresnel formalism24 for an undisturbed potentia
V1. The valuesqz0

(m) andqz1
(m) are determined from

qz0
(m)[Kzh

(m)2Kz0
(m) ; qz1

(m)[Kzh
(m)1Kz0

(m) , ~22!

where thez-components of the wave vectors of incident a
diffracted waves in layerm are related to the mean laye
susceptibility~scattering by potentialV1) by

Khz
(m)5AK2^xh

(m)&2Khi
2 ; K0z

(m)5AK2^xh
(m)&2K0i

2 .
~23!

TABLE I. Fitted parameters

Sample 1 Sample 2 Sample

PeriodD, Å 2550649 2575680 2568655
l top, Å 839631 855627 840614
l groove, Å 975629 983632 980644
t top, Å 212618 230623 205615
tSQW, Å 4465 5166 5063
tbot , Å 306619 326631 331611
tover, Å — 413636 ;700
tcap, Å — — 165625

e
i-
e
FIG. 9. Rods scans accross th
11st to 13rd GTR ~a! and
21st to 23rd GTR ~b! recorded
with GID at the strain sensitive
longitudinal (220) RLP of
sample 1.
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FIG. 10. Rods scans accros
the 11st to 13rd GTR ~a! and
21st to 23rd GTR ~b! recorded
with GID at the strain insensitive

transverse (2̄20) RLP of sample
1.
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As mentioned above, the diffuse component of x-ray sc
tering was not taken into account in our simulations. So
contribution of diffuse intensity is evident in the diffractio
curves~Figs. 13 and 16! as a broadening of the peak bottom
and side wings that causes a slight discrepancy betw
theory and experiment. Certainly, the incoherent scatte
brings valuable information on structure imperfections,
topic suitable for further investigation. The analysis of t
diffusely scattered intensity is certainly useful17 for studies
on the fluctuation of wire height and period as well as
roughness of the side walls and the plane parts of the n
structure. In our paper, we have emphasized the investiga
of the strain profile and the general wires shape.

The considerable influence of the sample strain profile
the diffraction pattern is shown in Fig. 5. Two simulate
reciprocal space maps around the reciprocal lattice p
~004! are depicted for the freestanding wires which are co
pletely free of strains~a! and assuming the strain profile ca
culated by FEM~b!. The composition and dimensions of th
model used for calculations are identical to that for Samp
described in Sec. I.1. The evident qualitative changes in
distribution of the diffracted intensities are expected to be
basis for the development of an effective method for inv
tigation of the strain status of lateral gratings.

IV. EXPERIMENTAL RESULTS

A. Freestanding quantum wires

Since freestanding quantum wires with embedded SQ
~Sample 1! represent the initial stage of the construction
structures with modulated strains, the detailed inspection
this sample is of special interest. The spatial strain distri
tion within the freestanding wires plays a key role in t
formation of the strain profile of the final structure after su
t-
e
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g
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e
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nt
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1
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sequent overgrowing of the wires~Samples 2 and 3!. There-
fore, both HRXRD and GID analyses were carried out
this case. The strain profile simulated by FEM of a fre
standing wire depicted in Fig. 6 clearly indicates the bur
SQW as a perturbation center both for valuesdx and dz
atom displacements. The maximal values of the displa
ments in the lateral directiondx are concentrated at the edg
of SQW, and the vertical displacementsdz have distinctly
different signatures in the upper and lower parts of the w
segment with respect to the position of SQW. The magnitu
of the displacementsdx and dz reaches the maximal abso
lute values 0.220 and 0.189 Å, respectively and decre
rapidly below the bottom of the wires. Thus, the strains
the planar part of the samples can be neglected without
in simulation accuracy. That the periodicity of the high
strained regions is connected to the periodicity of the wir
has certain influence both on the ordering and on the
structure of the grating truncation rods. This is the reason
using of the simulated displacement profiles for the theore
cal analysis of experimental diffraction curves in coplan
and grazing incidence geometries.

In the Figs. 7~a! and 7~b! we have plotted the measure
~dots! and calculated~solid lines! HRXRD intensities around
~004! reciprocal lattice point~RLP! for negative and positive
GTR orders, respectively. The sharp peaks at the left~for
negative GTR’s! and right~for positive GTR’s! sides of the
fundamental Bragg peak are mirror streaks and do not c
tain any useful structural information. The acceptable agr
ment between experiment and theory shown in Fig. 7 is p
sible only when the real strain distribution~Fig. 6! is taken
into account in the simulation of the diffraction process.

The fitting procedure both for HRXRD and GID pattern
consisted of two steps. Firstly, the meshes of the atom
placements were simulated for the initial model with ge
s
FIG. 11. Rods scans accros
the first two positive GTR’s~a!
and first two negative GTR’s~b!
recorded with GID at the weak
(200) RLP of sample 1.
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FIG. 12. FEM calculation of the displacementsdx ~a! and dz ~b! of the grating overgrown with GaAs~sample 2!. The limits of the
contour bands are given in units of 1023 nm. The thin white line depict the shape of the buried wire and the position of the In0.03Ga0.97As
quantum well.
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metrical parameters following from the nominals. Then t
theoretical diffraction intensities were fitted to the expe
mental data on the basis of the theory presented in Sec
and using the simulated strain profile. Next, the strain dis
bution has been recalculated in accordance with the bes
of the previous iteration and the dimension parameters h
been refined again. Preliminary investigations have sho
the convergence of such a scheme and a sufficiency of
iterations to reach the acceptable accuracy in the framew
of the approximations used in Sec. III.

The angular distance between equally spaced GTR’s
the HRXRD (q' ,qz) map ~not shown here! directly gives
rough value of the lateral period of the investigated wir
and from the precise simultaneous fits of all GTR’s we ha
found the first estimations on the vertical structure of
surface gratings, the etching depth, and the position of SQ
However, the HRXRD experiments are only weakly sen
tive to the shape of the gratings because of the large pen
tion depth of x-rays and consequent averaging of the in
mation from the large scale volume. To improve t
estimated values and to investigate the shape of quan
wires, the GID experiments were carried out. We record
the diffracted intensities from~220!, (2̄20), and~200! Bragg
reflections, performing bothq' and qz scans. Figures 8~a!,
8~b!, and 8~c! show the longitudinal~220!, transverse (2̄20)
and ~200! q' scans, the experimental~dots! and theoretical
~lines! curves. Due to limitations, we show the diffracte
intensities recorded for only one exit anglea f corresponding
to the valueqz50.044 Å21. The~220! diffraction curves at
different incidence anglesa i @Fig. 8~a!# show a visible con-
tribution of diffusely scattered intensity appearing as w
wings at both sides of the crystal truncation rod. Their a
e
-
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ve
n
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.
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pearance is a consequence of the trapezoedric shape o
wires25 but their intensity is caused mainly by the defec
located at the wire-side walls. However, the detailed analy
of the diffuse component is out of scope of this work. Som
probable reasons causing strong incoherent scattering
briefly discussed in the next section. Here, we should n
that the experimental curves with evidently high contributi
of diffuse scattering were excluded from the fitting proc
dure. By using other recorded intensities, we refined the
riod of the wires with high accuracy to beD52550649 Å
~see Table I!.

The scans along theqz direction were carried out at th
positions of6n-order satellites to record the modulation
the separate GTRs. They are shown in Figs. 9, 10, and
where the panels~a! and ~b! correspond to the negative an
positive order GTR’s, respectively. According to rece
studies,14 the GTR fringe structure contains detailed inform
tion on the shape and symmetry of the wires as well as on
depth composition of the sample. The mismatch of
maxima positions in different GTR’s occurs when the wir
have a trapezoidal or triangular shape, whereas the m
matching of the1n and2n GTR’s points out the asymme
try of the wire cross-section. The absolute amplitude of G
modulations is related to the total etching depth of the wir
and theqz position of the maxima depend on the vertic
variation of the refractive index within wires, i.e., the orde
ing of the layers in the multilayered stack. The transve
scan across the 22̄0 RLP shown in Fig. 8~b! provides a
unique possibility5,14 to investigate the geometrical param
eters of the quantum wires because of the insensitivity to
strain profile of the sample. The statistically averaged val
for the dimensions of the wire segments were extracted fr
-

FIG. 13. Strain insensitve
transverse~b! and strain sensitive
longitudinal ~a! in-plane scans for
sample 2 recorded for different in
fomation depthesL with GID.
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FIG. 14. Rod scans for sampl
2 recorded with GID at the longi-
tudinal (220) RLP.
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the fits of experimental data. They are the lengths of the
and groove parts of wirel top and l groove, the thicknesses o
the top, bottom and SQW layers in vertical stackingt top, tbot,
andtSQW ~see Table I!. All the values are found to be close t
the nominals expected from the sample preparation proc

Whereas the transverse scans make it possible to s
separately the shape of the QW, the longitudinal scans ac
the ~220! Bragg reflection@Fig. 8~a!, dots#, being sensitive to
the strains, allows a check of the validity of the FEM sim
lated displacement profile. The theoretical curves for
6(143) GTR’s calculated with parameters from Table
and using the displacement model of FEM are plotted w
solid lines in Fig. 9. The correspondence of theory and
periment appears to be satisfactory.

Finally, the GTR’s of the weak~200! Bragg reflection
~Fig. 11! give a measure of the scattering contrast13 between
the base compound of the wire~GaAs! and the single-
quantum well (Ga0.97In0.03As) embedded into the wire. Th
diffraction pattern from this reflection is also sensitive to t
strain profile. The phase shift induced by the SQW and
interference between surface scattered and SQW waves
duce an anharmonic modulation of GTR’s, typical for~200!
reflection.13,14 The oscillations of truncation rods dampe
rapidly with increasing GTR order. The behavior of diffra
tion curves from this reflection is very sensitive to the ve
cal strain gradient within the undersurface region of
wires. Unfortunately the intensities of high order GTR’s a
too low to get satisfactory information.

B. Wires overgrown with GaAs

By the preliminary analysis of the diffraction curves r
corded for Sample 2, the value of the thickness for the ov
grown layer tover is estimated to be approximately 400 Å
p

ss.
dy
ss

-
e

h
-

e
ro-

-
e

r-

The displacement profilesdz(x,z) anddx(x,z) simulated by
FEM are presented in Fig. 12. The edges of the quantum
of a single wire segment again play the perturbative role
the final strain distribution. A strong strain attractor at t
edges of SQW induce the broad strain centers on the to
the sample surface that are clearly visible for thedx compo-
nent of the atom displacements. Thedz component is quali-
tatively similar to the displacements within Sample 1.

In Fig. 13, the recorded longitudinal~a! and transverse~b!
q' scans are presented by open dots. For the~220! reflection
we have plotted the set of diffraction curves corresponding
different incident anglesa i50.05°, 0.1°, 0.25°, and 0.3°.
Whereas the longitudinal scans have sharp satellite pe
around the crystal truncation rod~CTR!, the transverse scan
across the (2̄20) reflection do not indicate any fine structu
displaying the essential absence of any internal lateral
terning of Sample 2. Thus, the satellites of the longitudi
scans are mainly conditioned by the periodic strain distri
tion. The variation of the envelop function of theq' scans
with the angle of x-ray incidencea i directly points out the
vertical gradient of the atom displacements since the an
a i determines the penetration depth of x-rays inside
sample.26

The contribution of the diffusely scattered intensi
causes some discrepancy between the theory based o
coherent approach and the experiment, both for transv
and longitudinal scans~Fig. 13!. The variation of the inco-
herent component with the x-ray penetration depth seem
be connected to the inner inhomogeneity of the lattice str
ture. The latter may be represented by the defects netw
originated during the overgrowing process at the border
the wire shape, for example. Stepanovet al.19 have shown
that the roughness of the interfaces results in a consider
output of diffuse intensity in grazing incidence diffractio
f

e

FIG. 15. FEM calculation of
the displacementsdx ~a! and dz
~b! of the grating overgrown with
AlAs ~sample 3!. The limits of the
contour bands are given in units o
1023 nm. The thin white line de-
picts the shape of the buries wir
and the position of the
In0.03Ga0.97As quantum well and
the GaAs protection layer.
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FIG. 16. Strain sensitive longi-
tudinal ~a! and strain insensitve
transverse~b! in-plane scans for
sample 3 recorded for different in
formation depthesL with GID.
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experiments. The residual roughness of the Ga0.97In0.03As
plates buried in Sample 2 also gives rise to diffuse com
nent. In general, the spatial distribution of diffusely scatte
intensity contains important information about the order
and character of lateral imperfections.5,19–21,27The variation
of the wing shape in Fig. 8~a! points out the vertical corre
lation of sample imperfections. In the case of freestand
wires, the fluctuation of the wire height can play17 a role in
the perturbation causing the incoherent scattering. Ano
reason for loss of coherency of x-rays is the surface rou
ness, in both the top and the side wall.

The grating truncation rods across the position next to
CTR satellites of the longitudinal scan are plotted in Fig.
The fringes of GTR’s reflect the lateral periodicity of th
strain centers~Fig. 12! formed by the SQW edges an
spreading toward a free surface. The theory describes
data quite well with the exception of the11 GTR, probably
caused by inappropriate choice ofq' for the scanning direc-
tion during the experiment.

Further iterations for sample parameters and displacem
profiles refined the fitted values to ones enumerated in T
I. Theoretical simulations of the diffraction from Sample
show the importance of using precise atom displacem
functionsdx(x,z) anddz(x,z) for calculation of the diffrac-
tion profiles. As was found to be the case for Sample 2,
real spatial distribution of strains dominates in the format
of the diffraction pattern. Our previous attempts at model
the displacement functions by polynomials14 resulted in
some discrepancies between theory and experiment.

C. Wires overgrown with AlAs

Sample 3 was prepared by using AlAs as overgrowth m
terial to emphasize the scattering contrast between the o
-
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nal wire structure and the interwire filling. A thin GaAs ca
layer~Fig. 2! was deposited to prevent the oxidation of Al o
the top of the sample. The thickness of the overgrown la
was enlarged in compared with Sample 2 to suppress
induction of strain attractors on the free surface. The d
placement model used to simulate x-ray diffraction is plot
in Fig. 15. Similar to Samples 1 and 2, the quantum w
initiates the highly strained points where the functi
dx(x,z) reaches the maximum absolute values, 0.25 Å at
left edge of the QW and20.25 Å at the right edge. The
functiondz(x,z) has no singularities and is changing grad
ally from the bottom to the free surface. Contrary to Sam
2, the transverse scans represented in Fig. 16~b! detect an
inner lateral structure of the sample which is visible f
x-rays due to the different refractive properties of GaAs a
AlAs. Both in longitudinal~220! and transverse (22̄0) scans,
the clearly visible wings to the left and right of the fund
mental Bragg peak indicate a diffuse component of x-
scattering. The satellite peaks are not so pronounced a
previous samples because of the thick AlAs overlayer c
ering the wires, and GTR satellites in longitudinal scans
sharper than in transverse ones. This fact can be explaine
the additional sensitivity of longitudinal scans to the strai
as noted above. The periodic strains inside the sample
distributed along the entire depth of the grating segme
whereas the shape contrast region influencing the transv
curves is located at the bottom part of the sample cross
tion.

Figure 17 shows the GTR’s of the positive~a! and nega-
tive ~b! orders from ~220! reflection, experimental~open
dots! and theoretical~solid lines! curves. The fringes of the
truncation rods are observed to be damped considerably
to heavy overgrowth of wires. The slow oscillation of CTR
e
FIG. 17. Rod scans accross th
11st to 13rd GTR ~a! and
21st to 23rd GTR ~b! recorded
with GID at the longitudinal
(220) RLP of sample 3.
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FIG. 18. Strain distribution
exx(x,z) andezz(x,z) of sample 1
calculated by FEM by refinemen
of a model structure shown in Fig
2~a!. The distances between th
contour lines are given in units o
1024.
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determined mainly by the cap thickness of GaAs layer (tcap
5165 Å!. The weak sensitivity of the simulated GTRs to t
thickness of AlAs allowed us to estimate the approxim
value for this parameter,tover;700 Å. The fitted parameter
of the wire’s shape are presented in Table I.

V. DISCUSSION

Based on the displacement fields of the refined mo
structures shown in Fig. 2, the rocking curve simulatio
show sufficient agreement with experiment. Consequen
for electronic properties should be discussed in terms of
spatial strain distribution being available via FEM output
the displacement fields. The strain distribution of a fre
standing wire structure has been already studied by DeC
et al.28 We focus our attention on the variation of strain i
duced by the overgrowth process. Unfortunately, the ov
grown samples investigated here did not show sufficient
intensity emitted from the In0.03Ga0.97As SQW. This may be
caused by the defects incorporated during the cleaning
cess before, or the defect migration during, the overgro
process. Thus we will discuss the consequences of s
relaxation qualitatively. As shown in Fig. 1 the redsh
found at freestanding wire structures becomes overcom
sated after the overgrowth.

The energy shift of the SQW within a quantum wire co
sists mainly of two contributions

DE5DE~Lx ,Lz!1DE~enm!, ~24!

the energy shift caused by quantization~the first term! and
the strain-induced shift~the second term!. Both contributions
show contradictory behavior. For the investigated structu
the first one causes a blueshift, whereas the second
causes a redshift.

The quantization energy of the levels are described by
formula

DEl ,n~k!5
\2p2

2 S l 2

mx* Lx
2

1
n2

mz* Lz
2D 1

\2ky
2

2my*
, ~25!

where mi* denote the directionally dependent effecti
masses. For the lowest energy levels (n51, l 51) and fixed
vertical thickness of the SQWLz , the quantization energy
and consequently the energy gap between electron
~heavy! hole level varies as;1/Lx

2 with the wire widthLx .
This behavior was already verified.29

The change of the electronic band gap of SQW mate
by strain is described by the defomation potential appro
introduced by Kane,30 van der Walle,31 and others. Follow-
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ing Kashet al.32 the strain-induced shift of the band edges
the conduction and valence bands along@001# at theG point
are given by

DEc,v5a~exx1ezz!6~a21b21g2!1/2 ~26!

using

a5
1

2
A1bS 1

2
exx2ezzD , b5

1

2
A3bexx , g5dexz ,

wherea denotes the hydrostatic andb, d the shear deforma
tion potentials, respectively, following the notation of B
and Pikus,2 enm are the diagonal and shear elements of
strain tensor, respectively. The parameterA describes the ef-
fect of splitting the twofold degeneracy of heavy- and ligh
hole bands.2 Because the absolute strains are small and d
of deformation potential constants published in the literat
differ ~see references in Ko¨pf et al.33!, we neglect the shea
components of the deformation potentials in Eq.~26! for a
very rough estimation of the upper level of the expec
electronic effect.

Due to the given wire geometry, the componenteyy is a
constant independent of the vertical structure of the sam
~not shown here!. Within the SQW the strain valueseyy
5exx522.131023 andezz511.931023 coincide with ex-
pected values for pseudomorphic strain.

The exx(x,z) andezz(x,z) strain distributions of the free
standing wire structure are shown in Fig. 18. Bothexx and
ezz reach a maximum within the SQW and amount
21.9931023 and 11.631023, respectively. These value
indicate only small relaxation and both strains show a st
strain gradient towards the wire-side planes. About 80%
the SQW exhibits nearly uniform strain and should initia
an uniform shift of the band-gap energy. The appearance
small surface region with strongly varying strain was alrea
found by DeCaroet al.28 It is mainly caused by the influenc
of shear components and the influence of the piezoelec
effect. This finding was verified experimentally by She
et al.34 measuring theq dependence of the lattice strain
various in-plane x-ray Bragg reflections. Under the restr
tions mentioned above we expect a strain-induced shif
aboutDE'1.5 meV with respect to the pseudomorphica
strained mesa usinga'26 eV. This corresponds qualita
tively to the measured redshift shown in Fig. 1. For etch
dots containing 3% indium we found a line shift in simila
order of magnitude.4

As shown in Fig. 18 strain interaction between SQW a
the cladding layers appears mainly at the side planes clos
the interfaces between the SQW and the GaAs cladding
ers. The average values of in-plane and out-of plane st
are available from the shift of the envelope function of sc
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FIG. 19. Strain distribution
exx(x,z) andezz(x,z) of sample 2
calculated by FEM by refinemen
of a model structure shown in Fig
2~b!.The distances between th
contour lines are given in units o
1024.
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tering intensity@see Figs. 7, 8~a!, and 8~b!#. The strain dis-
tribution becomes available only via accompanied FEM
sisted rocking curve simulations.

Figure 19 shows the strain distribution of Sample 2. In
same way as for Sample 1, the strain is maximum within
SQW even after GaAs overgrowth. Both numbersexx andezz
equal approximately to the respective values for the fr
standing wire sample.

Compared with Sample 1 the overgrown sample show
reduced width of strong strain variation and a sma
amount of the strain gradient close to the former wire-s
planes. Accompanied with the passivation of nonradiat
defects the overgrown sample should show a much enha
PL intensity. This was found for various other samples
similar composition4 but not at the presently investigate
ones. Also, our findings do not verify the nearly comple
compensation of the redshift shown in Fig. 1.

Nevertheless, as recently found,15 the strain modulation
within the overlayer induced by growth onto a laterally p
terned substrate appears at the sample surface. Within
GaAs, the strain is tensile above the former wires but co
pressive in between. Due to the low indium content with
the SQW, the induced strain modulation is not larger th
Dexx'331024, corresponding to a gap variation small
than 2 meV. The strongest strain fluctuations of GaAs app
at the in-plane interfaces close to the SQW. They may ac
centers for defect migration and for nonradiative recombi
tion of charge carriers. The variation of the average in-pla
strain with depth is displayed in Fig. 13~b!. For very smalla i
the rocking curve appears rather symmetrical because
residual strain is nearly canceled below the surface.
larger a i the envelope of the intensity distribution shifts
largerq' due to the compressive strain of the SQW.

Figure 20 shows the strain distribution of the sam
overgrown with AlAs. Here, the strain discussion is mo
complicated due to the termination of strain by the GaAs
-
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-
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layer. Due to the larger lattice parameter of AlAs compar
with GaAs, the induced strains become larger within t
SQW. The values areexx522.531023 and ezz5
12.531023 and are rather uniformly distributed over th
entire volume of the SQW. The region of high strain gradie
in the vicinity of the SQW side planes is small. The expec
change in the gap energy isDE'2.5 meV with respect to the
mesa. Unfortunately, this sample also did not show radia
recombination, which could verify our assumptions. Ho
ever, strong strain variations appear close to the GaAs la
embedding the SQW. Within the AlAs overlayer, the late
strain modulation is about 50% and remains nearly unifo
with depth. This behavior is terminated by the GaAs t
layer. Here, lateral strain modulation still appears but it
much smaller then in AlAs~see Fig. 20!.

This rather complicated strain distribution is difficult t
resolve from visual inspection of longitudinal-scan rocki
curves. Fora i,ac only the GaAs top layer is inspected. Du
to the nearly vanishing absolute strain of the cap layer,
scattered intensity appears rather symmetric. With increa
information depthL the rocking curve becomes slightl
asymmetric. The GTR intensity at largerq' is slightly higher
compared with the lowq' side. This fact reflects the com
pressive in-plane strain of the AlAs region and the SQW
larger L. It should be noted that the appearance of G
satellites in the longitudinal scans of Samples 2 and 3
mainly caused by the lateral strain modulation within t
respective overlayers. The GTR’s disappear completely
the transverse scans of Sample 2. That is caused by the
ishing lateral density modulation of this sample~GaAs on
GaAs; the thin SQW may be neglected in this case!. The
visible GTR’s in the transverse scan of Sample 3 may
explained by a strain-induced Ga segregation during
AlAs overgrowth, or by the remaining density difference b
tween GaAs and AlAs in deeper regions of the sample.
t
.
e
f

FIG. 20. Strain distribution
exx(x,z) andezz(x,z) of sample 3
calculated by FEM by refinemen
of a model structure shown in Fig
2~c!.The distances between th
contour lines are given in units o
1024.
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VI. CONCLUSION

In the present paper, we performed a detailed strain an
sis of freestanding and overgrown lateral nanostructures c
taining a low strained InxGa12xAs SQW. Our findings verify
the results of respective PL experiments that show a mu
higher PL intensity for overgrown samples compared wi
freestanding ones. This is caused by the small strain inter
tion between SQW and the cladding layers and the repuls
.

.

y-
n-

h

c-
n

of the strain gradient close to the the wire side walls. T
extension of the uniform strain volume and the passiviat
of centers for nonradiative recombination justify the attem
of an additional growth step in the device technology.
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