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Lattice curvature generation in graded InxGa1ÀxAsÕGaAs buffer layers
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Position dependent lattice tilts in InGaAs/GaAs~001! compositionally graded buffer layers are investigated.
The lateral dependence of the tilt defines a concave buffer layer curvature of up to 3 deg cm21. The buffer
layer curvature is associated with a distribution of the misfit dislocation Burgers vectors that varies nearly
linearly across the sample. The origin of this peculiar distribution is discussed and is explained in terms of a
Burgers-vector selection rule, which governs the cross slip of gliding threading dislocations and that has been
experimentally observed by Capano in Phys. Rev. B45, 11 768 ~1992!. A quantitative model of lattice
curvature formation is presented that satisfactorily accounts for the main features of the observed buffer layer
curvature.
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I. INTRODUCTION

Dislocations have ever represented a fascinating topic
materials science, very interesting not only for the basic
sue they involve but also for the mechanical modificat
they induce on materials. Today one of the technologica
most relevant applications of dislocations is related to
realization of pseudosubstrates with tunable surface la
parameter, intended for the integration of optoelectronic h
erostructure devices on a single wafer. Such pseudo
strates are obtained by the growth of compositionally gra
buffer layers on top of commercially available substrates
compositionally graded buffer layers misfit dislocatio
~MD! are distributed among several low mismatch interfac
thereby allowing to obtain efficient strain relaxation togeth
with a low threading dislocation~TD! density.1,2

In this paper we will focus on an unexpected dislocat
distribution in compositionally graded InxGa12xAs buffer
layers grown on well cut~001! GaAs substrates previousl
described in Ref. 3. The phenomenon consists in a lat
distribution of the MD Burger vectors~BV! giving rise to
position dependent lattice tilts. The lattice tilts define a co
cave curvature of the~001! buffer layer lattice plane, which
is not accompanied by any significant curvature of the s
strate. The magnitude of the buffer layer curvature in so
cases reaches values up to 3 deg cm21.

The interest of lattice tilt studies lies in the close relatio
ship between lattice tilts and dislocation generation mec
nisms. Lattice mismatched layers grown on substrates, of
some degrees from the~001! plane, have shown large tilts o
the layer lattice with respect to the substrate, aligned para
to the off-cut direction.4–9 The origin of these tilts has bee
attributed to a preferential nucleation of MD’s with vertic
component of the BV oriented in order to reduce the surf
off-cut angle. Models of lattice tilt formation based on th
idea have been developed by Ayerset al.,4 by Legoues
et al.9 and more recently by Riesz10. In particular Legoueset
PRB 620163-1829/2000/62~16!/11054~9!/$15.00
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al. have been able to deduce the MD nucleation energy fr
a comparison between their model prediction with expe
mental lattice tilt data.

According to the above-mentioned models, in the case
well cut ~001! substrates, no tilt formation is expected b
cause of the lack of a BV selective driving force. Neverth
less lattice tilts have been also observed on well cut~001!
substrates in Refs. 11–14, suggesting that also on well
substrates there must exist a driving force for the selectio
the BV’s. This has been confirmed definitely by the obs
vation of a buffer layer curvature in compositionally grad
InGaAs/GaAs~001! buffer layers in Ref. 3.

Here we will give a contribution to a deeper understan
ing of the lattice tilt formation process by investigatin
buffer layer curvatures in several compositionally grad
InGaAs/GaAs~001! buffer layers. The depth profile of th
curvature has been determined by means of x-ray diffrac
reciprocal space map measurements performed with sync
tron radiation. Detailed maps of lattice tilts on the buff
layer surface have been obtained by Rutherford backsca
ing spectrometry measurements performed in channe
condition. We present a quantitative model of lattice curv
ture formation based on the Burgers vector selection p
duced by the cross slip of gliding threading dislocations15

which occurs in Frank-Read and spiral dislocation multip
cation mechanisms.15–18 The model satisfactorily account
for the main features of the buffer layer curvature.

II. EXPERIMENT

Graded InGaAs buffer layers with different compositio
profiles were grown by solid source molecular beam epita
at a temperature of 500 °C on semi-insulating liqu
encapsulated Czochralski GaAs~001! substrates. The sub
strate surface was~001! oriented to an accuracy of 0.1 de
The samples we consider have a composition profile gra
11 054 ©2000 The American Physical Society
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FIG. 1. ~004! reciprocal space maps collected at different positions on the surface of a InGaAs/GaAs buffer layer with a s
composition profile having six composition steps~sample ST6!. The spatial coordinates refer to the frame of reference,x5@110#, y

5@ 1̄10#, andz5@001#. From left to right:x524.2 mm,23.2 mm,22.2 mm,21.2 mm,11.3 mm (y50 mm!. The ordinate and absciss
represent normalized reciprocal space coordinates referred to the substrate peak and give, respectively, the lattice tilt in radians ane
mismatch along thez direction. The lattice tilt increase with increasing lattice mismatch of the layer. For a given layer the tilt change
the position on the sample.
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following both steplike or continuous depth profiles. In t
case of step-graded buffer layers the total thickness and
surface indium composition have been nominally divided
3, 6, and 9 equal composition steps~samples ST3, ST6, an
ST9!. The continuously graded buffer layers have been
signed following three types of composition profiles: line
square root, and parabolic with the maximum composition
the surface. For all the profiles the nominal total thickne
wastb52300 nm and the surface compositionxb50.35. The
substrates had dimensions of 16313 mm2 and were kept in
rotation during the growth to avoid composition disuniform
ties. Other details of the growth procedure are reported
Ref. 19.

X-ray diffraction ~XRD! measurements were performe
with a triple-axis diffractometer at the beam-line BM05
the European Synchrotron Radiation Facility ESR
~Grenoble, France! by using a wavelength of 1.499 Å. Th
beam spot had a footprint on the sample surface o
31 mm2 for all the measurements. The indium compositi
and relaxed misfit were determined by collecting ma
around the~004! and~335! points of the reciprocal space an
by analyzing the data according to standard procedures.20

Reciprocal space maps~RSM’s! provide an absolute mea
surement of the tilt because they give the position of
step-layer diffraction peaks relative to the substrate pe
RSM’s were collected scanning the surface typically with
4-mm-step network.

To determine the total thickness and the indium compo
tion profile of the buffer layers Rutherford backscatteri
spectrometry~RBS! was carried out with 2 MeV and 4 MeV
4He1 ions, delivered by Van de Graaff accelerators of t
Laboratori Nazionali di Legnaro~Italy!. The composition
was cross checked with the determination provided
RSM’s.

The tilt analysis was also performed by RBS channel
measurements using a triple-axis goniometer with an ac
racy of the rotations of 0.01 deg. The rather quick data
quisition (223 min/point! and analysis allows us to obtai
detailed surface tilt maps with a lateral resolution of 0.5 m
corresponding to the beam-spot dimension.

Although the RBS-channeling technique can probe
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thickness of several microns, the channeling analysis of
tilt is limited to the topmost region of the epilayer ('100
nm!. In fact, the trajectories of the channeled ions are stee
and therefore constrained to follow the depth evolution of
epilayer deformation. As a consequence one cannot mea
the lattice orientation of the deeper regions.21 Moreover the
signal from the substrate cannot be used as a reference
an arbitrary reference direction has been chosen for the c
neling maps. The absolute lattice tilt at a reference point
been measured by means of XRD and it was used to calib
the RBS-channeling determination of lattice orientatio
hence obtaining a map of absolute surface lattice tilts
ferred to the substrate.

III. RESULTS

Typical ~004! RSM’s, recorded at different positions o
the sample surface, are shown in Figs. 1 and 2 for buf
ST6 and ST9, respectively. The peaks of the substrate an
the layers are clearly separated. The spatial coordinates
to the following Cartesian frame of reference:x5@110#, y

5@ 1̄10# lying in the ~001! surface plane andz5@001# the
surface normal. The origin of the (x,y) coordinates is chosen
at the sample center. The ordinate and abscissa in Figs. 1
2 are normalized reciprocal space coordinates.hi

layer and

FIG. 2. ~004! reciprocal space maps collected at different po
tions on the surface of a nine-step buffer layer~sample ST9!. From
left to right x524.2 mm,20.2 mm, and13.8 mm (y50 mm!.
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hi
sub ~with i 5x,y,z) are the reciprocal space coordinat

along thei direction of the layer and substrate, respective
For the substrate~004! Bragg reflectionhx

sub5hy
sub50 and

hz
sub52p/4a, wherea is the GaAs lattice parameter. Whil

the ordinate (hx
layer2hx

sub)/hz
sub gives the lattice tilt of the

layer in radians, the abscissa (hz
layer2hz

sub)/hz
sub represents

the layer-substrate lattice mismatch perpendicular to
layer surface.

The lattice tilt of the layers increases with increasing p
pendicular lattice mismatch, i.e., as we consider layers ly
nearer to the surface. For buffer ST9 we observe also a s
ration of the lattice tilts in the last two layers. However, t
most important feature is that the lattice tilt of a given lay
changes as we consider different points on the sample
face. The lateral dependence of the lattice tilt as a functio
thex coordinate aty50 is shown in Figs. 3 and 4 for buffe
ST6 and buffer ST9, respectively. Here we have indicated
vzy the rotation of the layerz axis around they axis. Simi-
larly we will indicate byvzx the layerz axis rotation around
the x axis.

The lateral dependence of the tilt is almost linear for

FIG. 3. Lateral dependence of the film tiltvzy as a function of
thex coordinate as measured by the reciprocal space maps of F
The data points can be well fitted by straight lines

FIG. 4. Lateral dependence of the film tiltvzy as a function of
thex coordinate as measured by the reciprocal space maps of F
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the layers and so defines a constant curvature for each o
layers. The curvature starts at the film-substrate interface
increases towards the sample surface. The slope of the
provides a measure of the average curvature. The nega
slope corresponds to aconcavecurvature of the layer~001!
planes if the sample surface is viewed from the top.

Concerning the thickness dependence of the curvature
important to underline that in the substrate there is no s
nificant curvature. By measuring the substrate peak angl
XRD rocking curves as a function of the position on t
sample, the substrate curvature was estimated to
<0.1 deg cm21 for all the samples. This fact is noteworth
because it implies that the curvature develops only in
film region.

It is well known that strain relaxation in InGaAs/GaA
layers occurs mainly by the formation of 600 MD’s with a/2
^110& BV. Then the MD density at each of the interfaces
the step-graded buffer layers can be determined from
XRD measurement of the lattice mismatch parallel to
interfaces from the relationshipni5mj /bj ( j Þ i ). Here we
have indicated byni the density of MD’s, parallel to thei
direction, at a given interface.mj is the lattice mismatch
parallel to thej direction between the two layers adjacent
the interface under consideration andbj is the misfit disloca-
tion’s BV edge component parallel to thej direction.

In Fig. 5 we report the curvature]vzy /]x of the l th layer
as a function of MD density integrated from the first up
the l th layer. The MD density refers to MD’s parallel toy.
The curvature increases linearly with the MD density ove
large interval. The plateau of the curvature at high MD de
sities for sample ST9 corresponds to the saturation of
lattice tilts in the last two layers observed in the RSM in F
2.

The rate of curvature formation is much higher for buff
ST9 and ST6 than for buffer ST3, indicating a compositi
profile dependence of the curvature. A further composit
profile dependence of the curvature phenomenon is evid
from Table I where we report the curvature of buffer laye
with different step and continuously graded composition p
files. It is worth to note that where available the channel

1.

2.

FIG. 5. The average curvature of thel th layer is shown as a
function of the MD density integrated from the first up to thel th
interface. Open circles represent data from sample ST9, full cir
from sample ST6, and triangles from sample ST3.
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PRB 62 11 057LATTICE CURVATURE GENERATION IN GRADED . . .
determination is in good agreement with that obtained
RSM’s.

An overview of the surface layer tilt distribution mea
sured by RBS channeling is shown in Fig. 6 for sample S
The arrows represent the tilt vectors (vzy ,vzx) which corre-
spond to the projection of the@001# axis of the buffer layer
onto the sample surface. The tilt vectors point towards
sample center and define a concave curvature, i.e.,]vzy /]x
,0 and]vzx /]y,0. The tilt is approximately null near th
sample center. The average surface curvature meas
along thex andy directions is given in Table I and is muc
larger along thex direction than along they direction. This
curvature asymmetry is mainly limited to buffer layers with
step composition profile.

TABLE I. The surface curvature as determined from RBS ch
neling and XRD~1! are reported in columns 2 and 3, the avera
MD density is given in column 4, and the BV alignment parame
k in column 5 for buffer layers with different composition profile
For steplike profilesk has been calculated from]vzy /]x and for
continuous profiles from the average curvature (]vzy /]x1
]vzx /]y)/2.

Composition profile ]vzy

]x

]vzx

]y
n k

(° cm21) (° cm21) (105 cm21)

Steplike
ST9 22.9(1) 22.8 20.04 13.7 0.78
ST6 22.4(1) 22.5 20.01 9.2 0.98
ST3 20.62(1) 20.2(1) 10.7 0.22
Continuous
Linear 20.8 20.7 9.3 0.34
Parabolic 21.0 20.7 10.3 0.35
Square root 21.5 20.9 10.1 0.50

FIG. 6. Schematic representation of the@001#-axis orientation as
measured by RBS channeling at different points on the sample
face of buffer ST9. The arrows represent projection of the surf
@001# axis onto the~001! interface plane. Thex andy components
of the arrows give the tiltsvzy andvzx , respectively. The magni
tude of the lattice tilts can be estimated by comparison with
marker.
y

.

e
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A feature common to all the samples analyzed, which c
be appreciated in the map of surface tilts in Fig. 6, is that
tilt componentvzy is almost constant as we consider me
surements at points with constantx coordinate, i.e.,
]vzy /]y'0. Similarly ]vzx /]x'0.

IV. CURVATURE FORMATION MECHANISM

The observed film curvature cannot be of elastic origin.
fact, an epitaxial layer under compressive strain exerts a
sile stress on the substrate at the layer-substrate interface
therefore induces aconvex curvature of the whole laye
1substrate system. This however is in contradiction with
observedconcavenature of the curvature that moreover
localized only in the film region.

These features exclude also thermal stress as a caus
the curvature formation. In the latter case the curvature
due to different thermal expansion coefficients of the la
and substrate materials that induce a thermal stress du
the cooling down from growth temperature to ambient te
perature. In our case the thermal expansion coefficient
InGaAs is smaller than for GaAs. Then the thermal str
that the layers exert on the substrate is again tensile
should therefore induce aconvexcurvature. We thus con
clude that the concave buffer layer curvature must be of p
tic origin.

The dislocations mainly responsible for the plastic def
mation of InGaAs/GaAs buffer layers area/2^110&600 type
misfit dislocations. Tilts associated with such MD’s are r
lated to the dislocation’s BV edge component perpendicu
to the interfacebz ~see for instance Ref. 22!. More specifi-
cally, if we indicate byni 1 and ni 2 the densities of MD’s
that are parallel to thei axis and have positive or negativebz
component, respectively, then the lattice tilt generated
these MD’s is given by

vzi5~ni 22ni 1!ubzu. ~1!

From Eq. ~1! it follows that in the case of a uniform
imbalance among the MD densitiesni 2 andni 1 , a constant
lattice tilt is generated.Vice versa, from the experimentally
observed linear position dependence of the tilts, we concl
that there exists a linear variation of the MD’sbz component

,bz.5kubzu
x

L/2
. ~2!

HereL is the sample length along the x direction andk is
a parameter that measures the BV alignment at the sam
border. ,bz. indicates a local average over MD’s, pe
formed on a length scale that is much larger than the M
spacing whereas being smaller than the beam-spot diam
used for the RBS and XRD measurements.

Even though we are not able to give a direct microsco
confirmation of the validity of Eq.~2! in the follow-
ing, we will take its validity for granted. We are encou
aged in this respect by the fact that the relationship betw
lattice tilts in relaxed lattice mismatched layers and the BV
of a/2̂ 110&600 type MD’s expressed by Eq.~1! is based on a
firm ground.5,8,9

A positive value ofk corresponds to a concave curvatu
and for uku51 all the MD’s at the sample border have th
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11 058 PRB 62M. NATALI et al.
samebz component. Experimental values ofk can be ob-
tained from the relationk52(]vzy /]x)/(2nyubzu/L). In
Table I we report the values ofk obtained from the buffer
layer surface curvature and the total density of MD’s
buffer layers with different composition profiles. The valu
range fromk50.22 for buffer ST3 up tok50.98 for buffer
ST6.

This description raises the question how such a BV d
tribution might arise. To address this question let us anal
the formation and propagation ofa/2^110& 600 MD’s in lat-
tice mismatched layers under compressive stress.

MD’s elongate through the glide of an associat
threading-dislocation arm that lies on a$111% glide plane
~see Fig. 7!. It may happen that a gliding threading arm cro
slips from a$111% glide plane to a transverse glide plane
shown in Fig. 7~b!. This is a process that has been observ
in many MD multiplication mechanisms~see for instance
Refs. 15–18! as well as independently from MD multiplica
tion in Refs. 23–25.

The cross slip of the TD arm is possible provided that26

~i! part of the TD arm lies on the intersection between
two $111% glide planes, i.e., on an inclined̂110& direction,

~ii ! the BV is parallel to the TD line direction, i.e., the T
segment is of screw type.

Our model is based on the following observation: glidi
TD arms are inclined with respect to the~001! plane and the
TD segment is forming an obtuse angle with the MD that l
in the wake of the gliding TD. In other words, TD’s ar
forward pending towards the TD propagation direction. T
reason for this behavior lies in the force acting on the
that tends to maximize the strain relaxation produced by
dislocation compatible with the dislocation line tension. Tw
groups of gliding TD’s, which have very different cross-sl
probabilities, can be distinguished: TD’s that have their B
nearly perpendicular to the TD arm—an example of this s
ation is shown in Fig. 7~a!—and TD’s whose BV is almos
parallel to the TD arm—an example of which is shown
Fig. 7~b!. The cross slip probability is much higher for th
second set of TD’s than for the first.

FIG. 7. Twoa/2^110&600 MD’s with the associated gliding TD
arms are shown. The TD in~a! has its Burgers vector BV almos
perpendicular to the TD arm. The TD in~b! has its BV almost
parallel to the TD arm and therefore may undergo cross slip on
transverse$111% glide plane.
-
e

s

d

e

s

e

e

-

This has indeed been experimentally observed
Capano15 in SiGe/Si~001! layers. Since the above argume
involves only geometric properties, its validity can be e
tended to the case of InGaAs/GaAs~001! heterostructures. In
the following we will refer to the above property as to
‘‘Burgers vector selection rule.’’The consequences of thi
BV selection rule turn out to be fundamental for lattice t
generation. In fact by analyzing the allowed cross slip eve
for all possible a/2̂110& 600 MD’s, we are led to formulate
the following property:

‘‘Lattice tilts related to cross slipped MD’s are alway
directed opposite to the TD propagation direction befo
cross slip.’’

The justification of this property can be obtained by co
sidering the@001# top view of all possible a/2̂110& 600

MD’s that relax the compressive strain present in the InGa
layer, shown in Fig. 8. To relax the compressive strain,
extra-half plane associated with the MD, must lie in the su
strate. This condition is met when the resultant of the vec
productz̄ x b̄uuedgepoints towards the negative z axis. Herez̄

is the conventional dislocation direction andb̄uuedge is the BV
edge component parallel to the interface. For convenienc
Fig. 8 we have chosenz̄ equal to the MD/TD propagation
direction. The$111% glide plane is indicated by a triangl
whose base touches the MD line and whose tip points
wards the layer surface. The BV’s are indicated by arro
that lie on the glide planes. The double arrows perpendic
to the MD lines represent the direction of the tilt vecto
(vzy ,vzx,0) associated with each MD. The direction of th
tilt vectors is given byb̄z x z̄ whereb̄z5(0,0,bz).

a

FIG. 8. Schematic@001] top view of the alloweda/2^110&600

MD’s relaxing strain in a InGaAs layer under compressive str
and of the corresponding allowed cross slip events. The$111% glide
plane is shown by a triangle whose base is parallel to the MD
and whose tip points towards the layer surface. The dislocation
directions are chosen to coincide with the TD propagation direct
The Burgers vectors are indicated by arrows that lie on the M
glide plane. The double arrows represent the microscopic lattice
vectors (vzy ,vzx) associated with each MD.
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According to the above described BV selection rule, o
half of the TD’s gliding in a given direction are able to cro
slip. The propagation direction of the MD’s after cross slip
determined by the condition that the MD’s relax the co
pressive strain in the layer. The inspection of the tilt vect
for the different cases shown in Fig. 8 confirms that they
always directed opposite to the TD propagation direction
fore cross slip. It is worth noting that this property is ind
pendent of the choice of the conventional dislocation dir
tion.

From this property it follows that a net lattice tilt can b
generated when there exists an imbalance in the popula
of TD’s gliding in opposite directions. Such an imbalan
actually occurs on any finite-size sample.

To understand this fact let us consider the MD’s th
reach a given point along the y direction after having und
gone cross slip and that generate thevzy lattice tilt compo-
nent. In Fig. 9 we consider schematically the situation
MD’s that reach a point at the sample center~point B) and
two points near opposite sample borders~points A,C). The
average glide length of MD’s before cross slip occurs is
dicated byl. For pointB the number of TD’s gliding along
the positive and negativex direction are the same for sym
metry reasons. Hence there will be no net lattice tilt gene
tion at the sample center.

On the contrary, for the pointsA,C that we supposed to
lie within a distancel from the nearest sample border, the
will be an excess of TD’s gliding towards the negative a
positivex direction, respectively. The reason is that near
sample border the symmetry is broken because TD sou
cannot lie outside the sample area. As a consequence
imbalance of TD populations generates a net lattice tilt
pointsA andC. The lattice tilt is positive inA and negative
in C. In terms of tilt vectors (vzy,0), these are directed to
ward the sample center in agreement with the experime
observations~Fig. 6!.

FIG. 9. The cross-slip of TD’s originally gliding parallel to th
x direction leads to different densities of MD’s parallel to they
direction depending on the position on the sample surface: at p
A the MD’s that have arisen from cross slip of TD’s original
propagating towards the negativex axis dominate. The opposite i
true for pointC. At point B the densities of MD’s, which arise from
cross slip of TD’s originally gliding in opposite directions, a
equal.l indicates the average glide length of MD’s before cro
slip andL the sample size.
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V. COMPUTATION OF THE BUFFER LAYER
CURVATURE

In order to calculate the lattice tilt distribution arisin
from the above described effect, we introduce some appr
mations.

~i! We assume that the cross-slip probability is null f
those dislocations that have their BV almost perpendicula
their gliding TD arm. On the contrary, for the dislocation s
with the BV almost parallel to the TD arm, we assume th
there is a constant cross slip probability per unit glide leng

If we indicate byl the average propagation distance o
TD before cross-slip occurs, then we can identify the cr
slip probability per unit length with 1/l. Due to the lack of
inversion symmetry of the zinc-blende lattice of InGaAs, t
MD’s along thex andy directions are not equivalent.27 The
a/2̂ 110& 600 MD’s parallel to y5@ 1̄10# in InGaAs/GaAs
layers have Group-III core atoms and are calleda-MD’s. On
the other hand, MD’s parallel tox5@110# have Group-V
core atoms and are calledb-MD’s. It is now well established
that, for InGaAs layers under compressive stress,a-MD’s
have a lower-activation energy for glide and nucleation th
b-MD’s.28 From this it follows that we must distinguish be
tween cross slip glide lengthsla and lb for TD’s gliding,
respectively, along thex andy directions.

We are not aware of any measured values ofl. However
a direct measurement of the cross slip glide length could
done in the early stage of the relaxation process in lo
mismatch InGaAs/GaAs layers by real-timein situ x-ray to-
pography as suggested by the work of Laceyet al.24

~ii ! We assume that the glide length of MD’s is lon
enough that all MD’s are able to reach the sample borde

This appears a reasonable assumption in the cas
InGaAs/GaAs compositionally graded buffer layers sin
these are especially designed to yield very long disloca
glide lengths. We will discuss this point later.

There are different possible sources generating MD’s d
ing the strain relaxation process of a lattice mismatched
itaxial layer. MD’s may arise from substrate TD’s, ma
nucleate at the layer surface or at heterogeneous particle
near substrate surface imperfections. In the following we w
call all these sourcesextrinsic sourcesand indicate byra
and rb the areal densities of such sources that generata
andb-MD’s, respectively.

~iii ! For MD’s generated by extrinsic sources we will a
sume that the BV’s are uniformly distributed among the
lowed ^110& directions and that extrinsic sources are hom
geneously distributed on the sample area.

On the other hand, MD’s may be generated by means
various MD multiplication mechanisms, such as the sp
source and the Frank-Read multiplication sources obse
in Refs. 15–18. A special property of MD multiplicatio
sources consists in their ability to replicate MD’s, which a
have the same BV. This is the reason why MD multiplicati
mechanisms play an important role in relationship with l
tice tilt formation models~see for instance Refs. 9 and 10!.

The above-mentioned MD multiplication sources all i
volve the cross slip of gliding TD’s and the generation of
array of MD’s lying on the transverse~111! glide plane. We
may schematically describe these sources within the fra
work of our model by giving the average numberN of MD’s

int

s



M
i

ha
tio

ill
rc
e-
e
le
is

s

ri-

ip
t

lti-

e

ies

ti

ilt

e
e

tic

ion
t

hat
n
lip

be-

a
a-

de-
io
gth
r

-
sm
nd

er

res

re
x-

11 060 PRB 62M. NATALI et al.
in such arrays. Such arrays have been associated with
pileups observed in compositionally graded buffer layers
Refs. 9 and 27. ThereforeN may be directly measured.

Capano15 has given conclusive experimental evidence t
such multiplication mechanisms obey the same BV selec
rule illustrated above for simple cross slip.

~iv! To keep the calculations sufficiently simple we w
assume that the MD’s generated in a multiplication sou
will not further activate new multiplication sources by r
peated cross slip. In other words we will neglect MD’s r
sulting from all but the first cross slip in a possible multip
cross-slip sequence. The validity of this choice will be d
cussed later.

For the calculation of the lattice tilt distribution, let u
determine the density of MD’s parallel to they direction,
na(x,y), at some point (x,y) on a square sample of sizeL
3L. Several terms contribute to this density. A first cont
bution comes from extrinsic sources ofa-MD’s that are un-
able to cross slip and is given by

na1~x,y!5
Lra

4
. ~3!

A second contribution comes froma-MD’s that are able
to cross slip towardsx. In this case because of the cross sl
only a fractione2(y2y,)/la of the MD’s that are generated a
a point (x,y,) will reach the point (x,y). By integrating over
the points (x,y,) we find a contribution to the MD density

na2~x,y!5
lara

2 S 12e2
L

2lacoshS y

la
D D . ~4!

Finally b-MD’s, which initially glide along the positive
or negativex direction and then cross slip towards they
direction, give rise to contributionsna1(x,y) andna2(x,y),
respectively, which are given by

na6~x,y!5N
Lrb

4
@12e2L/(2lb)e7x/lb#. ~5!

Here we have taken into account the effect of MD mu
plication by the numberN of MD’s, which are generated on
the cross-slip glide plane. An integration has been perform
over the region of space from whichb-MD’s are able to
reach to the point (x,y) by b→a cross slip.

In order to establish a link between the MD densit
na6(x,y) and the MD densities that appear in Eq.~1!, we
note that the latter supposes that the conventional disloca
line directionz̄ has been chosen along the positivei direction
( i 5x,y). It is then worth to note that the direction of the t
vectorsb̄z x z̄ in Fig. 8 is independent of the choice ofz̄. So
if z̄ is reversed alsob̄z must change sign. By applying thes
considerations to the MD’s and BV’s shown in Fig. 8 w
then find that the MD densitiesna1(x,y) andna2(x,y) ac-
tually correspond toa-MD’s with positive or negativebz
component, respectively. Thus we may calculate the lat
tilt vzy by directly using these MD densities in Eq.~1!. It
then follows
D-
n

t
n

e

-

-

,

d

on

e

vzy~x,y!52N
bzLrb

2
e2L/(2lb)sinhS x

lb
D . ~6!

In order for this expression to represent a linear variat
of the lattice tilts with thex coordinate, we must require tha
x!lb or equivalentlypi5(L/2)/l i!1, where i5a,b. pi
represents the average cross-slip probability for MD’s t
glide along thei direction and are able to cross slip. The
Eqs.~4!–~6! can be expanded to first order in the cross-s
probabilitiespa and pb . In particular, the lattice tilt distri-
bution becomes

vzy52bzrbNpbx,

vzx52bzraNpay. ~7!

The needed densities of TD sourcesra and rb can be
obtained by solving the system of equations

r i1r jNpj5
2n

L
~ i , j 5a,b; iÞ j !. ~8!

These equations represent the condition of equality
tween the measured total MD densityn and the model pre-
diction of the MD densitiesni5ni11ni21ni 11ni 2 ap-
proximated to first order inpa andpb . We have here used
single valuen for the measured MD density since the me
sured total densities ofa and b-MD’s were not very
different.2 We then obtain for the curvatures along thex and
y directions

xx5
]vzy

]x
52S 2nbz

L DNpb

12Npa

12N2papb

,

xy5
]vzx

]y
52S 2nbz

L DNpa

12Npb

12N2papb

. ~9!

VI. DISCUSSION

Equations 6 and 7 indicate that the crucial parameter
termining the spatial distribution of lattice tilts is the rat
between the cross-slip glide length and the sample len
L/l. Whenl!L, the lattice tilts are limited to regions nea
the sample border of width;l in agreement with the quali
tative description of the curvature formation mechani
given by Fig. 9. Asl increases these regions begin to exte
over the whole sample length and forl@L the lattice tilts
vary linearly across the sample as shown by the Eq.~7!.
Therefore in the framework of our model the buffer lay
curvature formation mechanism assumes the aspect of a‘‘fi-
nite sample size effect.’’

The model correctly predicts the main qualitative featu
of the buffer layer curvature:

~a! the concavity of the curvature:]vz j /] i ,0;(i 5x,y; i
Þ j ),

~b! the lattice tilt distribution Eq.~7! satisfies the experi-
mentally observed property]vzi /] i'0.

~c! Equation~9! predicts a linear increase of the curvatu
with the MD density in qualitative agreement with the e
perimental results shown in Fig. 5.
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According to Eq.~9! the curvature asymmetry observe
on step-graded buffer layers should be directly related t
difference in the cross-slip probabilities ofa andb-MD’s. In
fact xx /xy'pb /pa5la /lb . The above observation as we
as the form of Eq.~9! suggest to introduce the followin
change of variables:R5pa /pb andp5Apapb.

In Fig. 10 we report the model prediction of the buff
layer surface curvature for a total MD densityn51.2
106 cm21 and L51.5 cm. These values represent typic
values for our samples. The curvature is shown as a func
of pN for different values of the cross-slip asymmetry ra
R. The productpN represents the ratio between the avera
number of MD’s generated by multiplication sources a
those generated by other sources. This can be understoo
considering thatr jNpjL/2 in Eq. ~8! gives the density of
MD’s generated by multiplication, whiler iL/2 gives the
density of MD’s generated by extrinsic sources.

For R51 the curvature is symmetric, i.e.,xx5xy and
reaches the limit value of (2nbz)/L52.7 deg/cm whenpN
→`. A comparison between the curveR51 in Fig. 10 and
the curvature values in Table I for buffer layers with co
tinuous composition profile suggests thatpN lies in the range
0.4–1.5. These values ofpN indicate that MD multiplication
should be able to produce a fraction of the total MD dens
that varies in the range from 0.4/~110.4!50.28 to 1.5/~1
11.5!50.6, depending on the composition profile.

In view of the fact that the identification of MD sources
lattice mismatched layers is still largely an open questi
and taking into account that MD multiplication has ofte
been proposed as a major source of MD formation, th
values appear reasonable to us. For a discussion of MD
mation mechanisms in lattice mismatched layers see for
stance Refs. 29 and 30.

From the linearity of the lattice tilt distribution in Sec. V
we deducedp!1. On the other hand, the above discuss
shows thatpN;1. Therefore we deduceN@1. This conclu-
sion is in qualitative agreement with the direct observation
MD pileups in Refs. 9 and 27 in compositionally grad

FIG. 10. The model prediction of the buffer layer surface c
vature is plotted versuspN, which gives the ratio between disloca
tions generated by MD multiplication and those generated by o

sources. The curvature along thex5@110# andy5@ 1̄10# directions
are shown for different values of the cross-slip asymmetry ratioR.
a
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e

by
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e
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f

buffer layers where the number of MD’s in pileups is foun
to be of the order of 10.

In the caseR,1 the curvature is asymmetric and th
larger curvature is found for thex direction. Our model in-
dicates that for a given value ofpN the larger curvature
values should be found for buffer layers with strongly asy
metric curvature. This is in agreeement with the observat
of a very large curvaturexx on the samples ST6 and ST9
which are characterized also by the largest curvature as
metries.

In Fig. 10 the curvaturexy decreases to zero at a valu
pN5AR. At the same time the curvaturexx reaches the limit
value of the curvature (2nbz)/L. This behavior can be un
derstood as follows: whenR,1 morea-MD’s are generated
by MD multiplication thanb-MD’s. In particular for pN
→AR the MD multiplication associated withb→a cross
slip becomes efficient enough to generate alla MD’s. There-
fore no extrinsic sources are needed to generatea MD’s, i.e.,
ra→0. From Eqs. ~8! it then follows rb→2n/L51.6
106 cm22, i.e., all b-MD’s are generated by extrinsi
sources.pN cannot exceedAR since this would imply that
morea-MD’s are generated than required.

It is interesting to note that the density of extrinsic T
sourcesrb51.6 106 cm22 is higher than the TD densitie
we observed on our buffer layers, which were typically b
low 105 cm22 ~Ref. 2!. This indicates that most of the TD’
have glided to the sample border during growth, thereby c
firming the validity of assumption~ii !.

The curvaturexx on samples ST6 and ST9 is very close
the limit value of the curvature and the curvaturexy is al-
most zero. Therefore, according to our model on th
samples, almost all of theb-MD’s should be generated b
extrinsic sources while almost alla-MD’s should be gener-
ated by MD multiplication. This particular situation is no
encountered in continuously graded buffer layers and th
fore requires a discussion of the role played by the com
sition profile in determining the cross slip probability.

In step-graded buffer layers, MD’s are confined at seve
interfaces that are well separated because they are define
the steplike composition profile. Because in the InGaA
GaAs system the activation energy for nucleation and g
is lower for a-MD’s than for b-MD’s, the former are gen-
erated first. Aftera-MD’s at the first layer interface have
relaxed almost all the strain along thex direction,a-MD’s
start forming at the second layer interface. Meanwhile
‘‘slower’’ b-MD’s still elongate at the first layer interface
Then the gliding TD-arms ofb-MD’s are subject to strong
interactions witha-MD’s lying at the second layer interface
This should lead to an enhancement of the pinning proba
ity of TD arms associated withb-MD’s and therefore to the
preferential activation of Frank-Read and/or spiral multip
cation sources related tob→a cross slip.

On continuously graded buffer layers, MD’s are distri
uted in the volume of the buffer layer instead of being co
fined to well separated interfaces.2 All MD’s lie below a
certain depth and new MD’s are always formed at the ‘‘
terface’’ that separates the dislocation filled region from
dislocation free region close to the surface. Under these c
ditionsa-MD’s andb-MD’s always form at almost the sam
depth. As a consequence the preferential formation
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a-MD’s should not lead to particularly significant pinning
effects and we expect thata→b andb→a cross-slip events
have comparable probabilities.

Equations~6! to ~9! are based on the assumption that th
contribution to the MD density from multiple cross slip i
negligible compared to that generated in the first multiplic
tion event. Since these contributions can be expected to s
as (pN)M for M consecutive multiplication events, the valid
ity of the assumption requires relatively small values of th
productpN, or equivalently that a relatively small fraction o
MD’s is generated by MD multiplication. This does not ap
pear to be valid for the case of step-graded buffer laye
where we found that almost alla-MD’s should be generated
by MD multiplication and where the processes of strain r
laxation are complicated by a strong dislocation interactio
Therefore, for step-graded buffer layer, the model represe
only a first and very rough approximation. Nevertheless t
model is able to describe in a qualitatively correct way th
basic features of the curvature formation process even in
case. For buffer layers with linear or parabolic compositio
profile, on the other hand, we foundpN'0.4 so that the
model represents a relatively good aproximation in this ca
i

h

s

p

,

s

-
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VII. CONCLUSIONS

A buffer layer curvature of up to'3 deg/cm limited to
the film region has been observed in compositionally gra
InGaAs/GaAs~001! buffer layers and has been related to
linear distribution of the misfit dislocation’s Burgers vector
The origin of this distribution has been explained in terms
a Burgers vector selection occuring in the cross slip of g
ing threading dislocations in combination with the long gli
length of misfit dislocations in InGaAs/GaAs graded buff
layers. A quantitative model of curvature formation has be
presented that describes well the main features of the p
nomenon and predicts the right order of magnitude of
buffer layer curvature.
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