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Selective ion-channeling study of misfit dislocation grids in semiconductor heterostructures:
Theory and experiments
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G. Salviati and L. Lazzarini
MASPEC Institute, CNR, Via Chiavari, 18/a-43100 Parma, Italy

~Received 7 August 1996!

Planar dechanneling by networks of misfit dislocations was measured in a series of InxGa12xAs/GaAs
samples~001! grown by molecular-beam epitaxy. At the beginning of the strain-relaxation process the dechan-
neling probability exhibits different values for nominally equivalent~110! planes. At larger strain relaxation,
the dechanneling probability saturates at a value around1

2 as the beam-energy increases. In order to explain
these results a new model for planar dechanneling by dislocations is proposed. This model is based on the
harmonic approximation of the continuum potential but anharmonicity effects are taken into account. The
perturbation to the harmonic oscillations caused by the lattice plane curvature around a dislocation is written in
terms of a distortion function that depends only on the geometrical configuration of the channeling direction
and of the dislocation line. This function is explicitly calculated for geometrical configurations relevant to the
present samples allowing us then to solve the equation of motion. The results show that the dechanneling
probability saturates at a level sensibly lower than 100% due to the quasiplanar distribution of dislocations.
Without any adjustable parameter, the comparison between computed and measured dechanneling probabilities
supplies dislocation density values in excellent agreement with those measured by transmission electron mi-
croscopy and in good agreement with results deduced from previous strain-relaxation data.
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I. INTRODUCTION

It is well known that ion channeling is a valuable tool
surface science. Beside clean surface structure, it can be
plied to characterize structure and crystal quality of surf
layers together with their interface.1 In particular, in the last
decade the ion-channeling technique has been applied to
study of strained epitaxial layers. Since the early work2 dem-
onstrating the ability of ion channeling to measure the tetr
onal distortion of mismatched heterostructures, the techn
has now reached a high degree of reliability and precision3 It
is also well established that ion channeling is sensitive
lattice defects and that their concentration profiles can
easily measured by comparing the Rutherford backscatte
spectrometry~RBS! channeling spectrum of the damag
crystal to the corresponding one of a virgin sample. In t
view it appears surprising that this technique has not b
systematically applied to the study of the misfit dislocatio
~MD’s! appearing at the epilayer-substrate interface once
critical thickness for coherent growth is overcome.4,5

Since the pioneering work by Que´ré6 many improvements
in the model of the dechanneling by dislocations have b
realized.7–11 However, in any of these models it is very di
ficult to properly account for the lattice distortion fie
around a dislocation in a general way, i.e., for an arbitr
orientation of the channeling direction, the dislocation lin
and its Burgers vector.

In this paper we develop an analytical model of plan
dechanneling based on the harmonic approximation to
continuum planar potential although anharmonicity effe
are taken into account in order to better describe the dyn
560163-1829/97/56~11!/6895~16!/$10.00
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ics of the dechanneling process. As usual, the simple
monic oscillator equation is modified by introducing an ‘‘e
ternal force’’ term to take into account the perturbati
caused by the curvature induced in the lattice planes
rounding the dislocation line. The main point is that the p
turbation term can be written as the product of a ‘‘physica
factor ~containing the beam energy, the planar potential,
modulus of the Burgers vector, and the impact paramete
the ion trajectory to the dislocation line! and of a ‘‘geometri-
cal’’ factor, which we call ‘‘distortion function.’’ Apart from
a weak dependence on the material through the Poisson
n, this function depends only on the geometry of the ch
neling direction and of the dislocation and can be calcula
for any given geometrical configuration allowing the sol
tions to be generalized. The solution of the equation of m
tion correlates the distribution of the oscillator amplitud
beyond the distortion field to the corresponding distributi
of initial dynamical states. This is all that is needed to co
pute the backscattering probability. For a given geometr
configuration the dechanneling probability is shown to d
pend on the product of the dislocation density and of
square root of the beam energy.

Although this model of planar dechanneling by disloc
tions is of general validity, in this paper the solutions a
explicitly computed for the 60° MD arrays that are typical
found in ~001!-grown semiconductor heterostructures li
the samples investigated in this work. The main result is t
in the case of quasiplanar MD distributions at the interfa
the dechanneling probability for sufficiently high beam en
gies ~dislocation densities! saturates at a value around 0.5
0.6, the same value that is experimentally found. This
6895 © 1997 The American Physical Society
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TABLE I. Description of the InxGa12xAs/GaAs samples with their dislocation density in the@110#
(N.) and @11̄0# (N,) direction in the interface as determined by TEM, dechanneling measurements
strain relaxation.

Sample x
Thickness

~nm!

TEM Dechanneling Straina

N. N, N. N, N. N,

(104 cm21)

1 0.085 310 12.061.4 12.061.4 15.563.0 15.563.0
2 0.105 68 4.560.9 1.660.5 5.160.4 0.560.3 5.064.6 2.064.6
3 0.080 200 8.160.9 5.460.8 8.260.4 4.460.3 9.563.4 7.563.4
4 0.150 345 30.066.2 30.066.2 37.063.5 37.063.5
5 0.080 810 14.461.1 14.461.1 19.063.0 19.063.0

aFrom the data of Refs. 12 and 28.
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related to the planar distribution of the dislocations. Mo
over, the model shows that dechanneling is sensitive to
dislocation orientation and suggests the way to measure
density in different directions.

Starting from the experimental values of the dechanne
probability this model, which does not contain any adjusta
parameter, enables us to calculate the dislocation den
~densities!. The results are shown to be in excellent agr
ment with those derived from transmission electron micr
copy ~TEM! measurements and from previous strain-rele
data.12

II. EXPERIMENT

InxGa12xAs layers were grown on~001!GaAs substrates
in a VG-80 H twin chamber system with continuous su
strate rotation at the CSELT laboratory in Torino. Laye
were all grown at the substrate temperature of 530 °C un
an As pressure of 331025 mBar and a V/III equivalent pres
sure of 50:1. For further details see Ref. 12. The In mo
fraction of the samples used in this experiment ranges f
0.08 to 0.15 while the epilayer thickness spans from 68
810 nm as shown in Table I.

Samples for TEM analyses were thinned both in plan a
in the ~110! cross-section geometry by standard mec
nochemical procedures followed by low-temperature Ar
milling. Thinned specimens were examined in a JEO
2000FX transmission electron microscope working at 2
kV ~Scherzer resolution;0.31 nm! using conventional
bright-field or dark-field diffraction contrast imaging an
bright-field, axial illumination@110# lattice imaging.

RBS analyses were performed at the Laboratori Nazio
di Legnaro~Padova, Italy! by using 4He1 beams delivered
by the 2-MV AN 2000 and the 7-MV CN accelerators. Th
beam energy was varied from 0.5 to 6 MeV. Channel
spectra were obtained by using a high-precision three-
goniometer, which allows us to perform also stra
measurements.3 In order to avoid radiation damage accum
lation, the beam spot position was moved on the sam
surface by means of two translation axes while keeping
beam at the intersection of the rotation axes.

Since the dechanneling information comes from
aligned spectrum normalized to the random one, care
taken in order to avoid any channeling effect in the latter.
this purpose, the random spectra were collected while
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sample was tilted 5° from the channeling axis and azimu
ally rotated in steps of 0.5° between two principal symme
planes. The total charge of each spectrum was obtained
integration of the beam current in the isolated scatter
chamber acting as a Faraday cup. The accuracy is better
1%.

III. RESULTS

It is well known that the growth of III-V semiconducto
lattice mismatched epitaxial layers with thickness larger th
the critical one4,5 results in the generation of MD grids lead
ing to strain relaxation. In~001!-oriented specimens MD’s
are arranged in perpendicular arrays aligned along the
^110&-type directions in the~001! interface. Due to the ab
sence of inversion symmetry in the zinc-blende lattice, a d
ference in the dislocation density along the two^110&-type
directions is expected.13 Our TEM investigations confirm
this general behavior, as shown, for instance, in the two
amples of Fig. 1, which are representative of the investiga
specimens. Both of the samples in Fig. 1 have an epila
thickness well above the critical one but they differ in t
amount of strain release. Sample 2@Fig. 1~a!# exhibits a

FIG. 1. ~001! plan view bright-field zone axis TEM micrograph
of two InxGa12xAs/GaAs layers showing the different MD densitie
along the twô 110&-type directions:~a! sample 2,x50.105,t568
nm; ~b! sample 3,x50.080,t5200 nm. It is worth noting that the
dislocations tend to align in bands even at low density.
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56 6897SELECTIVE ION-CHANNELING STUDY OF MISFIT . . .
strain relaxation nearly not measurable~at the limit of the
error bar! while for sample 3@Fig. 1~b!# the 10% of the
initial strain ~misfit! has been relaxed. It is worth noting th
even at low dislocation density@Fig. 1~a!# some dislocations
are aligned in bands. This observation will play a no
negligible role in the comparison between the estimate of
average dislocation density as obtained by the dechanne
technique and by the strain relaxation~see Sec. V!. Of
course, the dislocation density increases with increas
strain relaxation@Fig. 1~b!#. As a consequence, the asymm
try between the two dislocation arrays becomes less ma
and eventually disappears as already found by o
authors.14

Standardg–b extinction contrast TEM analyses have co
firmed the general observation that MD’s were mostly of 6
type as is usually reported for low misfit heterostructure15

The g–b criterion does not permit us to determine the Bu
gers vector sign, which in turn determines whether the d
location relaxes strain or not. The sign determination wo
require more accurate and complicated procedures; howe
it is possible to evidence it by studying the dislocati
interactions16 in TEM micrographs. Among the differen
types of interaction, some involve dislocations having an
parallel Burgers vectors17 such as, for instance, the dipole
shown in Fig. 2. The presence of MD’s having antipara
Burgers vectors suggests that not all the misfit lines are
fective in releasing the strain, due to the fact that one of th
vectors must have the ‘‘wrong’’ sign for the strain releas

Another important point to be considered in lattice m

FIG. 2. ~001! plan view bright-field zone axis TEM micrograp
of a different area of the same specimen of Fig. 1~a!. Dipoles (D)
resulting from the interaction between two orthogonal dislocati
of opposite Burgers vectors are shown.
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matched heterostructures is the determination of the
depth location. In principle, MD’s can propagate into t
buffer and/or substrate layers, they can move at the inter
plane, or they can thread through the epilayer. In all
investigated samples, the great majority of the misfit dis
cations are arranged just in the plane of the interface
shown, for instance, in Fig. 3. In a few cases dislocatio
were observed to depart from this planar distribution, in a
case being confined within a shallow depth near the in
face.

Figure 4 reports the 3-MeV RBS$110% planar and@001#
channeling spectra of sample 1 together with the rand
spectrum and the corresponding GaAs channeling spectr
comparison. The near surface channeling yields for samp
and for GaAs are comparable, indicating a nearly perf
surface structure. The presence of dislocations is eviden
by the yield increase in the near-interface region. The co

s

FIG. 3. ~110!-oriented cross-section micrograph of sample
showing that the MD’s are confined within less than 50 nm of
heterointerface.

FIG. 4. 3.0-MeV He RBS spectra of sample 1 and of a Ga
substrate as a reference. The arrows indicate the surface scat
energies from different elements or isotopes and the position of
interface~intf!. The In signal region of the spectra is multiplied b
a factor 5 in order to better show the differences between the s
tra. Spectra indicated with the letters froma to d refer to sample 1
and correspond in that order to the random,~110!, ~11̄0!, and@001#
directions. Spectrae and f refer to the GaAs sample and corre
spond, respectively, to the~110! and @001# directions.
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6898 56M. MAZZER et al.
parison between the planar and the axial channeling spe
makes it clear that the dislocation contribution to the dech
neling is more pronounced in the planar than in the ax
case. For this reason, and because of the geometry of~110!
and ~11̄0! planes, which are either parallel or perpendicu
to the dislocation lines, in the following we will be con
cerned only with planar channeling along these direction

The high mass resolution achieved at 3 MeV, as shown
the edges of the random spectrum, which are well separ
even for the Ga isotopes, complicates the energy-to-de
conversion. As a consequence, in order to extract the d
profile of the dislocations and the dechanneling probabi
Pd a proper spectrum simulation procedure was used.
details on the simulation and on how the dechanneling pr
ability is obtained from the measured RBS spectra is
scribed in Ref. 18.

From the analysis of the planar spectra in Fig. 4 it tu
out that Pd50.55 and that the defects must be distribut
within a maximum depth range from the interface of t
order of the experimental depth resolution of the techniq

FIG. 5. 1.4-MeV He RBS spectra of sample 3 and of a Ga
substrate as a reference. The arrows indicate the surface scat
energies from different elements and the position of the interf
~intf!. Spectraa, b, andc refer to sample 3 and correspond in th
order to random,~110!, and ~11̄0! incidence; spectrumd GaAs
$110% planar channeling.
tra
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~;50 nm!, in full agreement with the TEM results. It i
worth noting that the yields of the planar channeling spec
do not reach the random yield despite the fact that the i
beam energy is high. This point, which is most relevant
the remainder of this paper, will be discussed further la
Finally, it is evident that the two$110% spectra in Fig. 4 are
nearly indistinguishable, i.e., the dechanneling probability
this case does not depend on the particular orientation of
channeling plane.

A different behavior appears for sample 3, where t
yields of the two$110% channeling spectra are significant
different, as shown in Fig. 5. This fact can be explained
the asymmetry in the dislocation distribution shown by t
TEM analysis of Fig. 1~b!. This fact confirms the previous
suggestion that~110! and ~11̄0! channeling planes are pa
ticularly suitable for the characterization of MD arrays.

As a first approximation the dechanneling probabilityPd

is proportional to the dislocation density through the s
called dechanneling factor.1 The aim of Sec. IV is to dis-
cover the quantitative correlation betweenPd ~the outcome
of the experiment! and the dislocation density by developin
an original dechanneling model. In order to test this mod
the channeling results will be compared to the TEM obs
vations. Since the typical dimensions of the ion-beam s
are orders of magnitude higher than the usually investiga
TEM areas, large TEM micrograph maps~;100 mm2) have
been performed on some samples as shown in Fig. 6
sample 3. These investigations show that the MD arran
ment is homogeneous at this scale. The homogeneity of
MD distribution on a larger scale has been also assesse
double crystal x-ray topography on the whole specimen, c
firming the reliability of the TEM maps. The MD densities o
the two arrays have been obtained directly by counting
number of dislocation lines. The results are reported in Ta
I as average linear dislocation density. The relative err
have been taken as 1/An, n being the number of counte
dislocations. A certain number of different interaction typ
was found and, as an example, Fig. 6 gives an idea of
number and of the distribution of the interactions betwe
the dislocation lines.

s
ring
e

FIG. 6. Large-area~001! plan view TEM micrographs of sample 3 allowing us to evaluate the MD density along the two^110& directions.
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Theoretical dechanneling models predict that the dech
neling probability should depend linearly on the square r
of the beam energy6–9 until complete dechanneling (Pd
51) is reached. Figure 7 reports the experimental result
our samples. It is evident that the linear behavior is follow
only by samples with low dislocation densities. In fact, t
dechanneling probability for samples 1, 4, and 5 saturate
a level ofPd; 1

2 . Some authors11,19,20have already discusse
the so-called transparency effect: near the dislocation c
where the distortion of the lattice planes is high, the i
trajectory could cross the atomic plane and just beco
channeled in adjacent planar channels. However, such a
fect cannot account, by itself, for such a large reduction
the dechanneling.

As a matter of fact, this low saturation value of th
dechanneling probability is related to the nearly planar d
tribution of the dislocations. In fact, in the case of dep
distributed dislocations the dechanneling probability do
saturate atPd51. In Fig. 8 the TEM cross section of
InxGa12xAs/GaAs step-graded composition buffer layer
presented. This buffer layer is made of five layers each
nm thick while the sixth~top! layer is 400 nm thick. The In
concentration increases fromx50.085 at a substrate inter
face tox50.225 at the surface in steps of variable amplitu
From Fig. 8 it appears that dislocations are present at e

TABLE II. Parameters used for the harmonic approximation
the planar Molie´re potential.u1 is the one-dimensional Debye the
mal vibration amplitude,xlim is the critical oscillation amplitude
d is the interplanar spacing, andK is the fitting harmonic potentia
parameter.

u1~nm! d/22xlim~nm! xlim~nm! AK/2 (106 MeV1/2 cm21)

GaAs 0.085 0.0092 0.0907 0.7188
GaP 0.0088 0.0094 0.0869 0.6904
InSb 0.0128 0.0128 0.1017 0.6122
Si 0.0075 0.0084 0.0876 0.5784

FIG. 7. The$110% planar dechanneling probability as a functio
of the square root of the He beam energy for the investiga
samples. The specific channelling plane is indicated for sam
where the~110! and~11̄0! directions gave rise to different decha
neling yields. The lines through the data points are drawn only
guide the eye. Sample 1,s; sample 2,~110! and ~11̄0!, respec-
tively, n andm; sample 3,~110! and~11̄0!, respectively,L andl;
sample 4,3; sample 5,d.
n-
t

of
d

at

e,

e
ef-
f

-
-
s

0

.
ch

interface; and, in addition, some of them thread through
individual layers. The~110! planar channeling spectrum o
this sample recorded with a 4-MeV He beam is shown
Fig. 9 together with the corresponding random spectrum.
the aligned yield reaches the random yield, it clearly appe
that total dechanneling (Pd51) is achieved.

IV. DECHANNELING MODEL

A great deal of work has been devoted already to
development of phenomenological models of dechannel
For a wide range of applications the ‘‘force balancing
model originally proposed by Que´ré and co-worker6,9 has
been proved to be a satisfactory approach. On the bas
this approach the case of dechanneling by misfit dislocati
in epitaxial heterostructures has been already analyzed.21 In
particular, it has been shown that the dechanneling cross
tion can be written as the product of a purely geometri
term and a physical term that contains the details of the c
fining potential and the incident ion energy. The geometri
term predicts the behavior of the dechanneling probabi
for different channeling configurations, i.e., the variation
the dechanneling rate as a function of both the angle betw
the dislocation line and the channeling plane and of the an
between the dislocation line and the channeling direct
within the plane. This approach, where the plastic distort
field due to a dislocation is taken into account only throu

d
es

o

FIG. 8. @110# cross-section TEM image of a step-graded buf
layer of InxGa12xAs/GaAs withx varying from 0.085 to 0.225 from
the heterointerface to the top of the layer: the dislocations appe
each interface and also propagate across the layers.
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6900 56M. MAZZER et al.
the peak value of the induced curvature,6,9 cannot predict a
saturation level below 100%.

Only models based on the dynamics of the ions in
channels can explain this effect, as already shown in the
of dechanneling by dislocation loops in axial channeli
configuration.22,23 Then, our previous model21 has been
modified toward a dynamic approach whose main charac
istics are the following.

~i! Only planar channeling is considered, for two reaso
As is well known and as is shown in Fig. 4, plan
channeling is more sensitive to dislocations than ax
channeling. Moreover, planar channeling is sensit
to the dislocation line orientation as shown in the p
ceding section.

~ii ! The dislocation distribution is supposed to be two
mensional. In other words, it is assumed that ea
channeled ion can perform at most one interact
event with the dislocations along the trajectory.

~iii ! The actual confining potential is approximated
means of a harmonic potential. The deviation from t
harmonic behavior will be discussed and taken in
account.

The present model builds on the general appro
introduced by Lindard and Bonderupet al., who were the
first to propose a description of dechanneling phenom
in terms of the amplitude of the oscillating ion trajectory.24,25

A. Normalized backscattering probability

It is well established that the motion of a channel
ion may be divided in two main components. The project

FIG. 9. 4-MeV He RBS spectra of the step-graded buffer la
of Fig. 8. Spectraa and b correspond to random and~110! inci-
dence, respectively. Arrows indicate energies for surface scatte
from different elements.
e
se
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of the actual trajectory on the channeling plane will
called the longitudinal motion. The remaining compone
is the so-called transverse motion that is relevant
dechanneling. The transverse motion is the projection
the ion trajectory on the normal to the channeling pla
and the solution of this one-dimensional motion is sufficie
to determine the dechanneling probability. Even in
perfect crystal dechanneling occurs because of sm
angle scattering events between the channeled ion
the atomic nuclei of the crystal lattice and between
ions and the electrons in the channels. Additional sc
tering events occur in the presence of lattice defe
like dislocations, and the total dechanneling probabil
is the result of the combined effects of these scatter
mechanisms and of the defect contribution, including a
possible correlation between them. Nevertheless here
consider the case of a quasiplanar distribution of defe
whose influence on dechanneling is limited to a thin reg
where it dominates over the other contributions. For this r
son the dechanneling probability~the interesting quantity
from the experimental point of view! will be calculated by
considering only the dislocation effect and by neglecting
scattering due to electrons and thermal vibrations. T
dechanneling probability is defined as the change of
aligned normalized yield~as a result of the crossing of th
dislocation grid! divided by the fraction of the originally
channeled beam.

Let x be the coordinate describing the transve
motion and let the origin be at the center of the channel. T
planar potentialUpv(x) ~index v indicates that atom vibra
tions about their lattice equilibrium positions are consider!
is calculated by summing up the continuum Molie´re poten-
tial calculated for the four nearest-neighbor atomic plan
and by settingUpv(0)50. As usual the transverse energ
is defined as the sum of the potential energy and of
transverse kinetic energymẋ2/2. If no additional~external!
force is present, the transverse energy of the ion pr
is conserved, i.e., the particle oscillates between t
neighboring atomic planes with constant amplitude. T
lower the amplitude of the oscillation, the lower the pro
ability of backscattering events between the incoming
and a lattice nucleus. This effect is quantitatively describ
by introducing the so-called close-encounter collision pro
ability P, i.e., the probability of backscattering normalized
the random case. Due to their thermal vibration, the latt
nuclei are assumed to be statistically and isotropically d
tributed about their equilibrium position, the distribution b
ing a Gaussian whose standard deviations is the one-
dimensional thermal vibration amplitudeu1 . If d is the
interplanar spacing andX is the amplitude of the transvers
motion we have

r

ng
P~X!5
1

d

*0
X1/sA2p exp~2~d/22x8!2/2s2!dx8/AUpv~X!2Upv~x8!

*0
Xdx8/AUpv~X!2Upv~x8!

. ~1!
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56 6901SELECTIVE ION-CHANNELING STUDY OF MISFIT . . .
From the close-encounter probability, the normalized ch
neling yield can be calculated by integrating over the am
tude distribution.

In our approach a channeled particle becomes dec
neled when its close-encounter probability reaches 10
Through Eq.~1! this definition is equivalent to define a crit
cal amplitude of the transverse motionxlim , or a critical
transverse energyE'

c 5Upv(xlim). However, it must be
stressed that here the critical distance of approach dep
on the actual planar potential as shown by the values
ported in Table II for different materials. From this data
appears, in any case, that its value is quite reasonable
turns out always to be (d/22xlim)'s. Although P can be
greater than 1 forxlim,x,d/2, or, equivalently, forE'

c

,E',Upv(d/2), it is reasonable to assume that in this co
dition, which may eventually be determined by the abru
energy variation due to the dislocations, any residual coh
ence of the transverse motion of the particles is easily wi
out. In fact, the energyDE5@Upv(d/2)2E'

c # is small
enough to be promptly supplied by the highly probable sc
tering events between the ions and the lattice nuclei eve
they are small-angle events. Therefore, the critical amplit
xlim introduced here is just a cutoff parameter for the valid
of the continuum potential approximation and it is not to
confused with the critical distance in the simple two-be
picture of channeling.

B. The harmonic approximation

As anticipated, the main approximation of this model co
cerns the form of the confining potentialU. Following other
authors the actual potentialUpv(x) is approximated by
means of a harmonic potentialUh(x)5Kx2/2, which makes
possible a crucial simplification of the form of the equati
of motion for the channeled particles. The accuracy of t
approximation is limited by the nonharmonicity of the actu
potential Upv mainly around the critical energyE'

c . This
problem has already been treated by other authors an
particular, by Gartner, Hehl, and Schlotzhauer.11 In order to
provide the suitable approximation for our problem we p
ceed as follows: the dechanneling process is considere
terms of transverse energy variation. In other words, if
transverse energy of a particle changes fromE' ~before! to
E' ~after! as a consequence of the interaction with the d
location, the dechanneling probability of the partic
must increase by a quantity DP5P@E'~after!#
2P@E'~before)]. By defining a virtual amplitudeXh for the
harmonic oscillating motion such thatE'5KXh

2/2, complete
dechanneling (P51) is achieved for a critical virtual ampli
tudeXhc , given by

E'
c 5Upv~xlim!5Uh~Xhc!5

K

2
Xhc

2 . ~2!

It follows that both the harmonic parameterK and the critical
virtual amplitude are related to the critical transverse ene
so that another condition is needed in order to specify
approximation. This condition concerns the oscillation p
riod due to the confining potential. In the harmonic case i
a constant given by
-
i-

n-
.

ds
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Th52pAm/K5pA2m
Xhc

AE'
c

, ~3!

wherem is the mass of the ion probe. Under the actual p
tential Upv the period depends on the oscillation amplitud
i.e.,

T~X!54AmE
0

X dx8

A2@Upv~X!2Upv~x8!#
. ~4!

The oscillation period fixes the time scale for the interact
with the external force and consequently the average tra
verse momentum variation. Since the period depends on
oscillation amplitude, the equation of motion could be solv
only by numerical methods. In order to deal with the pro
lem in an analytical way, the natural approximation is
equateTh to the average value ofT betweenX50 andX
5xlim . Actually, since particles starting with amplitudesX
close toxlim can vary their dechanneling probability less th
the well-channeled (P50) ones, we calculate the weighte
mean ofT as follows:

^T&5
*0

xlim@12P~X!#T~X!dX

*0
xlim@12P~X!#dX

. ~5!

The conditionTh5^T& gives

xhc5
1

2p
AE'

c /m^T&. ~6!

In summary, Eqs.~2! and ~6! give the condition for the
harmonic approximation of the confining potential. Fro
now on we will drop the indexh of the virtual coordinate
xh and we will call it the ‘‘transverse position’’ of the par
ticle even if it is not the actual transverse coordinate.

C. Lattice distortion and perturbation
to the harmonic oscillation

Following most of the literature on this topic, the disloc
tion distortion field is taken into account by considering
centripetal force acting on the traveling ions in the frame
reference of the channel. The force at a given point isf
5mv2C, wherev is the ion longitudinal velocity andC is
the effective curvature of the channeling plane at that po
It is called effective curvature since the component with
the channeling plane of the displacement field generated
the dislocation does not affect the motion of the incomi
ion, at least in the linear approximation of the elastic
theory. Then the equation of motion for a channeled ion

d2x

dt2
52

K

m
x1v2C. ~7!

The curvatureC depends on the elastic distortion fie
generated by the dislocations, which in turn is strongly
lated to the geometric layout, i.e., to the orientation of t
dislocations and their Burgers vectors with respect to
channel. In principle, it is possible to calculateC for any
dislocation configuration by summing one by one the ela
distortion fields of all the dislocations. The effective curv
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ture C due to one dislocation having given orientation a
Burgers vector and for a given longitudinal trajectory b
longing to a given channeling plane is calculated in App
dix A.

The result may be expressed as follows:

C~z!5
B

t0
2xFarctanS j

zT2

r 0
D G , ~8!

wherez is the spatial coordinate of the longitudinal motio
B is the magnitude of the Burgers vector,r 0 is the impact
parameter with the dislocation,T2 is the component of the
channeling direction perpendicular to the dislocation lin
and j561. The functionx, which we call the distortion
function, is dimensionless and does not depend on the ph
cal quantities that are relevant for dechanneling, namely,
confining potential and the longitudinal beam energy@see
Eq. ~A8!#.

If, as a first-order approximation the energy loss is n
glected, it is possible to writez5vt, wherev is the longitu-
dinal velocity. Having definedE5mv2/2, it is convenient to
introduce the following reduced variables:

y5
x

Xc

,

v5
r 0

AE
, ~9!

t5
vtAE'

c

r 0Xc

.

Then Eqs.~7! and ~8! give

d2y

dt2
1v2y5x̂~t!

BXc

E'
c

~10!

and

x̂~t!5xFarctanS jt

tc
D G , ~11a!

tc5
AE'

c

T2Xc

. ~11b!

It is useful to bear in mind that, according to the statemen
the end of Sec. IV B,Xc is the critical virtual amplitude@Eq.
~6!#.

In Eq. ~10! a channeled particle corresponds to the con
tion 21,y,1. The information concerning the materia
the channeling configuration, and the dislocation are c
tained in the last term of the differential equation. The cr
cal elongationXc affects not only the amplitude of the exte
nal force but also the time scale of the interaction as
appears from Eq.~11!. Incidentally, we can see that the a
gument of the function arctan in this equation is proportio
to Th , as expressed by Eq.~3!, supporting the harmonic
approximation to the potential introduced in Sec. IV B.
-
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The integral of Eq.~10! is given by the sum of the genera
solution of the homogeneous equation and of a particu
solution. Of course, the general solution is the equation
motion of a free harmonic oscillator

y0~t!5Y cos~vt1F!, ~12!

whereY andF are the oscillator normalized amplitude an
phase, respectively. In order to find a particular solution
Eq. ~10!, the functionx̂ is expanded into Fourier series suc
as

x̂~t!5E
2`

1`

x̂~k!exp~ ikt!dk. ~13!

Under the action of the external force, for the particu
normal mode exp(ikt), the harmonic oscillator tends to reac
a steady state described by the function

yk~t!5
exp~ ikt!

v22k2
. ~14!

Since Eq.~10! is linear, the superposition principle guara
tees that the particular solution is given by

yp~t!5
BXc

E'
c E

2`

1`

x̂~k!
exp~ ikt!

v22k2
dk, ~15!

so that the general integral of the equation of motion is

y~t!5yp~t!1y0~t!

5yp~t!1Y cos~vt1F! . ~16!

The problem is thus reduced to the calculation of the
tegral in Eq.~15!. The functionx in Eq. ~15! depends on the
nature of the dislocation line and on the geometric layout
the experimental situation. The calculation ofx for two im-
portant configurations, which will be analyzed in detail in t
next section, is reported in Appendix B. Although these co
figurations, described by the functionsxe and xs ,represent
two limiting cases, any configuration of interest can be d
scribed by a linear combination of these two functions. F
both xe and xs ,the integral in Eq.~15! can be performed
analytically by means of the theorem of residuals. T
asymptotic behavior, fort→1`, has a close form given by

yp
e~t!5

B

2Xc

@b1~11hvtc!cos~vt!

1jb2~12h1hvtc!sin~vt!#exp~2vtc!, ~17!

yp
s~t!5

B

2T2
2Xc

bscos~vt!exp~2vtc!,

for xe and xs , respectively, and with the meaning of sym
bols defined in Appendix A. In the special case ofT251
these results agree with that in Ref. 11. It is worth noting t
the asymptotic effect of the perturbation is to introduce n
terms having the same periodicity of the free harmonic
cillator @Eq. ~12!#. A comparison between the numerical s
lution of Eq. ~15! and the asymptotic analytical form give
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by Eq. ~17! shows that the two solutions are indistinguis
able when the system completes at most one oscillation a
the action of the perturbation. This point is illustrated in F
10 for a particular set of initial conditions; however, the d
played behavior is of general validity.

According to Eqs.~17!, the general form of the complet
solution of Eq.~10! for any configuration, can be written a

y~t!5Yfcos~vt1F f !, ~18!

whereYf and F f , which are functions of the initial condi
tions Y andF, are the amplitude and the phase of the os
lation after the perturbation. As we assume that statist
equilibrium is reached before the ions enter the distorted
gion, the initial phase is uniformly distributed. On the oth
hand, since the close-encounter probability is a function
the amplitude of the harmonic oscillator@see Eq.~1!#, the
relevant quantity for the calculation of the dechannel
probability is just the functionYf(Y,F) and the statistica
distribution of the initial amplitudes.

The distribution of the initial amplitudes is determined
the form of the actual confining potential when the incomi
ions cross the free surface of the crystal.26 In our harmonic
approximation the initial amplitudes are calculated as f
lows: x is the actual impact coordinate which is uniform
distributed in the interval@2xlim ,xlim#.In order to preserve
the actual transverse energy distribution, the normalized
monic amplitudesY are obtained by requiring that the ha
monic oscillator energy is equal to the actual transverse
ergy of the incoming ion:

Y~x!5
X

Xc

5AUpv~x!/E'
c

5AUpv~x!/Upv~xlim!. ~19!

The functionY is reported in Fig. 11 as a function of th
normalized coordinatex85x/xlim . It is worth noting that it
deviates substantially from the linear relationship result
for a uniform distribution of impact parameters on the h
monic potential, showing the importance of the anharmon
ity. In our approximation the harmonic parameterK depends

FIG. 10. Comparison of the asymptotic analytical solution~solid
line! and of the numerical complete solution~dots! of Eq. ~15! for a
particular set of initial conditions.
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on the material~lattice parameter and thermal vibration am
plitude! as shown in Table II. Nevertheless the distributi
of normalized harmonic amplitudes is nearly material ind
pendent as shown in Fig. 11. As a matter of fact the diff
ence in the distribution for different materials amounts to
maximum of63% and must be compared to the differen
with respect to the harmonic distribution, which amounts
more than 20%.

The actual amplitude distribution just before the disloc
tions should be calculated by taking into account the mo
fications in the surface amplitude distribution that are
duced by the dechanneling processes occurring in a de
free crystal. However, we neglect these processes in
model since we are interested in epitaxial structures wh
the epilayer-substrate interface is located, at most, sev
hundred nanometers below the surface.

In conclusion, if G is the inverse function ofY, the
dechanneling probability for a given value ofv, f (v), can
be calculated as follows:

f ~v!5
*0

1dY*0
2pdF$P@XcYf~Y,F!#2P~XcY!%G8~Y!

*0
1dY*0

2pdF@12P~XcY!#G8~Y!
.

~20!

Sincev5r 0/AE, i.e., for a given value of the beam energ
the ‘‘pulse’’ is proportional to the impact parameterr 0 , the
integral dechanneling probabilityPd for a uniform distribu-
tion of impact parameters must be computed by integra
f (v) over the interval@0,vmax5r 0

max/AE# where r 0
max is a

suitable cutoff parameter beyond which the dechanne
contribution becomes negligible. This cutoff parameter sh
depend on the specific dislocation configuration as prese
in the next subsection. In order to obtainPd by the integra-
tion of f (v), the calculation procedure forf (v) is repeated
for a set of different~significant! values ofv and thenf (v)
is determined by interpolation over the specified interval.

FIG. 11. Comparison of the distribution of the normalized h
monic amplitude for different materials as a function of the norm
ized impact coordinate. The inset shows the central part to be
appreciate the small difference between the curves relative to
ferent semiconductors as indicated in the figure. The full line r
resents the uniform distribution of impact parameters with resp
to the Moliére potential.
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FIG. 12. Geometry for the calculation of th
dechanneling probability of two orthogonal a
rays of dislocations lines~DL’s!: ~a! two crossing
dislocations;~b! two arrays of DL’s with differ-
ent densities (N. and N,). The heavy continu-
ous lines represent the dislocation lines. T
shaded rectangle represents the integration a
which is divided into regionsA andB for the 2D
and 1D integration types, respectively.
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D. Solutions for specific dislocation configurations

The effect of typical configurations that are more fr
quently found in low misfit heterostructures may be obtain
by considering separately two elemental cases:~i! the inter-
action between the ion beam and the lattice distortion cau
by an array of parallel dislocations;~ii ! the effect of two
crossing dislocations and the generalization to two cross
arrays of parallel dislocations.

In the case of a planar distribution of parallel dislocatio
we assume that 2r 0

max5N21,whereN is the~average! dislo-
cation density per unit length. The dechanneling probabil
Pd

1D , for this array~one-dimensional array! is then given by

Pd
1D~x,vmax!5Pd

1D~x,r 0
max/AE!

5
1

r 0
maxE0

r 0
max

f ~v!dr0

5
1

vmax
E

0

vmax
f ~v!dv, ~21!

where x is reported as a label to indicate the geometri
configuration.

Sincevmax5r 0
max/AE51/(2NAE), Eq. ~21! givesPd

1D as
a function ofNAE. That shows that different samples of th
same material, having different dislocation densities, will e
hibit the same dechanneling probability at an energy va
that is scaled as the inverse of the square of the disloca
densities. This result will be later applied to study one cou
of channeling configurations particularly suitable for t
study of MD’s because of the particular features shown
the resulting dechanneling probability functions.

Before doing this, let us consider the case~ii ! of two
crossing dislocations. Despite the fact that there is no limi
generalization, the calculation will be restricted to the p
ticular case of perpendicular dislocations, corresponding
the experimental situation in@001#-grown heterostructures
This is done to avoid cumbersome formulas and notati
that would be scarcely significant in this context. Moreov
for the sake of simplicity, we suppose that the direction
the incident beam, i.e., the unit vectorT, is perpendicular to
the planep containing the dislocations (T251). Actually, as
it is discussed in Appendix B, most of the experimental co
figurations that are used for dechanneling analysis are q
close to this situation.

Figure 12~a! shows the planep of the dislocations and the
d
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polar frame of reference whose origin is at the dislocat
node O. A square, centered atO, whose side length is
2r 0

max is considered. A pointP inside the square defines tw
impact parameters of the beam with the two crossing dis
cations, i.e.,r 08cosa andr 08sina @see Fig. 12~a!#. The distor-
tion field is the sum of the fields of the two dislocations an
owing to the linear approximation in the calculation of th
total curvature~Appendix A!, the equation of motion@Eq.
~10!# becomes

d2y

dt2
52va

2y1
BXc

E'
c Fxa~f!

cos2a
1

xb~f8!

sin2a
G ,

va5
r 08

AE
,

f5arctanS t

tccosa
D ,

f85arctanS t

tcsina D , ~22!

r 085
r 0

max~ ucosau,usinau!
,

wherea is the angle defined in Fig. 12~a!. Equations~22! are
solved in the same way as Eq.~10! with the difference that in
this case the dechanneling probability for the given imp
point P obtained by Eq.~20!, f 2(r 0 ,a), is a function of the
two parametersr 0 and a(0,a,2p and 0,r 0,r max).
Analogously to what has been done for case~i!, a uniform
distribution ofr 0 within the interval@0,r 0

max# is assumed and
vmax5r 0

max/AE is defined. Then the total dechanneling pro
ability Pd

2D can be calculated by averagingf 2 over the square
of side r 0

max:

Pd
2D~xa ,xb ,vmax!

5
1

2p~2r 0
max!2E0

r 0
max

8r 0dr0E
0

2p

da f 2~r 0 ,a!

5
1

pvmax
2 E

0

vmax
vadvaE

0

2p

da f 2~r 0 ,a!. ~23!



en

he
th
la
e

is
n

on
n

-

he

y

g
si

u

en
n
e
on

c-
f a
m
n
he
ti
n
-

ur
a-

pa
v
i

e
ys-
nd
he
l

a-
ling

s a

d

ile
t is

or

han-
rgy
r

r-

if-

as

nd

and

e.
the
s of

r

m-

56 6905SELECTIVE ION-CHANNELING STUDY OF MISFIT . . .
If the dislocations are arranged in a network of two perp
dicular arrays, both characterized by the same~average! dis-
location density per unit lengthN it can be set 2r 0

max5N21

and alsoPd
2D is given as a function ofNAE.

In order to obtain the total dechanneling probability in t
case of different dislocation densities in the two arrays,
plane containing the dislocations is divided into rectangu
cells as shown in Fig. 12~b!. The sides of the rectangle hav
length equal toN.

21andN,
21 whereN. (N,) are the high-

est~lowest! of the two dislocation densities. Each unit cell
composed of a square region (A) and a rectangular regio
(B). It is assumed that in regionA the interaction with the
two dislocations, which cross at the center of the regi
dominates over the effects due to all the other dislocatio
so that the dechanneling probability is given by Eq.~23!. On
the other hand, in regionB only the effects due to the dislo
cations in the highest-density direction are supposed to
effective. The total dechanneling probability is then t
weighted average between the 1D probability of regionB
and the 2D probability of regionA. This is summarized by

Pd
i S N.AE,

N,

N.
D 5

N,

N.

Pd
2D~xa ,xb ,vmax!

1S 12
N,

N.
D Pd

1D~x i ,vmax!, ~24!

where Pd
i ( i 5a,b) is the total dechanneling probabilit

when the densest dislocations are in configurationxa or
xb , and

vmax52N.AE. ~25!

ExperimentallyPd
a and Pd

b can be measured by changin
the channeling plane in such a way that the high-den
dislocation array is either in configurationxa or xb . Of
course the low-density dislocation array in then in config
ration xb or xa , respectively. Equation~24! also shows the
way to measure bothN. andN, . In fact, for a given ratio of
the dislocation densitiesN, /N. , the difference between
Pd

a and Pd
b is greater the higher the difference betwe

Pd
1D(xa)and Pd

1D(xb). For this reason the best combinatio
of channeling configurations is the one providing the high
difference between the average magnitude of the corresp
ing distortion functions.

Appendix B reports the calculation of the distortion fun
tion for two configurations. The first one is the case o
dislocation perpendicular to the channeling plane. We na
it screw configuration (s) since the corresponding distortio
function xs depends only on the screw component of t
Burgers vector. In the second case, the edge configura
(e), the dislocation direction belongs to the channeling pla
and the distortion functionxe depends only on the edge com
ponent of the Burgers vector. These are possible config
tions in ~001!-grown heterostructures where misfit disloc
tions are ^110& oriented and the couple of$110% planes
perpendicular to the interface are either perpendicular or
allel to the dislocation lines. These planes are also con
nient from the channeling point of view because the atom
sheets are equally spaced and mixed~i.e., they contain both
-
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,
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anions and cations!. Moreover, for these planes both th
minimum yield and the dechanneling rate for a perfect cr
tal are low. In addition, as calculated in Appendix B a
shown in Fig. 17, the ratio of the maximum amplitude of t
two distortion functionsxe

max/xs
max is greater than 4.5 for al

the cubic semiconductors. As a consequence, the ratioR be-
tween the dechanneling probability for configurationse and
s is particularly high and small asymmetries in the disloc
tion distribution can be detected by using these channe
planes.

The calculatedPd
1D(xe), Pd

1D(xs), and Pd
2D(xs ,xe), for

GaAs $110% channeling planes, are reported in Fig. 13 a
function ofv215NAE. It can be seen that the ratioR varies
about from 3 to 2 whenNAE increases over the displaye
range. Within the range 0,NAE,0.33106 MeV1/2 cm21

the dechanneling probability behaves almost linearly wh
for higher values it tends to saturate. The saturation effec
stronger forPd

2D ,whose rate of change is quite negligible f
NAE.0.73106 MeV1/2 cm21. These features limit the
range of dislocation densities that can be detected by dec
neling, the upper limit being fixed by the lowest beam ene
compatible with the thicknessh of the analyzed layer. Fo
instance, h;100 nm requiresEmin.0.5 MeV and then
Nmax;13106 cm21. On the other hand, since the unce
tainty in the experimental determination ofPd is of the order
of 0.03, forE;6 MeV we haveNmin;104 cm21, which is
also the order of magnitude of the minimum detectable d
ference between the dislocation densities in the two^110&
directions.

In order to determine to what extentPd varies by chang-
ing the atomic vibration amplitude, the 2D probability h
been computed for different values ofu1 . In fact experimen-
tal results27 on GaAs thermal vibrations are discordant a
range from u150.025 Å to u150.117 Å. The solid-line
curve of Fig. 13 has been obtained by assuming for Ga
As atoms an average thermal oscillation amplitudeu1
50.085 Å as calculated by using the Debye model for G
This value is quite reasonable as it turns out to be also
average value of many computed and measured value

FIG. 13. Computed~110! planar dechanneling probabilities fo
different configurations in GaAs as a function ofv21

5NAE: Pd
1D(xs) ~long-dashed line!; Pd

1D(xe) ~dash-dotted line!.
Pd

2D(xs ,xe) has been computed for different thermal vibration a
plitudes:u150.0085 nm~solid line!; u150.0075 nm~short-dashed
line!; u150.0095 nm~dotted line!.
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u1 as reported in Table I of Ref. 27. The values
Pd

2D(xs ,xe) computed foru150.075 Å and foru150.095 Å
are also reported in Fig. 13. It appears that a variation
u1 of about 25% gives rise to aPd variation lower than 7%,
so that the results of the dechanneling model are not
sensitive to the actual thermal vibration amplitude.

Finally, a few words about the depth range where dech
neling occurs. The transverse motion in the harmonic
proximation is characterized by a wavelength given by

l5vT

52pAE/~K/2!

52p
Xc

AE'
c
AE. ~26!

On the other hand, the interaction with the dislocations
appreciable at a distanceuzumax given by

uzumax5
utanfumax

T2

r 0 . ~27!

From the data reported in Fig. 17 it appears that for Ga
$110%, it is utan(f)umax;2. Then, by using the value of th
harmonic constant reported in Table II,uzumax/(l/2)
'0.45r 0 /AE50.45v, with v in units of 106 cm
MeV21/2. This means that forv,2.2, i.e., for most of the
dechanneling events, dechanneling occurs essentially w
half of the trajectory wavelength, in perfect agreement w
the results of the numerical solution of the equation of m
tion ~see Sec. IV C and Fig. 10!. From Eq.~26! it turns out
that l/2'44AE nm with E in MeV. This quantity estab-
lishes a lower limit for the dislocation depth location b
dechanneling. This limit can be higher than the intrinsic R
resolution and is a conflicting parameter with respect to
sensitivity, which increases with increasing energy.

V. DISCUSSION

The dislocation densities for each of the investiga
samples have been determined by comparing the experim
tal ~110! planar dechanneling probabilities to the theoreti
curves as discussed above. The results for samples wit
asymmetry in the dislocation distribution are presented
Fig. 14 while Fig. 15 shows the~110! and ~11̄0! dechannel-
ing probabilities for sample 2 exhibiting the highest asy
metry in the dislocation distribution. The only fitting param
eter in this comparison is the dislocation density. T
resulting values are presented in Table I, where the T
data and the predictions given by the RBS-channeling tet
onal distortion measurements12,28 are reported for compari
son. The estimation of the dislocation density obtained fr
the tetragonal distortion is calculated by assuming that
in-plane strain is related to the tetragonal distortion as p
dicted by the isotropic elastic continuum model29 and that
only 60°-type MD are present.

From the comparison of the data in Table I it appears t
the three techniques supply comparable results within t
respective error bars~apart from sample 5, where the di
crepancies are a bit larger than the combined errors!. How-
ever, the experimental uncertainties for the three techniq
f
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are widely different and variable with the dislocation densi
As for the TEM errors, in the present investigation we a
concerned with low dislocation densities and the error
can be reduced only by increasing the number of obser
dislocations. This would require us to increase the exami
sample area, and it must be stressed that in order to re
the error bar by a factor 2 the examined area should be
creased by a factor 16. The error bar in the data coming fr
the strain release measure is essentially dislocation den
independent as it comes from the error in the tetragonal
tortion measure~channeling! and from the error in the alloy
composition~RBS!. In our experimental setup they contrib
ute a total of;(3 – 5)3104 cm21. Finally, the estimation of
the error in the dechanneling measure comes from the h
dispersion of the data obtained for different beam energ
As a consequence of the saturation effect, the error may v
by more than one order of magnitude following the value
the dislocation density~see, for instance, samples 2 and 4!.
For this reason the comparison of the results is divided i
low- and high-density regimes.

In the case of low-MD-density samples~2 and 3! ~where
also an asymmetry in the dislocation distribution is o

FIG. 14. Comparison between the experimental determina
of the dechanneling probability for samples 1~s!, 4 ~3!, and 5
~d!, showing no asymmetry in the dislocation distribution, and
model prediction for a square network of dislocations~dashed line!.

FIG. 15. The dechanneling probability of sample 2, showi
asymmetry in the dislocation distribution, for~110! ~d! and ~11̄0!
~s! planar channeling and different beam energies. The li
through the data points are the result of fitting the model predict
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served! the agreement between dechanneling and TEM d
is surprisingly excellent in view of the fact that no adjustab
parameters in the dechanneling model are present. Th
appears that dechanneling is an accurate technique fo
measure of relatively low dislocation densities. Moreover
is very precise as its error bar is two times and one orde
magnitude lower than those of the TEM and strain techniq
respectively. Finally, dechanneling is also quite sensitive
the dislocation distribution~see Figs. 13 and 15! even though
it is not an imaging technique.

In the high-density regime (N.105 cm21) the main re-
sult is the very good agreement between the predic
dechanneling saturation level@Pd

2D(xs ,xe)# and the experi-
mental data as shown in Fig. 14. At the same time, dech
neling saturation causes large uncertainties in the measu
the MD density. Nevertheless, by comparing dechanne
and strain results, a systematic difference appears. This
quires a detailed discussion.

One of the assumptions of the model is that dislocati
are equally spaced in each array. Actually, this is not tr
and the onset of a nonlinear dechanneling regime affects
accuracy of the dislocation density estimation. In fact, wh
two or more dislocations are closer than the saturation
tanceds;20AE(MeV! nm corresponding to theNAE satu-
ration value of about 0.53106 MeV1/2 cm21 ~see Fig. 13!,
they cannot be discriminated. This fact leads us to unde
timate the average density. This effect is expected to be
creasingly important with increasing dislocation density a
it is a possible explanation for the discrepancies between
strain predictions and the dechanneling results. Howeve
should play a role also in the case of low dislocation den
ties, because of the occurrence of dislocation bands@see Fig.
1~a!#, if the MD separation is of the order of~or lower than!
ds .

In any case, to complete the discussion on the rela
between relaxed strain and MD density we must take i
account the following points.

~i! TEM images show that dislocation dipoles are pres
in our samples~Fig. 2!. They are generated through the i
teraction between crossing dislocations having proper B
gers vectors.17 A dipole can be detected by dechanneling
one or two dislocation lines depending on the separation
tween the two dislocation branches. Since dipoles are i
fective in releasing strain, their presence would increase
number of MD’s detected by dechanneling with respect
the value predicted by the relaxed strain data. However,
ceptable statistics on the dipole densities could not be
tained by the TEM maps in agreement with energy minim
zation arguments, suggesting that the percentage
dislocation dipoles should not be significant.

~ii ! Despite the fact that the overwhelming majority
MD’s are of 60° type, the presence of pure edge dislocatio
arising from the interaction between two 60° lines, is mo
probable the higher the overall MD density.14 Each edge
dislocation gives a double contribution to the strain rela
ation with respect to a 60° one but, from the dechanne
point of view, the two types of dislocation are quite indisti
guishable as the distortion function for the edge dislocat
is comparable toxe . For this reason, the presence of ma
pure edge dislocations would give rise to discrepancies in
opposite direction with respect to item~i! and in the same
ta
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direction shown by the experimental results. On the ot
hand, since our samples are low misfit ones and since T
gives no evidence of a significant edge dislocation prese
this is not the probable explanation of the observed discr
ancy.

~iii ! The third point concerns the reliability of the relaxe
strain data as obtained by RBS channeling. It has been d
onstrated that RBS channeling and x-ray diffraction prov
measurements of the tetragonal distortion of an epita
layer in perfect agreement.30,31 In the case of RBS channe
ing, in order to obtain the in-plane strain« i the relation be-
tween « i and the perpendicular strain«' arising from the
isotropic elastic continuum model is assumed.29 However,
there are experimental data that contradict t
assumption.28,31 One possible explanation is related to t
conservation of the bond lengths and to the consequent
formation of the angles between anion and cation bo
leading to significant deviations from the ideal zinc-blen
lattice, particularly under epitaxial conditions. These ‘‘inte
nal’’ degrees of freedom can give rise to a lower elas
energy density per unit volume and consequently to a lo
tetragonal distortion32 than is predicted in the frame of th
virtual crystal approximation. As a matter of fact, the data
Fig. 8 of Ref. 28 show that, at high MD density, the stra
relaxation determined by channeling is an overestimate w
respect to that obtained by double crystal x-ray diffractio
The difference amounts to about (2 – 6)31024 cm21, corre-
sponding to an increase of the estimated MD density
about (2 – 6)3104 cm21, which compares very well with the
difference of (3 – 7)3104 cm21 between the strain and th
dechanneling measure observed for samples 1, 4, and 5

As far as the dechanneling model is concerned, we e
phasize that its usefulness is strictly related to the w
defined geometry of the MD in semiconductor epitaxial h
erostructures. In this respect, however, the present G
results can be easily extended to other materials. In fact
shown in Fig. 11, the dependence of the results on the
terial parameters is very weak for all semiconductors~zinc-
blende or diamond structures!. In addition, the distortion
functions calculated in this paper for GaAs are not mu
different from those of other materials, as the Burgers v
tors and the Poisson ratio do not vary appreciably for diff
ent semiconductors. Moreover, the influence of the latt
vibrations, often not very well known, is weak as well.

VI. CONCLUSIONS

Quantitative and qualitative characterization of misfit d
locations at the interface between an epitaxial layer and
substrate has been carried out on a series of~001! grown
InxGa12xAs/GaAs low misfit samples by means of decha
neling and TEM. Planar channeling along the two$110%
planes perpendicular to the interface has been performe
different ion-beam energies. The dechanneling probab
due to the dislocations increases linearly with the square
of the energy until a saturation level of about1

2 is reached
due to the quasiplanar distribution of the dislocations. Mo
over, samples where TEM images show an asymmetric
location distribution exhibit a different dechanneling pro
ability for the two mutually perpendicular channeling plane
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The latter effect is due to a sort of geometry-induced se
tion rule.

These experimental features are well accounted for by
planar dechanneling model presented in this paper. The
posed model is based on the harmonic approximation of
actual confining planar potential, the average contribution
the anharmonic terms to the dynamics of the particle be
taken into account. The dechanneling probability is obtain
by solving the equation of motion of the ions and by taki
into account the statistical distribution of their transverse a
plitudes. No adjustable parameter is present and the form
the equation of motion is such that all the essential inform
tion about the relative orientation of the dislocation and
channeling direction is contained in a single term called
distortion function. The model can be applied to all the p
sible orientations of the channeling plane with respect to
dislocation line. In this paper the calculation has been car
out for the case of misfit dislocations in~001!-grown hetero-
structures. The calculated dechanneling probabilities turn
to agree very well with the experimental results both at l
and at high beam energy, where the saturation level is
rectly predicted.

Supported by this model, the dechanneling technique
comes well adapted to determine the MD density and or
tation. It is quantitative, non destructive, and its accuracy
of the same order of magnitude of the one obtained by la
area TEM micrographs. These features can give an impor
contribution toward the understanding of the mechanism
strain relaxation. As a matter of fact, a single RB
channeling experimental setup provides independent in
mation on the alloy composition~misfit!, the tetragonal dis-
tortion of the epitaxial film, and the misfit dislocatio
densities and orientations. That appears to be a powerful
to investigate the role of plastic relaxation in misfit acco
modation, which is crucial for throwing light on the sti
open general problem of the mechanism of elastic ene
reduction in epitaxial heterostructures.
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APPENDIX A

Let T and s be unit vectors indicating the longitudina
direction of the ion trajectory and the opposite of the dis
cation line orientation, respectively. On the planes,normal to
s, i.e., normal to the dislocation line!, we takee2 to be the
normalized projection ofT on s ande1 such thate15e23s
~see Fig. 16! so thate1 is perpendicular to both the channe
ing direction and the dislocation line. If the distortion fie
due to the dislocation line were zero, the longitudinal mot
of the channeled ion would be a straight line. By defining
origin O as the point on the dislocation line that is at t
minimum distance from the longitudinal trajectory, its par
metric equation is

r ~z!5jr 0e11zT, ~A1!
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where r 0 is the impact parameter between the incident
and the dislocation line,r (z) is the position vector, andz is
the coordinate alongT such thatr (0)5r 0j561 gives the
relative orientation ofr (0) ande1 .

The effect of the dislocation distortion field may be eva
ated as follows. Within the linear elasticity theory, a point
a positionr in an undistorted crystal is forced by the elas
distortion field to a positionr 85r1u(r ),whereu is the elas-
tic displacement vector. The result is a local bending of
atomic planes. As a consequence, the longitudinal direc
T is locally tilted by an amount dT5dr 8/dz2T
5u% T, whereu% is the elastic distortion tensor whose comp
nents are given byui j 5]ui /]xj . If n is the unit vector nor-
mal to the channeling plane the angular displacement in
transverse direction is given byn•dT5n•u% T and the effec-
tive curvature results:

C5n•

ddT

dz

5n•

du%

dz
T. ~A2!

The curvatureC(z) along the pathr (z), that is, the be-
havior of the tensoru% along the straight line, must be dete
mined. To this purpose the cylindrical coordinate syst
(r,f,s)is considered whose symmetry axis is the dislocat
line and the corresponding rectangular frame (e1 ,e2 ,s). The
distortion fieldu% does not vary along the direction ofs, i.e.,
it depends only onr andf. Actually, it can be written as

u% 5
B

2pr
v% ~b,f!, ~A3!

whereB5(B1 ,B2 ,Bs) is the Burgers vector of the disloca
tion andb5B/B is the unit vector parallel toB. The com-
ponents of the tensorv% are given by

FIG. 16. Geometrical description for the most general confi
ration of a rectilinear dislocation line~DL! and of the ion trajectory
(T). The relationship between the rectangular frame of refere
defined by the unit vectorse1 , e2 , ands and the cylindrical frame
of reference (r,f,s) is shown.
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vss5v1s5v2s50,

vs152bssinf,

v115b2cosf~h cos2f22h11!2b1sinf~h cos2f11!,

v215~b2sinf1b1cosf!~12h cos2f!, ~A4!

vs25bscosf,

v215~b2sinf1b1cosf!~11h cos2f!,

v225b2cosf~12h cos2f!2b1sinf~12h cos2f22h!,

where

h5
1

2S 1

12n D , ~A5!

andn is the Poisson ratio of the material.
Since the distortion field is uniform in directions, the s

component ofr (z) is not relevant for the calculation o
C(z). The projection of the undistorted longitudinal path
the planes is described by the equation

r~z!5jr0e11zT2e2 , ~A6!

whereT25T•e25cosg andr(f)5ur(z)u5jr0 /cosf.
~Note that j.0 if fP(2p/2,p/2) and j,0 if f

P(2p/2,3p/2). The angleg is the angle between the tra
jectory direction and its projection on the planes perpen-
dicular to the dislocation line~see Fig. 16!. Equation~A3!
becomes

u% ~z!5
jB

2pr 0

v% ~b,f!cosf,

~A7!

z5j
r 0tanf

T2

.

Finally, by substituting Eq.~A7! into Eq. ~A2!, the effective
curvature turns out to be

C~f!5
df

dz
n•

du%

df
T

5j2
B

r 0
2FT2cos2~f!

2p
n•

d

df
@v% ~f!cos~f!#TG

5
B

r 0
2
x~f!. ~A8!

It is worth noting that the curvature is proportional to t
‘‘distortion function’’ x~f!, which depends only on the ge
ometry of the problem, i.e., on the relative orientation of t
dislocation line, Burgers vector, and channeling direction

APPENDIX B

Here the distortion functionx is calculated for two con-
figurations ~specified by dislocation orientations, Burge
vector, channeling plane, and direction of the longitudi
 l

trajectory! that correspond to a typical experimental layo
for zinc-blende heterostructures. In~001!-grown heterostruc-
tures misfit dislocations lay in the@110# and/or the@11̄0#
direction in the~001! interface plane and the$110% channel-
ing planes perpendicular to the interface are thus para
~configuratione) or perpendicular~configurations) to the
dislocation lines. They are the most suitable channel
planes, as it will be shown in the following that they exhib
a high ratio R5Pe

1D/Ps
1D between the dechanneling prob

abilities in the edge and the screw configurations. The d
tortion functions can be calculated from Eq.~A7!:

xe5
cos2g

2p
cos2f$b2~h cos4f1cos2f!

2b1@h sin4f1~11h!sin2f#%, ~B1!

xs52
1

p
bscos3f sinf. ~B2!

It is evident that in the first case only the edge compon
be5(b1 ,b2) of the Burgers vector appears, whereasxs de-
pends only on the screw componentbs , and, moreover, it is
independent ofh. This result, obtained for planar channelin
is analogous to those obtained in Ref. 11 in the case of a
channeling.

Now, it is known from the literature that MD’s in zinc
blende structures are mainly of the 60° type, i.e., their B
gers vector lay in thê110& directions inclined to the dislo-
cation lines. This means that for configurations there are
only two possibilities given bybs56 1

2 . From the point of
view of the dechanneling probability the two possibilities a
indistinguishable since the transformationx→2x has the
same effect of a 180° shift of the harmonic-oscillator init
phases, which, however, are randomly distributed. For c
figuration e there are four different possible combinatio
given byb156 1

2 andb2561/A2. First of all, only two of
them are significant, for the same reason we have
pointed out. Let the first combination correspond tob1.0
and b2.0 and the second to beb1.0 andb2,0. It is not
difficult to see that we can obtain one combination from t
other by substitutingf with (p2f), i.e., by changingj to
2j in the solution of the equation of motion, Eq.~17!. Since
the ions are uniformly distributed,j and 2j are equally
probable and the two combinations are again indistingu
able.

Figure 17 shows the behavior of the calculated distort
functions for GaAs. It is worth bearing in mind thatxs(f),
whose maximum isxs

max50.052, is fully material indepen
dent. On the other hand, the distortion functionxe(f) exhib-
its only a weak dependence on the material through the e
tic constanth. For T251, while h varies more than 12%
going from h50.686 for GaP toh50.772 in the case of
InSb,xe(f) maintains its form and its maximum,xe

max, var-
ies less than 6% going from 0.239 to 0.253, respectively

From Eq.~B1! it can be seen that the magnitude ofxe(f)
is scaled by the factor cos2g, g being the angle between th
trajectory direction and its projection on the plane perp
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FIG. 17. The~110! planar distortion function for GaAs is re-
ported against tanf, which is proportional to the distance from the
dislocation along the ion trajectory. The dashed and continuo
lines refer to the screw and edge configuration, respectively.
-

a

W

e

i

l

dicular to the dislocation line. In this channeling configur
tion, the ~110! plane perpendicular to the interface di
location plane, the angleg is simply the tilt angle between
the incident beam direction and the surface normal~the@001#
growth axis!. Equation~B1! inserted in Eq.~A8! shows that
the effect of the tilt is the same as would be obtained
reducing the density of dislocations in configuratione by a
factor cosg. It follows that the ratioR5Pe

1D/Ps
1D varies as

cosg and that its maximum value is given byg50. Actually,
g50 corresponds to the@001# axis and experimentally it is
necessary to move toward the closest planar channeling
dition, which is obtained forg'5°. Since cos5°'1 it is
possible to drop theg dependence in the equations. Then,
most of the semiconductors, we havexe

max/xs
max.4.5,which

means that a significant difference in the dechanneling pr
ability between configuratione and configurations is ex-
pected.
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