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Planar dechanneling by networks of misfit dislocations was measured in a seriegGaf IpAs/GaAs
sampleg001) grown by molecular-beam epitaxy. At the beginning of the strain-relaxation process the dechan-
neling probability exhibits different values for nominally equivalébt0 planes. At larger strain relaxation,
the dechanneling probability saturates at a value ar(é,lasl 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.
[S0163-18207)00235-X]

[. INTRODUCTION ics of the dechanneling process. As usual, the simple har-
monic oscillator equation is modified by introducing an “ex-

It is well known that ion channeling is a valuable tool in ternal force” term to take into account the perturbation
surface science. Beside clean surface structure, it can be apaused by the curvature induced in the lattice planes sur-
plied to characterize structure and crystal quality of surfaceéounding the dislocation line. The main point is that the per-
layers together with their interfacdn particular, in the last turbation term can be written as the product of a “physical”
decade the ion-channeling technique has been applied to tifiector (containing the beam energy, the planar potential, the
study of strained epitaxial layers. Since the early watém-  modulus of the Burgers vector, and the impact parameter of
onstrating the ability of ion channeling to measure the tetragthe ion trajectory to the dislocation linand of a “geometri-
onal distortion of mismatched heterostructures, the techniqueal” factor, which we call “distortion function.” Apart from
has now reached a high degree of reliability and preci®ion. a weak dependence on the material through the Poisson ratio
is also well established that ion channeling is sensitive ta, this function depends only on the geometry of the chan-
lattice defects and that their concentration profiles can baeling direction and of the dislocation and can be calculated
easily measured by comparing the Rutherford backscatterinfpr any given geometrical configuration allowing the solu-
spectrometry(RBS) channeling spectrum of the damagedtions to be generalized. The solution of the equation of mo-
crystal to the corresponding one of a virgin sample. In thigion correlates the distribution of the oscillator amplitudes
view it appears surprising that this technique has not beeheyond the distortion field to the corresponding distribution
systematically applied to the study of the misfit dislocationsof initial dynamical states. This is all that is needed to com-
(MD’s) appearing at the epilayer-substrate interface once thpute the backscattering probability. For a given geometrical
critical thickness for coherent growth is overcofire. configuration the dechanneling probability is shown to de-

Since the pioneering work by Qe many improvements pend on the product of the dislocation density and of the
in the model of the dechanneling by dislocations have beesquare root of the beam energy.
realized’** However, in any of these models it is very dif-  Although this model of planar dechanneling by disloca-
ficult to properly account for the lattice distortion field tions is of general validity, in this paper the solutions are
around a dislocation in a general way, i.e., for an arbitraryexplicitly computed for the 60° MD arrays that are typically
orientation of the channeling direction, the dislocation line,found in (001)-grown semiconductor heterostructures like
and its Burgers vector. the samples investigated in this work. The main result is that

In this paper we develop an analytical model of planarin the case of quasiplanar MD distributions at the interface,
dechanneling based on the harmonic approximation to théhe dechanneling probability for sufficiently high beam ener-
continuum planar potential although anharmonicity effectggies (dislocation densitiessaturates at a value around 0.5—
are taken into account in order to better describe the dynan®.6, the same value that is experimentally found. This is
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TABLE |. Description of the InGa, _,As/GaAs samples with their dislocation density in 0]
(N-) and[110] (N.) direction in the interface as determined by TEM, dechanneling measurements, and
strain relaxation.

TEM Dechanneling Strafh
Thickness N- N- N~ N- N~ N

Sample X (nm) (10 cm™Y)

1 0.085 310 12.61.4 12.0:1.4 155-3.0 15.5-3.0
2 0.105 68 4509 1.6:05 5.1+0.4 0.5-0.3 5.0t4.6 2.0t4.6
3 0.080 200 8109 5.40.8 8.2t0.4 4.4-0.3 9.5t3.4 7.53.4
4 0.150 345 30.686.2 30.0:6.2 37.0:3.5 37.0t3.5
5 0.080 810 14411 14411 19.0:3.0 19.0:3.0

8rom the data of Refs. 12 and 28.

related to the planar distribution of the dislocations. More-sample was tilted 5° from the channeling axis and azimuth-
over, the model shows that dechanneling is sensitive to thally rotated in steps of 0.5° between two principal symmetry
dislocation orientation and suggests the way to measure thgianes. The total charge of each spectrum was obtained by
density in different directions. integration of the beam current in the isolated scattering
Starting from the experimental values of the dechannelinghamber acting as a Faraday cup. The accuracy is better than
probability this model, which does not contain any adjustablel%.
parameter, enables us to calculate the dislocation density
(densitie$. The results are shown to be in excellent agree-
ment with those derived from transmission electron micros-

copy (TEM) measurements and from previous strain-release |t is well known that the growth of 1l-V semiconductor
data'? lattice mismatched epitaxial layers with thickness larger than
the critical oné° results in the generation of MD grids lead-
ing to strain relaxation. I(00J1)-oriented specimens MD’s
are arranged in perpendicular arrays aligned along the two
In,Ga, _,As layers were grown o001)GaAs substrates (110-type directions in thg001) interface. Due to the ab-
in a VG-80 H twin chamber system with continuous sub-sence of inversion symmetry in the zinc-blende lattice, a dif-
strate rotation at the CSELT laboratory in Torino. Layersference in the dislocation density along the td0-type
were all grown at the substrate temperature of 530 °C undetirections is expectetf Our TEM investigations confirm
an As pressure of 810 ° mBar and a V/Ill equivalent pres- this general behavior, as shown, for instance, in the two ex-
sure of 50:1. For further details see Ref. 12. The In molalamples of Fig. 1, which are representative of the investigated
fraction of the samples used in this experiment ranges frorspecimens. Both of the samples in Fig. 1 have an epilayer
0.08 to 0.15 while the epilayer thickness spans from 68 tdhickness well above the critical one but they differ in the
810 nm as shown in Table I. amount of strain release. Sample[Rig. 1(a)] exhibits a
Samples for TEM analyses were thinned both in plan and
in the (110 cross-section geometry by standard mecha- my
nochemical procedures followed by low-temperature Ar ion ©
milling. Thinned specimens were examined in a JEOL
2000FX transmission electron microscope working at 200 3
kV (Scherzer resolution~0.31 nm using conventional
bright-field or dark-field diffraction contrast imaging and
bright-field, axial illumination[110] lattice imaging.
RBS analyses were performed at the Laboratori Nazionali _
di Legnaro(Padova, Italy by using “He* beams delivered
by the 2-MV AN 2000 and the 7-MV CN accelerators. The
beam energy was varied from 0.5 to 6 MeV. Channeling =8
spectra were obtained by using a high-precision three-axis “ -
goniometer, which allows us to perform also strain
measurement$In order to avoid radiation damage accumu- . & @ b &)
lation, the beam spot position was moved on the sample Z’af‘ e (b)
surface by means of two translation axes while keeping the
beam at the intersection of the rotation axes. FIG. 1. (00) plan view bright-field zone axis TEM micrographs
Since the dechanneling information comes from theof two InGa,_,As/GaAs layers showing the different MD densities
aligned spectrum normalized to the random one, care wagong the two(110-type directionsia) sample 2x=0.105,t=68
taken in order to avoid any channeling effect in the latter. Tonm; (b) sample 3x=0.080,t=200 nm. It is worth noting that the
this purpose, the random spectra were collected while thdislocations tend to align in bands even at low density.

Ill. RESULTS

Il. EXPERIMENT
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FIG. 3. (110-oriented cross-section micrograph of sample 5
showing that the MD’s are confined within less than 50 nm of the
heterointerface.

matched heterostructures is the determination of the MD
depth location. In principle, MD’s can propagate into the
buffer and/or substrate layers, they can move at the interface
plane, or they can thread through the epilayer. In all the
investigated samples, the great majority of the misfit dislo-
cations are arranged just in the plane of the interface as
shown, for instance, in Fig. 3. In a few cases dislocations
FIG. 2. (00) plan view bright-field zone axis TEM micrograph \were observed to depart from this planar distribution, in any
of a different area of the same specimen of Fig).1Dipoles ©)  case being confined within a shallow depth near the inter-
resulting from the interaction between two orthogonal dislocationsface.
of opposite Burgers vectors are shown. Figure 4 reports the 3-MeV RB8&1G planar and001]
channeling spectra of sample 1 together with the random
strain relaxation nearly not measuralt the limit of the  spectrum and the corresponding GaAs channeling spectra for
error bay while for sample 3[Fig. 1(b)] the 10% of the comparison. The near surface channeling yields for sample 1
initial strain (misfit) has been relaxed. It is worth noting that and for GaAs are comparable, indicating a nearly perfect
even at low dislocation densiffrig. 1(a)] some dislocations surface structure. The presence of dislocations is evidenced

are aligned in bands. This observation will play a non-py the yield increase in the near-interface region. The com-
negligible role in the comparison between the estimate of the

average dislocation density as obtained by the dechanneling
techniqgue and by the strain relaxatigeee Sec. Y Of
course, the dislocation density increases with increasing
strain relaxatiorjFig. 1(b)]. As a consequence, the asymme-
try between the two dislocation arrays becomes less marked
and eventually disappears as already found by other
authors'*

Standardy-b extinction contrast TEM analyses have con-
firmed the general observation that MD’s were mostly of 60°
type as is usually reported for low misfit heterostructdres.
The g-b criterion does not permit us to determine the Bur-
gers vector sign, which in turn determines whether the dis-
location relaxes strain or not. The sign determination would 2.1 2.3 2.
require more accurate and complicated procedures; however, Energy (MeV)

it is possibele to evidence it by studying the dislocation FIG. 4. 3.0-MeV He RBS spectra of sample 1 and of a GaAs
|nteract|o.n§: In _TEM mlcrqgraphs. _AmO”Q the d|1_‘ferent . Substrate as a reference. The arrows indicate the surface scattering
types of interaction, some involve dislocations having anti-gnergies from different elements or isotopes and the position of the
parallel Burgers vectot§ such as, for instance, the dipoles inerface(intf). The In signal region of the spectra is multiplied by
shown in Fig. 2. The presence of MD’s having antiparallela factor 5 in order to better show the differences between the spec-
Burgers vectors suggests that not all the misfit lines are efya. Spectra indicated with the letters franto d refer to sample 1
fective in releasing the strain, due to the fact that one of thesgnd correspond in that order to the randgf,0), (110), and[001]
vectors must have the “wrong” sign for the strain release. directions. Spectr@ and f refer to the GaAs sample and corre-
Another important point to be considered in lattice mis-spond, respectively, to thg10 and[001] directions.

Yield (1 03 counts)

2.7
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R T T ] (~50 nm, in full agreement with the TEM results. It is
] worth noting that the yields of the planar channeling spectra

do not reach the random yield despite the fact that the ion-
beam energy is high. This point, which is most relevant for
] the remainder of this paper, will be discussed further later.
. Finally, it is evident that the tw§110 spectra in Fig. 4 are
] nearly indistinguishable, i.e., the dechanneling probability in
this case does not depend on the particular orientation of the
channeling plane.

A different behavior appears for sample 3, where the

Yield (10° Counts)
(3]

ol yields of the two{110 channeling spectra are significantly
0.7 0.8 0.9 1 1.1 1.2 1.3 different, as shown in Fig. 5. This fact can be explained by
Energy (MeV) the asymmetry in the dislocation distribution shown by the

TEM analysis of Fig. tb). This fact confirms the previous
FIG. 5. 1.4-MeV He RBS spectra of sample 3 and of a GaAsgggestion thaf110) and (110) channeling planes are par-
substrate as a reference. The arrows indicate the surface scattenﬂgu'a”y suitable for the characterization of MD arrays

energies from different elements and the position of the interface ) . . . .
(intf). Spectraa, b, andc refer to sample 3 and correspond in that . As a first approximation the dechanneling probabiflty

order to random,110, and (110) incidence; spectrund GaAs IS proportional tq the dislocatior_1 density throu_gh thg so-
{110 planar channeling. called dechanneling factérThe aim of Sec. IV is to dis-
cover the quantitative correlation betweBg (the outcome

parison between the planar and the axial channeling spectff the experimentand the dislocation density by developing
makes it clear that the dislocation contribution to the dechanan original dechanneling model. In order to test this model,
neling is more pronounced in the planar than in the axiathe channeling results will be compared to the TEM obser-
case. For this reason, and because of the geomeify16f  vations. Since the typical dimensions of the ion-beam spot
and (110) planes, which are either parallel or perpendicularare orders of magnitude higher than the usually investigated
to the dislocation lines, in the following we will be con- TEM areas, large TEM micrograph maps100 um?) have
cerned only with planar channeling along these directions. been performed on some samples as shown in Fig. 6 for

The high mass resolution achieved at 3 MeV, as shown bgample 3. These investigations show that the MD arrange-
the edges of the random spectrum, which are well separatadent is homogeneous at this scale. The homogeneity of the
even for the Ga isotopes, complicates the energy-to-depthID distribution on a larger scale has been also assessed by
conversion. As a consequence, in order to extract the deptiouble crystal x-ray topography on the whole specimen, con-
profile of the dislocations and the dechanneling probabilityfirming the reliability of the TEM maps. The MD densities of
P4 a proper spectrum simulation procedure was used. Ththe two arrays have been obtained directly by counting the
details on the simulation and on how the dechanneling probAumber of dislocation lines. The results are reported in Table
ability is obtained from the measured RBS spectra is det as average linear dislocation density. The relative errors
scribed in Ref. 18. have been taken as\iif, n being the number of counted

From the analysis of the planar spectra in Fig. 4 it turnsdislocations. A certain number of different interaction types
out thatP4=0.55 and that the defects must be distributedwas found and, as an example, Fig. 6 gives an idea of the
within a maximum depth range from the interface of thenumber and of the distribution of the interactions between
order of the experimental depth resolution of the techniquehe dislocation lines.

FIG. 6. Large-are€001) plan view TEM micrographs of sample 3 allowing us to evaluate the MD density along th@ ifodirections.
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FIG. 7. The{110 planar dechanneling probability as a function
of the square root of the He beam energy for the investigated
samples. The specific channelling plane is indicated for samples
where the(110 and(110) directions gave rise to different dechan-
neling yields. The lines through the data points are drawn only to
guide the eye. Sample 1); sample_2,(110 and (110), respec-
tively, A andA; sample 3(110 and(110), respectively,> and ¢ ;
sample 4,X; sample 5.@.

Theoretical dechanneling models predict that the dechan-
neling probability should depend linearly on the square root
of the beam enerdy® until complete dechannelingP{
=1) is reached. Figure 7 reports the experimental results of
our samples. It is evident that the linear behavior is followed

u P IS eVl ! vior | W FIG. 8.[110] cross-section TEM image of a step-graded buffer

only by samples with low dislocation densities. In fact, thek%yer of InGa, _,AS/GaAs withx varying from 0.085 to 0,225 from

dechanneling 1probablllty for ﬁgg!}es 1,4,and5 §aturates e heterointerface to the top of the layer: the dislocations appear at
alevel ofPy~3. Some autho have already discussed each interface and also propagate across the layers.

the so-called transparency effect: near the dislocation core,

where the distortion of the lattice planes is high, the ion

trajectory could cross the atomic plane and just become

channeled in adjacent planar channels. However, such an éfiterface; and, in addition, some of them thread through the

fect cannot account, by itself, for such a large reduction ofndividual layers. The(110 planar channeling spectrum of

the dechanneling. this sample recorded with a 4-MeV He beam is shown in
As a matter of fact, this low saturation value of the Fig. 9 together with the corresponding random spectrum. As

dechanneling probability is related to the nearly planar disthe aligned yield reaches the random yield, it clearly appears

tribution of the dislocations. In fact, in the case of depth-that total dechannelingR;=1) is achieved.

distributed dislocations the dechanneling probability does

saturate atPy=1. In Fig. 8 the TEM cross section of a

In,Ga, _,As/GaAs step-graded composition buffer layer is IV. DECHANNELING MODEL

presented. This buffer layer is made of five layers each 200

nm thick while the sixth(top) layer is 400 nm thick. The In : ;

concentration increases from=0.085 at a substrate inter- development of phenomenglog_|cal mode“Is of dechannellng.

face tox=0.225 at the surface in steps of variable amplitude.':Or a W'.d(.e range of appllcatlon§ the “force balgmcmg

odel originally proposed by Queand co-worket® has

From Fig. 8 it appears that dislocations are present at eaCbeen proved to be a satisfactory approach. On the basis of
_ o this approach the case of dechanneling by misfit dislocations
TABLE Il. Parameters used for the harmonic approximation o, epitaxial heterostructures has been already anal%i'zhsd.
the planar Moliee potentialu, is the one-dimensional Debye ther- ooy it has been shown that the dechanneling cross sec-
mgl V'brf"‘t'on amphtude{("m IS thg C”t'c.a‘l. oscillation 'amplltud'e, tion can be written as the product of a purely geometrical
d is the interplanar spacing, amdis the fitting harmonic potential term and a physical term that contains the details of the con-
parameter. fining potential and the incident ion energy. The geometrical
term predicts the behavior of the dechanneling probability
for different channeling configurations, i.e., the variation of

A great deal of work has been devoted already to the

ur(nm)  d/2— X (MM xim(nm) VK72 (16 MeVY2 cm™Y)

GaAs 0.085 0.0092 0.0907 0.7188 the dechanneling rate as a function of both the angle between
GaP 0.0088 0.0094 0.0869 0.6904 the dislocation line and the channeling plane and of the angle
InSb  0.0128 0.0128 0.1017 0.6122 between the dislocation line and the channeling direction
Si 0.0075 0.0084 0.0876 0.5784 within the plane. This approach, where the plastic distortion

field due to a dislocation is taken into account only through
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of the actual trajectory on the channeling plane will be
called the longitudinal motion. The remaining component
. is the so-called transverse motion that is relevant for
] dechanneling. The transverse motion is the projection of
y the ion trajectory on the normal to the channeling plane
] and the solution of this one-dimensional motion is sufficient
y to determine the dechanneling probability. Even in a
] perfect crystal dechanneling occurs because of small-
] angle scattering events between the channeled ion and
] the atomic nuclei of the crystal lattice and between the
- — PR ions and the electrons in the channels. Additional scat-
2 2.4 2.8 3.2 3.6 4 tering events occur in the presence of lattice defects,
Energy (MeV) like dislocations, and the total dechanneling probability
is the result of the combined effects of these scattering

FIG. 9. 4-MeV He RBS spectra of the step-graded buffer layer . o . -
of Fig. 8. Spectraa andb correspond to random ar@10) inci- mechanisms and of the defect contribution, including any

dence, respectively. Arrows indicate energies for surface scatterinBOSS!bIe correlation between.them. N.evgrth'eless here we
from different elements. consider the case of a quasiplanar distribution of defects
whose influence on dechanneling is limited to a thin region
where it dominates over the other contributions. For this rea-
the peak value of the induced curvatlirecannot predict a son the dechanneling probabilitthe interesting quantity
saturation level below 100%. from the experimental point of viewwill be calculated by
Only models based on the dynamics of the ions in theconsidering only the dislocation effect and by neglecting the
channels can explain this effect, as already shown in the casgattering due to electrons and thermal vibrations. The
of dechanneling by dislocation loops in axial channelingdechanneling probability is defined as the change of the
configuratior®®*® Then, our previous model has been aligned normalized yieldas a result of the crossing of the

modified toward a dynamic approach whose main charactegisiocation grig divided by the fraction of the originally
istics are the following. channeled beam.

(i)  Only planar channeling is considered, for two reasons. Let x be the coordinate describing the transverse
As is well known and as is shown in Fig. 4, planar motion and let the origin be at the center of the channel. The
channeling is more sensitive to dislocations than axiaPlanar potentiall,,(x) (index v indicates that atom vibra-
channeling. Moreover, planar channeling is sensitivelions about their lattice equilibrium positions are considgred
to the dislocation line orientation as shown in the pre-iS calculated by summing up the continuum Madigooten-
ceding section. tial calculated for the four nearest-neighbor atomic planes

(i)  The dislocation distribution is supposed to be two di-and by settingU,,,(0)=0. As usual the transverse energy
mensional. In other words, it is assumed that eactS defined as the sum of the potential energy and of the
channeled ion can perform at most one interactiorfransverse kinetic energy'|X2/2. If no additional(externa)
event with the dislocations along the trajectory. force is present, the transverse energy of the ion probe

(i) The actual confining potential is approximated byis conserved, ie., the particle oscillates between two
means of a harmonic potential. The deviation from theneighboring atomic planes with constant amplitude. The
harmonic behavior will be discussed and taken intolower the amplitude of the oscillation, the lower the prob-
account. ability of backscattering events between the incoming ion

and a lattice nucleus. This effect is quantitatively described
The present model builds on the general approaclhy introducing the so-called close-encounter collision prob-
introduced by Lindard and Bonderwg al, who were the  ability II, i.e., the probability of backscattering normalized to
first to propose a description of dechanneling phenomenghe random case. Due to their thermal vibration, the lattice
in terms of the amplitude of the oscillating ion trajectdf>  nuclei are assumed to be statistically and isotropically dis-
tributed about their equilibrium position, the distribution be-
ing a Gaussian whose standard deviationis the one-
A. Normalized backscattering probability dimensional thermal vibration amplitude,. If d is the
It is well established that the motion of a channeledinterplanar spacing and is the amplitude of the transverse
ion may be divided in two main components. The projectionmotion we have

Yield (10° counts)

ox) 2 - J§lo2mexp(— (d/2—x")%252)dX' 1\U 5, (X) = U, (X)
P04 J5dX 1\Up, (X) = Upy(x') '

()
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From the close-encounter probability, the normalized chan- X,

neling yield can be calculated by integrating over the ampli- Th=27-r\/m/K:7-r\/2m—(c:, 3
tude distribution. VEL

In our approach a channeled particle becomes deCh‘z‘Wherem is the mass of the ion probe. Under the actual po-
neled when its c_Iose-_en_gounter pr_obablllty rea_ches 100 Rential U,, the period depends on the oscillation amplitude,
Through Eq.(1) this definition is equivalent to define a criti- i

cal amplitude of the transverse motiog,,, or a critical
transverse energ)E§=Upv(x|im). However, it must be X dx’
stressed that here the critical distance of approach depends T(X)=4\/Ef —.
on the actual planar potential as shown by the values re- 0 \/2[UpU(X)—UpU(x )]
ported in Table Il for different materials. From this data it The oscillation period fixes the time scale for the interaction
appears, in any case, that its value is quite reasonable asjith the external force and consequently the average trans-
turns out always to bed{2—x;,)~o. Althoughll can be  verse momentum variation. Since the period depends on the
greater than 1 forx;m,<x<d/2, or, equivalently, forEY  oscillation amplitude, the equation of motion could be solved
<E,; <U,(d/2), it is reasonable to assume that in this con-only by numerical methods. In order to deal with the prob-
dition, which may eventually be determined by the abruptiem in an analytical way, the natural approximation is to
energy variation due to the dislocations, any residual coherequateT}, to the average value of betweenX=0 andX

ence of the transverse motion of the particles is easily wipee-x;.,. Actually, since particles starting with amplituds

out. In fact, the energyAE=[U,,(d/2)— ES] is small  close tox;, can vary their dechanneling probability less than
enough to be promptly supplied by the highly probable scatthe well-channeledI{=0) ones, we calculate the weighted
tering events between the ions and the lattice nuclei even hean ofT as follows:

they are small-angle events. Therefore, the critical amplitude

4

Xim introduced here is just a cutoff parameter for the validity fé”m[l— II(X)]T(X)dX
of the continuum potential approximation and it is not to be (M=% 1-T1001d X ®
confused with the critical distance in the simple two-beam Jo" (X)]
picture of channeling. The conditionT,=(T) gives
B. The harmonic approximation th:% JES/m(T). (6)
As anticipated, the main approximation of this model con-
cerns the form of the confining potentidl. Following other In summary, Egs(2) and (6) give the condition for the

authors the actual potentidl,,(x) is approximated by harmonic approximation of the confining potential. From
means of a harmonic potentill,(x) = Kx?2, which makes now on we will drop the indexh of the virtual coordinate
possible a crucial simplification of the form of the equationx, and we will call it the “transverse position” of the par-
of motion for the channeled particles. The accuracy of thisicle even if it is not the actual transverse coordinate.
approximation is limited by the nonharmonicity of the actual

potential U,, mainly around the critical energi . This C. Lattice distortion and perturbation

problem has already been treated by other authors and, in to the harmonic oscillation

particular, by Gartner, Hehl, and Schlotzhatfem order to
provide the suitable approximation for our problem we pro- .
ceed as follows: the dechanneling process is considered
terms of transverse energy variation. In other words, if th
transverse energy of a particle changes fiém(before to
E, (aften as a consequence of the interaction with the dis
location, the dechanneling probability of the particle
must increase by a quantity AII=II[E, (aften]
—1II[E, (before)]. By defining a virtual amplituds;, for the
harmonic oscillating motion such thit = KXﬁ/Z, complete
dechannelingll=1) is achieved for a critical virtual ampli-
tude X;,¢, given by

Following most of the literature on this topic, the disloca-
n distortion field is taken into account by considering a
ecentripetal force acting on the traveling ions in the frame of
reference of the channel. The force at a given poinf is
=mu2C, wherev is the ion longitudinal velocity an€ is

the effective curvature of the channeling plane at that point.
It is called effective curvature since the component within
the channeling plane of the displacement field generated by
the dislocation does not affect the motion of the incoming
ion, at least in the linear approximation of the elasticity
theory. Then the equation of motion for a channeled ion is

d?x K )
K 5 _ZZ_EX+U C. (7)
ET =Up,(Xjim) = Uh(xhc)ZEXhC' i) dt

The curvatureC depends on the elastic distortion field
It follows that both the harmonic parametérand the critical generated by the dislocations, which in turn is strongly re-
virtual amplitude are related to the critical transverse energjated to the geometric layout, i.e., to the orientation of the
so that another condition is needed in order to specify thelislocations and their Burgers vectors with respect to the
approximation. This condition concerns the oscillation pe-channel. In principle, it is possible to calcula@ for any
riod due to the confining potential. In the harmonic case it isdislocation configuration by summing one by one the elastic
a constant given by distortion fields of all the dislocations. The effective curva-
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ture C due to one dislocation having given orientation and The integral of Eq(10) is given by the sum of the general
Burgers vector and for a given longitudinal trajectory be-solution of the homogeneous equation and of a particular
longing to a given channeling plane is calculated in Appensolution. Of course, the general solution is the equation of
dix A. motion of a free harmonic oscillator

The result may be expressed as follows:

arctar( & Z—T2>

)

Yo(7)=Y cogwr+ D), (12

®) whereY and® are the oscillator normalized amplitude and
phase, respectively. In order to find a particular solution of

_ _ _ o Eq. (10), the functiony is expanded into Fourier series such
wherez is the spatial coordinate of the longitudinal motion, g5

B is the magnitude of the Burgers vectoy, is the impact

parameter with the dislocatiof,, is the component of the Ao [Ta .

channeling direction perpendicular to the dislocation line, X(7)= . x(kyexp(ik)dk. (13
and £=*1. The functiony, which we call the distortion

function, is dimensionless and does not depend on the physi- Under the action of the external force, for the particular
cal quantities that are relevant for dechanneling, namely, thaormal mode exg7), the harmonic oscillator tends to reach

confining potential and the longitudinal beam enefgge a steady state described by the function
Eq. (A8)].

B
C(Z)=T—§X

If, as a first-order approximation the energy loss is ne- exp(ik7)
glected, it is possible to write=uvt, wherev is the longitu- Y(7) = P (14
dinal velocity. Having defined=muv?/2, it is convenient to @
introduce the following reduced variables: Since Eq.(10) is linear, the superposition principle guaran-
tees that the particular solution is given by
X
y=" BX; [+> exp(ik )
X )= CJ (k) ———dk, 15
Vo= | MO (15
o= To (9) so that the general integral of the equation of motion is
\/El
Y(7)=Yp(7)+Yo(7)
vtVET =yp(1)+Y cogwr+d). (16)
T= .
FoXe The problem is thus reduced to the calculation of the in-
Then Egs(7) and (8) give tegral in Eq.(15). The functiony in Eq. (15 depends on the
nature of the dislocation line and on the geometric layout of
d2y BX the experimental situation. The calculationyofor two im-
—+ w?y=x(7) CC (100  portant configurations, which will be analyzed in detail in the
dr E! next section, is reported in Appendix B. Although these con-
figurations, described by the functions and xs,represent
and L . . .
two limiting cases, any configuration of interest can be de-
scribed by a linear combination of these two functions. For
Y(7)=yx| arctan == | | , (113 both Xe and x,the integral in Eq.(15) can be pgrformed
Te analytically by means of the theorem of residuals. The
asymptotic behavior, for— + o, has a close form given by
VE?
Te= . (11b . B
ToXc yp(7)= K[bl(ﬂ NwTc)COY W)
C
It is useful to bear in mind that, according to the statement at )
the end of Sec. IV BX, is the critical virtual amplitud¢Eq. +Eby(1= 7+ por)sin(wr)Jexp — ), 17
(6)].
In EqQ. (10) a channeled particle corresponds to the condi- N
tion —1<y<1. The information concerning the material, yp(T)_ZTz bscod wr)exp — w o),

the channeling configuration, and the dislocation are con- 2ne

tained in the last term of the differential equation. The criti-for y, and x5, respectively, and with the meaning of sym-

cal elongationX,. affects not only the amplitude of the exter- bols defined in Appendix A. In the special caseTof=1

nal force but also the time scale of the interaction as ithese results agree with that in Ref. 11. It is worth noting that
appears from Eq(11). Incidentally, we can see that the ar- the asymptotic effect of the perturbation is to introduce new
gument of the function arctan in this equation is proportionaterms having the same periodicity of the free harmonic os-
to T,,, as expressed by Ed3), supporting the harmonic cillator [Eq. (12)]. A comparison between the numerical so-

approximation to the potential introduced in Sec. IV B. lution of Eq. (15 and the asymptotic analytical form given
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FIG. 10. Comparison of the asymptotic analytical solutisolid *
line) and of the numerical complete soluti¢soty of Eq. (15) for a FIG. 11. Comparison of the distribution of the normalized har-
particular set of initial conditions. monic amplitude for different materials as a function of the normal-

ized impact coordinate. The inset shows the central part to better
appreciate the small difference between the curves relative to dif-
by Eq. (17) shows that the two solutions are indistinguish- ferent semiconductors as indicated in the figure. The full line rep-
able when the system completes at most one oscillation afteesents the uniform distribution of impact parameters with respect
the action of the perturbation. This point is illustrated in Fig.to the Molige potential.
10 for a particular set of initial conditions; however, the dis-

played behavior is of general validity. on the materiallattice parameter and thermal vibration am-
According to Eqs(17), the general form of the complete iy qe) as shown in Table II. Nevertheless the distribution

solution of Eq.(10) for any configuration, can be written as of normalized harmonic amplitudes is nearly material inde-

pendent as shown in Fig. 11. As a matter of fact the differ-
ence in the distribution for different materials amounts to a
whereY; and ®;, which are functions of the initial condi- maximum of +3% and must be compared to the difference
tionsY and®, are the amplitude and the phase of the oscil-with respect to the harmonic distribution, which amounts to
lation after the perturbation. As we assume that statisticamore than 20%.

equilibrium is reached before the ions enter the distorted re- The actual amplitude distribution just before the disloca-
gion, the initial phase is uniformly distributed. On the othertions should be calculated by taking into account the modi-
hand, since the close-encounter probability is a function ofications in the surface amplitude distribution that are in-
the amplitude of the harmonic oscillatpsee Eq.(1)], the  duced by the dechanneling processes occurring in a defect-
relevant quantity for the calculation of the deChanneIingfree Crysta'_ However, we neg'ect these processes in our
probability is just the functiorY(Y,®) and the statistical model since we are interested in epitaxial structures where

distribution of the initial amplitudes. . _ the epilayer-substrate interface is located, at most, several
The distribution of the initial amplitudes is determined by hundred nanometers below the surface.

the form of the actual confining potential when the incoming |4 conclusion, if G is the inverse function ofY, the
ions cross the free surface of the crysfaln our harmonic gechanneling probability for a given value of f(w), can
approximation the initial amplitudes are calculated as fol-pe calculated as follows:

lows: x is the actual impact coordinate which is uniformly
distributed in the interval — X, ,X;im]- IN order to preserve

the actual transverse energy distribution, the normalized har-
monic amplitudesy are obtained by requiring that the har- f(w)

y(7)=Y;cof wr+ D), (18

 JAYSETAD{IIX Y (Y, )] - TI(XY)}G'(Y)

monic oscillator energy is equal to the actual transverse en- f%deﬁ”d(I)[l—H(XcY)]G’(Y)
ergy of the incoming ion: (20
X . . .
Y(X)=— Sincew=ry/\E, i.e., for a given value of the beam energy
Xe the “pulse” is proportional to the impact parametgy, the
_ W integral dechanneling probability, for a uniform distribu-
pu L tion of impact parameters must be computed by integrating
= U, (97U o (Xim)- (19 f(w) over the interval 0,wma=r5>YVE] wherer T is a

suitable cutoff parameter beyond which the dechanneling
The functionY is reported in Fig. 11 as a function of the contribution becomes negligible. This cutoff parameter shall
normalized coordinat&’ =x/x;,,. It is worth noting that it depend on the specific dislocation configuration as presented
deviates substantially from the linear relationship resultingn the next subsection. In order to obtd®y by the integra-
for a uniform distribution of impact parameters on the har-tion of f(w), the calculation procedure fd(w) is repeated
monic potential, showing the importance of the anharmonicfor a set of differentsignifican} values ofw and thenf ()
ity. In our approximation the harmonic parametedepends is determined by interpolation over the specified interval.
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DL

FIG. 12. Geometry for the calculation of the
dechanneling probability of two orthogonal ar-
rays of dislocations line@DL’s): (a) two crossing

N dislocations;(b) two arrays of DL's with differ-
ent densities -~ andN_). The heavy continu-
ous lines represent the dislocation lines. The
shaded rectangle represents the integration area,

DL

AR 2 ™ which is divided into region# andB for the 2D
- x and 1D integration types, respectively.
2 pmax N>
0
(@) (b)
D. Solutions for specific dislocation configurations polar frame of reference whose origin is at the dislocation

The effect of typical configurations that are more fre- ”Ogng- A square, centered &, whose side length is
quently found in low misfit heterostructures may be obtained?To IS considered. A poinP inside the square defines two
action between the ion beam and the lattice distortion cause€Rtions, i.e.rqcosx andrgsina [see Fig. 12)]. The distor-
by an array of para||e| di5|ocation$ti) the effect of two tion field is the sum of the fields of the two dislocations and,
crossing dislocations and the generalization to two crossingwing to the linear approximation in the calculation of the
arrays of parallel dislocations. total curvature(Appendix A), the equation of motiofEq.

In the case of a planar distribution of parallel dislocations,(10)] becomes
we assume thatrd'®=N"1,whereN is the (averagg dislo-

cation density per unit length. The dechanneling probability, ﬂ: w2yt BXC[Xa(Qs) N Xo(@')
PiP, for this array(one-dimensional arrayis then given by d 72 “ g | co2a  sira |
P&°(X, @mad = P3P, rg 1 VE) (o
0
w =—
1 pmax @ \/E'
= @(JOO f((y))dro
1 (o ¢>=arctar( ) ,
—— | "f(w)do, (21) TCOS
®Wmax’ 0
where x is reported as a label to indicate the geometrical ¢>’:arctar6 T ) (22
configuration. TeSiNa
Since wmay= ¥ JE=1/(2N\E), Eq.(21) givesP." as
a function ofNE. That shows that different samples of the = Mo
same material, having different dislocation densities, will ex- 0 max |cosa|,|sina|) '

hibit the same dechanneling probability at an energy value ) ] o ]

that is scaled as the inverse of the square of the dislocatioffhere is the angle defined in Fig. 1@. Equationg22) are

densities. This result will be later applied to study one couplesolved in the same way as H30) with the difference that in

of channeling configurations particularly suitable for thethis case the dechanneling probability for the given impact

study of MD’s because of the particular features shown byPoint P obtained by Eq(20), fx(rq,«), is a function of the

the resulting dechanneling probability functions. two parametersry and a(0<a<2m and O<ro<rpa).
Before doing this, let us consider the ca@® of two  Analogously to what has been done for cagea uniform

crossing dislocations. Despite the fact that there is no limit talistribution ofr 5 within the interval[0,r 5] is assumed and

generalization, the calculation will be restricted to the par-wma=rg>7E is defined. Then the total dechanneling prob-

ticular case of perpendicular dislocations, corresponding tability P§D can be calculated by averagifig over the square

the experimental situation if001]-grown heterostructures. of sider{®:

This is done to avoid cumbersome formulas and notations

that would be scarcely significant in this context. Moreover,P3%(x, , xp , @may)

for the sake of simplicity, we suppose that the direction of

the incident beam, i.e., the unit vecfbr is perpendicular to 1 rmax 2m

the planep containing the dislocationsTg=1). Actually, as = max, 2 8rodro | -~ da fy(rg,a)

SR ; ) ) 2m(2rg®)2Jo 0

it is discussed in Appendix B, most of the experimental con-

figurations that are used for dechanneling analysis are quite 1 Omax o

close to this situation. = f wadwaf da fy(rg,a). (23
0 0

Figure 1Za) shows the plang of the dislocations and the T ®max
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If the dislocations are arranged in a network of two perpen-

dicular arrays, both characterized by the samerage dis- 0 ' /‘ﬁ/
location density per unit lengtN it can be set Bf**=N"1 0.5 T .
and alsoPZ" is given as a function oR\E. Py

In order to obtain the total dechanneling probability in the 041 / ]
case of different dislocation densities in the two arrays, the =03 [ ',"/" ]

plane containing the dislocations is divided into rectangular = : —_—

cells as shown in Fig. 1B). The sides of the rectangle have 02 [ / —_ i
length equal tNZ*andN_! whereN. (N.) are the high- S — ]
est(lowes) of the two dislocation densities. Each unit cell is 0.1 ,/ - - .
composed of a square regioA) and a rectangular region - ' ] . ]
(B). It is assumed that in regioA the interaction with the 0 o — 2 ‘ ‘04 - '08‘ 1

. - . - 0.6
two dislocations, which cross at the center of the region, NVE (10°MeV'2em™)

dominates over the effects due to all the other dislocations,

so that the dechanneling probability is given by E2B). On FIG. 13. Computed110) planar dechanneling probabilities for
the other hand, in regioB only the effects due to the dislo- different configurations in GaAs as a function ob !
cations in the highest-density direction are supposed to beNVE: P3°(xs) (long-dashed ling P3°(x.) (dash-dotted ling
effective. The total dechanneling probability is then theP3>(xs.xe) has been computed for different thermal vibration am-
weighted average between the 1D probability of regin plitudes:u; =0.0085 nm(solid line); u; =0.0075 nm(short-dashed
and the 2D probability of regioA. This is summarized by line); u;=0.0095 nm(dotted ling.

anions and cations Moreover, for these planes both the
minimum yield and the dechanneling rate for a perfect crys-
tal are low. In addition, as calculated in Appendix B and
shown in Fig. 17, the ratio of the maximum amplitude of the
two distortion functionsyg®/ x< > is greater than 4.5 for all
the cubic semiconductors. As a consequence, the Ratie-
tween the dechanneling probability for configurati@nand
s is particularly high and small asymmetries in the disloca-
tion distribution can be detected by using these channeling
planes.

The calculatedP:P(xe), PiP(xs), and P3P(xs.xe), for
GaAs {110 channeling planes, are reported in Fig. 13 as a

ExperimentallyP§ and pg can be measured by changing function ofw~*=N\E. It can be seen that the rafdvaries
the channeling plane in such a way that the high-densitybout from 3 to 2 whemNE increases over the displayed
dislocation array is either in configuratiop, or x,. Of range. Within the range ON\E<0.3x 10f MeV¥2cm™?
course the low-density dislocation array in then in configu-the dechanneling probability behaves almost linearly while
ration y,, or x,, respectively. Equatio(24) also shows the for higher values it tends to saturate. The saturation effect is
way to measure botN- andN_ . In fact, for a given ratio of  stronger forPSD,Whose rate of change is quite negligible for
the dislocation densitiedl_ /N-, the difference between N\E>0.7x10f MeVY2cm™t. These features limit the
P§ and Pg is greater the higher the difference betweenrange of dislocation densities that can be detected by dechan-
PéD(Xa)and PéD(Xb). For this reason the best combination neling, the upper limit being fixed by the lowest beam energy
of channeling configurations is the one providing the higheseompatible with the thicknesis of the analyzed layer. For
difference between the average magnitude of the corresponthstance, h~100 nm requiresg.,,;>0.5 MeV and then
ing distortion functions. Npax~1Xx10° cm L. On the other hand, since the uncer-

Appendix B reports the calculation of the distortion func- tainty in the experimental determination Bf is of the order
tion for two configurations. The first one is the case of aof 0.03, forE~6 MeV we haveN;,~10* cm™%, which is
dislocation perpendicular to the channeling plane. We namalso the order of magnitude of the minimum detectable dif-
it screw configurationg) since the corresponding distortion ference between the dislocation densities in the W0
function ys depends only on the screw component of thedirections.
Burgers vector. In the second case, the edge configuration In order to determine to what exteRy varies by chang-
(e), the dislocation direction belongs to the channeling plandng the atomic vibration amplitude, the 2D probability has
and the distortion functiog, depends only on the edge com- been computed for different valueswf. In fact experimen-
ponent of the Burgers vector. These are possible configuraal resultd’ on GaAs thermal vibrations are discordant and
tions in (001)-grown heterostructures where misfit disloca-range fromu;=0.025 A to u;=0.117 A. The solid-line
tions are (110 oriented and the couple ofi10 planes curve of Fig. 13 has been obtained by assuming for Ga and
perpendicular to the interface are either perpendicular or paAs atoms an average thermal oscillation amplitudg
allel to the dislocation lines. These planes are also conve=0.085 A as calculated by using the Debye model for Ge.
nient from the channeling point of view because the atomicThis value is quite reasonable as it turns out to be also the
sheets are equally spaced and mixieg., they contain both average value of many computed and measured values of

: N

>

N
) = N_PgD(Xava!wmax)

>

+

1- %) PE(Xi  @ma),  (24)

>
where P}, (i=a,b) is the total dechanneling probability
when the densest dislocations are in configuratignor
Xb, and

Omax= 2N~ \/E (25
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u; as reported in Table | of Ref. 27. The values of 0.7 T T T T T T
P4P(xs.xe) computed foru; =0.075 A and foru; =0.095 A 06 b E
are also reported in Fig. 13. It appears that a variation of B P o X x- =
u, of about 25% gives rise to By variation lower than 7%, 05 F v e g
so that the results of the dechanneling model are not too 04 L %x ]
sensitive to the actual thermal vibration amplitude. a” 3 ,0
Finally, a few words about the depth range where dechan- 03| ¢ ]
neling occurs. The transverse motion in the harmonic ap- 02 | /' 1
proximation is characterized by a wavelength given by -
0.1 |/ .
A=vT L
O‘.‘\x"\,..\‘,\\.‘y\...l\\\1>y\'
=2m\E/(K/2) 0 02 04 06 08 1 1.2 14 16
NVE (10° Mev'Zem™)
Xe
:ZW\/E—C\/E- (26) FIG. 14. Comparison between the experimental determination
-+ of the dechanneling probability for samples(Q), 4 (X), and 5
On the other hand, the interaction with the dislocations i4®), showing no asymmetry in the dislocation distribution, and the
appreciable at a distan¢g| ., given by model prediction for a square network of dislocati¢dashed ling
_ |tan¢>|maxr are widely different and variable with the dislocation density.

|2l ma= T, 0 (27) As for the TEM errors, in the present investigation we are
concerned with low dislocation densities and the error bar

From the data reported in Fig. 17 it appears that for GaAgan be reduced only by increasing the number of observed
{110, it is |tan(¢)|max—2. Then, by using the value of the dislocations. This would require us to increase the examined
harmonic constant reported in Table Iz|n./(N2)  sample area, and it must be stressed that in order to reduce
~0.45,/JE=0.450, with @ in units of 16 cm the error bar by a factor 2 the examined area should be in-
MeV~ Y2 This means that fom<2.2, i.e., for most of the creased by a factor 16. The error bar in the data coming from
dechanneling events, dechanneling occurs essentially withithe strain release measure is essentially dislocation density
half of the trajectory wavelength, in perfect agreement withindependent as it comes from the error in the tetragonal dis-
the results of the numerical solution of the equation of mo-tortion measuréchanneling and from the error in the alloy
tion (see Sec. IV C and Fig. 10From Eq.(26) it turns out  composition(RBS). In our experimental setup they contrib-
that \/2~44E nm with E in MeV. This quantity estab- ute a total of~(3-5)x10* cm L. Finally, the estimation of
lishes a lower limit for the dislocation depth location by the error in the dechanneling measure comes from the half-
dechanneling. This limit can be higher than the intrinsic RBSdispersion of the data obtained for different beam energies.
resolution and is a conflicting parameter with respect to theéAs a consequence of the saturation effect, the error may vary

sensitivity, which increases with increasing energy. by more than one order of magnitude following the value of
the dislocation densitysee, for instance, samples 2 and 4
V. DISCUSSION For this reason the comparison of the results is divided into

. . " ) ) low- and high-density regimes.
The dislocation densities for each of the investigated |n the case of low-MD-density samplé2 and 3 (where

samples have been determined by comparing the experimegso an asymmetry in the dislocation distribution is ob-
tal (110 planar dechanneling probabilities to the theoretical

curves as discussed above. The results for samples with no

asymmetry in the dislocation distribution_are presented in o T

Fig. 14 while Fig. 15 shows th€l10) and(110) dechannel- 1 ]
ing probabilities for sample 2 exhibiting the highest asym- 02 i B
metry in the dislocation distribution. The only fitting param- i

eter in this comparison is the dislocation density. The 0.15 | ]
resulting values are presented in Table I, where the TEM o~ .
data and the predictions given by the RBS-channeling tetrag- 0.1 + ]
onal distortion measuremeft£® are reported for compari- : (JL ]
son. The estimation of the dislocation density obtained from 0.05 | %% .
the tetragonal distortion is calculated by assuming that the 3 <}> ]
in-plane strain is related to the tetragonal distortion as pre- ol v
dicted by the isotropic elastic continuum mddeind that 0 0.05 0.1 0.15 0.2 0.25

only 60°-type MD are present.

From the comparison of the data in Table | it appears that
the three techniques supply comparable results within their F|G. 15. The dechanneling probability of sample 2, showing
respective error bargapart from sample 5, where the dis- asymmetry in the dislocation distribution, f6t10) (®) and (110)
crepancies are a bit larger than the combined exrétew-  (O) planar channeling and different beam energies. The lines
ever, the experimental uncertainties for the three techniquasrough the data points are the result of fitting the model prediction.

N\\/E(l 0° MeV'/Zcmq)
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served the agreement between dechanneling and TEM datdirection shown by the experimental results. On the other
is surprisingly excellent in view of the fact that no adjustablehand, since our samples are low misfit ones and since TEM
parameters in the dechanneling model are present. Thus gives no evidence of a significant edge dislocation presence,
appears that dechanneling is an accurate technique for thkis is not the probable explanation of the observed discrep-
measure of relatively low dislocation densities. Moreover, itancy.

is very precise as its error bar is two times and one order of (iii) The third point concerns the reliability of the relaxed
magnitude lower than those of the TEM and strain techniquestrain data as obtained by RBS channeling. It has been dem-
respectively. Finally, dechanneling is also quite sensitive t@mnstrated that RBS channeling and x-ray diffraction provide
the dislocation distributioksee Figs. 13 and 1®ven though measurements of the tetragonal distortion of an epitaxial
it is not an imaging technique. layer in perfect agreemefft! In the case of RBS channel-

In the high-density regimeN>10° cm™*) the main re- ing, in order to obtain the in-plane strain the relation be-
sult is the very good agreement between the predictefyeene, and the perpendicular strai, arising from the
dechanneling saturation leveP;°(xs, xc)] and the experi- isotropic elastic continuum model is assuni@ddowever,
mental data. as ShOWI’] in F|g 14. At the same time, decharthere are experimenta| data that contradict this
neling saturation causes large uncertainties in the measure gésumptiorf®3! One possible explanation is related to the
the MD density. Nevertheless, by comparing dechannelingonservation of the bond lengths and to the consequent de-
and strain results, a systematic difference appears. This rggrmation of the angles between anion and cation bonds
quires a detailed discussion. leading to significant deviations from the ideal zinc-blende

One of the assumptions of the model is that dislocationgattice, particularly under epitaxial conditions. These “inter-
are equally spaced in each array. Actually, this is not truepa|” degrees of freedom can give rise to a lower elastic
and the onset of a nonlinear dechanneling regime affects th@nergy density per unit volume and consequently to a lower
accuracy of the dislocation density estimation. In fact, whenetragonal distortiotf than is predicted in the frame of the
two or more dislocations are closer than the saturation disyirtyal crystal approximation. As a matter of fact, the data of
tanceds~20JE(MeV) nm corresponding to thd\E satu-  Fig. 8 of Ref. 28 show that, at high MD density, the strain
ration value of about 0810° MeV¥2cm™ (see Fig. 13 relaxation determined by channeling is an overestimate with
they cannot be discriminated. This fact leads us to underesespect to that obtained by double crystal x-ray diffraction.
timate the average density. This effect is expected to be infhe difference amounts to about (2-6)0"4 cm™ %, corre-
creasingly important with increasing dislocation density aﬂdsponding to an increase of the estimated MD density of
it is a possible explanation for the discrepancies between thghout (2—6)x 10* cm™%, which compares very well with the
strain predictions and the dechanneling results. However, fifference of (3—7)X 10* cm™! between the strain and the
should play a role also in the case of low dislocation densigechanneling measure observed for samples 1, 4, and 5.

ties, because of the OC(::Urr-ence of dislocation b@ﬂde Flg As far as the dechanne"ng model is Concerned, we em-
1(a)], if the MD separation is of the order ¢br lower than  phasize that its usefulness is strictly related to the well-
ds. defined geometry of the MD in semiconductor epitaxial het-

In any case, to complete the discussion on the relatiogrostructures. In this respect, however, the present GaAs
between relaxed strain and MD density we must take intqesults can be easily extended to other materials. In fact, as
account the following points. shown in Fig. 11, the dependence of the results on the ma-

(i) TEM images show that dislocation dipoles are presenterial parameters is very weak for all semiconduct@isc-
in our samplegFig. 2. They are generated through the in- plende or diamond structunesin addition, the distortion
teraction between crossing dislocations having proper Burfunctions calculated in this paper for GaAs are not much
gers vectors! A dipole can be detected by dechanneling asgifferent from those of other materials, as the Burgers vec-
one or two dislocation lines depending on the separation beors and the Poisson ratio do not vary appreciably for differ-
tween the two dislocation branches. Since dipoles are inefent semiconductors. Moreover, the influence of the lattice

fective in releasing strain, their presence would increase thgiprations, often not very well known, is weak as well.
number of MD’s detected by dechanneling with respect to

the value predicted by the relaxed strain data. However, ac-
cgptable statistics on the_dipole densitie_s could not t_)e_ o_b- VI. CONCLUSIONS
tained by the TEM maps in agreement with energy minimi-
zation arguments, suggesting that the percentage of Quantitative and qualitative characterization of misfit dis-
dislocation dipoles should not be significant. locations at the interface between an epitaxial layer and the
(i) Despite the fact that the overwhelming majority of substrate has been carried out on a serie§006) grown
MD'’s are of 60° type, the presence of pure edge dislocationdn,Ga _,As/GaAs low misfit samples by means of dechan-
arising from the interaction between two 60° lines, is moreneling and TEM. Planar channeling along the ty0lC}
probable the higher the overall MD densifyEach edge planes perpendicular to the interface has been performed at
dislocation gives a double contribution to the strain relax-different ion-beam energies. The dechanneling probability
ation with respect to a 60° one but, from the dechannelinglue to the dislocations increases linearly with the square root
point of view, the two types of dislocation are quite indistin- of the energy until a saturation level of abautis reached
guishable as the distortion function for the edge dislocatiordue to the quasiplanar distribution of the dislocations. More-
is comparable toy.. For this reason, the presence of manyover, samples where TEM images show an asymmetric dis-
pure edge dislocations would give rise to discrepancies in thication distribution exhibit a different dechanneling prob-
opposite direction with respect to itefd and in the same ability for the two mutually perpendicular channeling planes.
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The latter effect is due to a sort of geometry-induced selec-

tion rule.
These experimental features are well accounted for by the §
planar dechanneling model presented in this paper. The pro- ) /
posed mod_el_ is based on the_harmomc approximation _of the %//
actual confining planar potential, the average contribution of Qe J
the anharmonic terms to the dynamics of the particle being e
taken into account. The dechanneling probability is obtained / 4
by solving the equation of motion of the ions and by taking DL €
into account the statistical distribution of their transverse am- p
plitudes. No adjustable parameter is present and the form of r()

the equation of motion is such that all the essential informa-
tion about the relative orientation of the dislocation and the
channeling direction is contained in a single term called the
distortion function. The model can be applied to all the pos-
sible orientations of the channeling plane with respect to the
dislocation line. In this paper the calculation has been carried
out for the case of misfit dislocations {801)-grown hetero-

structures. The calculated dechanneling probabilities turn out ) o .
to agree very well with the experimental results both at low FIG. 16. Geometrical description for the most general configu-
and at high beam energy, where the saturation level is COIrgtlon ofa rect_lllnea_r dislocation lingdL) and of the ion trajectory

rectly predicted. (T). The relationship between the rectangular frame of reference

Supported by this model, the dechanneling technique be(jefined by the unit yectors_h e,, ands and the cylindrical frame
comes well adapted to determine the MD density and orien9f reference ¢, ¢,s) is shown.
tation. It is quantitative, non destructive, and its accuracy is

of the same order of magnitude of the one obtained by Iargev-vherero IS the Impact parameter bet_vyeen the '“C'de.m 'on
d the dislocation line,(z) is the position vector, and is

area TEM micrographs. These features can give an importa ) '
contribution towgrdl?[he understanding of thegmechanigms of '€ goordmate glong such thatr (0)=ro¢=*1 gives the
strain relaxation. As a matter of fact, a single RBS- relative orientation OT(O) andel : L

channeling experimental setup provides independent infor- The efect of the_ d!slocatl_on d|stort|c_)n_ field may be eyalu-
mation on the alloy compositiofmisfit), the tetragonal dis- ated as fOIk.)WS' W|th|_n the linear ela_st|C|ty theory, a point .at
tortion of the epitaxial film, and the misfit dislocation a positionr in an undls_t(_)rte,d crystal is forced _by the elastic
densities and orientations. That appears to be a powerful to&lsto_rtlon field to a position’ =r+ u(r_),whereu IS the_ elas-

to investigate the role of plastic relaxation in misfit accom-1iC displacement vector. The result is a local bending of the

modation, which is crucial for throwing light on the still atomic planes. A.S a consequence, the Iongitudi/nal direction
open general problem of the mechanism of elastic energgll- s Iocallyz/. tilted by. an amount oT=dr'/dz=T
reduction in epitaxial heterostructures. =uT, whert_au is the elastic d|stort|o_n tensor_whose compo-

nents are given by;; = du;/dx; . If n is the unit vector nor-
mal to the channeling plane the angular displacement in the
transverse direction is given by ST=n-uT and the effec-
The authors wish to thank F. Genova for growing thetive curvature results:

samples, C. Ferrari and P. Franzosi for the x-ray topography,
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APPENDIX A dz

Let T ands be unit vectors indicating the longitudinal ~ The curvatureC(z) along the pattr(z), that is, the be-
direction of the ion trajectory and the opposite of the dislo-havior of the tensou along the straight line, must be deter-
cation line orientation, respectively. On the playgormalto  mined. To this purpose the cylindrical coordinate system
s, i.e., normal to the dislocation linewe takee, to be the (p,,9)is considered whose symmetry axis is the dislocation
normalized projection o on s ande; such thate,=e,Xs  line and the corresponding rectangular frareg,¢,,s). The
(see Fig. 1B so thate, is perpendicular to both the channel- distortion fieldu does not vary along the direction sfi.e.,
ing direction and the dislocation line. If the distortion field it depends only op and ¢. Actually, it can be written as
due to the dislocation line were zero, the longitudinal motion
of the channeled ion would be a straight line. By defining the

origin O as the point on the dislocation line that is at the u= 27p v(b,¢), (A3)
minimum distance from the longitudinal trajectory, its para- ] )
metric equation is whereB=(B,,B,,B;) is the Burgers vector of the disloca-

tion andb=B/B is the unit vector parallel t&. The com-
r(z)=é&rge +2T, (Al) ponents of the tensar are given by



56 SELECTIVE ION-CHANNELING STUDY OF MISFT . .. 6909

Ves=U1s=V2s=0, trajectory that correspond to a typical experimental layout
for zinc-blende heterostructures. (@01)-grown heterostruc-
v = — besing, tures misfit dislocations lay in thEl10] and/or the[110]
direction in the(001) interface plane and thg1G channel-
v11=bycosp(n cos2p—2n+1)—b,sing(n cos2p+1), ing planes perpendicular to the interface are thus parallel
(configuratione) or perpendicularconfigurations) to the
v21=(b,sing+ b cosp)(1— 7 cos2p), (A4)  dislocation lines. They are the most suitable channeling
planes, as it will be shown in the following that they exhibit
v 5= bscosp, a high ratioR=P.%/PLP between the dechanneling prob-
abilities in the edge and the screw configurations. The dis-
v21= (b2Sing+b;cosp)(1+ 5 cos2p), tortion functions can be calculated from H&A7):
V2= b,C0sp(1— 7 cOS2p) —b4sing(1— 5 cos2p—27),
where Xezczszyco§¢{b2( 7 COS4p+ COS2p)
1/ 1 i
n= 5( 1= V) : (A5) —by[ 7 sindg+ (1+ 5)sin2¢1}, (B1)

and v is the Poisson ratio of the material.

Since the distortion field is uniform in directia the s 1 )
component ofr(z) is not relevant for the calculation of st_;bsC°§’¢ sing. (B2)
C(2). The projection of the undistorted longitudinal path on

the planes is described by the equation ] ] ] ]
It is evident that in the first case only the edge component

p(z)=¢érpe+2T,6e,, (AB6) b.=(by,b,) of the Burgers vector appears, wherggsde-
pends only on the screw compondmt and, moreover, it is
independent of;. This result, obtained for planar channeling,
is analogous to those obtained in Ref. 11 in the case of axial
channeling.

Now, it is known from the literature that MD’s in zinc-
blende structures are mainly of the 60° type, i.e., their Bur-
gers vector lay in th€110 directions inclined to the dislo-
cation lines. This means that for configuratisrthere are

whereT,=T-e,=cosvy and p(¢)=|p(2)|=éry/cos ¢.

(Note that £>0 if ¢pe(—w/2,w/2) and £€<0 if ¢
e (—m/2,37w/2). The angley is the angle between the tra-
jectory direction and its projection on the plaseperpen-
dicular to the dislocation linésee Fig. 16 Equation(A3)
becomes

a(z)= ¢B (b, ¢)cosp, only two possibilities given byo,=+ 3. From the point of
271y view of the dechanneling probability the two possibilities are
(A7) indistinguishable since the transformatigqn- — x has the
rotang same effect of a 180° shift of the harmonic-oscillator initial
z=§ T phases, which, however, are randomly distributed. For con-
2

figuration e there are four different possible combinations
Finally, by substituting Eq(A7) into Eq.(A2), the effective  given byb;=*3 andb,= +1/y2. First of all, only two of
curvature turns out to be them are significant, for the same reason we have just
B pointed out. Let the first combination correspondbto>0
d¢ du andb,>0 and the second to He >0 andb,<0. It is not
Clé)= E”@T difficult to see that we can obtain one combination from the
other by substitutings with (7— ¢), i.e., by changing to
,B T,cos(¢p) d — £ in the solution of the equation of motion, Ed.7). Since
R T”'@[U(d’)cos{@“ the ions are uniformly distributedt and —¢ are equally
0 probable and the two combinations are again indistinguish-
able.
= sz(qb). (A8) Figure 17 shows the behavior of the calculated distortion
o functions for GaAs. It is worth bearing in mind thgt(¢),

; i, Max_ ; ial i
It is worth noting that the curvature is proportional to the Whose maximum is _0'05_2’ IS fully mat_enal '”dePe”'
“distortion function” x(¢), which depends only on the ge- _dent. On the other hand, the distortion fun_ctmgﬁqs) exhib-
ometry of the problem, i.e., on the relative orientation of theltS Only a weak dependence on the material through the elas-

dislocation line, Burgers vector, and channeling direction. fic constantz. For T,=1, while » varies more than 12%
going from »=0.686 for GaP to»=0.772 in the case of
InSb, xe(¢) maintains its form and its maximuny, %, var-
ies less than 6% going from 0.239 to 0.253, respectively.
Here the distortion functiory is calculated for two con- From Eq.(B1) it can be seen that the magnitudexqf ¢)
figurations (specified by dislocation orientations, Burgersis scaled by the factor cég, y being the angle between the

vector, channeling plane, and direction of the longitudinaltrajectory direction and its projection on the plane perpen-

APPENDIX B
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dicular to the dislocation line. In this channeling configura-
tion, the (110 plane perpendicular to the interface dis-
location plane, the angle is simply the tilt angle between
the incident beam direction and the surface norftiad[001]
growth axig. Equation(B1) inserted in Eq(A8) shows that

the effect of the tilt is the same as would be obtained by
reducing the density of dislocations in configuratemy a
factor cog. It follows that the ratioR=P.%/PZP varies as
cosy and that its maximum value is given by#=0. Actually,

v=0 corresponds to thf001] axis and experimentally it is
necessary to move toward the closest planar channeling con-
dition, which is obtained fory=5°. Since cos5%1 it is
possible to drop ther dependence in the equations. Then, for

FIG. 17. The(110 planar distortion function for GaAs is re- Most of the semiconductors, we h‘%XEaX/X?aX>4-5vW_hiCh
ported against tap, which is proportional to the distance from the means that a significant difference in the dechanneling prob-

dislocation along the ion trajectory. The dashed and continuousibility between configuratio® and configuratiors is ex-
lines refer to the screw and edge configuration, respectively. pected.
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