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Scanning tunneling microscopy topographic images have been used to obtain the dimensions of the strain
field detected at the surface of InAs thin films grown on GAA$) substrates by molecular-beam epitaxy. The
displacement of atoms in the film due to the edge dislocation strain field has been obtained by measuring the
depth and lateral dimensions of the surface response as a function of InAs thickB8ssIL). Several models
based on elasticity theory are used in an attempt to reproduce the experimental measurements. Only models
containing a free epitaxial layer surface produce good quantitative agreement and the experimentally observed
decrease in vertical displacement is found to be largely a consequence of strain field superposition due to the
increasing width of the strain field originating from adjacent dislocatipf8163-1828)06548-3

I. INTRODUCTION vertical displacement increased and was, coincidentally,
roughly equal in magnitude to the film thickness. Classical
A misfit dislocation constitutes a substantial discontinuityelasticity theory reproduced the full width at half-maximum
of the crystal lattice that accommodates the misfit stress bdFWHM), but underestimated the vertical displacement at
tween a thin film and the substrate. The deformation is no0.35 A for S{111) and 0.6 A for Sj001), although this too
confined to the core and leads to deformation of a relativelyvas independent of film thickness; the CoBiyer was as-
large volume of the film and substrate lattices around thesumed to be highly deformable and the maximum possible
dislocation. The magnitude of the displacement field can b&oisson ratio of 0.5 was used. In addition to the limitations
reproduced using elasticity theories and constitutes smabf classical elasticity theory, which applies to infinite media
(<~1 A) shifts in the position of each atom under the influ- without a free surface, electronic contributions to the mea-
ence of the dislocation strain field. The displacement fieldsured profiles were suggested to contribute to the poor agree-
accounts for one of the major contrast mechanisms in trangnent with experiment. Further attempts were made to repro-
mission electron microscopyff EM) micrographs containing duce theoretically the measured surface response by
dislocations and it can be inspected directly, to some degreemploying a molecular dynamics simulation of a dislocation
by cross-sectional high-resolution electron microscopycontaining slab of a PtNi allo§® Although partially success-
(HREM).! Scanning tunneling microscop®TM) also pro-  ful in terms of an order of magnitude agreement, the sensi-
vides direct images of the displacement field, this time at theivity of the simulation to its input parameteteemperature
surface of the film, although the data can generally be interand interatomic potentiglsand the complexity of the dislo-
preted in a straightforward fashion since the microscope simeation network was problematic.
ply profiles the surface topolody® The strong dependence  The earliest STM observation of buried dislocations in
of the tunneling current on tip-sample separation means theemiconducting materials was for 10 ML Ge films grown on
vertical resolution of STM~0.1 A) is ideal for resolving the  Si(111), using an antimony surfactant to maintain a two di-
subtle elastic displacements involved. mensional(2D) surface morpholog$® Surface depressions
The first STM study of dislocations was made by Staldemwith a depth of~0.3 A were observed, but these were not
etal®’ for metallic CoSj layers grown on $L11) and seen at thickex28 ML) Ge film thickness. More recently,
Si(001). The tensile strain in this system led to the observa-Springholz and co-workets*®have analyzed the displace-
tion of protruding lines at the surface due to an “extra” ment field at the surface of EuTe films grown on P{Ild).
column of atoms in the film. For a film thickness range of Classical elasticity theory was modified to include the pres-
~180 A, the experimentally observed vertical displacementnce of an unconstrained free surface by the method of im-
remained constant at0.6 A for S(111) and varied between age forces and expressions were derived for the displacement
1.1 and 2.2 A for 3001), while the lateral extent of this field at the surface. The main results for edge dislocations
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were that the vertical displacement was independent of film . i [0014——9(110
thickness, at a value ofb{w) where b=|b|, the Burgers % S oot TSN S
vector, while the FWHM increased, broadly consistent with 2 : 1
the findings of Staldeet al®’ For other systems, such as
Ge/S{111) Ref. 2 and Fe/M110),* the measured vertical
displacement was found to decrease with increasing film
thickness.

In this paper, we use STM images of InAs films grown on
GaAg110 by molecular-beam epitaxjvBE) to analyse the
atomic displacements due to the strain field around the ideal
edge dislocationsh(=a,/2[ 110],u=[001]) formed near the
interface. The InAs/GaA410 system is an ideal choice for
investigation by STM since it grows in a layer-by-layer 2D
mode for all film thicknesses;°in contrast to the Stranski-
Krastanov 3D behavior exhibited by InAs/Ga@81).}” We (@)
have recently shown that the InAs/GdA%0 growth
mechanism involves the coalescence of a close packed array
of 2D surface islands associated with the formation of pure
edge misfit dislocation'® an observation we have also
made for InAs films grown on GaAs11)A.° For InAs/
GaAq110), a linear array of edge dislocations with Burgers
vectors b=ay/2[110] and line directionsu=[001] is
formed, while a hexagonal network is established at the
InAs/GaAg111)A interface, which also contains partial
dislocation® The simpler(110) system is clearly the most
suitable for an initial investigation of the dislocation dis-
placement fields. Several models based on classical elasticity
theory are used to analyze the experimental data and the
most appropriate is one recently proposed by Botirffor
application to any system of interfacegich may include FIG. 1. (3 A plan view, filled states STM image (1000
surfaces The theory is based on the properties of the differ-x 850 A) of a 5-ML InAs film grown on GaAd.10) at 420 °C. The
ential equations of classical elasticity for periodic solutionsburied edge dislocations manifest themselves as the dark depres-
using a Fourier series analysis and it is the first time it hasions alond001]. (b) A perspective view, filled states STM image
been used in a detailed analysis of high-resolution STM im{380x380 A, greyscale range 0—2) Af the InAs/GaA$110) sur-
ages of a thin film. face indicating the principal quantities measured from the STM data

for the edge dislocation arrayA=vertical displacementB=full
width at half-maximum, and\ = dislocation separation.

Il. EXPERIMENTAL

The samples were prepared and analysed in a combindtRction spots never appeared in the RHEED pattern, consis-
MBE-STM facility (DCA, Finland/Omicron GmbH, Ger- tent with 2D layer-by-layer growth throughout. Following
many) equipped with reflection high-energy electron diffrac- deposition of InAs, the samples were transferred rapidly into
tion (RHEED) for in situ monitoring of growth. Epiready, the STM chamber, and once the sample had been cooled to
singularn®™ Si-doped GaA&l 10 substrate§American Xtal ~ room temperature, STM images were obtained using tunnel-
Technology were used and each one was mounted on a mang currents of 0.05-0.2 nA and a sample bias |df)|
lybdenum block and introduced into the vacuum chamber=2-4V.
without any furtherex situ preparation, prior to thermal
cleaning at~300 °C. Following removal of the surface oxide
layer at 600—640 °C under an A8ux, a 10-ML-thick ho-
moepitaxial buffer layer of GaAs was grown at a substrate A filled states STM image of a 5-ML InAs film deposited
temperature of 520 °C and an As/Ga atomic flux ratio ofon GaA$110 at 420 °C is shown in Fig. (&). The dark
10:12 The Ga and Asfluxes were calibrated using RHEED horizontal bands running alori§01] are depressions at the
intensity oscillations during the homoepitaxial growth of surface due to the buried edge dislocations, which relieve
GaAd001). Before InAs deposition, smooth surfaces of strain along[110]. The nucleation of the dislocations and
GaAs were obtained by annealing at 580 °C to minimize themorphological details have been discussed in detail
substrate step density.The deposition of InAs was per- elsewherd®'8Images of this type were analyzed at different
formed at a substrate temperature of 420—480 °C and at félm thicknessegup to 30 ML) to provide a measure of the
rate of 0.125 ML 5. These deposition conditions were cho- vertical surface displaceme(®), the lateral FWHMB), and
sen to ensure both a negligible InAs desorption faignifi-  the dislocation spacing\): the three measurements are de-
cant above~530 °Q and a sulfficiently high surface mobility fined more clearly in the perspective view STM image
for the deposited In. The nominal InAs layer thicknessesshown in Fig. 1b). All raw measurements were subject to
studied ranged from 1 to 30 ML and transmission-type dif-slight adjustments of the order of 5—-20 % to reflect the fine

Ill. RESULTS
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FIG. 3. The dislocation spacing\) measured by STM along

o s 10 15 20 25 30 35 [1T0] as a function of InAs film thickness for INAs/Ga@4.0).

InAs film thickness / ML

) 3) and is close to the value of 59.5 A predicted from the
+7.2% lattice misfit. There is, therefore, little residual strain
along thg110] direction[also indicated by RHEED Ref. 18
since the lattice relaxation promptly attains 100% once the
dislocation network is completed at approximately 5 ML
thickness.

FWHM / A

IV. THEORETICAL ANALYSIS

Three theoretical treatments were used to analyze the ex-
perimental data. The common procedure was to calculate the
lateral and vertical atomic displacements in the substrate and
the film within a Cartesian framex(,x,), corresponding
physically to a[001] cross section, namelyi;(x;,x,) and
0 s 10 15 20 2 30 3 U,(X4,X5). Three sets of data were then obtainéd;the
nominal atomic positions before displacemert k), (ii)
the atomic displacements themselves;(x;,X,) and
FIG. 2. (a) The experimental negative vertical displacement  u,(x;,X,), and(iii) the updated atom coordinates after dis-

obtained from STM images of InAs/Gafid 0 as a function of placemen{ X+ Uy(X1,X5),Xp+ Us(Xq,X5)].
InAs thickness. Also shown are the results obtained from the vari-

ous theoretical methods discussed in Sec. IV; classical elasticity
theory ({J, Poisson ratie-0.5; B, Poisson ratie- 0.27); Springholz
model (4, dislocation array;®, single dislocatiop Bonnet model Expressions for the verticék, direction parallel t4110])
(A, dislocation spacing60 A, V, dislocation spacing10004).  and lateral(x, direction parallel td 110]) displacements ob-
(b) The experimental FWHMO) obtained from STM images of tained through classical elasticity theory are generally taken
InAs/GaAg110 as a function of InAs thickness. Also shown are from the texts of either Nabarroor Hirth and Lothe€ The
the results obtained from the various theoretical methods diSCUSSQﬁeory describes a single edge dislocation of magnitode
in Sec. IV; Springholz model<, dislocation array, Bonnet model = |p|, located at the origir(x;=0, x,=0) at the interface
(4 dislocation spacing 60 A; ¥, dislocation spacing 1000 A). between two infinite materials with a Poisson ratigFig.
4(a)]. For each film or substrate atom, with coordinates
X1,X5), the small displacements in the lateral) and ver-

cal (u,) sense are given by

InAs film thickness / ML

A. Classical elasticity theory

calibration of the(x,y,2 piezodrives, which can be estab-

lished by measuring the dimensions of surface objects with
known size, e.g., step heightg), or atom/reconstruction

(x,y) periodicities. —(1-2v)b X%JFX% bx2

Plots of the vertical surface displacement and FWHM are  u;= > ——,
shown in Fig. 2 as a function of InAs film thickness. The 87m(1-v) b 4m(1-v)(Xx1+x3)
initial depth of the dark lines, following their nucleation, is @
about 0.7 A and this decreases to coincide with the STM
vertical resolution limit of 0.1 A by approximately 30 ML U bx,X b arctarﬁﬁ @)
[Fig. 2a)]. The FWHM increases from 15 to around 30—40 2 Ar(1-v)(X3+x5) 27 Xp)

A, afigure that appears to be an upper lififitg. 2(b)]. Both

guantities are initially independent of film thickness in the The displacement field for each atdmy + u;(X1,X5),Xs

3-5 ML range during which the dislocation network is be- +u,(x4,X,)} around a single edge dislocation is shown in
coming established. Given the errors in the measurement§jg. 5 for an InAs Poisson ratio;,as=0.27. The theory is
largely due to irregularities in the dislocation network, thesuccessful in reproducing the general aspects of the problem,
spacing of the dislocations), remains essentially constant i.e., two additional220) columns in the substrate constitute
throughout the whole range of film thicknesses studied.  the core of the edge dislocation, inducing a depression of
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[Fig. 2@]. One of the major difficulties inherent in this
theory is thatu is logarithmically divergent for large values
of x, [Eq. (1)]. Furthermore, for InAs film thicknesses16

ML, the displacement changes sigm, becomes positive
which has no physical basis for an edge dislocation relieving
compressive strain.

A second plot using classical elasticity theory is also
shown in Fig. 2a) for which a value ofv;,,s=0.5 was cho-
sen to correspond to a system where there is no resistance to
vertical displacement. The vertical displacement remains
(b) constant with film thickness at,~—0.68 A and the dis-

2 placement field does not diverge because the first term in
vanisheqd Eq. (1)]. This result is consistent with the findings
of some other groups for metallic systefris,but a clear
trend of the experimental InAs/Gafd0) vertical displace-
ment is its decrease with film thickness, falling below the
STM vertical resolution limit of~0.1 A at ~35 ML. Al-
though the strain field is long range, it is not infinite in its
sphere of influencé@ and the dislocation stress fields are in-
versely proportional to distané&lt is important to consider

FIG. 4. () Schematic diagram describing the single dislocationw_hat proportion of the de_cline in vertical di_sp_lacement is du_e
system used in the classical elasticity thet®gc. IV A). The dis- directly to the increase in FWHM and this is addressed in

location line itself runs perpendicular to the plane of the figure indetail in Sec. IV C.

the x5 direction (parallel to[001]). The film and substrate are both

infinite 'and egch is described by their respec_tive_ Poisson _ratio. The B. Modifications to classical elasticity theory

edge dislocation Burgers vector has a magnitydim the x; direc-

tion. (b) Schematic diagram describing the dislocation system used From the two classical elasticity theory plots in Figaj2

in the Bonnet mode(Sec. IV Q. The extra parameters compared to it is clear that the experimental data can be accounted for by

(a) are an epilayer surface, &j=h, the dislocation spacing along an intermediate choice for the InAs layer Poisson ratio of

x;, A, a Burgers vector described in three dimensiobs, between 0.5 and 0.27; the remaining two parameters in the

=(b1,b;,b3), and the shear moduli for the epilay@gt+) and sub-  theory, the magnitude of the Burgers vector and the atom

strate(u—). coordinates, are both fixed. An edge misfit dislocation exerts

a longitudinal force parallel to the interface to compensate

atoms above the core in tlimfinite) film (u, negative, plus  for the lattice mismatch and the elastic displacement of at-

lateral shifts due to regions of local tension and shear in thems in the vertical direction is, therefore, a consequence of

film, and a region of local compression in the substrate.  the orthogonatransversestrain. Increasing the Poisson ratio
The theory breaks down, however, once quantitative comabove the bulk value mimics the presence of a free surface in

parison is made between (in successive layers in the film the classical elasticity theory by making the epitaxial layer

above the dislocations; =0, 1<x,<30 ML) and the corre- more deformable in the vertical direction. Table | gives the

sponding surface vertical displacements measured by STMalues of the Poisson ratio/f) that were used to produce a

surface at x2 =h

12
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FIG. 5. The atomic displacement field obtained from classical elasticity theory, shd@alhcross sectioriboth atom species shown,
In and Ag, and expanded by a factor of 2 in the direction for clarity. Small black dots: atom positions before displacement, open circles:
atoms elastically displaced due to the dislocation strain field. The displacement for the epilayer atoms directly above the dislocation is
negative.
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TABLE . Values of the epilayer Poisson ratigy used in the  +uy,(x,+A)+Uy(X;+A+2]x,])] for x, <0, respectively, based
modified classical elasticity theory to fit the experimental values foron the linear superposition principle of Saint-Venant.

the surface vertical displacement. The corrugation and FWHM of the surface profiles ob-
tained allow comparison with the experimental data, but they
InAs film thickness/ML Vi Vinas! Vit do not represent real surface displacements. For example, the
5 0.500 1.85 vertical displacements range from3.81 to—3.87 A for the
10 0.465 172 surface of a 100-ML film, whereas for a re_al surface they
15 0.405 150 should vary from 0.00 to-0.06 A. For the single disloca-

tion, the vertical displacement is independent of film thick-

52 8'222 1'22 ness[Fig. 2@@] and equal tob/7=—1.36 A; the FWHM
30 0.380 1.40 [not shown in Fig. &)] increases linearly, equal in magni-

tude to twice the film thicknesén ML). For the dislocation
in between the two neighboring dislocations, the vertical dis-

good fit to the experimental STM data for the surface verticaﬁlgcf rgegt d??()e Shjltde;?ndﬁ;]ee%sesin ntqr?gnlit\ijd:Mﬁqﬁ?efses
displacement. The value of; decreases with film thickness, frorﬁ 4 toy36 A at'SOI MuL(and ggng at 100 ML'I~4O A
becoming progressively more gradual at higher film thick- S " .
nesses, i.e., the material becomes stiffer, but is always mofPPears to be a limiting figuyeThe plots for the triple dis-

deformable than would be experienced by using the bu”location array appear to be in reasonable agreement Wi_th _the
value. v measured values and are also reproduced in Fig. 2. It is im-
s VInAs -

A second modification to classical elasticity theory hasportant to realize that in this case, the decreasing vertical

ecenty been reporte by SprnghdzThe metod of - USFIECETETL = dueentrely o e ncreasing Pl snce &
age dislocations was used to incorporate a relaxed, traction 9 ' P

free surface into the theory. The expressions derived for théertlcal displacements exceed the experimental values for

surface(nominally,x,= 0) displacement due to a single mis-
fit dislocation at the interfacexg= —d) are

Im thicknesses up te-15 ML, while for greater film thick-
nesses the agreement is more reason@bleithin the STM
resolution limit of~0.1 A). The deviation is most significant
for film thicknesses less than 10 MD.2—0.6 A, an obser-

u1:E ZL)(lz + arctaréﬁ , (3)  vation that is addressed later. The FWHM appears to have an
7 [x3+d d upper limit of 35-40 A, in good agreement with the experi-
mental behavior. This limiting value is only slightly in ex-
b d? cess of half the dislocation separatioX/2, and the surface
U= X2+ d?)” 4 profile is best described as beisgusoidalin form.

These appear to be rather simple since no material spe- C. Bonnet method

cific elastic constants are featured and the vertical displace- The final approach that has been made to define the sur-
ments depend only on the position with respect to the Burface atom displacement field is that set out by Borifét.
gers vector. Above the dislocatiox,(=0) on the surface, The theory uses a number of extra parameters compared to
the expression fou, reduces tdo/7r and is therefore inde- classical elasticity theoryj) a free surface, where a param-
pendent of film thickness. In the case of INAs/GaKS), eter h represents the film thickness, afid) the option to
b/m=—1.36 A and is clearly a large overestimate. Thishave an array of dislocations with adjustable separation
modified approach does, however, have an important advaFig. 4(b)]. The Burgers vector of the misfit dislocation can
tage over the classical theory. In the classical elasticityhave any orientation with respect to the dislocation linan
theory approach, surface atoms some 5-6 lattice spacingsige componenth(), a vertical componenth), and a
along x; away from the dislocatiorfat x;=0) are actually screw componenth), althoughb,=b;=0 in this case,
displacedupwards(Fig. 5), a phenomenon having no physi- since onlyb, is defined for an ideal edge dislocation. The
cal basis and a further indication that the theory is applicablelastic properties of the film and substrate are also better
only over very local distances. By contrast, the modifieddescribed and interdependent, with a Poisson raticand
theory has surface atoms which are all displaced downwardshear modulugu) for each medium. These isotropic elastic
decreasing in magnitude to zero when significantly distangjuantities can be obtained from the tabulated anisotropic
from the dislocation along; . elastic constant&,;, €q», andcy, in a cubic crystal system
This modified theory may be used to extract values for théby a variety of averaging methods. The two simplest are the
lateral FWHM due to the vertical displacement. Although it Voigt?® and Reuss methods, although more thorough treat-
still suffers from the fundamental limitation of containing ments have also been proposdf the two earlier meth-
only one dislocation, the more realistic behaviour just de-ods, the Voigt averages are preferable for INAs/GAA8)
scribed can be used artificially to introduce extra dislocationsince the values obtained are generally accepted as the most
adjacent to the core at the origin, to assess the contribution aluitable for highly local dislocation strain properties. The
the increasing FWHM to the decreasing vertical displaceelastic quantities employed here are-0.25, u=46.3 GPa
ment in an array of dislocations. This is done simply byfor GaAs andv=0.30, u=29.2 GPa for InAs.
superimposing the displacements due to two theoretical ad- The general expression for the displacement figldis
jacent dislocations atx;==*A, i.e., Uy(Xy)=[Ux(Xq) defined as a complex Fourier series versus the coordate
T Ua(Xg+A) +Up(xy—A)] for x,=0, oruy (x1)=[ux(x1) e,
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FIG. 6. The atomic displacement fields, [i01] cross section, obtained from the method of Bon(&c. IV Q: (a) close-packed
dislocation arrayA =60 A and(b) a single dislocationA =1000 A. The symbols illustrate the atomic positions before displacement in the
GaAs substratécrossesand InAs film (black dot$, and after elastic displacement due to the dislocation strain (figldn circles

* _ shown in Fig. 6, for(a) a section of a dislocation array and
U=, U emexe, (50  (b) an isolated dislocation. In each case, the displacements
- are largest close to the dislocation core and tend to zero at
where w=27/A and U, depends only orx,. Analytical  greater distances. As such, this is the first approach which
solutions foru, andu, have been derived by Bonnet both for predicts realistic atomic displacements throughout the entire
a multilayered structure with a number of heterointerf4tes crystal and is therefore more amenable to comparison with
and in the case of a thin film with a free surfaéeSome experiments. The values for the vertical displacement and
atomic displacement fields obtained from this method aréWHM obtained using a dislocation array, with=60 A,
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are very similar to the data obtained using the Springholzither decays quickly = vj,as), OF remains constant at,
modification to classical elasticity theotyThe vertical dis- =—0.68 A (v=0.5), or atu,=b/m=-1.36A in the
placement is an overestimation of the experimental data bespringholz modification. In the Bonnet approach, the vertical
low 10 ML, but is reasonable thereafter, while the FWHM is displacement still decreases with film thickness, but much
in good agreement and indicates a sinusoidal surface profileaore slowly than for the dislocation arrax €60 A). In the
The realistic surface displacements also show that the overaiim thickness range up to 30 ML, the vertical displacement
vertical displacementi.e., that which should be compared decreases by less than 1.2 to 1.0 A, not actually reaching the
with the STM datais the sumof the negativedisplacement  STM resolution limit of 0.1 A until some 300 ML thickness.
above the dislocationy, (x;=0x,=h) and apositivever- |t should be possible, therefore, to image isolated buried dis-
tical displacement halfway in between the dislocatiams, |ocations with an STM for more than 500 A film thickness
(x,=A/2x,=h) [Fig. 6@]. For thin layers(<10 ML), the  provided the large FWHM does not make them difficult to
negative displacement is the dominant contribution, whiledetect in the image. Such a long-range decay bears no resem-
they become equal in magnitude for thicknesse20 ML.  blance to the rapid experimental decrease in vertical dis-
The inclusion of a surface in the theory can also be teste@lacement, which must therefore peedominantly a conse-
and the vertical displacement in a given InAs layer is foundquence of strain field superposition due to the increasing
to be greater when it is the surface layer than when it isyidth of the strain fields originating from adjacent disloca-
somewhere inside the film. The similarity with the figurestions The FWHM for a single dislocation is also free to
obtained from the Springholz method, which depends onlyincrease, whilst those for A=60 A array begin to saturate
on the Burgers vector, may be thought of as fortuitous, butt 30-40 A from~15 ML.

decreasing the film elastic constar(tsw) in the Bonnet

model by up to 50% yields relatively smaH-10%) shifts in V. CONCLUSIONS

the magnitude of the vertical displacement. L .
9 b The elastic displacement of atoms due to the edge dislo-

The principle that large reductioni/ith the exception of rgation strain field in InAs thin films grown on G 0

the more simple classical elasticity theory, which requires a
increasg in the elastic constants are required to bring thehave been assessed from STM measurements of the depth

predicted vertical displacements towards the experimentaﬂnd lateral dimensions of the surface depressions formed as a

data is very significant. A reduction in the Poisson ratio cor-consequence of the dislocations. The experimental data ob-

responds to making the epitaxial layer less deformable in th s fordalwgde range of f'"E thlckntﬁssestc_%o lML) has h
transverseg(vertical) direction. It is important to remember eendmo ?e .usi'?r? a numd fer 0 i feotre Ica approa;: t?]s
that the average isotropic elastic parameters used in all thrﬁgse on classical theory and lor satistactory agreement, the

theories are based on the anisotropic elastic constants of t eoretical mode_ls must contain a free epllaygr Surface' .AI'
though the Springholz modification to classical elasticity

bulk material, but a thin, strained epitaxial layer will be .
P Y theory does provide reasonable agreement, the Bonnet model

much stiffer than the bulk if it contains misfit dislocations. . h i fulin t f derivi listic |
For dislocations that compensate for compressive layer misf[f (1€ MOSt poweriulin terms of deriving realistic long range
isplacements. The decrease in surface vertical displacement

strain, many interatomic bonds are stretched significantly be:

yond their ideal lengths in the lateral direction near the dis*S found largely to be a consequence of the increase in

location cores, an effect that would limit the capacity of FWHM in a closely packed dislocation array. In a disloca-

these atoms to be displaced elastically in the vertical direction array, the FWHM soon attains a limiting magnitude that

tion. Anomalous mechanical properties are well known incorres_ponds to about_ha_lf the average disloca_tion Spac".‘g-
thin films and, in particular, the so-calledipermodulus ef- The displacement profile is therefore best described as being

fect or a hardening of the elastic properties by a factor Ofsi.nusoidal in form. Significant deviations in the verti.cal
100% or more in thin films. has been well documerie®  displacement between the best theories and experiment

with the perturbation in atom positions due to interfacial Ve'® _St'" observed for “ultrathin f|Ims(_<20 A).' This .
stress invoked as the most likely cause for “very” tlis50 deviation reflects a greatly enhanced stiffness in the thin

A) incoherentfilms 3 The effect was predicted to disappear film, similar to the supermod.ulus effect identifie.d in

if the films were thin enough to be coherent, which impIiesOther. materials systems. The stifiness can be gxplalned by

that interfacial misfit dislocations are the cause of the distur:[.he high Iatera_l atomic d|splaceme_3nts near th_e misfit disloca-

bance in the atomic bond elastic properties. tion cores which limit the capacity of the film to further
The values obtained for the vertical displacement andjeformatlon.

FWHM, calculated by thg Bpnnet method fosimgle dislo- ACKNOWLEDGMENTS
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