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Scanning-tunneling-microscopy observation of stress-driven surface diffusion
due to localized strain fields of misfit dislocations in heteroepitaxy
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Usingin situ scanning-tunneling microscopy, the influence of localized strain fields of misfit dislocations
on epitaxial growth is studied. We observe pronounced surface deformations caused by single dislocations and
dislocation reactionsin excellent quantitative agreement with calculations based on elasticity theory. Due to
the local reduction of strain energy at the surface above the interfacial dislocations, ridgelike structures are
formed due to stress-driven surface diffusion during gro\#0163-182@6)07132-9

Strained-layer heteroepitaxy has attracted tremendous iruced. Since by STM it is thus possible to imagmulta-
terest in the last few years, since it allows more degrees afeouslythe localized surface strain fields of interfacial dis-
freedom in design and fabrication of modulated semiconduclocations, as well as the atomic scale surface features
tor heterostructures. However, practical applications of suclproduced by epitaxial growth, we are able to present unam-
structures require not only a tight control of defect densitybiguous experimental evidence for lateral mass transport
but also of surface morphology during growth. With respectdriven by the localized strain fields of misfit dislocations.
to the latter, recent experimental and theoretical work haslowever, a systematic analysis shows that for the usual het-
revealed that the presence stfain results in a fundamen- eroepitaxial growth conditions this effect is overwhelmed by
tally different evolution of surface morphology as comparedthe surface modifications due to the slip steps associated with
to unstrained films$® This is because, on one hand, any misfit dislocation formation.
lateral variation of strain on the surface leads to local differ- In the following, we study molecular-beam epitaxy of
ences in the growth rate and thus to the formation of surfac&uTe on PbTélL11), a material system used for the study of
corrugations, on the other hand, that surface corrugations alhe magnetic interactions in low dimensidfisBoth com-
low an elastic relaxation of strain energy due to the addi- pounds crystallize in the rocksalt crystal structure, and their
tional free surface$:® As a consequence, a spontaneoudattice mismatch is 2.06%. Since EuTe usually grows in a
transition from two-dimensional2D) to three-dimensional Stranski-Krastanov growth mode on PWIE]), rather low
(3D) growth (Stranski-Krastanov growth mogeften occurs.  substrate temperatures:80 °Q are used in order to main-

While this strain-induced growth mode instability is now tain a 2D layer-by-layer growth modein our experiments,
quite well understood, the situation is much less clear in thdirst, severalam-thick, fully relaxed PbTe buffer layers are
case of relaxation by misfit dislocations. Although it hasdeposited on Baj{111), serving as “virtual substrates.” In
been known for a long time that misfit dislocation formationthe second step, EuTe is deposited up to layer thicknesses
is accompanied by significant changes in surface morphoklightly above the critical layer thickness in order to initiate
ogy, a most prominent example being the “crosshatch” surthe formation of misfit dislocations. Then, after rapid cool-
face patterr;*°its origin has remained a controversial issue.ing, the samples are transferred to an attached UHV STM
While some groups found evidence for stress-driven surfacehamber for imaging of the surface structure.
diffusion due to dislocation strain field$; > recent work has The surfaces of the PbTe buffer layers are extremely
shown that the crosshatch pattern formation is dominated bymooth, and consist of large growth spirals formed around
slip steps created by the glissile motion of dislocations durthe core of threading dislocatioR.Initially, this surface
ing the relaxation proces$;®’a mechanism which in fact structure is replicated on the EuTe surface due to the layer-
has been proposed already in the early work of Matthews anby-layer growth mode. At the critical layer thicknelss of
Blakeslee’ 15 monolayerdML), however, totally straight surface step

In the present work, we have developed a techniquénfor lines of severa.m in length are formed on the surface. This
situ study of the localized strain fields of misfit dislocations results from the glide of grown-in threading dislocations par-
based on scanning-tunneling microscdy'M). It is shown allel to the surface, as described by the classical Matthews-
that in STM images pronounced surface deformations ar8lakeslee model.In this glide process, the dislocations bend
observed due to strong lattice distortions around the subsuover at the layer-substrate interface, and strain-relaxing mis-
face dislocationd’~*®which can be described quantitatively fit dislocation(MD) segments are formed. Thus each glide
by taking into account the relaxation of the free surface. Thestep on the surface corresponds to a MD segment at the
resulting strain contrastin the STM images is used for an heterointerface. In our materials system, the Burgers vector
analysis of misfit dislocation reactions in which dislocationsb is usually of3[ 110] type, and glide first takes place in the
with different orientations of the Burgers vector are pro-primary (100[011] glide system. This yields pure edge-type

0163-1829/96/5&)/45004)/$10.00 54 4500 © 1996 The American Physical Society



54 BRIEF REPORTS 4501

5.0
F (a) .
40F misfit
< E dislocation
= 30F T
< o )
2 E .
2 2o0fF 1M !
8 E
ug 1.0 :
3 F glide step
Y . e N VY., WP
'I.O |: aalasaalesyslens s densylannalosnaboaaalacealaseslanaaloaaslonsalasialsysy
-600 -300 0 300 600
horizontal distance from dislocation (A)
10EF (b)
< i
o
<
R}
Q
=
3 misfit 1ML
-g dislocation
3
w

-400 -200 0 20 40
horizontal distance from dislocation (A)

FIG. 1. STM image of an annealed 25-ML EuTe layer on  FIG. 2. Full lines: STM surface profiles measured across the
PbT&111). The gray scale corresponds to the local derivative ofmisfit dislocations marked by line@) and (c) in Fig. 1. Dashed
height in the horizontal direction. The inset shows the actual heightines: calculated surface profiles.

image of the center part, and the surface profiles along (®esnd o ] ] )
(b) are shown in Fig. 2. The arrows indicate misfit dislocationsPosite in direction, i.e., the surface is bent downwards for

formed by the strain relaxation process. dislocationA and upwards for dislocatioB®, which corre-
sponds to a darklight) line in the derivative STM image.

MD’s along the(110) glide directions. At larger layer thick- '"us the 3[110)-type Burgers vectors of the dislocations
nesses, due to high excess stresses, secondary glide systéRisst have a different orientation with respect to the inter-
are activated, and then misfit dislocations along other directace. Assumingy=3[110] for A and 3[101] for B, a dislo-
tions are also observéd. cation reaction according t§ 110]+ 3[101]=3[011] takes

While the totally straight glide steps are the most strikingplace, yielding a dislocation with a Burgers vector now ori-
surface features produced by the strain relaxation procesentedparallel to the interface. Indeed, the surface deforma-
taking a closer look one finds that in the vicinity of thesetion observed above dislocati@has a completely different
glide steps an additional long-range deformation is superimeharacter, i.e., instead of a wavelike deformation only a shal-
posed on the surface. This is shown in Fig. 1, where the STNbw surfacedepressionis formed[Fig. 2b)]. Energetically,
image of an annealed 25-ML EuTe layer on P{dTd) is  this type of dislocation reaction is very factorable, since the
depicted, with the gray scale corresponding to the local dedislocation energy is reduced by a factor of 2 whereas the
rivative of the height in the horizontal direction. In this rep- in-plane component ob is essentially preserved, which
resentation, broad darfor light) lines appear on the surface means that theameamount of in-plane strain is relieved by
(see arrowp corresponding to surface areas where the locathe single dislocatiol€ as for dislocation®\ andB together.
slope of the surface deviates from the horizontal direction. For the theoretical description of the surface deformations
Since along each of these lines a glide step is also present @md local strain fields induced by the interfacial misfit dislo-
the surface, they are related to misfit dislocations at theations, we use isotropic elasticity theory, neglecting the
EuTe/PbTe interface. Clearly, the strain fields of the interfarather small differences in the elastic constants of EuTe and
cial dislocations extend all the way up to the surface, causing’bTe. In order to take into account the relaxation of the free
a local bendingof the surface lattice planes. Therefore, thesurface, we apply the method of image dislocations as de-
dislocation contrast in the derivative STM images is veryscribed in Ref. 22. Since for edge dislocations this is still not
similar to that in bright field transmission electron micros- sufficient to satisfy the boundary condition of a traction-free
copy. As shown in the actual STM surface profile across onsurface, additional fictive stresses have to be taken into ac-
of the dark linedFig. 2(@)], a wavelikesurface deformation count in order to cancel the surface shear stresses as well.
is observed above the misfit dislocation. It is constant allFrom our calculations it turns out that the type of surface
along the MD line and has an amplitude equal to the monodeformation indeed depends strongly on he orientation of the
layer thicknesg3.8 A). Burgers vector. For the usual MDs withof 3[ 110] type, the

In the center part of Fig. 1, the two MD’s marked By calculations yield a wavelike surface deformation with an
andB bend over to form a new single dislocation. As shownamplitude exactly equal to the normal componentbofin
in the inset of Fig. A(the actual height image of this surface fact, the comparison with the STM dafkig. 2(a)], which
area, the wavelike surface deformation férandB are op-  was calibrated by the 3.81-A height of the monolayer steps
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on the surface, shows an excellent agreement between mea-
sured and calculated surface profilésll and dashed lines, 3'°§ (8)B=1/2[110] i 15ML
respectively, without using any fit parameters. For disloca- 1 | A

tions with b parallel to the interfacée.g., dislocatiorC in

Fig. 1), the calculations yield a shallow surface depression,
which is again in excellent quantitative agreement with the
experimental datgsee Fig. 2b)].

Since the local lattice deformations induced by MDs are
directly visible by STM, the question arises of how these
local strain fields influence epitaxial growth. In general, the
evolution of the surface morphology is governed by nonuni-
formities in the surface chemical potentiglx), which in the
case of stressed surfaces is giveit by

(%)

glide step

XX

in-plane strain ¢

(%)

XX

u(x)=ug+ yQk(x)+Qw(x), (D)

whereug represents the chemical potential of the unstressed
flat surface,y the surface free energy per unit aréa,the
volume of the EuTe atom paik(x) the surface curvature, ]
and w(x) the local strain energy density on the surface. O'§e-ao TG 3 Sy tAAPYA po
Changes in the surface morphology are then produced by horizontal distance from dislocation (A)
diffusive flux of atoms along the surface, driven by tha-

d_ients_in the surface chemical poten.ti"al_f we consider the FIG. 3. Variation of the in-plane strais, on the surface due to
situation of a reas_or_1ab|y flakF_O), bIQXIaIIy _stressed layer e jocalized strain fielc,(x) of a misfit dislocation with(a)
(homogeneous misfit strairp) with a single dislocation par- ,_ 17110] and(b) b= 4011] and for EuTe layer thicknesses of 15,
allel to z aty=d below the surface, then, initially, this mass 30, and 60 ML(dashed, full, and dash-dotted lines, respectively

transport is determined only by the gradients of the strain, _5 ogo is the misfit strain due to the PbTe buffer layer.
energyw caused by thdocalizedstrain fielde;; of the dis-

location. Sinceso, w depends only on the horizontal distance 5, sTMm images(Fig. 4, black arrows For this, several

x from the dislocation: reasons exist. First of all, since for EuTe growth very low
~2 substrate temperatures have to be used in order to suppress

Exx(X o the 3D Stranski-Krastanov growth mode, lateral mass trans-
2+2v port is strongly limited by the very short adatom surface
HereM =2u(1+ »)/(1— v), u and v are the shear modulus dif_fusior_l lengths of aboyt 200 Bf‘._Second, f(_Jr the tilted
and Poisson ratio, angl,(x) andé,,(x) are tensor compo- orientation ofb the reduction of strain on one side of the MD
nents of the dislocation strain field, determined from the cal-
culations described above. It is noted that the last term in Eq.
(2) is nonzero only for MDs with screw component. For pure
edge dislocations, the variation of the strain enengis di-
rectly proportional to the variation af,,(x) in a first-order
approximation. Thus the diffusive flux along the surface is
proportional to thegradientsof £,,(x) times the mobility of
the surface adatomsurface diffusion length

Figure 3 shows the variation of the surface strajpas a
function of the lateral distance from the dislocation for
EuTe layers with thicknesses df= 15, 30, and 60 ML, and
for the two possible orientations di. £7=2.06% is the
background misfit strain due to the PbTe buffer layer. It turns
out that the dislocation strain fields are localized within a
lateral distance equal to the layer thickness, and that at the
critical layer thicknes$15 ML) almostall of the misfit strain
normal to the dislocation is locally relaxed, i.e., at the mini-
mum of g,,(X) the strain energy is reduced by a factor of 2.
For the two orientation& andC of b this corresponds to a
local reduction of the chemical potential of 9 or 7 meV,
respectively, per EuTe atom pair. This should have a notable FiG. 4. STM height images of a quenched 30-ML EuTe layer on
influence on the evolution of surface morphology, and thephTe111) showing preferential adatom incorporation at surface
formation of ridgelike surface structures would be expectedites above misfit dislocations with of 011] type (dark lines
during growth. marked by white arrows For the regulan{110]-type misfit dislo-

Experimentally, however, for the usual MDs withof  cations(lines where the contrast changes gradually from dark to
3[110] type, actually no such surface features are observed ilight, marked by black arrowsno such effect is observed.

in-plane strain ¢

W(X)=M| €3+ &8y (X)+
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is accompanied by a strain increase on the opposite{sée |ocations withb parallel to the interface are only rarely pro-
Fig. 3(@]. Thus additional adatom flux can be attracted onlyduced in heteroepitaxy. Second, as shown in Fig. 3, the dis-
from one side of the MD, whereas flux from the oppositelocation strain fields decay rapidly with increasing layer
side is blocked by an energetic barrier. Finally, the surfacehickness, and at the same time more and more misfit strain
glide step associated with thg110]-type MDs coincides is relaxed. Due to the both effedtsee Eq(2)], the variations
almost exactly with the local minimum of the surface strainof strain energy and thus the influence of MD’s on diffusive
energy[see Fig. 8a)]. Since this glide step is a very effective mass transport on the surface decreases drastically as epitax-
sink for the free surface adatoms, instead of nucleating I growth proceeds. _
surface ridge, the attracted adatom flux actually leads only to AS & consequence the most pronounced effects of dislo-
an enhanced growth rate at the glide step, or, in other word§ations would be expected for heteroepitaxyhaghly mis-

to an increase of the step propagation velocity. Only after th&hatched systems when the misfit dislocations are initially

glide steps have grown far away from the spatially fixed'ocated very close to the epitaxial surface due to the small
dislocation strain fields may the formation of additional sur-Cfitical layer thickness. However, there a crossover to a com-
face features be expected. pletely different strain relaxation mechanisfmoherent is-

The situation is completely different for MD’s with par- landing takes place, and then the effect of misfit dislocations
allel to the interface. In this casd) no glide step is pro- is completely screened by the surface roughness resulting
’ L > from the 2D to 3D growth-mode transition, which occurs
duced on the surface, an@) the misfit strain is reduced

. T : . : long before the first MD is formed. Although usually this
everywhere in the vicinity of the dislocatigsee Fig. . o .
As s%\gwn in Fig. 4, for th)(/ase dislocationsq' eedgbsggzgle growth mode transition can be suppressed by freezing of the

preferential nucleation of monolayer islands and the forma> urface adatom mobl_l|ty du_rlng grc_)wt_h, the_:n lateral mass
. . . . . transport due to the dislocation strain fields is also very lim-
tion of ridgelike surface structures self-aligned to the |nter—ite d

facial dislocations, which are visible as dark lines in the . . . L
In conclusion, it was shown that localized strain fields of

STM images(white arrows. This is clear evidence of net misfit dislocations induce significant surface deformations
mass transport to the local minimum of strain energy associ- , . S19 . . ’
which produce a strongtrain contrastin the STM images.

ated with these dislocations. However, this does not triggeli.he shape of the surface deformations is found to depend
the nucleation of 3D islands as in Stranski-Krastanov

growth, since by the local reduction of strain energy the driv_strongly on theo_nentauonof the Burgers vector, which is in
ing force for 3D islanding is also removed. excellent quantitative agreement with calculations based on

In spite of this clear evidence of the existence of stress'Ehe elasticity theory. This not only allows us to observe and

driven mass transport due to the localized strain fields Ognalyzedl_slocanon re_actlons by_ m_smSTM, but also to_
-correlatedirectly atomic scale epitaxial surface features with

MD's, this effect cannot always be assumed to be the origi he strain fields of misfit dislocations extending from the

of the morphological changes observed in strained-layer het- h itaxial lculati h
eroepitaxy. There are several reasons for this: First, MD’ Interface up to the epitaxia surface. Our calculations show
‘ ' ' 3hat at the critical layer thickness abdalf of the total strain

are usually formed by dislocation glide within slip planesoefnergy is locally relieved by misfit dislocations, and due to

inclined to the interface. As discussed above, these types Stress-driven surface diffusion preferential epitaxial growth
MD’s are not very effective for stress-driven surface diffu-; . pretet &P 9
is observed at surface sites above dislocations.

sion, but even more importantly, the large number of associ- g}
ated glide steps already drastically changes the surface Work supported by 8B GME, and BMWVK, Vienna,
morphology*®1"?10n the other hand, the more effective dis- Austria.
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