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Misfit dislocation network at the Ag/MgO„001… interface:
A grazing-incidence x-ray-scattering study

G. Renaud,* P. Guénard, and A. Barbier
CEA-Grenoble, De´partement de Recherche Fondamentale sur la Matie´re Condense´e/SP2M/IRS, 17, rue des Martyrs,

38054 Grenoble Ce´dex 9, France
~Received 18 November 1997; revised manuscript received 23 March 1998!

The misfit dislocation network at the Ag/MgO~001! interface has been investigated by grazing incidence
x-ray diffraction on Ag films of different thicknesses, between 100 and 1500 Å deposited at room temperature
by molecular beam epitaxy on MgO~001! surfaces with different step densities. They were analyzed after
growth and after annealing at increasing temperatures. A square network of edge dislocations is found to
release the 3% lattice misfit between Ag and MgO. The dislocation lines are found oriented along^110&
directions, witha/2@110# Burgers vector. Quantitative analysis shows that the substrate is deformed according
to the elasticity theory. The as-grown Ag films contain stacking faults and twins, in amounts that increase with
increasing substrate surface step density. Annealing the film at low temperature 300 °C eliminates the stacking
faults. Annealing at higher temperatures induces a recrystallization of the Ag epilayers, as well as an improved
ordering of the dislocation network. For increasing temperatures, the period of the dislocation network instan-
taneously adapts to the actual lattice parameter misfit. After cooling, a large residual deformation is found in
Ag, which is smaller when the substrate step density is larger. This is interpreted in terms of an energetic
barrier for the nucleation of misfit dislocations.@S0163-1829~98!07532-8#
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I. INTRODUCTION

Metal/ceramic interfaces are involved in many techn
logical materials: electronic packaging, catalysis, protec
coatings, thin-film technology, composites, or glass indus
Many of their electrical, thermal, or mechanical propert
depend on the atomic structure of the metal/ceramic inter
they contain. Thus, in recent years, the structure of me
oxide interfaces has made a number of new experimental
theoretical contributions.1 Despite this interest, little is
known about metal-oxide adhesion because of the com
nature of the interactions involved between these dissim
materials. The Ag/MgO~001! system is one of the mos
simple metal/oxide interfaces because both constituting
terials have a cubic lattice, the epitaxial relationships
known to be cube on cube, the lattice parameter misfi
small, and chemical and charge transfer contributions
bonding are negligible. For these reasons, it has been ch
by many theoreticians as a model metal/oxide interface
refine the theoretical models.2 However, theoreticians nor
mally neglect the lattice parameter misfit in their calcu
tions, while it is these interfacial defects that play a domin
role on the energetic of the interface. These defects coul
of different nature: dislocations, stacking faults, twins, ro
tion of the epilayer with respect to the substrate, roughn
etc.

From the point of view of elasticity, the relaxation is go
erned by the lattice parameter misfitf defined by f 5(af
2as)/as , whereaf andas are respectively the film and sub
strate lattice parameters. For small values off ~,10%!,
semicoherent interfaces are often observed, in which the
tice parameter misfit is accommodated by localized and
dered misfit dislocations.3 When f is larger, the misfit dislo-
cation density becomes so large that they cannot rem
PRB 580163-1829/98/58~11!/7310~9!/$15.00
-
e
.

s
ce
l/
nd

ex
r

a-
e
is
to
en

to

-
t

be
-
s,

t-
r-

in

localized and organized: the interface is said to be ‘‘incoh
ent.’’ There are, however, numerous exceptions. For
stance, the Pd/h-Al2O3~111!,4 Au/MgO~001!,5 Cu/Al2O3
~Ref. 6! and the Ag/CdO~Ref. 7! interfaces are incoheren
with f 52.7%, 3%, 10% and 14%, respectively, while th
Au/ZrO2~111! interface is semicoherent withf 522%.4

For the Ag/MgO~001! interface, f 522.98%. Hence, a
semicoherent interface is expected. Ordered, localized in
facial misfit dislocations have been observed by HRTEM8

This study concluded that the dislocation lines were orien
along ^100&, which could only be explained by the coexis
ence of two epitaxial sites for silver in the regions of ‘‘goo
match’’ between the Ag film and the MgO substrate. Th
result was very surprising because all theoretical calculati
of the epitaxial site performed so far2 concluded one site
above O ions, was preferred. This was also our experime
conclusion,9 from a previous grazing incidence x-ra
scattering10 ~GIXS! investigation of the early stages o
growth of Ag on MgO~001!. In addition, the HRTEM
samples were extremely difficult to prepare,8 so that only
~100! and no~110! cross section could be observed. Sin
the ~100! cross section was blurred, the conclusion regard
the orientation was controversial.11 To the best of our knowl-
edge, no plane view transmission electron microscopy
periment has ever been performed in order to identify
orientation of the dislocation network. This is probably d
to the difficulty to prepare sample because of the very w
interfacial bonding. These considerations led us to carry
an investigation of this dislocation network x-ray diffractio
on this interfacial superlattice, using grazing incidence c
ditions, as was successfully in the case of a semicohe
semiconductor interface, GaSb~001!/GaAs~001!.12

It will be shown that GIXS allows a clear determinatio
of the dislocation network orientation. In addition, it pro
vides new information on the residual deformation as a fu
tion of thickness and on the effect of annealing an interfa
7310 © 1998 The American Physical Society
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between materials having different thermal expansion co
ficients. The evolution of the residual deformation after a
neals and its dependency upon the step density of the
strate will be discussed.

Before presenting the results, a few preliminaries will
given in simple terms in order to describe the different p
sible network orientations in the Ag/MgO~001! interface,
and how they can be distinguished by x-ray scattering. T
experimental conditions and results are next describ
showing x-ray-scattering features from the dislocation n
work, the stacking faults and twins in the Ag film, and t
substrate steps. The effect of annealing the samples a
creasing temperatures is next illustrated, and a well-orde
interface is selected for a quantitative comparison with c
culation. The dependence of the residual deformation a
function of annealing temperature and substrate miscu
finally discussed.

II. BACKGROUND

Consider two crystals of different lattice parameter w
the same crystallographic structure, which are not deform
and in epitaxy. Zones of ‘‘good match’’ and ‘‘poor match
alternate parallel to the interface, forming a network13 called
coincidence-site lattice~CSL!,14 or O lattice, defined as the
smallest lattice that is common to the two primitive ones.
period L is given by L5af /u f u5as(12u f u)/u f u. In the
‘‘poor match’’ regions, the atoms are subject to coheren
forces that tend to reorganize the structure to form a netw
of misfit dislocations of periodL. In the case of the Ag/
MgO~001! interface, according to the different possible e
taxial sites, different CSL may be considered. Because of
symmetries of the MgO~001! plane, the Ag atoms may s
either above oxygen ions of the substrate, or above ma
sium ions, or in between, above the octahedral site, with
possible variants.8 If they sit above only one of the possib
epitaxial site, a square CSL oriented along^110& directions is
obtained, of 97 Å periodicity. If there are two equivale
epitaxial sites, for instance, O and Mg, or the two variants
the octahedral site, then a square network oriented a
^100& directions is obtained, of 69-Å periodicity,& times
smaller than for thê110& CSL. This is the network sug
gested by the previous HRTEM study.8

Since the misfit dislocations are ordered, they may
observed by x-ray diffraction. The dislocation network yiel
satellites that are only intense close to Bragg peaks. As il
trated in Fig. 1, it is possible to distinguish between the^100&
and ^110& dislocation networks by performing x-ray diffrac
tion along the (h00) and (hh0) directions of the reciproca
space. Along the (hh0) direction, the satellite periodicity is
double in the case of â110& CSL with respect to thê100&
case. Hence simple GIXS measurement should allow dis
guishing unambiguously between these two possibilities.

III. EXPERIMENT

Seven samples were studied, differing either by the s
strate preparation, by the conditions of Ag deposition, or
the silver film thicknesses. Different GIXS setups were us
for the experiments. These experimental conditions,
scribed below, are summarized in Table I.
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A. Samples

In order to directly compare the x-ray scattering resu
with the previous HRTEM ones,8 most samples were pre
pared by the same group,15 using the same MBE apparatus,16

and under conditions as close as possible to the prepara
conditions of HRTEM samples. The MgO~001! substrates,
1031030.5 mm3, were prepared by cleavage of commerc
bars. They were subsequently annealed during 4 h at 850–
900 °C in ultrahigh vacuum~UHV!, before MBE deposition
of a ;200-Å-thick MgO~001! buffer layer with the substrate
held at 600 °C. Silver was deposited at room temperat
with typical rates between 0.1 and 1 Å/s. For all the
samples, large miscut values, typically of the order of
were always found during the GIXS measurements, wh
may be related to the cleavage process.

We have developed a procedure, described in de
elsewhere,17 to obtain well-oriented, clean and extremely fl
MgO~001! surfaces. The 1531530.5-mm3 MgO single
crystals, oriented (001)60.1°, supplied by Sumitomo, wer
first annealed in air at 1500 °C for 2 days. They were nexin
situ ion bombarded at 1550 °C. To ensure the surface stoi
ometry, the sample was finally annealed for 15 min at 700
in an oxygen partial pressure of 1024 mbar. The resulting
surface has a rms roughness of 2.4 Å over lateral len
scales between 1 Å and 1mm, with very wide atomically flat
terraces.17 On these substrates, the Ag/MgO~001! interfaces
were characterizedin situ by GIXS during Ag deposition,
from the very early stages up to thicker films.18 The substrate
was held at room temperature, and Ag was deposited fro
Knudsen cell, at a rate of 0.36 Å/min. We will present he
the results obtained on a 1300-Å-thick film.

FIG. 1. Schematic representation of the (h k 0) interfacial plane
of the reciprocal lattice of the Ag/MgO~001! interface with an in-
terfacial network of misfit dislocations. Large black and gray dis
respectively represent the MgO and Ag Bragg peaks. The recipr
lattices of the two possible interfacial misfit dislocation networ
are also shown as grids, with continuous lines for the^110& CSL,
and dashed line for thê100& one. The locations of satellites from
the interfacial network are represented as gray disks for the s
lites that are common to the two CSL, and as open circles for th
satellites that pertain only to thê110& CSL. The experimental ra-
dial scans performed on the different samples are also indicate
scan along the~110! reciprocal direction, between the MgO~220!
and Ag~220! Bragg peaks, should allow unambiguous distincti
between the two possible network orientations.
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TABLE I. The different Ag/MgO~001! interfaces studied by GIXS: thickness of the Ag film, misc
value, determined during the GIXS experiments, synchrotron beamline and apparatus used for th
experiment, and angular acceptance of the detector. The last sample~F! was prepared at the ESRF, in the D3
SUV ultrahigh vacuum chamber.

Label Ag thickness Miscut
Beamline/

Diffractometer
Detector acceptance
mrad~'!3mrad~i!

A 100 Å 260.5° LURE-W21 535
B 200 Å 260.5° LURE-W21 531
C 1500 Å 260.5° ESRF-D32/Multitechnic 1032
C 1500 Å 260.5° ESRF-ID13/W21 2532
D 1500 Å 260.5° ESRF-ID32/W21 531
E 1500 Å 360.5° ESRF-ID32/W21 531
F 1300 Å ,0.1° ESRF-D32/Multitechnic 531
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B. GIXS experiments

Two GIXS diffractometers were used, on different sy
chrotron beamlines of the LURE~Laboratoire pour
l’Utilisation du Rayonnement Electromagne´tique, Orsay,
France! and the ESRF~European Synchrotron Radiation F
cility, Grenoble, France!. The first one, called W21, has bee
described in detail elsewhere.19 The vertical geometry was
used, with the associated UHV chamber, equipped with
windows, and with a radiative heating furnace reach
900 °C. It was used on the W21 beamline of LURE,19 as well
as on the ID13 and ID32 beamlines20 of the ESRF. The
‘‘Multitechnique’’ diffractometer of the French CRG/IF
beamline BM32~Ref. 20! of the ESRF was also used, with
small high vacuum chamber equipped with a 360° open
beryllium window. The detector angular acceptance was
fined by two pairs of slits, in both directions. The angu
resolutions are reported in Table I for the different GIX
measurements. All measurements were performed with
x-ray monochromatic beam of 18-keV energy. The incid
anglea with respect to the surface was chosen to maxim
the intensity of the dislocation satellites. For the thin A
films ~;100–200 Å!, this amounted to;1.5 times the criti-
cal angle for total external reflectionac of Ag. For thick
films, the optimuma value is;2ac , because most of the
scattering by the dislocation network arises from a bur
region, close to the interface. The optimal Ag thickness,
which the best ratio of satellites over Ag Bragg peaks int
sities is obtained, is of the order of 1300 Å.

Throughout the whole paper, the location of measu
ments is described by the reciprocal lattice units~r.l.u.! h, k,
and l in the reciprocal space of the MgO~001! substrate, of
lattice parametera54.2117 Å. The coordinatel is perpen-
dicular to the Ag/MgO~001! interface.

IV. EXPERIMENTAL RESULTS

A. Interfacial dislocation network

The in-plane measurements performed on the thin lay
A ~100-Å-thick Ag film! and B ~200-Å-thick Ag film!, are
reported in Fig. 2. Along the (hh0) direction, a shoulder is
present aroundh52.023 for sampleA, and a clear satellite
can be seen for sampleB, located ath52.026, between the
MgO crystal truncation rod21 ~CTR! and the Ag peak. This
unambiguously demonstrates that the dislocation networ
of ^110& orientation.
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Because the coalescence is not complete for these
samples, the Ag film structures are fairly disordered. In or
to perform more quantitative measurements, 1500-Å-th
samples~C, D, and E! were investigated. These sampl
were better ordered, and the^110& orientation of the Ag film
was confirmed. However, on these substrates with a sig
cant miscut, a large background of diffuse scattering
present in the region of the Bragg peaks. As clearly dem
strated on MgO~001! surfaces obtained by cleavage from
MgO bar,17 which has a large density of steps, these diffu
scattering contributions arise from the lateral step-step c
relation. A contribution is found below the MgO peak b
cause of the substrate steps, and a second below the Ag
because the substrate steps are replicated in the Ag film
the interface.

To avoid the background induced by steps, similar m
surements were performed on a Ag film deposited on
especially prepared MgO~001! substrate, with a very low
step density ~sample F!. The film thickness, of 1300
620 Å, was determined by x-ray reflectivity, which als
yielded an average density of 9.8 g/cm3 for the Ag film, in-
stead of 10.5 g/cm3 for pure Ag. This corresponds to th
presence of ‘‘holes’’ covering 10% of the sample area,
confirmed by scanning electron microscopy~SEM!.

Figure 3 shows the (h h 0.1) scan performed on thi
sample. The background below the main peaks is sign
cantly smaller than for miscut substrates~not shown!, result-
ing in a fivefold enhancement in the satellite over bac

FIG. 2. Radial scans around the~200! ~black disks! and ~220!
~open squares! Bragg peaks of Ag and MgO for samples A~100-
Å-thick Ag film! and B ~200-Å-thick Ag epilayer!. The peaks po-
sitions are also reported. Note the satellites along the (hh0) direc-
tions.
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ground intensity ratio. Two satellites are clearly visib
confirming the^110& orientation of the dislocation networ
on this thick sample.

B. Stacking faults and twins

On this flat sample, another kind of diffuse scattering
observed~Fig. 3! that cannot be attributed to the interfaci
dislocation network, nor to interfacial steps. It is made
two shoulders, symmetric with respect to the Ag peak.
shown in Fig. 4 on large radial scans taken at room temp
ture before annealing on sampleD, the separation betwee
these two peaks increases withl, in such a way that they ar
aligned on rods emanating from the Ag Bragg peak loca
at ~2.061 2.061 0.04!, and aligned along the~1̄1̄1! and ~111!
directions. One possible explanation of these^111& rods
could be crystal truncation rods21 arising from~111! facets of
the Ag surface, since for Ag, the~111! surface orientation is
energetically favored with respect to the~001! one. However,
an estimation of the intensity scattered by such facets sh
that the surface should be completely decomposed into~111!
facets to reproduce the observed rods. The inte
Ag(2.061 2.061l ) CTR ~Fig. 4! demonstrates that most o
the surface is of~001! orientation.

These rods rather originate from stacking faults alo
~111! planes.22,23These faults can be described by two sem
infinite crystals, related to each other by a~2/3 1/3 1/3! trans-
lation. Because of the phase shift between the two crys
the CTR from the two~111! planes around the fault do no
cancel each other. The residual intensity consists of rods
ented along$111% directions, extending from each Ag Brag
peak.

Another interesting feature seen in Fig. 4 is the peak m
sured around~2.404 2.404 0.35!, which can be attributed to
another kind of growth fault: the twins, corresponding to tw
crystals of reverse fcc stacking, with a mirror plane at

FIG. 3. Radial scan along the (h h 0.1) direction around the
~220! Bragg peak for sampleF, before ~filled squares! and after
~open circles! annealing up to 770 °C. The measurements were p
formed at room temperature. Satellites of diffraction by the inter
cial dislocation network are denotedS. On this sample, which is fla
and has a very small residual miscut (,0.1°), the background
emanating from step-step scattering is negligible. Another sourc
scattering is present in the form of shoulders, shown by arro
They are symmetrical with respect to the Ag peak, and are du
stacking faults~SF! in the Ag film, yielding rods of scattering alon
the ^111& directions.
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fault location. This structure no longer produces rods,
produces additional peaks22,23 arising from the twinned Ag
crystal. Around the~220! Ag Bragg peaks, these ‘‘twin’’
peaks appear at (220)11/3(111) and (220)12/3(1̄1̄1),22 in
reciprocal lattice units of Ag. Hence, these data show that
addition to the interfacial dislocation network, growth fau
are present within the Ag thin film, mainly stacking faul
and twins along~111! planes, which are likely to occur dur
ing coalescence of neighboring islands of different stacki

C. Effect of annealing

In order to get further information on the interfacial di
location network, quantitative measurements of several
fraction satellites are required. This implies samples with
better ordered dislocation network yielding more satellites
larger intensity on one hand, and with as small as poss
background below these satellites on the other hand. A m
datory condition for the last requirement to be met is to s
with a substrate surface with the lowest possible step den
In order to meet the first requirement, the samples were
nealed at different temperatures.

Figure 3 illustrates the effect of annealing on the silv
film. The background due to the stacking faults decrea
tremendously, the Ag peak as well as the main satellite
crease and become narrower, and additional satellites ap
both on the right of the Ag peak and on the left of the Mg
one. Several experiments have thus been performed to c
acterize in more detail the evolution of the Ag film as well

r-
-

of
s.
to FIG. 4. Radial scans (hhl) aroundh52 on sample D~1500-Å-
thick Ag film! at room temperature, before annealing. A vertic
translation, proportional tol , has been introduced between the d
ferent scans. In addition to the MgO and the Ag CTR’s and to
dislocation satellite rod, there are additional rods of scattering,
ented along thê111& directions, and crossing the relaxed Ag pe
aroundl;0.04. These rods are due to stacking faults in the silv
film. The peak aroundh52.404 andl 50.35 arises from twinned
Ag domains. The shift inl (0.04) of theorigin of the stacking fault
rods is due to refraction in the Ag film.
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7314 PRB 58G. RENAUD, P. GUÉNARD, AND A. BARBIER
the dislocation network crystalline quality as a function
annealing at increasing and decreasing temperatures.

Because the MgO thermal expansion parameter of 1
31026 K21 is smaller than the Ag one of 19.031026 K21

~Ref. 24!, the lattice parameter misfitf decreases with in-
creasing temperature. Hence, at equilibrium, the period
the dislocation network is expected to increase with temp
ture, resulting in a larger separation between dislocation
higher temperatures. Figure 5 shows the evolution of
(h h 0.16) scan taken on sampleC during a cycle of anneal
ing at increasing and decreasing temperatures. During h
ing, all peaks shift toward smallerh values because of ther
mal expansion. The experimental evolution of the latt
parameter misfit with temperature was deduced, both du
heating and during cooling, from the exact positions of
MgO and Ag Bragg peaks.

Several features can be inferred from Fig. 5. Firstly,
main satellite, at~2.031 2.031 0.16! on the as-grown sample
always remains exactly centered in between the MgO and
peaks, whatever the temperature. This indicates that, w
the misfit varies, the period of the dislocation netwo
changes in order to be exactly on the CSL. Secondly, ann
ing clearly induces a recrystallization of the Ag thin film,
revealed by a narrowing of the Ag peak in both radial a
transverse directions. Transverse measurements of diffe
orders of diffraction by the Ag film reveal that the crystallin
quality is limited by a finite mosaic spread, which decrea
from ;0.25° down to;0.15° after annealing. Thirdly, an
nealing also dramatically improves the ordering of the dis
cation network. Around 350 °C, the second satellite on
right of the Ag peak becomes clearly visible, and two oth
satellites appear around 620 °C. All peaks are equidist
the satellites’ positions being defined by the periodicity
the dislocation network, itself related to the separation
tween the MgO and Ag peaks. With increasing temperat
all satellites increase and narrow faster than the Ag pe
After annealing at 230 °C, the ratio between the main sa

FIG. 5. Radial scans along the (h h 0.1) direction around the
~220! Bragg peak for sample C, at different temperatures dur
heating followed by cooling back to room temperature. Satell
from the interfacial dislocation network are labeled ‘‘S. ’ ’
f
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lite and the Ag peak intensities is already;50% larger than
on the as-grown sample, while it is 80% larger after anne
ing at 670 °C. At all temperatures, the transverse width of
dislocation satellites is exactly equal to that of the Ag pea
which shows that the crystalline order of dislocations is a
limited by the Ag mosaic spread.

Another remarkable feature is that the dramatic reduct
of the diffuse scattering due to stacking faults starts at l
temperature, around 250 °C, and is almost complete
300 °C. This result could be expected because the forma
of stacking faults is known to be easy in silver. It may be
use in order to grow fault-free thick buffer silver layers o
MgO~001!, for instance, in view of performing GIXS mea
surements on a good starting Ag~001! surface, avoiding the
large thermal diffuse scattering of Ag~001! single crystal
surfaces.25

D. Quantitative measurements of the dislocation network

Quantitative measurements of all measurable disloca
satellites around the~200!, ~400!, ~600!, ~220!, and ~440!
locations were performed at room temperature~RT! on the
flat sample (F) after it had been annealed at 770 °C. Bo
radial ~Fig. 3 and Fig. 6! and transverse scans were pe
formed, for a perpendicular momentum transfer value ol
50.1, which yielded the best signal over background ra
On this sample, all in-plane peaks had a transverse full w
at half maximum of 0.10°60.02°, thus limited by the Ag
film mosaic spread. They were integrated both radially a
transversely, and corrected for the active area, monitor n
malization, polarization and appropriate Lorentz correctio
The measured diffraction pattern is reported in Fig. 7.

V. ANALYSIS, INTERPRETATION, AND DISCUSSION

A. Orientation of the dislocation network

All the above data demonstrate that, for very differe
film thickness, preparation conditions or substrate step d
sity, the dislocation network is always oriented along^110&
directions, with Burgers vectors of thea/2@110# type. More-
over, annealing experiments show that this orientation
Burgers vectors are preserved when heating the sample.

g
s

FIG. 6. Radial scans on the ‘‘flat substrate’’ sample~F! after
high-temperature annealing up to 770 °C. The diffraction satell
from the interfacial network of misfit dislocations are labeled ‘‘S. ’ ’
The scan around the~220! reflection is shown in Fig. 3.
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^110& orientation is consistent with the uniqueness of
epitaxial site~above oxygen ions of the substrate! during the
initial stages of epitaxy, that we have demonstrated earlie
GIXS.9

This conclusion stands in contradiction with the^100& ori-
entation deduced from a previous HRTEM investigatio8

Since HRTEM is a method of choice to investigate dislo
tions, the possible reasons leading to a mistaken interpr
tion must be examined. Firstly, HRTEM cross sections w
observed only in the~100! plane, in which both kinds of
networks yield similar contrast,11 and no~110! cross section
was available. These images were blurred, which is expe
for a ^110& orientation, but which should not be the case
the network orientation was really^100&.11 Secondly, accord-
ing to the authors themselves, the preparation of thin sam
adapted for HRTEM was extremely difficult, mainly becau
of the weak adhesion energy of this interface. It is thus p
sible that an initially ^110&-oriented network could have
evolved during sample preparation. Since the typical thi
ness of an HRTEM specimen is;100 Å, i.e., comparable to
the separation between dislocations, the lattice paramete
laxation perpendicular to the cross section could be p
formed at the edges. For a~010! cross section, it could thu
be possible that, during preparation, ana/2@110# dislocation
would dissociate into two other dislocations:a/2@100#
1a/2@010#. The dislocation lines parallel to the sectio
could be eliminated at the edges, leaving only the perp
dicular dislocations to relax the remaining stress paralle
the section. Another possible scenario that was origin

FIG. 7. Diffraction pattern of the Ag/MgO~001! interface mea-
sured on the ‘‘flat substrate’’ sample~F! after high-temperature an
nealing up to 770 °C, in the (h h 0.1) plane. The experimenta
structure factors, measured by radial and rocking integration
lowed by area, Lorentz and polarization corrections, are represe
as open half circles whose radius is proportional to the struc
factor~and hence the area is proportional to the intensity! on the left
of each peak location. On the right are represented~gray half disks!
the calculated structure factors corresponding to the best fit~see
text!, with a ratiok50.3 or the shear modulus of Ag over the she
modulus of MgO. The inset shows the evolution of the agreem
factor x2 as a function of this ratio. The best fit is obtained for t
value ofk50.3, which is close to the actual value~0.28! deduced
from the tables.
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thought was that the reorientation of the dislocation co
result from heating of the sample, which could have occur
during ion beam milling down to the appropriate thickne
However, the observation of the stability of the network o
entation during heating up to elevated temperature rules
this possibility.

Note that thea/2@100# Burgers vector is not a vector o
the fcc Bravais lattice of Ag, and is thus by definition
partial dislocation, associated with a stacking fault in t
~100! plane. Since this stacking fault is not a ‘‘natural
stacking fault of Ag it must have a high energy, and thu
small probability.

B. Quantitative analysis of the dislocation network

One important goal of our investigation was to quanti
tively compare the experimental results with calculated
tensities, in order to test the ability of the available models
calculate the main characteristics of the dislocation netwo
as probed by x-ray diffraction.

According to the respective substrate and film elas
properties, the core of the dislocations may be located
given distance away from the interface.26,27 A calculation
similar to that performed in the Nb/Al2O3 case27 was done
for the Ag/MgO~001! interface, yielding the equilibrium dis
tancel0'1.260.3b between the dislocation core and th
substrate surface, whereb is the modulus of the Burger
vector. Since this value is expected to be overestimated
factor of 2,27 one can conclude that, in the present case,
dislocations are located at the interface, which is also
experimental HRTEM conclusion.8 In order to calculate the
displacements induced by the dislocations, we can thus re
to a model in which the dislocation cores are located at
interface.

An analytical model,28,29 developed in the framework o
linear elasticity in a continuous and isotropic medium w
used to compute the complete 3D displacement field.
atomic positions, within a Ag~001! film of finite thickness in
semicoherent epitaxy with MgO~001! were calculated for
different values of the ratiok5mAg /mMgO of the shear mod-
ulii of Ag and MgO. The structure factors of all main sate
lites were next computed. They were fitted to the data w
only three parameters: a scale factor common to all sate
peaks, a different scale factor for Ag Bragg peaks, in orde
take into account the finite thickness simulated, and a Deb
Waller factor taken identical for all atoms. Thex2 agreement
factor was found very sensitive to the ratiok, as shown in the
inset of Fig. 7. The best agreement is obtained fork50.3,
which yieldsx251.5, very close to the ideal value of 1. Fo
a rigid substrate (k50), a much worse agreement (x2

53.2) is obtained. Indeed, if this approximation is justifie
for very thin films,30 it almost certainly breaks for the thic
films investigated here. The calculated structure factors
k50.3 are reported in Fig. 7 for comparison with the expe
mental ones, which confirms the quality of the agreeme
for all measured peaks. The optimal Debye-Waller fac
value ofA^u&250.15 Å is slightly larger than in bulk silver
~0.1 Å!, which is probably representative of static disorde

This simulation shows that the substrate is effectively
formed by the Ag film, and this deformation significant
contributes to the experimental data. The best agreeme
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actually found for a value very close to the tabulated va
(k50.28), which clearly demonstrates that the theory
elasticity is well adapted to calculate the deformation field
both the substrate and the film. It is also well adapted
calculate the properties of the interface, without invoking
weaker ‘‘effective interfacial modulus.’’3 These results vali-
date the choice of this quantitative model, and show tha
numerical simulation that would be required to better d
scribe the detailed structure of the core of the dislocatio
not necessary to reproduce these experimental data. Thi
tually implies that for thisl value, the scattered intensity
mainly sensitive to atomic displacement far from the dis
cation cores, rather than to the dislocation core itself. Fur
measurements of the dislocation satellites as a function o
perpendicular coordinatel would be required to determine if
for large l values, x-ray scattering could be sensitive to t
atomic structure of the dislocation cores.

C. Residual deformation of the Ag film, effect of annealing

For almost all samples, whatever the film thickness a
the annealing history, a residual deformation remains, wh
depends upon the thickness of the film, the density of st
on the substrate and the state, as grown or annealed, o
sample.

The residual deformation measured on the differ
samples before and after annealing are compared in Fig.
the result of an elastic calculation of the residu
deformation28,31as a function of the film thickness. Whatev
the step density and preparation conditions, all 1500-Å-th
as-grown Ag films are nearly fully relaxed. They are close
the equilibrium conditions, since the residual deformation
that predicted by the linear elasticity theory. By contrast, t
films as well as annealed films always have experime
residual deformations larger than the calculated ones.

For the 100-Å- and 200-Å-thick samples~Fig. 3!, the re-
sidual deformation is always larger in the^100& direction
than in the^110& direction, and this difference of residua
deformation decreases with increasing thickness. This

FIG. 8. Calculated residual deformatione of the Ag epilayer as
a function of its thicknesst, according to an approximate calcula
tion ~continuous line! ~Ref. 31! and to a more precise numeric
calculation~dashed line! ~Ref. 28!. Experimental values with erro
bars are also reported for~a!: 100-Å, 200-Å, and 1500-Å-thick
samples before annealing;~b! the 1500-Å-thick ‘‘miscut’’ samples
after annealing, and~c!: the 1300-Å sample with a flat interfac
~sample F! after annealing.
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linked to the 3D character18 of the growth of Ag on
MgO~001!, with nucleation, growth, and coalescence of A
islands. The 100-Å- and 200-Å-thick films have not yet ful
coalesced, and are thus composed of large islands sepa
from each other. Since for 3D islands, the deformation, a
thus the stress, is imposed only on the atomic plane that
contact with the substrate, the relaxation may partly proc
on the edges. The observed nonbiaxial deformation co
then be related to the elastic anisotropy of Ag. Indeed,
using the elasticity theory, very different values of th
Young modulus,E100544 GPa andE110584 GPa, are found
along thê 100& and^110& directions. Ag is thus softer in the
^100& directions, which explains the larger residual deform
tion observed in these directions. The decrease of the dif
ence between the residual deformation along two directi
with increasing thickness is connected to the fact that, w
the average film thickness increases, a smaller fraction i
the form of islands and the islands are flatter, resulting i
decrease of the fraction of the film located near island edg
Therefore, the fraction of the film that may relax due
deformation of the island edges is smaller, and the defor
tion tends to be more biaxial. These considerations also s
that part of the deviation from the theoretical residual def
mation value could be due to a partial 3D character of
film, which is a function of thickness.

For Ag thicknesses of 1300 Å and 1500 Å, SEM inves
gations clearly showed that the films are continuous,
cepted for a small fraction of holes running through t
whole thickness. The residual deformation should then
purely biaxial, which is our experimental observation. Lar
differences between the experimental and calculated resi
deformations are, however, found after annealing. The
perimental residual deformations are also found to depend
the substrate step density.

Before discussing this effect, we need to evaluate the
turn force exerted on a dislocation that is slightly displac
with respect to its equilibrium position in the direction pa
allel to the interface. This was done by using the Peie
Nabarro model.32 The lateral return force on a dislocatio
displaced by one atomic plane with respect to its equilibri
CSL position was found to be of the order of
31024mAg , only slightly smaller than the critical gliding
strain of 431023mAg . The gliding of interfacial dislocations
should be even easier, since the Ag-O binding energy
much smaller than the Ag-Ag one.2 Therefore, the interfacia
dislocations can not be displaced from their equilibrium p
sition by more than a few atomic distances, unless they
pinned by interfacial defects such as steps. This is in g
agreement with the experimental result that the average
location spacing is always the equilibrium one when incre
ing the temperature, i.e., when decreasing the misfit. T
calculation shows in addition that large fluctuations of t
separation between dislocations around the average valu
very unlikely, which is an important result for the followin
discussion.

For all thick samples, during anneals at progressively
creasing temperatures, the misfit was found to behave as
pected from the respective thermal expansion coefficient
Ag and MgO. By contrast, smaller misfits are always fou
for decreasing temperatures, and, whatever the highest
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perature that has been reached, the difference in lattice
rameters back to RT is smaller after annealing than befo

For all miscut samples, the position~measured at RT! of
the Ag peaks ishAg52.05860.001 after high-temperatur
annealing, compared to 2.061 before annealing. This dif
ence corresponds to a lattice parameter misfit of 2
60.05%, i.e., a residual deformation of10.16% in silver.
This residual deformation is by far larger than the theoret
elastic deformation for 1500-Å-thick films. The Ag film i
also constrained perpendicular to the interface: the loca
of the Ag~002! Bragg peak yields a20.25% contraction,
which is the value expected from the linear elasticity the
with a 10.16% expansion parallel to the surface.

On the flat sample, the residual deformation after hig
temperature annealing is even larger:hAg52.05560.001,
which corresponds to a misfit of 2.7560.05%, or to a re-
sidual deformation of 0.3160.05%, roughly double that ob
served on miscut samples.

It is possible to show22 that this phenomenon cannot b
explained by misfit relaxation resulting from stacking faul
The relaxation is thus likely to be fully realized by mis
edge dislocations. With this assumption, the linear dislo
tion densityn in the ^110& direction is directly related to the
misfit parameterf. We find that 5.5% and 7.9% of disloca
tions are ‘‘lacking’’ on the miscut and flat samples, respe
tively, after the annealing cycle. There is thus a clear co
lation between the substrate step density and the resi
deformation after annealing.

Let us first consider the flat substrate, with no pinni
centers. For a completely relaxed Ag film at RT,f
522.98% yields a linear dislocation density along the^110&
direction of n5103 dislocations/mm, while at 800 °C,f ;
22.5% yieldsn586 dislocations/mm, i.e., 17% less than a
RT. The distance between dislocations is then 6 to 7~110!
atomic planes larger at 800 °C, and thus corresponds
significant displacement of these dislocations with respec
their RT position. Since the gliding motion is easy in t
~001! plane, and since the dislocations cannot be displa
from their equilibrium position by more than one or tw
interatomic distances, the excess dislocations must be e
nated at the edges of the Ag islands or of the Ag film up
heating. During cooling, new dislocations must have nuc
ated, as shown by the larger misfit after cooling~2.75%! than
at high temperature~2.5%!. Since the gliding plane is the
interface plane, this introduction must proceed at the ed
of islands or of the silver film.

When steps are present, they act as pinning centers
cause, in order to cross a step, a dislocation has to unde
climb, which is only possible with the addition of new a
oms. This process requires atomic diffusion, and is t
much less favored than simple dislocation gliding. Since
substrate steps pin the dislocations, the larger the step
sity, the smaller the number of dislocations that are elim
nated at high temperature. The excess dislocations must
stay on their terrace. They should not stay pinned by
steps, since in that case, the residual deformation should
crease with the step density, which is contrary to the exp
mental observation. On a given terrace, fully covered by
ver, it is thus likely that the total number of dislocation
remains constant. Hence, the larger the step density, the
a-
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the number of dislocations that have to be reintroduced d
ing cooling, because steps are a reservoir of dislocations

We thus find that, the larger the number of dislocatio
that have to be reintroduced during cooling, the larger
residual deformation. This can only be explained by the
istence of a barrier to the nucleation of new dislocations.

This conclusion in turn provides important informatio
concerning the initial formation of interfacial dislocation
during growth. Indeed, on all 1500-Å-thick as-grow
samples, the Ag film was fully relaxed. This implies~still in
the hypothesis that only thea/2@110# dislocations participate
to the misfit relaxation! that the introduction of dislocation
is a progressive process during growth, rather than a sim
nucleation followed by gliding, because in the latter case
significant residual deformation should be observed. It
likely that dislocations are naturally introduced at the edg
of growing islands when they reach a critical lateral s
equal to the periodL of the CSL.

VI. CONCLUSIONS

This study of thick Ag epilayers on MgO~001! by grazing
incidence x-ray diffraction has confirmed the existence of
ordered network of interfacial misfit dislocations. These d
locations were found to have pure edge character, orien
along the common̂110& directions of the film and the sub
strate, with 1

2 @110# Burgers vectors in the Ag lattice. Th
dislocations are separated by 97 Å on the as-grown fil
which is in agreement with the coincident site lattice form
in the case of only one kind of site for the epitaxy of Ag o
MgO~001!. This result is in contradiction with the conclusio
of a previous HRTEM study, which probably suffered fro
the difficulty to prepare the samples in this system. It de
onstrates the power of GIXS to analyze ordered, buried
terfaces in a nondestructive way.

The presence of growth faults, in particular stacking fau
and twins in the silver film, has also been detected. T
density of stacking faults is linked to the quality of the su
strate surface, in particular the step density.

During annealing, the Ag crystalline quality drastical
improves, with a reduction of the mosaic spread by a fac
2.5. In addition, new satellites of diffraction by the disloc
tion network become measurable. It was then possible
quantitatively analyze the diffraction pattern by use of
model of the dislocation network based on the linear elas
ity theory in a continuous and isotropic medium. A goo
agreement with the experimental data is obtained, wh
shows that the substrate is deformed according to the ela
predictions, and that no intermediate layer is needed to
count for the weak Ag-O bond at the interface.

The period of the dislocation network adapts itself to t
lattice parameter misfit at all temperatures investigated,
no kinetic evolution could be detected, at least at the ti
scale of the experiment. It would be interesting to des
experiments that would allow one to separate between
kinetic effects and the driving force effect, which is the i
stantaneous thermal expansion pulling the dislocations ou
their equilibrium positions. One way would be to compa
measurements performed at room temperature and below
a temperature range where the atomic diffusion is very s
and can thus be neglected.
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A large residual deformation is systematically found af
annealing, which is linked to the density of steps on
substrate. This shows the existence of a barrier to the nu
ation of misfit dislocations in a continuous film. A cons
quence is that the misfit dislocations that are present in t
Ag films on MgO~001! after growth are likely to form during
the growth at the edge of islands, rather than after a c
strained, continuous film has reached a critical thickness
n
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