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Misfit dislocation network at the Ag/MgO (001) interface:
A grazing-incidence x-ray-scattering study
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The misfit dislocation network at the Ag/MdQaD1) interface has been investigated by grazing incidence
x-ray diffraction on Ag films of different thicknesses, between 100 and 1500 A deposited at room temperature
by molecular beam epitaxy on Md@1) 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(&ldihg
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 dislocatior$0163-18208)07532-9

[. INTRODUCTION localized and organized: the interface is said to be “incoher-
ent.” There are, however, numerous exceptions. For in-
Metal/ceramic interfaces are involved in many techno-Stance, the PafAl,O5(111),* Au/MgO(001),> Cu/Al,0,
logical materials: electronic packaging, catalysis, protectivdRef. 6 and the Ag/ICdO(Ref. 7) interfaces are incoherent

coatings, thin-film technology, composites, or glass industry‘.’A"S/hZ:O: (zlz;?m?s/r(i‘aclg(:/; ::S]i gg;/gr err?tS\F/)v?t;:wivze%/ ‘f,}’hile the
M f their electrical, th | hanical i 2 . D
any of their electrical, thermal, or mechanical properties™ % =2~ AgIMgQO01) interface. f— —2.98%. Hence, a

depend on.the atom|g structure of the metaliceramic Interfl"‘Ceemicoherent interface is expected. Ordered, localized inter-
they contain. Thus, in recent years, the structure of metal?

AR - n§1cial misfit dislocations have been observed by HRTEM.
oxide interfaces has made a number of new experimental anfhis study concluded that the dislocation lines were oriented

theoretical contribution’. Despite this interest, little is along (100, which could only be explained by the coexist-
known about metal-oxide adhesion because of the complegnce of two epitaxial sites for silver in the regions of “good
nature of the interactions involved between these dissimilamatch” between the Ag film and the MgO substrate. This
materials. The Ag/Mg@O01) system is one of the most result was very surprising because all theoretical calculations
simple metal/oxide interfaces because both constituting meef the epitaxial site performed so faconcluded one site,
terials have a cubic lattice, the epitaxial relationships arébove O ions, was preferred. This was also our experimental
known to be cube on cube, the lattice parameter misfit igonclusiort} from a previous grazing incidence x-ray

. O . . .
small, and chemical and charge transfer contributions igeattering® (GIXS) investigation of the early stages of
bonding are negligible. For these reasons, it has been chos ﬁOWth of Ag on MgQOOl. In addition, the HRTEM

e o amples were extremely difficult to prep&rep that only
by many theoreticians as a model metal/oxide interface t?lOO) and no(110) cross section could be observed. Since

refine the theoretical _modezisHowever,_ theoreticians nor-  the (100 cross section was blurred, the conclusion regarding
mally neglect the lattice parameter misfit in their calcula-the orientation was controversidiTo the best of our knowl-
tions, while it is these interfacial defects that play a dominaniedge, no plane view transmission electron microscopy ex-
role on the energetic of the interface. These defects could beeriment has ever been performed in order to identify the
of different nature: dislocations, stacking faults, twins, rota-orientation of the dislocation network. This is probably due
tion of the epilayer with respect to the substrate, roughnesso the difficulty to prepare sample because of the very weak
etc. interfacial bonding. These considerations led us to carry out
From the point of view of elasticity, the relaxation is gov- an investigation of this dislocation network x-ray diffraction
erned by the lattice parameter misfitdefined byf=(a; on this interfacial superlattice, using grazing incidence con-
—ag)/ag, wherea; andag are respectively the film and sub- ditions, as was successfully in the case of a semicoherent
strate lattice parameters. For small valuesfof<10%), semiconductor interface, Ga®1)/GaAg001).?
semicoherent interfaces are often observed, in which the lat- It will be shown that GIXS allows a clear determination
tice parameter misfit is accommodated by localized and oref the dislocation network orientation. In addition, it pro-
dered misfit dislocation$Whenf is larger, the misfit dislo- vides new information on the residual deformation as a func-
cation density becomes so large that they cannot remaition of thickness and on the effect of annealing an interface
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between materials having different thermal expansion coef-
ficients. The evolution of the residual deformation after an-

neals and its dependency upon the step density of the sub- UK, WX AGHEL .. :12)8; 82‘.'[
strate will be discussed. <«— SCANS
Before presenting the results, a few preliminaries will be gkﬂg%rggaggg
given in simple terms in order to describe the different pos- O Observed
sible network orientations in the Ag/MdQ0l) interface, satellites

and how they can be distinguished by x-ray scattering. The
experimental conditions and results are next described,
showing x-ray-scattering features from the dislocation net-
work, the stacking faults and twins in the Ag film, and the
substrate steps. The effect of annealing the samples at in- NN RaVaYs

creasing temperatures is next illustrated, and a well-ordered (200) (400)

interface is selected for a quantitative comparison with cal-

culation. The dependence of the residual deformation as a F!G- 1. Schematic representation of ttieK 0) interfacial plane

function of annealing temperature and substrate miscut i§f the reciprocal lattice of the Ag/Mg@01) interface with an in-
finally discussed. terfacial network of misfit dislocations. Large black and gray disks

respectively represent the MgO and Ag Bragg peaks. The reciprocal

lattices of the two possible interfacial misfit dislocation networks
Il. BACKGROUND are also shown as grids, with continuous lines for ¢h&0) CSL,
) . . _and dashed line for th€100) one. The locations of satellites from

Consider two crystals of different Iat.tlce parameter With i interfacial network are represented as gray disks for the satel-

the same crystallographic structure, which are not deformedites that are common to the two CSL, and as open circles for those
and in epitaxy. Zones of “good match” and “poor match” sateliites that pertain only to the@10 CSL. The experimental ra-
alternate parallel to the interface, forming a netwdialled  dial scans performed on the different samples are also indicated. A
coincidence-site latticéCSL),** or O lattice, defined as the scan along thé110) reciprocal direction, between the MEZ20)
smallest lattice that is common to the two primitive ones. Itsand Ag220 Bragg peaks, should allow unambiguous distinction
period A is given by A=a;/|f|=agy(1—|f|)/|f|. In the between the two possible network orientations.
“poor match” regions, the atoms are subject to coherency
forces that tend to reorganize the structure to form a network
of misfit dislocations of period\. In the case of the Ag/

MgO(00Y) interface, according to the different possible epi- |, order to directly compare the x-ray scattering results

taxial sites, different CSL may be considered. Because of thgii the previous HRTEM onésmost samples were pre-

symmetries of the Mg@®@01) plane, the Ag atoms may sit ared by the same grodpusing the same MBE apparattfs,

e.|ther. above OXygen 1ons of the substrate, or apove magng'nd under conditions as close as possible to the preparation
sium ions, or in between, above the octahedral site, with twg

. . | ) conditions of HRTEM samples. The Md@1) substrates,
possible variant8.If they sit above only one of the possible e dbv ol f ial
epitaxial site, a square CSL oriented aldad0 directions is 10x10x0.5 mn7, were prepared by cleavage of commercia
obtained, of 97 A periodicity. If there are two equivalent bars.o They were subsequently annealed dudrh at 850~
epitaxial sites, for instance, O and Mg, or the two variants o200 °C in ultrahigh vacuuniUHV), before MBE deposition
the octahedral site, then a square network oriented annEf""Nzoo"ﬂ\'th'Ck MgQ(001) buffer layer with the substrate
(100 directions is obtained, of 69-A periodicity2 times gld at §00 °C. Silver was deposited at room temperature
smaller than for thg110) CSL. This is the network sug- With typical rates between 0.1 and 1 A/s. For all these
gested by the previous HRTEM stufly. samples, large miscut values, typically of the order of 2°,

Since the misfit dislocations are ordered, they may bavere always found during the GIXS measurements, which
observed by x-ray diffraction. The dislocation network yieldsmay be related to the cleavage process.
satellites that are only intense close to Bragg peaks. As illus- We have developed a procedure, described in detail
trated in Fig. 1, it is possible to distinguish between¢h@)  elsewheré/ to obtain well-oriented, clean and extremely flat
and(110 dislocation networks by performing x-ray diffrac- MgO(001) surfaces. The 1815x0.5-mn? MgO single
tion along the £00) and hO) directions of the reciprocal crystals, oriented (001)0.1°, supplied by Sumitomo, were
space. Along thel(h0) direction, the satellite periodicity is first annealed in air at 1500 °C for 2 days. They were rirext
double in the case of @10 CSL with respect to th€100  sjtuion bombarded at 1550 °C. To ensure the surface stoichi-
case. Hence simple GIXS measurement should allow distinometry, the sample was finally annealed for 15 min at 700 °C
guishing unambiguously between these two possibilities. in an oxygen partial pressure of 17bmbar. The resulting
surface has a rms roughness of 2.4 A over lateral length
scales betweel A and 1um, with very wide atomically flat
terraces’ On these substrates, the Ag/M@D1) interfaces

Seven samples were studied, differing either by the subwere characterizeéh situ by GIXS during Ag deposition,
strate preparation, by the conditions of Ag deposition, or byfrom the very early stages up to thicker filifsThe substrate
the silver film thicknesses. Different GIXS setups were usedvas held at room temperature, and Ag was deposited from a
for the experiments. These experimental conditions, deKnudsen cell, at a rate of 0.36 A/min. We will present here
scribed below, are summarized in Table I. the results obtained on a 1300-A-thick film.

nd <100>

" .0. o
RIS
OO0

A. Samples

IIl. EXPERIMENT
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TABLE |. The different Ag/MgQ00)) interfaces studied by GIXS: thickness of the Ag film, miscut
value, determined during the GIXS experiments, synchrotron beamline and apparatus used for the GIXS
experiment, and angular acceptance of the detector. The last s&fhplas prepared at the ESRF, in the D32
SUV ultrahigh vacuum chamber.

Beamline/ Detector acceptance
Label Ag thickness Miscut Diffractometer mradl)>Xmrad]l)
A 100 A 2+0.5° LURE-W21 5<5
B 200 A 2+0.5° LURE-W21 5¢1
C 1500 A 2-0.5° ESRF-D32/Multitechnic 102
C 1500 A 2t0.5° ESRF-ID13/W21 252
D 1500 A 2+0.5° ESRF-ID32/W21 51
E 1500 A 3+0.5° ESRF-ID32/W21 51
F 1300 A <0.1° ESRF-D32/Multitechnic 51
B. GIXS experiments Because the coalescence is not complete for these thin

Two GIXS diffractometers were used, on different Syn_samples, the Ag film structures are fairly disordered. In order
chrotron beamlines of the LURE(Laboratoire pour !0 perform more quantitative measurements, 1500-A-thick
I'Utilisation du Rayonnement Electromagiteie, Orsay, Samples(C, D, and E) were investigated. These samples
Francé and the ESRREuropean Synchrotron Radiation Fa- Were better ordered, and tk&10 orientation of the Ag film
cility, Grenoble, Frande The first one, called W21, has been Was confirmed. However, on these substrates with a signifi-
described in detail elsewhetéThe vertical geometry was cant miscut, a large background of diffuse scattering is
used, with the associated UHV chamber, equipped with Bg@resent in the region of the Bragg peaks. As clearly demon-
windows, and with a radiative heating furnace reachingstrated on Mg@QO01) surfaces obtained by cleavage from a
900 °C. It was used on the W21 beamline of LURs well  MgO bar” which has a large density of steps, these diffuse
as on the ID13 and ID32 beamlif@sof the ESRF. The scattering contributions arise from the lateral step-step cor-
“Multitechnique” diffractometer of the French CRGIIF relation. A contribution is found below the MgO peak be-
beamline BM32Ref. 20 of the ESRF was also used, with a cause of the substrate steps, and a second below the Ag peak,

small high vacuum chamber equipped with a 360° openingecause the substrate steps are replicated in the Ag film at
beryllium window. The detector angular acceptance was déme interface.

fined by two pairs of slits, in both directions. The angular

resolutions are reported in Table | for the different GIXS g ;aments were performed on a Ag film deposited on an

measurements. All measurements were performed with ag : ;

. o specially prepared Mg00l) substrate, with a very low
x-ray monochromatic beam of 18-keV energy. The |nC|dentstep density (sample §. The film thickness, of 1300
anglea with respect to the surface was chosen to maximize, 20 A was determined by x-rav reflectivit 'which also
the intensity of the dislocation satellites. For the thin Ag . ' y Y Y,

films (~100—200 A, this amounted te-1.5 times the criti- yielded an average density of 9.8 g/_%:fnr the Ag film, in-
cal angle for total external reflection, of Ag. For thick ~Stéad of 10.5 g/anior pure Ag. This comresponds to the
films, the optimuma value is~2a., because most of the Presence of “holes™ covering 10% of the sample area, as
scattering by the dislocation network arises from a burieconfirmed by scanning electron microscoiSEM). _
region, close to the interface. The optimal Ag thickness, for Figure 3 shows the(h0.1) scan performed on this
which the best ratio of satellites over Ag Bragg peaks intensample. The background below the main peaks is signifi-
sities is obtained, is of the order of 1300 A. cantly smaller than for miscut substratest shown, result-
Throughout the whole paper, the location of measureing in a fivefold enhancement in the satellite over back-
ments is described by the reciprocal lattice ufitsu.) h, k,
and! in the reciprocal space of the M@g@D1) substrate, of

To avoid the background induced by steps, similar mea-

lattice parametea=4.2117 A. The coordinateis perpen-  [[100 A b osa s 200A] 2088
dicular to the Ag/Mg@001) interface. IS 2.026
-é MgO
8 Mgo
IV. EXPERIMENTAL RESULTS g
A. Interfacial dislocation network ‘g 2.04
The in-plane measurements performed on the thin layers E 2.023

A (100-A-thick Ag film) and B (200-A-thick Ag film), are

reported in Fig. 2. Along thenhQ) direction, a shoulder is
present aroundh=2.023 for sampled, and a clear satellite FIG. 2. Radial scans around tfi200) (black disk$ and (220)

can be seen for sampkg located ath=2.026, between the (open squar@sBragg peaks of Ag and MgO for samples (A00-

MgO crystal truncation rod (CTR) and the Ag peak. This A-thick Ag film) and B (200-A-thick Ag epilaye). The peaks po-
unambiguously demonstrates that the dislocation network isitions are also reported. Note the satellites along tH®] direc-

of (110 orientation. tions.

2 hMgOrlu) 21 2 h(MgOrlu) 2.1
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FIG. 3. Radial scan along theh (h 0.1) direction around the 5:8.'112

(220 Bragg peak for sampl&, before (filled squares and after ¢=0.08

(open circlesannealing up to 770 °C. The measurements were per- gfggg

formed at room temperature. Satellites of diffraction by the interfa- 0=0.02

cial dislocation network are denot&d On this sample, which is flat =0
and has a very small residual miscut@.1°), thebackground . . . L L '
14 16 18 24 26

emanating from step-step scattering is negligible. Another source of h(l\z/i(éo ?Iz u.)
scattering is present in the form of shoulders, shown by arrows. T
They are symmetrical with respect to the Ag peak, and are due to FIG. 4. Radial scanshhl) aroundh=2 on sample D(1500-A-
stacking fault§SF in the Ag film, yielding rods of scattering along thick Ag film) at room temperature, before annealing. A vertical
the (111) directions. translation, proportional tb, has been introduced between the dif-
ferent scans. In addition to the MgO and the Ag CTR’s and to the

ground intensity ratio. Two satellites are clearly visible dislocation satellite rod, there are additional rods of scattering, ori-

confirming the(110) orientation of the dislocation network Snted along thél1l directions, and crossing the relaxed Ag peak
on this thick sample aroundl~0.04. These rods are due to stacking faults in the silver

film. The peak arountt=2.404 and =0.35 arises from twinned
Ag domains. The shift ih (0.04) of theorigin of the stacking fault
B. Stacking faults and twins rods is due to refraction in the Ag film.

On this flat sample, another kind of diffuse scattering is ) _
observed(Fig. 3 that cannot be attributed to the interfacial fault location. This structure no longer produces rods, but
dislocation network, nor to interfacial steps. It is made ofProduces additional peaks™ arising from the twinned Ag
two shoulders, symmetric with respect to the Ag peak. Ascrystal. Around the(220) Ag Bragg peaks, these “twin”
shown in Fig. 4 on large radial scans taken at room temperapeaks appear at (228)1/3(111) and (220) 2/3(111),%in
ture before annealing on samglg the separation between reciprocal lattice units of Ag. Hence, these data show that, in
these two peaks increases within such a way that they are addition to the interfacial dislocation network, growth faults
aligned on rods emanating from the Ag Bragg peak located@re present within the Ag thin film, mainly stacking faults
at(2.061 2.061 0.0¢ and aligned along thel11) and(111)  and twins along111) planes, which are likely to occur dur-
directions. One possible explanation of thedd1) rods INg coalescence of neighboring islands of different stacking.
could be crystal truncation rotfsarising from(111) facets of
the Ag surface, since for Ag, thd11) surface orientation is
energetically favored with respect to tt@1) one. However,
an estimation of the intensity scattered by such facets shows In order to get further information on the interfacial dis-
that the surface should be completely decomposed(iritd) location network, quantitative measurements of several dif-
facets to reproduce the observed rods. The intensiaction satellites are required. This implies samples with a
Ag(2.061 2.061) CTR (Fig. 4 demonstrates that most of better ordered dislocation network yielding more satellites of
the surface is 0f001) orientation. larger intensity on one hand, and with as small as possible

These rods rather originate from stacking faults alongbackground below these satellites on the other hand. A man-
(111) planes?*?*These faults can be described by two semi-datory condition for the last requirement to be met is to start
infinite crystals, related to each other by243 1/3 1/3 trans-  with a substrate surface with the lowest possible step density.
lation. Because of the phase shift between the two crystaldn order to meet the first requirement, the samples were an-
the CTR from the twg111) planes around the fault do not nealed at different temperatures.
cancel each other. The residual intensity consists of rods ori- Figure 3 illustrates the effect of annealing on the silver
ented alond111} directions, extending from each Ag Bragg film. The background due to the stacking faults decreases
peak. tremendously, the Ag peak as well as the main satellite in-

Another interesting feature seen in Fig. 4 is the peak meaerease and become narrower, and additional satellites appear,
sured around2.404 2.404 0.3 which can be attributed to both on the right of the Ag peak and on the left of the MgO
another kind of growth fault: the twins, corresponding to twoone. Several experiments have thus been performed to char-
crystals of reverse fcc stacking, with a mirror plane at theacterize in more detail the evolution of the Ag film as well as

C. Effect of annealing
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FIG. 6. Radial scans on the “flat substrate” samgiige after
high-temperature annealing up to 770 °C. The diffraction satellites
from the interfacial network of misfit dislocations are labele8."*

1.9 2 2.1 The scan around th@20) reflection is shown in Fig. 3.
h(MgO r.L.u.)
. o lite and the Ag peak intensities is alreadyp0% larger than
FIG. 5. Radial scans along thé  0.1) direction around the o the as-grown sample, while it is 80% larger after anneal-
(220 Bragg peak for sample C, at different temperatures during,q 4t 670 °C. At all temperatures, the transverse width of the
heating followed by cooling back to room temperature. Satellitesyig|ocation satellites is exactly equal to that of the Ag peaks,
from the interfacial dislocation network are labeled. which shows that the crystalline order of dislocations is also

the dislocation network crystalline quality as a function of imited by the Ag mosaic Sprea_d. . .
annealing at increasing and decreasing temperatures. Another remarkable feature is that the dramatic reduction

Because the MgO thermal expansion parameter of 13 gf the diffuse scattering due to stacking faults starts at low
x10~® K~ is smaller than the Ag one of 19QL0 ® K~* ‘temperature, around 250 °C, and is almost complete at
(Ref. 24, the lattice parameter misfft decrea.ses with in- 300°C. This result could be expected because the formation

creasing temperature. Hence, at equilibrium, the period o?f St‘?‘c"'”g faults is known to be easy in S|Iv¢r. It may be of
use in order to grow fault-free thick buffer silver layers on

the dislocation network is expected to increase with tempera- 0(00D). for i L f performing GIXS
ture, resulting in a larger separation between dislocations at' 9 (00), for instance, in View of performing 5125 mea-
urements on a good starting ®@1) surface, avoiding the

higher temperatures. Figure 5 shows the evolution of th . . .
(h h0.16) scan taken on samplzduring a cycle of anneal- ar%e th§e5rmal diffuse scattering of £@P1) single crystal
Aurfaces.

ing at increasing and decreasing temperatures. During he
ing, all peaks shift toward smallérvalues because of ther-
mal expansion. The experimental evolution of the lattice D. Quantitative measurements of the dislocation network

parameter misfit with temperature was deduced, both during Quantitative measurements of all measurable dislocation

Rleag”g 3”:' dE‘;””g C°°"k”9’ from the exact positions of theg o jites around thé200), (400, (600), (220), and (440)
g% and Ag bragg peaxs. locations were performed at room temperat(Rd) on the

Several features can be inferred from Fig. 5. Firstly, thefI ; o
: . at sample after it had been annealed at 770 °C. Both
main satellite, af2.031 2.031 0.16on the as-grown sample, radial (Fl?g. g)and Fig. 6 and transverse scans were per-

always remains exactly centered in bet_wgen.the MgO and A rmed, for a perpendicular momentum transfer valud of
peaks, whatever the temperature. This indicates that, when

the misfit vari th riod of the dislocation netw rk_o'l' which yielded the best signal over background ratio.

€ mishit varies, the period of he dislocalion NEWOrK o, ;¢ sample, all in-plane peaks had a transverse full width
changes in order to be exactly on the CSL. Secondly, annea] it half maximum of 0.10%0.02°, thus limited by the Ag
ing clearly induces a recrystallization of the Ag thin film, as film mosaic spread They_wére i’ntegrated both radially and
revealed by a narrowing of the Ag peak in both radial andt )

transverse directions. Transverse measurements of differepf- nsversely, and corrected for the active area, monitor nor-
orders of diffraction b. the Ag film reveal that the crystalline alization, polarization and appropriate Lorentz corrections.
y 9 Y The measured diffraction pattern is reported in Fig. 7.

quality is limited by a finite mosaic spread, which decreases
from ~0.25° down to~0.15° after annealing. Thirdly, an-
nealing also dramatically improves the ordering of the dislo- V. ANALYSIS, INTERPRETATION, AND DISCUSSION
cation network. Around 350 °C, the second satellite on the
right of the Ag peak becomes clearly visible, and two other
satellites appear around 620 °C. All peaks are equidistant, All the above data demonstrate that, for very different
the satellites’ positions being defined by the periodicity offilm thickness, preparation conditions or substrate step den-
the dislocation network, itself related to the separation besity, the dislocation network is always oriented aldig0
tween the MgO and Ag peaks. With increasing temperaturedirections, with Burgers vectors of ttzg2[ 110] type. More-

all satellites increase and narrow faster than the Ag pealover, annealing experiments show that this orientation and
After annealing at 230 °C, the ratio between the main satelBurgers vectors are preserved when heating the sample. This

A. Orientation of the dislocation network
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thought was that the reorientation of the dislocation could
result from heating of the sample, which could have occurred
during ion beam milling down to the appropriate thickness.
However, the observation of the stability of the network ori-
entation during heating up to elevated temperature rules out
this possibility.

Note that thea/2[ 100] Burgers vector is not a vector of
the fcc Bravais lattice of Ag, and is thus by definition a
partial dislocation, associated with a stacking fault in the
(100 plane. Since this stacking fault is not a “natural”
stacking fault of Ag it must have a high energy, and thus a
small probability.

0 k 0.5
0.25 . . . .
P , <03 B. Quantitative analysis of the dislocation network
/"
MgO4 Mgo ’ﬂllgO Ag <100> One important goal of our investigation was to quantita-
200) (400) A9 (600) i i - in-
( tively compare the experimental results with calculated in

tensities, in order to test the ability of the available models to
sured on the “flat substrate” sampi) after high-temperature an- calculate the main characteristics of the dislocation network,
nealing up to 770 °C, in theh(h 0.1) plane. The experimental as prObed_ by x-ray dlffractlon. . .

structure factors, measured by radial and rocking integration fol- According to the respective substrate and film elastic

lowed by area, Lorentz and polarization corrections, are representdd{OPerties, the core of the dislocations may be located at a
as open half circles whose radius is proportional to the structuréiven distance away from the interfat®.” A calculation

factor (and hence the area is proportional to the intensitythe left ~ Similar to that performed in the Nb/AD; casé’ was done
of each peak location. On the right are represefgealy half disks ~ for the Ag/MgQ(00Y) interface, yielding the equilibrium dis-
the calculated structure factors corresponding to the begsds  tance\y~1.2+0.3 between the dislocation core and the
text), with a ratiok=0.3 or the shear modulus of Ag over the shear substrate surface, whete is the modulus of the Burgers
modulus of MgO. The inset shows the evolution of the agreemenvector. Since this value is expected to be overestimated by a
factor x? as a function of this ratio. The best fit is obtained for the factor of 227 one can conclude that, in the present case, the
value ofk=0.3, which is close to the actual value.28 deduced dislocations are located at the interface, which is also the
from the tables. experimental HRTEM conclusichin order to calculate the
displacements induced by the dislocations, we can thus resort
(110 orientation is consistent with the uniqueness of theto a model in which the dislocation cores are located at the
epitaxial site(above oxygen ions of the substratiring the  interface.
initial stages of epitaxy, that we have demonstrated earlier by An analytical modef??° developed in the framework of
GIXS? linear elasticity in a continuous and isotropic medium was
This conclusion stands in contradiction with #1®0 ori-  used to compute the complete 3D displacement field. All
entation deduced from a previous HRTEM investigaflon. atomic positions, within a AQO0D) film of finite thickness in
Since HRTEM is a method of choice to investigate disloca-semicoherent epitaxy with MgO01) were calculated for
tions, the possible reasons leading to a mistaken interpretglifferent values of the rati@= wuaq/ uygo Of the shear mod-
tion must be examined. Firstly, HRTEM cross sections wergllii of Ag and MgO. The structure factors of all main satel-
observed only in th€100 plane, in which both kinds of lites were next computed. They were fitted to the data with
networks yield similar contrast, and no(110) cross section only three parameters: a scale factor common to all satellite
was available. These images were blurred, which is expectgeeaks, a different scale factor for Ag Bragg peaks, in order to
for a (110 orientation, but which should not be the case if take into account the finite thickness simulated, and a Debye-
the network orientation was realg00.!! Secondly, accord- Waller factor taken identical for all atoms. Thé agreement
ing to the authors themselves, the preparation of thin samplggctor was found very sensitive to the rakioas shown in the
adapted for HRTEM was extremely difficult, mainly becauseinset of Fig. 7. The best agreement is obtainedker0.3,
of the weak adhesion energy of this interface. It is thus poswhich yieldsy?=1.5, very close to the ideal value of 1. For
sible that an initially (110-oriented network could have a rigid substrate K=0), a much worse agreemeniq
evolved during sample preparation. Since the typical thick—=3.2) is obtained. Indeed, if this approximation is justified
ness of an HRTEM specimen is100 A, i.e., comparable to for very thin films it aimost certainly breaks for the thick
the separation between dislocations, the lattice parameter rélms investigated here. The calculated structure factors for
laxation perpendicular to the cross section could be perk=0.3 are reported in Fig. 7 for comparison with the experi-
formed at the edges. For(A10) cross section, it could thus mental ones, which confirms the quality of the agreement,
be possible that, during preparation, @[ 110] dislocation for all measured peaks. The optimal Debye-Waller factor
would dissociate into two other dislocations/2[ 100] value of \/<u>2=0.15A is slightly larger than in bulk silver
+a/2[010]. The dislocation lines parallel to the section (0.1 A), which is probably representative of static disorder.
could be eliminated at the edges, leaving only the perpen- This simulation shows that the substrate is effectively de-
dicular dislocations to relax the remaining stress parallel tdormed by the Ag film, and this deformation significantly
the section. Another possible scenario that was originallycontributes to the experimental data. The best agreement is

FIG. 7. Diffraction pattern of the Ag/Mg@®@01) interface mea-
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' ' ' ' ' ' ' ' ' linked to the 3D characttt of the growth of Ag on
:\o‘ i il MgO(001), with nucleation, growth, and coalescence of Ag
g 1100/3\ islands. The 100-A- and 200-A-thick films have not yet fully
m 1 coalesced, and are thus composed of large islands separated
' from each other. Since for 3D islands, the deformation, and
1 thus the stress, is imposed only on the atomic plane that is in
I(C) contact with the substrate, the relaxation may partly proceed
T on the edges. The observed nonbiaxial deformation could
then be related to the elastic anisotropy of Ag. Indeed, by
using the elasticity theory, very different values of the
Young moduluskEgo=44 GPa ande;,;=84 GPa, are found
0 1000 t(A) along the(100) and(110 directions. Ag is thus softer in the
(100 directions, which explains the larger residual deforma-
FIG. 8. Calculated residual deformatierof the Ag epilayer as  tion observed in these directions. The decrease of the differ-
a function of its thickness, according to an approximate calcula- ence between the residual deformation along two directions
tion (continuous ling (Ref. 31 and to a more precise numerical with increasing thickness is connected to the fact that, when
calculation(dashed ling (Ref. 28. Experimental values with error  the ayverage film thickness increases, a smaller fraction is in
bars are also reported fda): 100-A, 200-A, and 1500-Athick e form of islands and the islands are flatter, resulting in a
samples bef_ore annea_“n@) the 1500-A-thick miscut S.amples decrease of the fraction of the film located near island edges.
after annealing, andc): the 1300-A sample with a flat interface . .
(sample § after annealing. Therefor(_e, the fragnon of the flllm that may relax due to
deformation of the island edges is smaller, and the deforma-
tion tends to be more biaxial. These considerations also show

(k=0.28), which clearly demonstrates that the theory o hat part of the deviation from the theoretical residual defor-

elasticity is well adapted to calculate the deformation field inmatlon value could be due to a partial 3D character of the

both the substrate and the film. It is also well adapted tJ”m' which i_S a function of thick’Brjess. A . :
calculate the properties of the interface, without invoking a ©F Ag thicknesses of 1300 A and 1500 A, SEM investi-

weaker “effective interfacial modulus.? These results vali- 9ations clearly showed that the films are continuous, ex-
date the choice of this quantitative model, and show that &ePted for a small fraction of holes running through the
numerical simulation that would be required to better dewhole thickness. The residual deformation should then be
scribe the detailed structure of the core of the dislocation iurely biaxial, which is our experimental observation. Large
not necessary to reproduce these experimental data. This adfferences between the experimental and calculated residual
tually implies that for thid value, the scattered intensity is deformations are, however, found after annealing. The ex-
mainly sensitive to atomic displacement far from the dislo-perimental residual deformations are also found to depend on
cation cores, rather than to the dislocation core itself. Furtheihe substrate step density.

measurements of the dislocation satellites as a function of the Before discussing this effect, we need to evaluate the re-
perpendicular coordinatevould be required to determine if, turn force exerted on a dislocation that is slightly displaced

for large| values, x-ray scattering could be sensitive to thewith respect to its equilibrium position in the direction par-
atomic structure of the dislocation cores. allel to the interface. This was done by using the Peierls-

Nabarro modef? The lateral return force on a dislocation
displaced by one atomic plane with respect to its equilibrium
CSL position was found to be of the order of 8
For almost all samples, whatever the film thickness andX 10’4,uAg, only slightly smaller than the critical gliding
the annealing history, a residual deformation remains, whiclstrain of 4x 10‘3,uAg. The gliding of interfacial dislocations
depends upon the thickness of the film, the density of stepshould be even easier, since the Ag-O binding energy is
on the substrate and the state, as grown or annealed, of theuch smaller than the Ag-Ag orfeTherefore, the interfacial
sample. dislocations can not be displaced from their equilibrium po-
The residual deformation measured on the differentsition by more than a few atomic distances, unless they are
samples before and after annealing are compared in Fig. 8 winned by interfacial defects such as steps. This is in good
the result of an elastic calculation of the residualagreement with the experimental result that the average dis-
deformatio®®'as a function of the film thickness. Whatever location spacing is always the equilibrium one when increas-
the step density and preparation conditions, all 1500-A-thickng the temperature, i.e., when decreasing the misfit. This
as-grown Ag films are nearly fully relaxed. They are close tocalculation shows in addition that large fluctuations of the
the equilibrium conditions, since the residual deformation isseparation between dislocations around the average value are
that predicted by the linear elasticity theory. By contrast, thinvery unlikely, which is an important result for the following
films as well as annealed films always have experimentafliscussion.
residual deformations larger than the calculated ones. For all thick samples, during anneals at progressively in-
For the 100-A- and 200-A-thick sampléBig. 3), the re-  creasing temperatures, the misfit was found to behave as ex-
sidual deformation is always larger in tR&@00 direction  pected from the respective thermal expansion coefficients of
than in the(110 direction, and this difference of residual Ag and MgO. By contrast, smaller misfits are always found
deformation decreases with increasing thickness. This ifor decreasing temperatures, and, whatever the highest tem-

0 1‘C1I1.5AI

actually found for a value very close to the tabulated valu

C. Residual deformation of the Ag film, effect of annealing
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perature that has been reached, the difference in lattice p#he number of dislocations that have to be reintroduced dur-
rameters back to RT is smaller after annealing than beforeing cooling, because steps are a reservoir of dislocations.
For all miscut samples, the positigmeasured at RjTof We thus find that, the larger the number of dislocations
the Ag peaks ishpg=2.058+0.001 after high-temperature that have to be reintroduced during cooling, the larger the
annealing, compared to 2.061 before annealing. This differcesidual deformation. This can only be explained by the ex-
ence corresponds to a lattice parameter misfit of 2.83stence of a barrier to the nucleation of new dislocations.
+0.05%, i.e., a residual deformation 6f0.16% in silver. This conclusion in turn provides important information
This residual deformation is by far larger than the theoreticafoncerning the initial formation of interfacial dislocations
elastic deformation for 1500-A-thick films. The Ag film is uring growth. Indeed, on all 1500-A-thick as-grown

also constrained perpendicular to the interface: the locatio amples, the_Ag film was fully relaxgd. Th|.s |mpI|és?l.|II. n

of the AgO02 Bragg peak yields a-0.25% convaction, /% BT ESE IS B SEEL R SRS S FESERETE
which is the value expected from the linear elasticity theoryiS a progressive process during growth, rather than a simple
with a +0.16% expansion parallel to the surface. !

) i . leation foll liding, i ,
On the flat sample, the residual deformation after high nucleation followed by gliding, because in the latter case, a

S o ‘significant residual deformation should be observed. It is
temperature annealing is even largér,=2.055-0.001, |iely that dislocations are naturally introduced at the edges

which corresponds to a misfit of 2.29.05%, or to a re-  of growing islands when they reach a critical lateral size
sidual deformation of 0.3%0.05%, roughly double that ob- equal to the period\ of the CSL.

served on miscut samples.
It is possible to shof# that this phenomenon cannot be
explained by misfit relaxation resulting from stacking faults. VI. CONCLUSIONS

The relaxation is thus likely to be fully realized by misfit This study of thick Aq epilavers on Ma©01) b .
edge dislocations. With this assumption, the linear disloca; y g epray 9001 by grazing

. . o O E Y incidence x-ray diffraction has confirmed the existence of an
tion densityn in the (110 direction is directly related to the orqered network of interfacial misfit dislocations. These dis-
misfit parametef. We find that 5.5% and 7.9% of disloca- |ocations were found to have pure edge character, oriented
tions are “lacking” on the miscut and flat samples, respec-gjong the commor110) directions of the film and the sub-
tively, after the annealing cycle. There is thus a clear correstrate, withi[110] Burgers vectors in the Ag lattice. The
lation between the substrate step density and the residuglsiocations are separated by 97 A on the as-grown films,
deformation after annealing. which is in agreement with the coincident site lattice formed
Let us first consider the flat substrate, with no pinningin the case of only one kind of site for the epitaxy of Ag on
centers. For a completely relaxed Ag film at RT, MgO(0031). This resultis in contradiction with the conclusion
= —2.98% yields a linear dislocation density along th&0  of a previous HRTEM study, which probably suffered from
direction of n=103 dislocationgtm, while at 800 °C,f~ the difficulty to prepare the samples in this system. It dem-
—2.5% yieldsn=286 dislocationgtm, i.e., 17% less than at onstrates the power of GIXS to analyze ordered, buried in-
RT. The distance between dislocations is then 6 {A10) terfaces in a nondestructive way.
atomic planes larger at 800 °C, and thus corresponds to a The presence of growth faults, in particular stacking faults
significant displacement of these dislocations with respect tand twins in the silver film, has also been detected. The
their RT position. Since the gliding motion is easy in the density of stacking faults is linked to the quality of the sub-
(001 plane, and since the dislocations cannot be displacestrate surface, in particular the step density.
from their equilibrium position by more than one or two  During annealing, the Ag crystalline quality drastically
interatomic distances, the excess dislocations must be elimimproves, with a reduction of the mosaic spread by a factor
nated at the edges of the Ag islands or of the Ag film upon2.5. In addition, new satellites of diffraction by the disloca-
heating. During cooling, new dislocations must have nucletion network become measurable. It was then possible to
ated, as shown by the larger misfit after cooli@gr5% than  quantitatively analyze the diffraction pattern by use of a
at high temperaturé2.5%. Since the gliding plane is the model of the dislocation network based on the linear elastic-
interface plane, this introduction must proceed at the edgeity theory in a continuous and isotropic medium. A good
of islands or of the silver film. agreement with the experimental data is obtained, which
When steps are present, they act as pinning centers behows that the substrate is deformed according to the elastic
cause, in order to cross a step, a dislocation has to underggoaedictions, and that no intermediate layer is needed to ac-
climb, which is only possible with the addition of new at- count for the weak Ag-O bond at the interface.
oms. This process requires atomic diffusion, and is thus The period of the dislocation network adapts itself to the
much less favored than simple dislocation gliding. Since thdattice parameter misfit at all temperatures investigated, and
substrate steps pin the dislocations, the larger the step dene kinetic evolution could be detected, at least at the time
sity, the smaller the number of dislocations that are elimi-scale of the experiment. It would be interesting to design
nated at high temperature. The excess dislocations must thexperiments that would allow one to separate between the
stay on their terrace. They should not stay pinned by théinetic effects and the driving force effect, which is the in-
steps, since in that case, the residual deformation should istantaneous thermal expansion pulling the dislocations out of
crease with the step density, which is contrary to the experitheir equilibrium positions. One way would be to compare
mental observation. On a given terrace, fully covered by silimeasurements performed at room temperature and below, in
ver, it is thus likely that the total number of dislocations a temperature range where the atomic diffusion is very slow
remains constant. Hence, the larger the step density, the leasd can thus be neglected.
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