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Defect-pinned nucleation, growth, and dynamic coalescence of Ag islands on MgO(001):
An in situ grazing-incidence small-angle x-ray scattering study
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The growth of Ag/MgO(001) was investigated at three temperatures, 300, 540, and 640 K, in sifu, in
ultrahigh vacuum, by grazing incidence small angle x-ray scattering (GISAXS). The samples prepared at 300
and 540 K were also examined ex sifu by transmission electron microscopy (TEM). Nucleation, growth, and
coalescence are studied via the evolution of the average particle diameter, height, interparticle distance, and
size distributions. Power laws are given. Size-spacing correlations are evidenced by TEM and GISAXS. A
heterogeneous nucleation of silver on the defects [(7.5+ 1.5) X 10'? defects cm™2] of the MgO surface is
evidenced. Above a silver coverage of approximately 2 nm, a dynamic coalescence regime takes place involv-
ing diffusion of the islands. A value of 0.76 + 0.1 J m~2 for the Ag/MgO(001) adhesion energy is derived by
using a Wulff-Kaishew construction from the particle shape obtained by GISAXS. The diffusion energy of Ag
on MgO(001) is estimated to be 0.05+0.02 eV/atom via kinetic Monte Carlo simulations of the growth stage.
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I. INTRODUCTION

The growth of metallic nanoislands on oxide substrates
relies on numerous atomistic mechanisms, including adsorp-
tion, re-evaporation, surface diffusion, and various kinds of
interaction (metal-metal, metal-oxide, and metal defects). Its
modeling requires to know whether nucleation occurs on de-
fects and would ultimately allow to determine the character-
istic energy of each phenomenon through a careful compari-
son with experiments.'™ On an experimental point of view,
many different related questions have to be addressed to
characterize the growth, among which are the type of nucle-
ation, homogeneous or heterogeneous, the type of coales-
cence, static or dynamic, the atomic structure and epitaxial
relationships of the supported metal clusters, the metal-
substrate adhesion energy, the diffusion energy of the metal,
and the relationship between the capture area and the island
size.

The Ag/MgO(001) system is a model system because of
the nonreacting character of both components and the cube/
cube epitaxy which is due to a small (3%) lattice parameter
mismatch. It is well established that Ag grows in a three-
dimensional (3D) Volmer-Weber growth mode for all thick-
nesses. On-top adsorption on the oxide anion is found to be
energetically preferred.>”’ The Ag islands are coherent, i.e.,
without interfacial dislocations up to an average thickness of
~0.8 nm.>® Theoretical studies were carried out to deter-
mine whether the nucleation of Ag on MgO is
homogeneous,&9 i.e., on regular sites, or heterogeneous, i.e.,
on defect sites. Ferrari and Pacchioni® examined the interac-
tion of Ag adatoms with surface vacancies of MgO. The
surface point defects are mainly magnesium and oxygen va-
cancies, which lead to F, and V, centers, respectively.® The
Ag-surface bond, very weak on the regular sites, strongly
depends on the formal charge of the vacancy. Zhukovskii et
al.'%!" pointed out that Ag islands nucleate and grow mainly
at defect sites. The strength of the adsorption of Ag adatoms
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ranges from 9.6 eV/atom on V centers, to 2.1 eV/atom on F|
centers, and to 0.4 eV/atom on regular O~ sites.!” The dif-
fusion energy of a silver atom on the MgO surface is evalu-
ated theoretically to be 0.05 eV/atom,'>'* which is to be
compared with the estimate of 0.01 eV/atom for the diffusion
energy of Ag on Ag(111).1

The objectives of the present work are (i) to study the
different stages of the growth, including nucleation, growth,
and coalescence and (ii) to link these to the physical proper-
ties of the silver adlayer, namely, surface diffusion and ad-
hesion energy. A special attention is paid to coalescence to
determine whether it is static or dynamic.?*!¢-18 Addressing
these issues requires the determination of the island mor-
phology at all stages of the growth.

In the present work, analyses are performed by grazing
incidence small angle x-ray scattering (GISAXS). The use of
photons allows this technique to be run in sifu and during the
growth at a chosen substrate temperature, in an ultrahigh
vacuum (UHV) environment and in the case of insulating
substrates, without charging effects.'*->* GISAXS performs a
macroscopic sampling of the surface over the beam footprint,
which amounts to several tens of microns times the sample
size. It thus defines an average cluster, which corresponds to
a statistical averaging over up to 10'° particles>>" and a
very high sensitivity.’!> The growth of Ag/MgO(100) is
studied from the very beginning (less than 0.1 nm) up to the
later stages (several nanometers). After a presentation of the
experimental details (see Sec. II), the diameter, height, inter-
particle distance, and size distributions are determined by a
quantitative GISAXS analysis (see Sec. III). Ex situ trans-
mission electron microscopy (TEM) is used to derive the
interference function, which is needed to analyze GISAXS
data. The nucleation, growth, and coalescence mechanisms
are next discussed (see Sec. IV) on the basis of the evolution
of the average morphological parameters of the film during
the growth. Finally, the equilibrium shape and adhesion en-
ergy are determined as well as, with the help of a kinetic
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Monte Carlo simulation (KMCS), the diffusion energy of Ag
on MgO(001).

II. EXPERIMENTS

The measurements were performed at the European Syn-
chrotron Radiation Facility (ESRF) on the ID32 undulator
beamline,®* on which a dedicated experimental setup was
developed to perform GISAXS in UHYV, in situ, during the
growth of islands on a surface.’ The growth of Ag/
MgO(001) was studied during two series of experiments.
During the first series, silver was deposited at 540 K on a
high quality MgO(001).3* The 15X 15X 0.5 mm?® MgO(001)
substrate supplied by Earth Chemical Co., Ltd. (Tokyo, Ja-
pan) was first annealed at 1800 K in air for 24 h to improve
its crystalline quality. Then, it was ion bombarded in a sepa-
rated UHV chamber at the same temperature for 1 h to re-
move contaminants while keeping a flat and crystalline sur-
face. The sample was next cooled down to room temperature
under a partial oxygen pressure of 10™ Torr and protected
by a 100-nm-thick Ag buffer layer deposited by molecular
beam epitaxy. The sample was finally glued onto the molyb-
denum holders with indium, transferred into the x-ray UHV
chamber, and heated during typically 3 h around 900 K to
desorb the Ag film, thus leaving a clean stoichiometric
MgO(001) surface. Silver was deposited using a Knudsen
cell operating at 1120 K under a pressure of 4
X107 mbar on the MgO sample. The flux, ~8
X 1073 ML/s, was calibrated in situ using a quartz microbal-
ance. The monolayer (ML) corresponds to a Ag(100) atomic
layer, i.e., 1.2X 10" Ag atoms cm™2. The sample tempera-
ture was measured by using a pyrometer which emissivity
was calibrated to the Mo surface of the sample holder since
MgO is transparent to the collected wavelength. During the
second series, the silver film was deposited at 300 and 640 K
on MgO(001) in the same conditions except that the
MgO(001) surface was prepared without annealing in air at
1800 K. As a consequence, the surface quality is not as good
as the previous one and the surface may have more steps,
nucleation centers, and roughness. The GISAXS measure-
ments were performed at wavelengths of A=0.1210 nm (300
and 640 K) and A=0.1127 nm (540 K). In both cases, the
angles of incidence were taken to be equal to the critical
angles for total external reflection (0.20° and 0.22°, respec-
tively). The scattering geometry and the definition of the
wave-vector transfer were detailed elsewhere.3¢ The
growth was analyzed simultaneously by surface differential
reflectivity spectroscopy (SDRS) in the UV-visible range.*
The method is based on the excitation by the incident light of
the plasmon resonances within the nanoparticle.>” The quan-
titative SDRS analysis was previously compared to the
GISAXS data.’® Some of the samples were observed ex situ
by TEM plane views with the carbon replica method. The
samples were first encapsulated by an amorphous carbon
layer. The MgO substrate was next dissolved by a selective
chemical attack in diluted HC1 (15%). The carbon film con-
taining the particles was then mounted on microscope grids.
The grids were observed at CRMCN (Marseille, France) in a
Jeol 2000 FX electron microscope operating at 200 kV in
transmission and diffraction modes.
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FIG. 1. TEM plane views after carbon replica of Ag/MgO(001)
films deposited at (a) 300 K (10 nm Ag) and (b) 540 K (2 nm Ag).

III. RESULTS

A. Transmission electron microscopy results

Two GISAXS samples (10 and 2 nm deposited at 300 and
540 K, respectively) were later analyzed ex situ by TEM
(Fig. 1). In the two cases, most clusters are seen by TEM
diffraction to adopt the cube/cube [Ag(001)IIMgO(001)] ep-
itaxial relationship with a very good azimuthal orientation.®
Only a very small fraction of particles show the
[Ag(111)IIMgO(001)] epitaxy with azimuthal disorienta-
tions. At 300 K, the cluster density of the 10-nm-thick film is
estimated to be (1.3+0.2) X 10'" cm™, which corresponds
to an average interparticle distance L of 27.7*=2.2 nm. The
particle shape is close to spherical with (111) side and (001)
top facets. The average diameter D and aspect ratio H/D
amount to 151 nm and 0.9, respectively. In the case of the
2-nm-thick Ag film deposited at 540 K, a large-scale TEM
picture was treated to extract the central in-plane size and its
distribution. The cluster density is estimated to be
(4.4+0.3) X 10" cm™2 which corresponds to an average in-
terparticle distance L of 15.1 =0.5 nm. The lowest size of
the clusters detected by TEM is approximately 2 nm. The
lateral size histogram is shown in Fig. 2. It is fitted with a
log-normal distribution defined by
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where D is the lateral size and Dy, is the central value. The

parameter o is linked to the full width at half maximum of
the distribution. The distribution has a central in-plane size
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FIG. 2. Lateral size histogram of the 2-nm-thick Ag film depos-
ited at 540 K, deduced from the TEM plane view displayed in Fig.
1(b). Inset: particles on a substrate with a interparticle distance L, a
diameter D, and a height H.
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FIG. 3. (a) Pair correlation function g(L). Thin line: experimen-
tal g(L) deduced from the TEM image recorded at 540 K. Bold line:
up to approximately 40 nm, smoothed experimental g(L) with a low
pass filter of 0.1 nm™'; above 40 nm, g(L) was fixed at 1. The
maximum of g(L) is at L=15.7 nm. (b) Open circles: interference
function S(g,) obtained by Fourier transform of the experimental
g(L). Bold line: fitted S(g,) with an analytical function with two
parameters L and o (here, L=15.7 nm, w=7.5 nm) (Ref. 36). The

maximum is at ¢,=0.45 nm™".

Dy=10.5*0.5 nm and a relative standard deviation o/D,
=1.3. The size distribution is correctly accounted for by a
log-normal function except for very small particles (D
~2-5 nm), sketching a bimodal distribution. This point is
discussed in Sec. IV D.

1. Interference function

The GISAXS data were first fitted by using the different
model interference functions that were implemented in the
ISGISAXS software used for the quantitative analysis.>> How-
ever, none of them could account for (i) the shape of the first
maximum of the GISAXS data parallel to the surface and (ii)
the intensity evolution close to the origin of reciprocal space.
We thus resorted to digitalized TEM plane views to define an
ad hoc interference function. This method was previously
found appropriate for the Pd/MgO system, for which it was
described in detail.’® The analysis was performed on large-
scale pictures with a few thousands of clusters as in Fig.
1(b). The island-island pair correlation function g(L) was
derived, as well as its Fourier transform, the so-called inter-
ference function S(g,), where g, is the wave-vector transfer
component parallel to the surface (Fig. 3). S(g,) was fitted
with the two-parameter (L as the interparticle distance and @
as a disorder parameter) function used for the Pd/MgO
system.3® This analytical function well fitted the experimen-
tal TEM-deduced interference function for Ag/MgO and Pd/
MgO systems and was also satisfactorily tested for other sys-
tems with short-range order. These results were thus used to
build a well-adapted interference function, mandatory for
GISAXS data analysis.

2. Island correlation

A visual inspection of the TEM data displayed in Fig. 1
does not reveal any correlation between the sizes of neigh-
boring islands. However, the nearest neighbors (NNs) of
large islands look much farther away from this central island
than those of small islands. These qualitative conclusions are
confirmed by a detailed analysis of the TEM plane views,
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FIG. 4. Analysis of TEM image of the 2-nm-thick film Ag/
MgO(001) grown at 540 K. The average distance between a central
island and its nearest neighbors is reported as a function of the
central-island diameter together with a least-squares fit to a straight
line. Note that the limit for the NN distance is set to 25 nm because
of the poor statistical relevance for higher values due to the finite
size of the image.

which allows calculating the average diameter of NN islands
as well as their separation from the central island as a func-
tion of the central island diameter. If no correlation between
the sizes of NN islands is found, a clear correlation between
the sizes of islands and the interisland distances is seen in
Fig. 4, which is derived from the 2-nm-thick film deposited
at 540 K. The linear regressions have positive slopes of
0.146 and 0.280 at 300 and 540 K, respectively, meaning that
the larger the central island, the larger the distance from its
NNs. This can be linked to the depletion zone which sur-
rounds the islands, as directly observed on the TEM image in
Fig. 1(b). Indeed, the islands grow via the diffusion of atoms
from the depletion zone, leading to a scaling of the area of its
Voronoi cell on its perimeter.39 Then, in the coalescence re-
gime, these Voronofi cells merge.

B. GISAXS results

Whatever the growth temperature, the two-dimensional
(2D) GISAXS patterns look qualitatively similar. The series
of patterns shown in Fig. 5 was recorded during the growth
of the Ag/MgO(001) film at 540 K, with the incident x-ray

beam oriented in the [010] and [110] directions of the
MgO(001) substrate, i.e., with g, along the [100] and [110]
directions [Figs. 5(a)-5(d) and Figs. 5(e)-5(h)], respectively.
GISAXS provides an image in the reciprocal space of the
geometry and spatial distribution of the supported particles.*®
The particle diameter D, height H, and interparticle distance
L are derived from the width, height, and relative position in
the parallel direction of the lobes seen on each side of the
specular (g;=0) rod. Upon increasing coverage, the progres-
sive shrinkage of the scattered pattern toward the origin of
the reciprocal space reflects an increase in D, H, and L,
which is characteristic of the growth and coalescence of the
Ag islands.

When the incident x-ray beam is in the [110] direction as
illustrated in Figs. 5(e)-5(h), whatever the deposition tem-
perature, an additional scattering rod is observed at 54.7°
relative to the surface normal, which is characteristic of the
presence of (111) facets on the Ag islands. Already visible
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FIG. 5. (Color online) GISAXS patterns recorded in situ during
the growth of Ag/MgO(001) at 540 K with the incident beam in the
[(a)-(d)] [010] and [(e)—(h)] 110 directions and for various cover-
ages: [(a) and (e)] 0.1 nm, [(b) and (f)] 0.3 nm, [(c) and (g)] 2 nm,
and [(d) and (h)] 7 nm. The intensity is represented on a logarithmic
scale. Each black contour between two colors corresponds to 1
order of magnitude change in intensity. The g, (¢,) axis ranges from
0 to 2.7 nm~" (3 nm™!). Inset in (d): top view of the truncated
cubo-octahedron particle shape with (001), (111), and (010) facets.

for a coverage of 0.3 nm, it becomes more intense as the
thickness increases. Moreover, a second- and even a third-
order maxima appear in the g, direction as indicated in Fig.
5(c). They correspond to clusters with (i) top (001) facets
and (ii) a narrow distribution of heights. At higher coverage,
these maxima disappear under the specular rod. The
GISAXS pattern then looks like an apex, meaning that the
islands become even flatter and evolve toward large and flat
clusters, which expose a top {001} surface and side {111}
facets.* An additional feature is deduced from Fig. 5 by
comparing Figs. 5(c) and 5(d) to Figs. 5(g) and 5(h). The
intensity in the g, direction at the Yoneda peak position is
clearly larger (weaker) when the beam is in the [010] [110]
direction. This indicates an additional scattering rod in the
[010] direction, characteristic of {100} facets. These {100}
facets appear for a Ag coverage as small as 2 nm and grow as
the Ag coverage increases from 2 to 7 nm. All these features
are consistent with a truncated cubo-octahedron shape with
{111} and {100} facets represented in the inset of Fig. 5(d).

1. GISAXS data analysis

Extracting precise morphological parameters from
GISAXS data needs the use of an appropriate model, which
should account for the shape of the clusters, the distributions
of sizes, and the island-island pair correlation function, as
well as the refraction effects when the incident or exit angles
are close to the critical angle for total external reflection.*!=*3
However, this is at the cost of the computational burden. To
ease the analysis, the GISAXS data were all analyzed by
means of a simplified method called rapid data
analysis.’®#+% By means of the ISGISAXS software, it allows
a quantitative GISAXS analysis of a large variety of
systems,® such as metallic islands,3%*  gradient
nanoparticle-polymer multilayer,*’** Ge nanoparticles,*->
self-organized nanodot pattern,®' or faceted surface.’? For the
sake of comparison as well as for an accurate determination
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FIG. 6. GISAXS cut (a) parallel to the surface at the position of
maximum intensity, i.e., ¢,=0.16 nm~!, and (b) perpendicular to
the surface at the position of maximum intensity, ie., g,
=0.46 nm™!, for the 1-nm-thick deposit of Ag/MgO(001) at 540 K.
Open circles: cut of the experimental GISAXS pattern; line: best fit
of the experimental cut with the extensive data analysis. The inten-
sity is represented on a logarithmic scale.

of the cluster morphology, the complete quantitative analysis
was performed in a few cases in the present study. The clus-
ters were modeled by truncated octahedra, as suggested by
the examination of the GISAXS patterns (Fig. 5), with lateral
and vertical size distributions described by log-normal prob-
abilities. Calculations were done in the framework of the
distorted wave Born approximation and of the local mono-
disperse approximation. Figure 6 gives an example of a si-
multaneous fit to two intensity cuts of the GISAXS data. One
cut is parallel to the surface at the g, position of maximum
intensity and the other is perpendicular to it at the g, position
of the interference maximum. The model nicely accounts for
all experimental features, in particular, the interference func-
tion deduced from TEM fits very well with the GISAXS
maximum in the parallel cut.

The average values of L, D, and H are plotted in Fig. 7 for
films grown at 300, 540, and 640 K. This D (H) value is the
average of D (H) over the lateral (vertical) size distribution.
For the rapid data analysis, the error bars are AL/L=15%,
AD/D=30%, and AH/H=20%. For the extensive data
analysis, the error bars are AL/L=10%, AD/D=20%, and

Average sizes (nm)

5
Deposited thickness (nm)

FIG. 7. Evolution of average sizes obtained from the GISAXS
measurements for Ag on MgO(001). Up triangles: interparticle dis-
tance L; filled squares: island diameter D; and filled circles: island
height H. Dash: rapid data analysis; thick line: extensive data analy-
sis. (a) 300 K; (b) 540 K; and (c) 640 K.
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AH/H=15%. The relative standard deviation of the log-
normal size distribution of the Ag islands was deduced from
the extensive GISAXS data analysis as a function of the film
thickness for the three substrate temperatures. The o,/ D and
oy/ H parameters of the log-normal diameter and height dis-
tributions range between 1.1 and 1.4 and between 1.1 and
1.2, respectively. The average distance and diameter deter-
mined by TEM for the 10-nm-thick Ag film at 300 K (L
=27.7 nm and D=15 nm) and for the 2-nm-thick Ag film at
540 K (L=15.1 nm and D=10.5 nm) (see Sec. IIT A) are in
good agreement with the results obtained from the extensive
data analysis in the same conditions (L=33 nm and D
=12 nm for a 10-nm-thick film at 300 K; L=16 nm and D
=10 nm for 2 nm at 540 K). The rapid analysis mostly over-
estimates the length values with respect to the full quantita-
tive analysis. If interparticle distances only differ by 15%,
the relative difference between H (D) is much larger and can
reach 30% (35%). This discrepancy likely comes from the
models. In the rapid data analysis, the average island is mod-
eled by an arbitrary shape without any size distribution while
the extensive data analysis involves a realistic shape with a
size distribution. Unless mentioned, the results that are dis-
played hereafter are obtained with the rapid data analysis.

2. Size-position correlation deduced from GISAXS

A close examination of the GISAXS data displayed in
Figs. 5(c) and 5(g) reveals that the second- and third-order
maxima often show a faint positive tilt with respect to the g,
axis. Indeed, the slope of the third-order peak is character-
ized by an angle & with respect to the g, axis, with

tan(g) = % (2)

Z
The parameters Aqy, Ag., and & are shown in Fig. 5(g). To a
first approximation, L~ 27/ qy max, Where gy y,y is the g, co-
ordinate of maximum intensity. By derivation, it comes

A AL
Ag, _AL 3)
4y max L

If the cluster is modeled by a simple shape such as a cylin-
der, the form factor is equal to

Ji(qR)

Fey=(q.R.H) = ZWRZH—Rsinc(qZH/Z)exp(— iq.HI2),
q
a1=(q: +q)">.

If the refraction effects are neglected, the intensity along g, is
proportional to the square of sin.(q.H/2). Hence, one obtains
H~(5/2) X 7/ q, pax>, Where g . is the g, position of the
third-order maximum. Thus,

A AH
29 _ - (4)
QZ max H

For the growth at 540 K, the aspect ratio H/D is approxi-
mately 0.6 [Fig. 7(b)], whatever the deposited thickness.
Hence,
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AH AD

— = 5
7D &)
Combining the different equations finally yields
AL 5 L
— =t —. 6
ap = 4y (©)

In the case of the 2-nm-thick Ag/MgO film at 540 K [Figs.
5(c) and 5(g)], tan(g)=0.04+0.01 and hence with L
=17 nm, D=9 nm, and H=5.5 nm [Fig. 7(b)], AL/AD
=0.29£0.05

Therefore, the tilt of the GISAXS maxima with respect to
the ¢, direction arises from a correlation between the particle
size and the interparticle spacing. In addition, it provides an
estimate of the correlation parameter (AL/AD) between the
size and the separation of islands. In the present case, the
excellent agreement between TEM (0.28) and GISAXS
(0.29 = 0.05) leads to a very reliable value of that parameter
for the Ag/MgO(001) films.

IV. DISCUSSION

The evolution of the average morphological parameters
allows a description of the nucleation, growth, and coales-
cence of the silver growth on MgO(001). Then, an estimate
of the diffusion energy is derived from a kinetic Monte Carlo
modeling and the equilibrium shape of the silver clusters is
determined by means of the GISAXS data.

A. Quantitative character of the GISAXS measurement

Because it is based on the diffraction laws, GISAXS is a
reliable method. Nevertheless, the comparison, which was
previously made between GISAXS and SDRS analyses,
leads to a better knowledge of the strengths and limits of
both methods.® For different reasons, these have difficulties
to detect very small clusters. While the aperture of the
GISAXS detector is limited to particles typically larger than
1 nm, the blueshift of the SDRS response of small silver
particles is not easy to model.® To first approximation, be-
yond that lower limit, the SDRS signal depends linearly on
the film thickness>* and the SDRS thickness well agrees with
the quartz-balance measurement.>8 Instead, the thickness de-
rived from the GISAXS analysis levels off above approxi-
mately 4 nm. Hence, the limit of the calculated thickness
obtained from the GISAXS data has its origin in the
GISAXS technique itself. Due to the way the average thick-
ness is calculated from GISAXS data (~HD?L™?), small
shifts in D and L values strongly affect the thickness esti-
mate. Moreover, the scattered x-ray beam is collected outside
the beam stop and within the detector aperture, imposing not
only a lower value (=1 nm) but also an upper value of the
particle size. For example, in the geometry used at 300 K,
GISAXS probes particles only up to 18 nm. Then, larger
clusters escape the GISAXS detection, explaining the behav-
ior of the GISAXS signal above an average thickness of 4
nm.

On the positive side of the parallel study of GISAXS and
SDRS, an extremely important conclusion was that both
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FIG. 8. Island density obtained from GISAXS versus a function
of the silver thickness. Dash: 7=300 K; thin line: 7=540 K; and
thick line: 7=640 K.

methods almost perfectly agree on the values of aspect ratios
H/D at all temperatures and coverages.*® Indeed, because of
the physics behind SDRS and GISAXS, the parameter H/D
is directly determined in both SDRS (Ref. 55) and GISAXS
(straightforward from the principle of the method). Then,
provided the thickness of the Ag(100)/MgO(100) film is
lower than 4 nm, the GISAXS analysis yields reliable infor-
mation on the morphology of the silver particles.

B. Heterogeneous nucleation on defects

The interparticle distance yields an estimate of the particle
density calculated by 1/L? and displayed in Fig. 8. At the
very beginning of growth (Ag-deposited thickness of ap-
proximately 0.1 nm), the particle densities are approximately
6x10'? cm™ at 300 K and 1.3 X 10" cm™ at 640 K (Fig.
8). The corresponding SDRS values (8.6 X 10'2 cm™ at 300
K and 4.9 X 10'> ¢cm™? at 640 K) are slightly higher than the
GISAXS ones.* The smaller GISAXS values at low cover-
age are assigned to the existence of clusters too small (typi-
cally <1 nm) to be detected by GISAXS.?® Such densities
are characteristic of a heterogeneous nucleation on defects,
with a defect concentration given by the low-temperature
value of ~(7.5+1.5)x10'? defects/cm? (average from
SDRS and GISAXS). Haas et al.’® came to a similar estimate
for Pd/MgO(001). They found a constant island density (
~3 X102 ¢m~2) by atomic force microscopy which was as-
signed to nucleation kinetics governed by point defects with
a high trapping energy. A similar idea was also used to ex-
plain the maximum cluster density of Co on Au(788) over a
large range of temperature.’’

C. Power laws for growth and dynamic coalescence
of silver clusters

Insight in the Ag growth and coalescence modes is gained
by studying the evolution of the interparticle distance L, the
diameter D, and the height H versus the coverage, which is
the fraction of the substrate covered by clusters, in a
log;o-logyo plot shown in Fig. 9. The coverage is represented
by the time of exposure at constant flux since, on the basis of
SDRS measurements, the sticking probability of Ag on the
MgO(001) surface is assumed to be constant and equal to
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FIG. 9. Log;g-log;o plot of (a) L, (b) D, and (c) H obtained by
GISAXS as a function of time for different deposition temperatures.
The parameter ¢ is the Ag-deposited thickness. Dash: 7=300 K;
thin line: 7=540 K; and thick line: 7=640 K.

unity.® Explicitly, the Ag thickness in ML is the flux in ML/s
multiplied by the time of exposure in s.

In Fig. 9, a break in slope of the interparticle distance L
occurs for a thickness of approximately 2 nm. It suggests the
existence of two different regimes. Below and above this
value, the parameters L and D can be modeled by a power
law of t. Below 2 nm, the interparticle distance L increases
according to a power law ~¢" with n~0.1-0.2 (Table I).
Meanwhile, the particle diameter D increases according to a
power law ~¢" with m~0.3-0.4. The m exponent is less
accurate than n due to the larger error bars of D compared to
those of L at small ¢. This m value indicates that particles
grow by capture of diffusing species in their surface of in-
fluence with a negligible direct impingement.’®>° Between
density saturation and coalescence, the m ~ 1/3 exponent is
characteristic of a surface with a high defect concentration.®
This is consistent with the findings of Sec. IV B.

In a nonconserved mass system, two main coalescence
mechanisms are often invoked to describe the arrival of new
material on the surface, either static or dynamic.z’3 In static
coalescence, neighboring growing islands merge when they
touch, leading to a new island occupying the center of mass
of the two primary islands. In all theoretical studies, the coa-
lescence time and the reshaping time are supposed to be very
small compared to the arrival time of incoming atoms so that
the islands are supposed to keep always the same shape. By
contrast, dynamic coalescence involves the diffusion of is-
lands (in the form of clusters of adatoms or small particles)

TABLE I. Exponent values of L~¢" and D~¢" in the growth
and coalescence regimes at different temperatures.

Coverage<2 nm Coverage>2 nm

(K) n m n m

300 0.2£0.03
540 0.1£0.02
640 0.1£0.02

0.33x0.1 0.7%0.1 0.6x0.2
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FIG. 10. Surface coverage derived from GISAXS data as a func-

tion of the film thickness ¢. Dash: 7=300 K; thin line: 7=540 K;

and thick line: 7=640 K. For films thicker than 2-3 nm, the sur-
face coverage obeys a 02 behavior.

on the surface. Ag islands can be mobile on some
substrates.'®!7 Deltour et al.'® showed that nonepitaxial or
noncoherent large islands can diffuse rapidly. At variance,
the cost in energy for diffusion seems to lock coherent par-
ticles. For films thicker than 2 nm, L~¢* with n~0.7 and
D~ " with m~0.6 whatever the temperature range (Table
I). This regime can be assigned to a dynamic coalescence
process with a surface coverage, defined by the island den-
sity multiplied by the surface occupied by one island, i.e.,
(m/4) X D*/L?, obeying a t"? behavior, whatever the tem-
perature (cf. Fig. 10). This behavior is in agreement with a
2m=1) behavior. The surface coverage is comprised between
25% and 45% (Fig. 10). It is well below the jamming limit of
55%.3°1 A static coalescence process would yield a D~ ¢!
power law. It can be ruled out.’®2%3 Several authors inves-
tigated the dynamic coalescence of 3D particles on a 2D
substrate. Particularly interesting is the work of Meakin®
who carried out simulations of Brownian diffusion limited
coalescence of droplets in which the droplet diffusion coef-
ficient scales with their volume as Dy~ (D/2)*”. Although
Meakin dealt with systems with fixed mass, his model shades
light on the present case. He found a logarithmic correction
for the power law of the droplet diameter D
~[t/In()]"3=? and for the interparticle distance L
~[t/In()]"?1=?. The Ag/MgO(001) data are satisfactorily
fitted with these laws by using y~0.8. This positive value
corresponds to an enhanced diffusion of the largest islands
contrary to what is expected from standard models of epi-
taxially matched particles.% Notably, in this coverage range,
the Ag clusters are no longer in coherent registry with
MgO(001). They display interfacial dislocations,® which may
make the diffusion easier than in the case of coherent
particles.'® A similar behavior was already described for
Au/AlL,O; by combining TEM and simulation,®%
Pd/MgO(001),57 and Au/TiO,(110).%

In Fig. 9, the clusters grown at 540 K are bigger than
those deposited at 640 K at the same coverage. This apparent
unphysical behavior is attributed to the difference in surface
preparation since experiments at 540 K were not performed
on the same surface as experiments at 300 and 640 K (see
Sec. IT). Most importantly, that difference does not have any
effect on the exponents of the power laws which account for
growth and coalescence and which are the aim of the present
study (Table I).
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D. Estimate of the diffusion energy of Ag on MgO(001)
by KMCS

In the growth regime, the incoming Ag atoms diffuse on
the MgO(001) substrate until they hit an island. Hence, this
regime is controlled by the diffusion of Ag on MgO(001). To
determine the corresponding diffusion energy E,, the growth
is modeled by kinetic Monte Carlo simulation up to a cov-
erage of 2 nm (see Sec. IV D).9% The assumptions, partly
based on the above findings, are the following. (i) Ag atoms
are deposited randomly on the MgO surface at a constant
rate, 1.09 X 1072 and 5.27 X 10~ ML s~! at 300 and 640 K,
respectively, where 1 ML corresponds to 1.2
X 10" Ag atoms cm™2. (ii) Ag atoms can diffuse on the
MgO(001) surface following the Arrhenius law 7
=v51 exp(E,/kT), where 7 is the mean time between two
jumps, v, is the attempt frequency (fixed at 10'> s71), k is the
Boltzmann constant, and 7 is the temperature in kelvin. (iii)
The defects are distributed randomly on the MgO surface.
They are assumed to trap the atoms perfectly since the ad-
sorption energy of Ag atoms on defects is predicted to be
very high, i.e., from 2 to 10 eV/Ag adatom according to the
defect type.'? The defect concentration is 7,=6.7 X 1073, (iv)
The islands have a truncated spherical-like shape with the
aspect ratio H/D found in GISAXS. (v) If two islands get in
contact, they coalesce instantaneously. In this regime, below
2 nm, the coalescence is indeed assumed to be static in
agreement with the formation of a coherent interface.>® The
results of some KMCS simulations are shown in Fig. 11 for
the cases of a 1-nm-thick Ag(100)/MgO(100) film at 300 and
640 K and of a 2-nm-thick film at 640 K.

The KMCS yields a bimodal size distribution. The KMCS
medium-size distribution is in good agreement with the
GISAXS results (Fig. 11). On the contrary, the distribution of
small clusters that appears in KMCS is not detected by
GISAXS. The average size of small clusters (<1.5 nm) is
close to the limit of detection of GISAXS (see Sec. IV A).
Indeed, the ratio between the medium and small lateral sizes
is typically 5 (Table II). Hence, the small island distribution
corresponds to a negligible proportion (~1%) of the total
amount of silver. Therefore, the small size distribution,
which cannot be detected by GISAXS, is quantitatively mar-
ginal. Nevertheless, the bimodal distribution predicted by
KCMS has a physical significance and, from that point of
view, it cannot be neglected. Then, it is nice to observe that
the size distribution derived from TEM data shows some
kind of bimodal shape, consistent with the KCMS prediction
(see Sec. IIT A and Fig. 2).

The overall agreement between experiment and simula-
tion on the size distribution (right panel of Fig. 11) raises the
confidence about the above assumptions, in particular, the
nucleation on defects. The best agreement between the
KMCS and GISAXS medium-size distributions is obtained
with a diffusion energy E, of 0.05+0.02 eV=0.09 J/m?,
which corresponds to a very-high mobility. The diffusion en-
ergy of Ag atoms on MgO(001) surface is determined on the
basis of experimental observations. This value is in perfect
agreement with that obtained by Fuks et al. by an ab initio
calculation at 1/4 coverage for a Ag jump between two
neighboring silver atoms sitting on surface oxygen atom in a
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D (nm)

FIG. 11. (Color online) KMCS results displaying a top view of
the Ag/MgO(001) films and the particle-size distribution at (a) 300
K, coverage of 1 nm, and (b) 640 K, coverages of 1 nm and (c) 2
nm. The size of the images is 64 X 55.5 nm?. The size histogram
corresponds to the KMCS results and the line corresponds to the
GISAXS results.

position of nearest neighbors on the MgO(100) surface (for
alternative diffusion pathway between nearest O and Mg at-
oms, the diffusion barrier is almost three times larger).'3

E. Equilibrium island shape and interfacial energy

GISAXS yields unique in situ and nondestructive infor-
mation on the shape of the supported clusters. By means of

TABLE II. Estimates of the central values of the KMCS results
obtained at different temperatures: diameter of the small islands
(D) and diameter of the medium islands (D,,). Ratio of the diam-
eters (D,,/Dy), estimate of the ratio of the medium island volume
(V,,) and of the small island volume (V,), and estimate of percent-
age of the total volume that corresponds to the small island volume.

T DS DW! VS/(VH‘1+ VS)
(K)  (m) () D,/D; VIV, (%)
300 075 375 5 125 0.8
540 125 575 4.6 97 1
640 150  9.50 6.3 250 04
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FIG. 12. Evolution of the island shape as a function of the
deposited thickness at 640 K. Thin line: octahedron ratio, i.e.,
h(H—-h) with Y axis on the left hand side; thick line: H/D with Y
axis on the right-hand side. Inset: side view of a truncated
octahedron.

the quantitative ISGISAXS software, the GISAXS analysis is
performed with a silver cluster modeled by a truncated octa-
hedral shape (see Sec. Il B). The cluster is characterized by
its aspect ratio H/D and by the ratio ry=h/(H—-h) of the
height & on the top of the octahedron over the height (H
—h) on the bottom of the octahedron (see inset in Fig. 12). At
640 K, Fig. 12 shows that both the island aspect ratio H/D
and the octahedron ratio ry are constant in the 0.4-1.6 nm
coverage range. This indicates that the islands have reached
their equilibrium shape or are close to. The truncated octa-
hedron used in the GISAXS simulation is a good approxima-
tion to the truncated cubo-octahedron described in the
literature.! The adhesion energy 3 can then be determined by
using the Wulff-Kaishew construction®®® via the equation

H oqny 1

oo sin(6) @

B=2000)

in which ogp;)=1.20 Jm™ and o;;;)=1.17 I m™ are the
surface energies of the (001) and (111) facets and 6 (54.7°) is
the angle between them.”® Taking H/D=0.57 yields B
=0.76+0.1 J m~2, which is in excellent agreement with the
value of 0.75%=0.1 Jm™ deduced from the SDRS
measurements.’® Since the adhesion energy depends on the
nature and concentration of surface defects,”! it is worth no-
ticing the consistency of our results derived of in situ SDRS
and GISAXS data collected simultaneously.

Indeed, other experimental values are 0.45 J m~2 (Ref.
40) and 0.3+0.3 Tm™2 (Ref. 72) which differ from the
present value. However, they may derive from data recorded
on substrates with different defect concentrations. Indeed, in
the absence of a strict control of the surfaces, the meaning of
the absolute values of the adhesion energy is questionable.
Numerous theoretical values of the adhesion energies of Ag/
MgO(001) were reported previously: 1.6 J m~2 on the basis
of density-functional theory,73 0.64 T m~2 from electronic-
structure total-energy investigations,”* 0.95 Jm™ for
impurity-free Ag/MgO(001) from fully self-consistent all-
electron density-functional calculations,” and 0.45 J m=2.7¢
Purton et al.”’ reported 0.26 J m~2 for an ideal interface
from atomistic simulations and they demonstrated that
charged defects and impurities play an important role in
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metal-ceramic adhesion. Zhukovskii'®!! found 0.83 J m~2
for three silver layers on MgO(001) using Hartree-Fock cal-
culations. Those values are scattered over a too large range to
be compared to the experiment.

In the 1.6-2.2 nm thickness range, the decrease in the
aspect ratio H/D means that the islands become flatter. This
is consistent with the growth by capture of the species dif-
fusing in the surface of influence of the cluster with a negli-
gible direct impingement (see Sec. IV C). Indeed, while the
side {111} facets grow from both vapor phase and atom dif-
fusion, the top {001} facet grows mostly from the vapor
phase because of the high energy barrier that is encountered
by atoms to jump from a {111} to a {001} facet.”®” Then,
above 2.2 nm, in the coalescence regime, the ratio H/D in-
creases. The limiting step of the relaxation following the
coalescence is the nucleation of a germ of the size of the
smallest facet on a larger facet.3%8! In the cubo-octahedron,
the larger facets are {001} and {111} facets. Due to experi-
mental uncertainties, GISAXS does not allow distinguishing
which facet among {001} or {111} is the largest. The increase
in the H/D ratio would indicate that the island growth occurs
preferentially on a {001} facet, which would then be the larg-
est facet of the cubo-octahedron.

V. CONCLUSION

The evolution of the Ag island morphology was investi-
gated in situ, during the growth, by GISAXS and ex situ by
TEM. The combination of both techniques allowed us to
fully characterize the shape, size, size distribution, and aver-
age separation of the growing islands. A rapid GISAXS

PHYSICAL REVIEW B 79, 235424 (2009)

analysis was found to provide a rough estimate of the aver-
age dimensional parameters, but a complete quantitative
analysis is necessary if more precise values or the size dis-
tributions are needed. A clear correlation due to the diffusion
processes was found between sizes and separation of neigh-
boring islands. The larger the island is, the farther its nearest-
neighboring islands.

The evolutions of the dimensional parameters with in-
creasing thickness were analyzed in terms of nucleation den-
sity and power laws. A heterogeneous nucleation on defects
[(7.5+1.5)x 102 defects cm™2] was evidenced. Following
a detailed GISAXS analysis to derive the shape of the silver
clusters, the adhesion energy (0.76+0.1 J m~2) was deter-
mined by means of the Wulff relation. KMCS of the growth
regime (up to a thickness of typically 2 nm) allowed the
determination of the diffusion energy of Ag adatoms on
MgO(001), i.e., E;=0.05 eV/atom. Above a silver thickness
of approximately 2 nm, there is a regime of dynamic coales-
cence with enhanced diffusion of large islands on the MgO
surface.
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