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We show that the buried interface between a metallic nanocrystal and its supporting substrate is essential
for understanding the stability of the ubiquitous class of nanomaterials that grow on a wetting layer in the
Stranski-Krastanov growth mode. Importantly, these new results reveal the broad role played by quantum
confinement effects in the growth of thin nanoscale metals. In situ x-ray scattering experiments on Ag/Si
(111)-ð7 × 7Þ, where the apparent minimum stable thickness of the first two atomic layers on top of the
wetting layer has posed a long-standing puzzle, show that the commensurate wetting layer is locally
removed by the formation of incommensurate nanoislands, which is unanticipated for the conventional
Stranski-Krastanov growth mode. The anomalous lattice expansion that had been previously proposed
is not observed, and these new results for Ag are explained by electron confinement effects whose
manifestation differs from other metals.
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The small size of nanoscale metals can lead to intriguing
and unexpected physical behavior that is not observed in
larger systems. In particular, the size can dramatically
influence the way nanoscale metals are formed, although
such effects are not presently well understood. Because
nanoscale metals are widely studied for both fundamental
science and technological applications, it is therefore
essential to understand the underlying physics that controls
their growth and formation. For example, the controlled
growth of metals on semiconductors is of high interest for
the electrical and optical properties in nanoelectronic,
energy conversion, and nanolaser applications [1–3]. In
thin nanoscale metallic crystals, the quantum confinement
of the conduction electrons [4] can change the overall
energy landscape to such an extent that the mesoscopic
crystal shape is affected [5,6]. Such “quantum-size effects”
(QSEs) [7] are strikingly displayed for Pb nanocrystalline
islands grown on the Si(111) surface where, early in the
growth, the islands exhibit “magic heights” that differ in
multiples of bilayers [8] and, later in the growth, the
nanocrystals exhibit a novel nonclassical coarsening behav-
ior towards a single preferred height [9]. In other metals,
atomically smooth island surfaces are observed that would
be unexpected by conventional growth considerations
[10–14]. The oscillating bilayer stability appears to be
uniquely displayed for Pb, although significant attention
has been given to Ag, where only the first bilayer or thicker
is stable. At present, the effects of QSEs on the growth of
nanoscale metals are not well established across different
metallic systems.
In this Letter, we show that the stability of Ag nanois-

lands on Si(111)-ð7 × 7Þ is related to electron quantum
confinement effects, and the key insight comes from
understanding the structure of the wetting layer and the

buried interface. The newly observed island heights agree
with theoretical calculations [15] that include the effects of
electron confinement. Moreover, these results have broad
significance for the ubiquitous materials systems that grow
in the Stranski-Krastanov (SK) mode [16] where islands
form after a wetting layer is established. Because most
experimental techniques cannot determine the structure of
the buried interface, it has always been assumed that the
islands grow on top of the wetting layer in a SK growth
mode. However, we demonstrate that the commensurate
wetting layer dissolves beneath the islands, and the islands
form an incommensurate interface directly with the sub-
strate. Both results, the dissolving wetting layer in SK
growth as well as the demonstration of the QSEs of Ag
islands, are fundamentally important for understanding the
growth of metal nanocrystals on supporting substrates.
There have been a number of puzzling results reported

for the growth of Ag on Si(111)-ð7 × 7Þ where there is
extensive interest in understanding what role QSEs play
in its growth. After the completion of a low-density
(< 1=2 ML) Ag wetting layer that is one atomic layer in
thickness and commensurate with the Si(111)-ð7 × 7Þ, a
face-centered-cubic (fcc) Ag bilayer on top of the wetting
layer was believed to be the thinnest stable island height
to form as the coverage is increased [13,17–20]. Most
studies show that the bilayer stability does not repeat
with increasing coverage and layer heights greater than a
bilayer occur in single-layer increments. The mechanism
for the stability of only the first bilayer has remained as
an important question. Unal et al. [20] noticed that their
scanning-tunneling microscopy (STM) measurements and
those of other groups consistently show an anomalous 12%
lattice expansion (relative to bulk Ag) of only the first
bilayer [13,19,20]. Consequently, it was proposed that the
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apparent stability of the first bilayer could be related to
QSEs arising from the expanded lattice: because the Fermi
level of Ag appears in the gap between bands along h111i,
the 12% expansion could strain shift the Fermi level into
the band for the first bilayer, thereby enabling its stability,
but not for the strain-relieved subsequent layers [20]. The
structural and electronic evolution of this mechanism,
however, has not been carefully investigated.
The experiment was carried out, in situ, at the Advanced

Photon Source on the 6IDC beam line using the resident
growth and analysis ultrahigh vacuum chamber (base
pressure of 1 × 10−10 Torr) that is incorporated into a
Psi diffractometer. The photon energy was 16.2 keV.
The data are presented in hexagonal reciprocal lattice
coordinates ðHKLÞH, indicated by the H subscript, which
are referenced to Si with the following relationship between
hexagonal and cubic lattice constants: aH ¼ a=

ffiffiffi

2
p

and
cH ¼ ffiffiffi

3
p

a where a ¼ 0.5431 nm and ½003�H ¼ ½111� is
along the surface normal direction. The Si(111)-ð7 × 7Þ
surface was prepared by flash annealing a commercially
available 1 mm-thick n-type Si(111) substrate using estab-
lished methods [21]. Ag was thermally deposited onto the
clean Si(111)-ð7 × 7Þ surface at the desired temperature,
which was determined by a type K thermocouple located
on the sample holder. The deposition rate was
∼1.1� 0.1 ML=min, which was established by a quartz
crystal oscillator monitor that was calibrated from intensity
oscillations during the layer-by-layer homoepitaxial
growth of Ag(001). 1 ML is defined as the areal density of
Ag(111), 1.38 × 1015 atoms=cm2.
The island formation and its relationship to the wetting

layer was investigated by measuring both the x-ray specular
reflectivity and the crystal truncation rods of fcc Ag. These
measurements differ in important ways. The specular
reflectivity arises from every atomic layer, independent
of the in-plane structure, whereas the crystal truncation rod
arises only from atomic layers that have the incommensu-
rate fcc crystal structure of the Ag islands. Figure 1(a)
shows the x-ray specular reflectivity ½Agð00LÞH� measured
for 0.9 ML of deposited Ag, which is approximately one-
half ML more coverage than is needed to saturate the
wetting layer; thus, both wetting layer and islands are
present. Qualitatively, the intensity is observed to oscillate
along L in a way that is analogous to an optical three-slit
interference, indicating the predominance of three atomic
layers of Ag. Figure 1(b) shows a complementary meas-
urement of the incommensurate Agðh; h; LÞH crystal
truncation rod with h ¼ 1.328, which also displays the
oscillatory intensity that is characteristic of three atomic
layers. Both data sets were quantitatively modeled using a
distribution of Ag island heights. For the specular reflec-
tivity, the Si(111) substrate, its reconstructed ð7 × 7Þ
surface, and a Ag wetting layer were also included. A
schematic diagram of the model is shown in Fig. 1, where
pj are the fractions of the surface occupied by islands

having a height j. The solid curves in Fig. 1 represent the
best fit to the data, and a detailed description of the analysis
is presented elsewhere [22].
Do the three layers that we observe correspond to a

bilayer of fcc Ag islands on top of the commensurate
Ag-ð7 × 7Þ wetting layer, as has been widely assumed in
the literature? This question is resolved by comparing the
specular reflectivity and truncation rod measurements.
Because the truncation rod measurement shows three layers
of fcc Ag whereas the reflectivity measurement indicates
three total layers of Ag, including the wetting layer, it is
concluded that the Ag islands have the fcc structure all the
way to the substrate. This conclusion is supported quanti-
tatively in Fig. 2, which shows that the island height
distributions determined from the two different measure-
ments are nearly identical. Therefore, the Ag nanocrystal-
line islands do not grow on top of the Ag wetting layer;
rather, the islands consume the wetting layer beneath them
so that all of the fcc Ag islands are in direct contact with the

(a)

(b)

FIG. 1 (color online). (a) X-ray specular reflectivity and
(b) crystal truncation rod measurements from 0.9 ML of Ag
deposited on Si(111)-ð7 × 7Þ at 360 K. The inset shows a side
view of the structural model where the unknown crystal structure
of the first atomic layer beneath the islands is indicated in black.
With the use of the bulk Ag lattice constant, the solid curves are
the best fit of the model to the data with the island height
distribution given in Fig. 2. The dashed curve imposes a 12%
lattice expansion on the first bilayer of Ag. The dotted curve is
obtained for islands having the bulk Ag lattice constant but that
are displaced from the substrate by an amount that is equivalent to
a 12% expansion of the first bilayer.
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substrate. These results, therefore, reveal that the preferred
minimum fcc Ag layer thickness on Si(111)-ð7 × 7Þ is a
trilayer rather than a bilayer.
Temperature-dependent measurements of the height

distribution, shown in Fig. 3, demonstrate that mobility
limits taller islands from forming while the minimum stable
height is three layers. Both the island height and the width
of the height distribution are observed to increase with
temperature. Therefore, the system tries to reduce the
interfacial energy by increasing the island height to the
extent permitted by the available mobility. Nevertheless,
the inset of Fig. 3 shows that the height distribution is
dominated by three-layer islands when only 0.45 ML is
deposited, which barely exceeds the wetting layer satu-
ration coverage. Therefore, the minimum preferred island
height is three layers.
A striking result of these measurements is that the Ag

interatomic layer spacing is not expanded, as has been
indicated by several STM studies. Instead, the x-ray
scattering measurements reveal that the fcc Ag exhibits
the ideal bulk Ag distance between all of the atomic layers.
As shown in Fig. 1, a 12% lattice expansion for the first two
layers does not come close to fitting the data. Since STM
measures the distance from the wetting layer to the island
tops, we also tried an alternative model where the islands
are displaced from the substrate relative to the wetting layer
in order to give the equivalent height increase without
expanding the Ag lattice. This type of interfacial displace-
ment was observed for Pb/Si(111)-ð7 × 7Þ [23]. However,
that model also fails to fit the reflectivity data. Because
x-ray scattering is very sensitive to small changes in
distance, the 12% expansion or displacement represents
an enormous effect that is not observed in our experiments.
We, therefore, conclude that Ag has the conventional bulk
lattice spacing and that the STMmeasurements are affected

by a tunneling efficiency that prohibits an accurate deter-
mination of the distance between the atomic cores.
The fcc Ag islands are also observed to have the

conventional Ag lattice constant in the plane of the inter-
face (�0.1%), indicating that the interface with the sub-
strate is insufficient to strain the Ag islands [24]. The
islands are incommensurate with the Si substrate, and they
exhibit a two-dimensional in-plane orientational disorder
over several degrees, as shown in Fig. 4. By comparison,
the Ag wetting layer is commensurate and perfectly aligned
with the ð7 × 7Þ reconstruction. However, the absence of
strain and the fact that the fcc Ag islands are atomically flat
—less than 0.35 Å rms determined from x-ray reflectivity,
consistent with STM [20]—suggests that the orientational
fluctuations occur with a relatively weak interaction of the
fcc Ag with the substrate. This interaction is certainly much
weaker than that for the Ag in the commensurate wet-
ting layer.
Without the anomalous lattice expansion, an oscillating

energy landscape arising from QSEs will not explain the
minimum nanocrystal thickness of Ag(111) on Si(111)-
ð7 × 7Þ. However, as we will now discuss, our experiments
demonstrate that QSEs determine the preferred minimum
crystal thickness, although the interface and a different
energy landscape must be considered. At the interface,
there will be equilibrium between the wetting layer and the
fcc nanocrystal phases. Because the commensurate wetting
layer completes first, its energy/area is significantly lower
than that for any thickness of incommensurate Ag(111).
After the wetting layer phase saturates, fcc Ag nanocrystal-
line islands form upon further coverage, although not on
top of the Ag wetting layer because that interfacial energy
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FIG. 2 (color online). Comparison of the island height distri-
bution, pj, obtained from the specular reflectivity and the crystal
truncation rod measurements in Fig. 1. The two measurements
yield nearly identical height distributions, indicating that the fcc
Ag islands extend to the substrate interface rather than reside on
top of the wetting layer.

FIG. 3 (color online). The island height distribution pj for
1.8 ML of Ag deposited at different temperatures. As the
temperature increases, the average island height and the breadth
of the distribution increases, which indicates that mobility plays
an important role in the observed distributions. The inset shows
pj for 0.45 ML Ag deposited at 300 K: even though the coverage
barely exceeds the wetting layer saturation (about 5% of the
surface is covered by Ag islands), there is a clear preference for
three atomic layer islands.
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is apparently unfavorable as shown by experiment. Instead,
the local wetting layer dissolves, and it is replaced by
incommensurate fcc Ag islands that are in weaker contact
with the substrate—there is a coexistence between these
two phases.
The important role of quantum confinement is revealed

by the excellent agreement between our experimentally
observed island height distributions and recent density
functional theory (DFT) work, which includes the effect
of electron confinement, performed for free-standing
Ag(111) films by Han and Liu [15]. The DFT shows that
the energy/area is essentially independent of thickness for
layers having 3 ML or more—there is no oscillation with
thickness. Including a much lower-energy commensurate
wetting layer (not considered in the DFT) will lead to a two-
phase coexistence line between the wetting layer and islands
having 3 ML or more. At the lowest temperatures, 3 ML will
be the thinnest preferred thickness. At higher temperatures,
thicker layers will be populated as the mobility increases,
which agrees with our experimental observation in Fig. 3.
It should be noted that a strong substrate interaction, which
is apparently small here, can change the growth behavior.
Indeed, if a stronger commensurate interaction with the
substrate is assumed, DFT [25] shows a significantly differ-
ent energy/area with thickness of the Ag island.
Therefore, the evidence is now clear that quantum

confinement of the conduction electrons influences the
growth behavior of both Pb(111) and Ag(111): their
different growth behaviors (Pb having bilayer oscillations

and Ag exhibiting only the first trilayer) are a consequence
of their different electronic structures. The Pb/Si(111)-
ð7 × 7Þ system exhibits persistent bilayer growth oscilla-
tions because such oscillations are clearly present in
the electronic structure of Pb(111) [15]. In the case of
Ag(111), however, such oscillations are entirely absent in
the thickness-dependent electronic structure [15]. The
minimum stable height, which is a Ag trilayer, is due to
QSEs of the islands that are in coexistence with the
wetting layer.
It is of fundamental interest to understand the behavior of

a wetting layer in the growth of dissimilar materials where
islands form following the completion of a wetting layer—
known as a Stranski-Krastanov growth mode [16]. Because
most measurement techniques cannot see the structure of
the buried interface, it has always been assumed that the
islands grow on top of the wetting layer in the SK growth
mode. However, the present x-ray scattering study dem-
onstrates that the portion of the wetting layer below the
island is converted to the structure of the metallic island,
which then has an interface directly with the substrate,
without an intervening wetting layer. It is not known how
commonly wetting layers are consumed by islands in SK
growth because of a lack of in situ experimental studies of
buried interfaces. A similar effect was suggested for Pb/Si
(111)-ð7 × 7Þ [26], although the present measurements are
much more direct and conclusive: by measuring both the
reflectivity and the truncation rod of fcc Ag for a nearly
monodisperse island height distribution, the absence of the
wetting layer between the metallic island and the substrate
could be directly determined. Future studies will be
necessary to better understand the conditions that lead or
do not lead to islands consuming the wetting layer.
In conclusion, we have demonstrated a novel behavior of

SK growth that is essential for showing that QSEs play an
important role in the stability of Ag nanocrystals. These
results have broad general significance for understanding
the growth and stability of metallic nanocrystals. Although
QSEs are strikingly displayed in the growth of Pb nano-
crystals through bilayer oscillations of stability, QSEs in
Ag are manifested more subtly in terms of a minimum
stable thickness. The difference between Pb and Ag derives
from their electronic structure: the electronic energy of
Pb oscillates with thickness whereas for Ag the energy is
independent of thickness above 3 ML [15]. It is noted that
a very recent study of In has shown oscillatory growth,
although there is limited experimental work on this system
[27]. Therefore, there is now strong experimental evidence
that quantum confinement effects influence the growth and
stability of thin metallic nanocrystals, even when there are
no growth oscillations, as in the case of Ag(111). The
unexpected behavior of the SK growth mode, where the
wetting layer is locally consumed by the nanocrystals, is a
fundamentally important new result for the ubiquitous class
of film growth on a dissimilar substrate, and it requires

FIG. 4 (color online). The large in-plane orientational disorder
of the fcc Ag islands is observed by comparing scans performed
azimuthally in the surface plane through the ð1.328; 1.328; 0.1ÞH
peak of the fcc Ag islands and the ð8=7; 0; 0.1ÞH peak of the
Ag/Si(111)-ð7 × 7Þ wetting layer. The Ag island peak extends
more than 3 deg, which is 2 orders of magnitude broader than
the Ag wetting layer that is commensurate with Si(111)-ð7 × 7Þ.
The upper inset schematically shows the Ag island mosaicity in
the surface plane. The lower inset provides an expanded view of
the Ag wetting layer peak.
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further investigation. It is essential to understand both the
modified SK growth and quantum confinement effects in
order to manipulate nanoscale materials at surfaces.
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