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ABSTRACT: Roughening in the electronic growth of Ag
films on Si(111)-(7×7) surfaces for a film thickness ranging
from 1 to 30 monolayers is reported. Ag films exhibit the
growth of flat-top plateaus of preferential heights due quantum
electronic effect. We have observed roughening of the film
growth due to instability with linear diffusion characterized by
the ln(θ)1/2 dependence of the local surface slope, where θ is
the Ag coverage. The roughening of the surface morphology
has been characterized by scaling exponents α, β and 1/z,
which are determined using scanning tunneling microscopy.
Increased value of α = 0.67 ± 0.04 at the early stage of the
electronic growth with two atomic layer height flat-top isolated
Ag mounds to 0.77 ± 0.06 at the later stage of the growth
when isolated mounds coalesce and form percolated structures maintaining preferential heights of an even number of atomic
layers in the Ag mounds indicates the instability in the electronic growth. As a result, interface width W increases as a power law
of coverage (θ),W ∼ θβ, with growth exponent β = 0.33 ± 0.03, and lateral correlation length ξ grows as ξ ∼ θ1/z with 1/z = 0.27
± 0.05.
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■ INTRODUCTION

Study of metal-semiconductor interfaces has been of great
interest for decades in view of their technological applications.
A large effort has been made to achieve the control of their
electronic properties and to prepare the films with atomically
flat surface morphology and interface, which are very important
for microelectronic devices. In this regard, the Ag/Si(111)
system is one of the most extensively studied because it is a
nonreactive metal-semiconductor system.1,2 Nevertheless,
growth morphology of Ag film has been found to depend on
the deposition rate and growth temperature.3−5 Recently,
“electronic growth” mode was proposed for growing a metal
overlayer on semiconductor substrates. In the metal films,
conduction electrons are confined by the metal surface at one
side and the metal-semiconductor interface at other side. Due
to this confinement, metal free electrons produce quantum well
states (QWSs). However, the Ag film is stabilized due to the
balance between energetic increase in quantum confinement
and the decrease in the charge spill-out as thickness of the film
increases.6,7 As a result, a critical thickness of the film can be
found beyond which smooth film can be grown.8 The growth of
Ag film on Si(111)-(7×7) surfaces has been found to follow the
electronic growth. However, no critical thickness was reported
from smooth film grown at room temperature (RT). In a novel
two-step growth with deposition at low temperature (LT) and
subsequent annealing at RT, the formation of 3D plateau-like
Ag islands with strongly preferred height of two atomic layers
on a wetting layer has been observed.9 The islands increase the
number density and lateral extension with coverage with no

change in height and eventually form a percolated network-type
growth. Investigations of both two-step growth and one-step
growth by direct deposition at RT in the same work have been
reported.10,11 In ref 10, a nearly atomically flat surface
morphology has been observed for a thickness of 6.4 ML in
the two-step growth. Recently, we have reported the RT growth
of Ag on Si(111)-(7×7) surfaces over a wide range of film
thickness. This shows the formation of plateau-like percolated
Ag islands with an N-layer (N even) height preference. We have
not observed any thickness window within which a smooth Ag
film can be grown as predicted by electronic growth.
Nevertheless, Ag films were found to become rougher while
growing. In order to understand this roughening mechanism in
the electronic growth of Ag, we have examined the roughness
evolution of the Ag films during the growth and explored the
origin of this roughening mechanism that competes with
electronic growth and makes the film rough. An instability at
RT due to nonequilibrium film growth with local diffusion was
found to be the origin of this roughening. Our findings provide
an evidence of competition between roughening due to the
local diffusion process with the smoothing due to QWS
formation in electronic growth.
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■ EXPERIMENTAL SECTION
Ag growth and scanning tunneling microscopy (STM) measurements
were performed in a custom-made molecular beam epitaxy (MBE)
chamber coupled with an ultra high vacuum (UHV) variable
temperature scanning tunneling microscope (VTSTM, Omicron).
Base pressure in the growth chamber was 1 × 10−10 mbar. Samples cut
from a P-doped n-type Si(111) wafer (oriented within ±0.5°) with
resistivity of 10−20 Ω cm were introduced in the UHV chamber.
Atomically clean, reconstructed Si(111)-(7×7) surfaces were prepared
by degassing at about ∼600 °C for 12−14 h and then flashing briefly at
∼1250 °C to remove the native oxide layer. The substrates were then
cooled down to room temperature (RT) and (7×7) surface
reconstruction was observed by STM. Ag atoms were evaporated
from a Knudsen cell made of pyrolytic boron nitride (PBN) and
deposited on the Si(111)-(7×7) reconstructed surface, which was kept
at RT. The deposition rate was 2 monolayers/min for all the samples.
We have deposited 1, 1.4, 1.6, 1.8, 2, 4, 5, 10, 30 ML Ag on Si(111)-
(7×7) reconstructed surfaces. Here we define 1 monolayer (ML) of
Ag as equivalent to the nominal surface atomic density of Ag(111), 1.5
× 1015 atoms/cm2. The chamber pressure increased to 5 × 10−10 mbar
during deposition. Following deposition the samples were transferred
to VTSTM chamber for morphology characterization.

■ RESULTS AND DISCUSSION
Figure 1 shows representative STM images of Ag films for the
coverages of 1 to 30 ML. Plateau-like Ag mound formation on

top of a wetting layer is observed for the samples with Ag
coverage of 1 to 1.8 ML (Figure 1a−d). These mounds have
grown laterally with coverage, the height of the structures
remaining constant. As Ag coverage increases, the mounds
coalesce and from percolated structures. These mound
structures grow vertically as well as laterally with Ag coverage
ranging from 2 to 30 ML as shown in Figure 1e−i. A strongly
preferred height of two atomic layers is observed for the
samples up to 1.8 ML (below percolation). For thicker samples,
percolated structures grow with the preference of N-layer
height, where N is even (two, four, etc.) as reported in ref 11.

This preferential height growth of Ag on Si(111)-(7×7)
surfaces has been associated with electronic growth modes
where electronic confinement within the metal film plays
important role in determining the morphology of the films with
magic heights, which are very often metastable.9,11,12 The
formation of such structures in two-step growth is recognized
as the growth overcoming the kinetically limited diffusion
processes. As a result, atomically smooth film growth may be
possible. However, no smooth film growth is observed in
single-step growth at RT even if preferred height growth is
possible as predicted in electronic growth. However, a thick Ag
film grown at RT and subsequently annealed at 700 °C does
not show the formation of preferential height.13

In order to understand the dynamic behavior of the detailed
growth processes, we have determined the different scaling
exponents and local surface slope of the mounds. These
quantities are determined from height−height correlation
function, G(r,θ), which is defined as mean square of height
difference between two surface positions separated by a
distance r for coverage of the atom (θ) as G(r,θ) = ⟨[h(r,θ)
− h(0,θ)]2⟩ where h(r,θ) and h(0,θ) are the heights of the
surface at the locations separated by a distance r and the
brackets signify an average over pairs of points.14−17 As the
growth rate of Ag is kept constant throughout the experiments,
we have considered the dynamic behavior of the growth in
terms of θ instead of time t. For the small r, height−height
correlation function G(r,θ) = [m(θ)r]2α with r ≪ ξ(θ), where
ξ(θ) is the characteristic in-plane length scale, α is the
roughness scaling exponent, and m(θ) is the local slope of the
surface profile for small length scale.16,18 m(θ) is calculated
from the fitting of linear portion of log−log plot of G(r,θ) vs r
using the above equation. We have determined two parameters,
which can be associated to describe mound growth. First one
represents the average size of the mounds, whereas the second
parameter represents average separation between mounds.
Lateral correlation length, ξ(θ), is the measure of the length
beyond which surface heights are not significantly correlated.
For the mounded surfaces, this is essentially the size of the
mounds.19 The wavelength (λ), on the other hand, signifies the
average separation between mounds. λ and ξ must satisfy the
relation ξ ≤ λ because mounds are separated by at least their
size. Only if the mounds grow next to each other would imply ξ
= λ.20 In case of percolated structures, λ is not well-defined.
Therefore, we calculated ξ to characterize the Ag percolated
mounds. Figure 2 shows the log−log variation of G1/2(r,θ) vs r.
To determine ξ, we have calculated G(r,θ) from STM images
following the procedure described before. In order to avoid
sampling induced effect in the G(r,θ) calculation, care has been
taken to include many STM images in the averaging of G(r,θ)
data. In our analysis we have checked that 6−10 STM images
from each sample were enough to give statistically reliable data
to obtain G(r,θ) plot. Figure 2a shows G1/2(r,θ) vs r plots for
the coverage up to 1.8 ML (below percolation), corresponding
to the growth of mounds of two atomic layer preferred height.
Figure 2b shows the same plot for the coverages ranging from 2
ML to 30 ML, when percolated Ag mounds were formed with
preference of even atomic layers height. These mound
structures grow vertically as well as laterally with coverage.
However, we observed that the film becomes rougher with the
growth. To monitor the roughening process quantitatively, we
measure the interfacewidth W(θ) as function of θ. W(θ)
(shown by arrow marked in Figure 2) is the value of G1/2(r,θ)
at the first local maximum, as W(θ) = G1/2(ξ/2) where ξ,

Figure 1. STM images of (a−i) Ag/Si(111)-(7×7) surfaces, showing
the surface morphology for 1, 1.4, 1.6, 1.8, 2, 4, 5, 10, 30 ML coverage.
All images represent a 500 × 500 nm2 area.
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marked by an upward arrow, is the position of r at the first local
minimum of G1/2(r).21 This definition of roughness amplitude
is preferred over the large r limit of G (r) because artifacts at
large length scales can affect STM data. The roughness
exponent α was determined from a fit to the linear part of the
log−log plot of G1/2(r) vs r. α essentially signifies the height
fluctuation that corresponds to vertical growth of the film. We
have observed two different values for α as shown in Figure 2;
the two values are signifying two different growth regimes with
coverages ranging from 1 to 1.8 ML and from 2 to 30 ML. In
the first regime, Ag forms mounds with two atomic layer height
preferences with α = 0.67 ± 0.04. In the second regime, α
increases to 0.77 ± 0.06, and percolated Ag mounds with even
atomic layer height preference are observed.
W(θ) increases following the power law as W(θ) ∼ θβ with

exponent β = 0.33 ± 0.03. The exponent β characterizes the
dynamics of the roughening process and is called growth
exponent. The lateral correlation length ξ(θ) increases
following the power law as ξ(θ) ∼ θ1/z, with 1/z = 0.27 ±
0.05. The exponent 1/z is called the dynamic exponent. Log−
log variation of W and ξ versus θ are shown in Figure 3. Figure
3a shows the increasing nature of W as film grows. This clearly
indicates the roughening of the film. However, the increasing
nature of ξ with coverages, as shown in Figure 3b, confirms the
lateral growth that makes the films smoother. Therefore,
roughening and smoothening coexist and compete. However,
we observed roughening in electronic growth. In order to
quantify the dynamics of roughening, we have plotted ξ versus
W for all the coverages. This is shown in Figure 4. From the
equations ofW versus θ and ξ versus θ, as described above, one
can easily derive that W = Cξβ/(1/z), with the exponent β/(1/z)
= 0.99 ± 0.11, which is close to 1, and the constant C, which is
0.014 ± 0.008. In our case, the ratio of β = 0.33 ± 0.03 and 1/z
= 0.27 ± 0.05 is 1.22 ± 0.10, which is comparable with the
fitted value within error bar. This essentially means the linear
variation between W and ξ with slope (dW/dξ) is 0.014. This
slope estimates the competition between smoothing due to the

lateral growth and roughening due to vertical growth. Smaller
value of the slope indicates faster lateral growth than vertical
growth, which essentially enables the smooth layer formation.
Therefore, one can expect to have smooth film growth with a
faster lateral growth process. As predicted in the electronic
growth mode, the formation of discrete quantum well states can
lead to novel effects including preferred heights and critical
thickness of metal films beyond which the film will be
atomically flat.11,22−25 We have not observed any such critical
thickness of Ag films grown on Si(111)-(7×7) surfaces. Faster
lateral growth, as observed, can support the formation of
smooth films. However, there is kinetic instability in the growth
that does not allow the formation of smooth films, and a
roughening in the growth mechanism is observed. A two-step
growth mechanism has been popular in which films are grown
at low temperature followed by room temperature anneal-
ing.25,26 At low temperature, a nonequilibrium structure is
formed, and this drives the system into a metastable state with
height preference. However, it will not be accessible fully if
unwanted kinetic processes are enabled. Room temperature
growth of Ag films shows height preference as a consequence of
“electronic growth” in which quantum well states can
determine the film morphology, but kinetic processes cannot
be suppressed completely. As a result, we observed roughening
in the growth in terms of flat top mounds at the lower

Figure 2. Square root of height−height correlation function calculated
from STM images of (a) 1 to 1.8 ML Ag coverages and (b) 2 to 30
ML Ag coverages. Roughness exponent (α) is calculated from the
power fitting of the linear portion.

Figure 3. Log−log variation of (a) interface width (W) and (b) lateral
correlation length (ξ) with coverages (θ). Growth exponent (β) and
dynamic exponent (1/z) are calculated from the slope of the W and ξ
curve, respectively.

Figure 4. Log−log variation of interface width (W) with lateral
correlation length (ξ). Solid curve represents the least-squares fit of
the power equation to the data points.
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coverages and percolated mounds at higher coverages with
magic heights. This morphology is, essentially, due to the
competition between quantum well state formation and kinetic
growth processes.
From the theoretical treatments of nonequilibrium film

growth, the predicted scaling exponents are α = 2/3 and β = 1/
5 if one considers the nonlinear growth equation.27 However,
the linear growth equation predicts α = 1 and β = 1/4.28 On the
other hand, due to the step edge barrier (Schwoebel barrier),
the diffusion can also be limited and form uniformly sized
pyramids with stationary slope. The predicted scaling
exponents for the Schwoebel barrier are α = 1 and β = 1/
4.29 Actually, an understanding for the kinetic roughening in
film growth is still far from complete.30 None of these
theoretical models support the exponents that we observed for
electronic growth mode. In order to identify this roughening
mechanism, we calculated local slope m(θ). If m(θ) is
independent of the coverage (i.e., m(t) is independent of
time t), then it is said to be stationary. In such cases, height−
height correlation function coincides for r ≪ ξ. On the other
hand, for nonstationary growth the local slope m(θ) increases
with time and an upshift of G(r,θ) is observed as film thickness
increases.18 This represents mound growth. In nonequilibrium
film growth driven by surface diffusion, the growth equation
can be written as31

κ λ η θ∂
∂

= − ∇ + ∇ ∇ + +h
t

h h F r( ) ( , )4 2 2

where κ and λ are constants, and η is a random fluctuation
around the average flux F causing roughening. The linear and
nonlinear parts determined by the constants κ and λ in the
above equation represents the detail growth processes. Linear
equation corresponds to the local growth when atoms sticks to
the nearest kink sites irreversibly. A surface atom able to break
the bonds and hop to the next sites represents the intermediate
diffusion, and the growth processes are described by the
nonlinear equation.30 In case of local diffusion, the local surface
slope increases with time and can be described as m(θ) =
⟨(∇h)2⟩1/2 = (K ln(θ/θc))

1/2, where K is constant and θc is
transition coverage to the scaling regime.30,32 Figure 5 shows

the plot m(θ) versus coverage (θ) and the fit with the equation
described above. The value of θc obtained from the fit is 0.76
ML. This indicates that our smallest coverage sample (1 ML) is
already into the scaling regime. This dependency is consistent
with the local surface diffusion, which apparently causes the
instability in the electronic growth in the single-step growth at
RT. In our case, all samples were grown at room temperature.
Therefore, the local surface diffusion at room temperature
introduces instability in the electronic growth. As a result, the
film becomes rough. Note that the continuum growth equation

involves only height profiles h and it’s derivatives, characteristic
of the local nature of diffusion. However, the diffusion model
only simply cannot explain the growth exponents that we
observed. Electronic growth mechanism is also very significant
to describe the film morphology evolution. Therefore, dynamic
scaling behavior does not apply to our case. The observation of
two roughness exponents (α = 0.67 and 0.77) signifies growth
below and above the percolation threshold. The growth is
essentially lateral below the percolation threshold, keeping the
bilayer height of the mounds constant. However, the percolated
structures grow both vertically as well as horizontally, keeping
the even atomic layer height preference. Therefore, the
roughening behavior, observed in case of Ag growth at RT,
belongs to a different universality class involving quantum well
state formation along with local surface diffusion.

■ CONCLUSION
In conclusions, we report the origin of roughening in electronic
growth of Ag film on Si(111)-(7×7) surfaces at room
temperature. The film morphology is apparently influenced
by the quantum well state formed within the films. However,
we have found a roughening mechanism that exists with the
electronic growth to control the surface morphology. This is
due to local surface diffusion of the atoms at room temperature.
The roughening behavior observed in the present study appears
to belong to a different universality class, where electronic
growth mechanism plays an important role.
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