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The growth morphology of Ag films that are deposited on an Fe�100� surface at room temperature has been
investigated using low-energy electron-diffraction spot-profile analysis and low-energy electron microscopy.
The superposition of periodic spot-profile modulations that are caused by interference of waves that are
reflected from the surface at different exposed levels and intensity oscillations that are associated with
quantum-well resonances within the film provides complementary information on film roughness and thick-
ness. The predominant morphological defect that is present during layer-by-layer growth is determined to be
pinholes that penetrate completely through the film to the Fe substrate surface. Such imperfect films are
observed to decompose upon annealing to thicknesses that are stabilized by quantum-well states. This result
suggests that pinholes eliminate kinetic limitations that promote the unusual bifurcation mode of thermal
decomposition that was observed previously for atomically smooth films prepared at low temperature.
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I. INTRODUCTION

Quantum-size effects �QSEs� in the properties of thin
metal films and islands may occur due to the influence of
discrete quantum-well �QW� states that are caused by elec-
tron confinement.1–3 Properties will be influenced to varying
degrees depending upon the proximity of QW state binding
energies to the Fermi energy. The binding energies of QW
states are determined by several factors, including bulk band
dispersion and film thickness. It is often found that QW
states periodically cross the Fermi level with increasing film
or island thickness. The resultant modulation of the density
of states at the Fermi level has been linked to the periodic
variation in many physical and chemical properties. QW
states can also induce a similar modulation of the confined
electron energy. This has the potential to define a sequence of
stable and unstable island heights or film thicknesses with
the same periodicity that QW states pass through the Fermi
level. As a consequence, film morphology can be dominated
during growth or annealing by film thicknesses that support
the most strongly bound QW states. Evidence of a QSE in
film and island morphology has been observed for many
metals on various substrates.3–14 This effect is envisioned to
be a mechanism for exercising control over island or film
morphology. Such a capability to control the dimensions of
nanostructures is essential for varying and controlling their
electronic structure and properties. However, kinetic-growth
limitations may interfere with the control over morphology
that is promised by QSE driven energetics.6,7,10 Therefore,
attention has recently turned toward the kinetics of the self-
organization of QSE-induced island and film
morphology.12,13,15

Ag films on the Fe�100� surface have received attention
because of the impact of QW states on film energetics, mor-
phology, and thermal stability.6,10,16 The small lattice mis-
match �0.7%� between a Ag film and the Fe�100� substrate
results in a system that is almost strain free. This means that
stress-induced effects in film morphology17 should not come

into play and we may therefore concentrate on electronic
effects. The stability of 2- and 5-monolayer�ML�-thick Ag
films during annealing and growth at high temperature is
associated with strongly bound QW states at the �̄ point,
which induce total-energy local minima compared to inter-
mediate thicknesses. The instability of the intermediate
thicknesses is interesting because their thermal-
decomposition products depend upon the film-preparation
method.6,10 With the exception of stable 2- and 5-ML-thick
films, atomically flat N ML films �N=integer� prepared by
low-temperature deposition methods were reported to trans-
form, or bifurcate, to a combination of N−1 and N+1 thick
regions during annealing above room temperature.6 The ori-
gin of this unusual behavior can be traced to the shape of the
local energy versus thickness landscape defined by QW
states in N−1, N, and N+1 thick films. The negative curva-
ture of the energy landscape between QW-induced energy
local minima results in a reduction in the system energy for
the bifurcation mode of decomposition.6,16 Investigations of
Ag films that were grown at room temperature confirmed the
stability of 2 and 5 ML films and instability of 3 and 4 ML
films during annealing.10 However, 3 and 4 ML films were
observed to decompose to stable 2 and 5 ML components,
instead of their respective bifurcation morphologies. The
suppression of the bifurcation mode of decomposition was
tentatively attributed to film roughness or some other mor-
phological defect that is introduced during growth at room
temperature,10 although no direct evidence of this film im-
perfection was provided. Such film imperfection apparently
reduces or eliminates the kinetic barrier that traps initially
flat, unstable films in their respective metastable bifurcation
morphologies during decomposition.

In the present work, we take a closer look at the growth
morphology of Ag films that are prepared by deposition at
room temperature. We also characterize the morphological
evolution that occurs during their thermal decomposition in
greater detail than reported earlier. One of the aims of this
investigation is to understand the nature of the growth mor-
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phological defect that impacts on the thermal-decomposition
mode. Our approach to studying film growth morphology is
to examine the interference of electron waves that are re-
flected from different exposed levels at the surface. This
interference produces oscillations of the low-energy electron-
diffraction �LEED� spot profile vs energy.5,18–20 Measure-
ments are carried out in the very low energy range where the
electron mean-free path is long. The resulting deep penetra-
tion of electrons through the film facilitates the additional
interference of the electron waves that reflect from the film
surface and from the buried interface.10 This phenomenon is
analogous to the interference that gives rise to intensity os-
cillations as a function of perpendicular momentum transfer
in x-ray reflectivity measurements of thin films.21,22 In the
case of electrons, constructive interference peaks that are ob-
served in oscillations of the reflected intensity are associated
with QW resonances above the vacuum level.10,23 The super-
position of these two interference phenomena simultaneously
provides complementary information on nominal film thick-
ness and roughness, which characterize film morphology
more completely.

We find that pinholes that penetrate through the entire
thickness of the film to the substrate surface are the predomi-
nant morphological imperfection that is introduced during
growth at room temperature. The presence of pinholes may
very likely be the reason why the bifurcation mode of ther-
mal decomposition is not prevalent for these films. In par-
ticular, we find that 3 ML films decompose directly into 2
and 5 ML thicknesses that are stabilized by quantum-well
states, whereas this decomposition mode prevails for 4 ML
films only after their partial decomposition by bifurcation.

II. EXPERIMENTAL RESULTS

A. Experimental details

The Fe�100� single-crystal substrate was cleaned by ex-
tensive Ar+ ion sputtering and annealing cycles. Ag was de-
posited from an electron-beam-heated source at a typical rate
of 0.3 ML/min. LEED measurements of the �00� beam at
normal incidence, corresponding to no momentum transfer
parallel to the surface, were performed in a low-energy elec-
tron microscope �LEEM�.24,25 These new LEED data are pre-
sented here in comparison to results of LEEM-image inten-
sity measurements that were obtained previously for the
same diffraction condition �Fig. 1�a��.10 The LEED instru-
mental transfer width, which is essentially the lateral coher-
ence length of the probe electrons, is on the order of 25 nm.26

The angular acceptance of a contrast aperture that is used in
the LEEM imaging mode corresponds to a parallel momen-
tum transfer of 0.12 Å−1. This equates with a lateral corre-
lation length of 5 nm. Unlike conventional LEED instru-
ments, the LEED transfer width and LEEM angular
acceptance do not change with energy because of the com-
pensating action of the objective lens on electron
trajectories.25

B. Growth morphology

In the previous study,10 LEEM was used to detect peaks in
the elastically reflected electron intensity at very low energy

that are associated with QW resonances above the vacuum
level �Fig. 1�a��. The dependence of the reflected intensity
upon film thickness and incident electron energy was deter-
mined by measuring the LEEM-image intensity continuously
during deposition at room temperature while repeatedly
ramping the incident energy from 0 to 15 eV. The LEEM-
image measurement effectively integrates diffracted intensity
in the vicinity of the �00� diffraction position over an area of
the Brillouin zone that is large enough to encompass all or
nearly all of the diffraction spot profile. After normalizing
the LEEM-image-intensity data by the intensity spectrum of
a thick Ag film �Fig. 2�, intensity peaks are clearly seen that
increase in number and disperse toward lower energy with
increasing film thickness �Fig. 1�a��. This normalization sup-
presses the signal from a strong Bragg peak that is caused by

FIG. 1. �Color� The �a� integrated LEEM intensity �from Ref.
10� and �b� p-ratio of the �00� LEED spot profile vs incident elec-
tron energy and thickness �ML=monolayer� for Ag films grown on
Fe�100� at 300K. The solid yellow and red lines through the data
are the phase accumulation �Eq. �1�� and two-level interference �Eq.
�5�� model predictions, respectively, for the values of the quantum
numbers, � and ��, that are indicated on the right.
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a band gap at vacuum level27 so that the intensity peaks
associated with QW resonances can be discerned more
clearly.

Essentially, intensity peaks associated with QW reso-
nances are produced by constructive interference between
the wave that is reflected from the film surface and the wave
that travels through the film and reflects from the buried
interface. The QW resonance conditions that are identified by
the peaks in the LEEM-intensity spectra were described ac-
cordingly by the phase-accumulation model.10 According to
this model,28 the quantization condition for the existence of
QW states and resonances is 2k�E�mt+�C�E�+�B�E�=2n�,
where k�E� is the perpendicular wave vector of an electron in
the film, m is the number of atomic layers, t is the layer
spacing, �C�E� and �B�E� are the energy-dependent phase
shifts that occur upon reflection at the interface and
surface,29 respectively, and n is an integer. The quantization
condition can be inverted28 to find an expression for the
thickness at which a QW state or resonance exists at a given
energy

m =
��C�E� + �B�E��/2� + �

��E�/kBZ
, �1�

where the quantum number �=m−n, kBZ=� / t, and the wave
vector ��E�=kBZ−k�E� is measured from the Brillouin-zone
boundary in the direction perpendicular to the film plane, i.e.,
the X point for Ag�100�.

The resonance conditions that were calculated for Ag/
Fe�100� using Eq. �1� were found in Ref. 10 to match the
experimental resonance peaks in Fig. 1�a� very well with no
adjustable parameters. For this calculation, the ��E� in Eq.
�1� are given by an sp band with �1 symmetry that lies just
above the vacuum level in Ag�100�.10,30,31 The interface re-
flection phase is evaluated using an empirical formula,23,28,31

�C�E�=2 arcsin��E−EL� / �EU−EL�−�, where EL=5.0 eV
and EU=15.5 eV �above the vacuum level� are the lower and
upper edge of the Fe band gap, respectively.32 It was also
found empirically in Ref. 10 that the phase shift at the sur-
face is negligible, �B�E�=0. This can be expected from the

fact that the reflection and transmission amplitudes are both
real and positive at energies above a potential step, such as
the surface-barrier potential.

The results in Fig. 1�a� indicate that layer-by-layer growth
at 300 K results in a nominally flat film or at least that the
film is flat enough on the length scale of the LEEM lateral
resolution, �10 nm, that the intensity peaks produced by
QW resonances are not smeared out. Here, we obtain
complementary information on film morphology on a lateral
length scale shorter than the LEED instrumental transfer
width, �25 nm,26 by examining the LEED spot profile. The
measured intensity in a surface-diffraction experiment can be
written5,18–20 as a sum of a narrow, instrumentally limited
component, ��k��, and a broad component, L�k��

I�k�,k�� = A�k����k�� + B�k��L�k�� , �2�

where k� and k� are the momentum transfer perpendicular
and parallel to the surface, respectively. Only the narrow
component is present for a flat surface under all scattering
conditions. The presence of multiple exposed levels, or ter-
races, separated by atomic steps at a surface redistributes
intensity away from the narrow component for a flat surface
and into the broad component. The redistribution of intensity
is greatest in out-of-phase scattering conditions between ad-
jacent levels. This occurs when the scattering phase 	=k�t
is an odd multiple of �, where the step height, t, is taken to
be equal to the layer spacing. On the other hand, the broad
component is suppressed and the diffraction measurement is
insensitive to the presence of different levels when the scat-
tering phase is an even multiple of � at in-phase scattering
conditions. The dependence of the complementary functions,
A�k�� and B�k��, upon k� reflects the vertical arrangements
of levels while the dependence of the broad component line-
shape, L�k��, upon k� is determined by the lateral arrange-
ments.

Although the lineshape and width of the broad compo-
nent, L�k��, are affected by the terrace-size distribution and
average terrace size, respectively, its integral over k� in the
surface Brillouin zone is not. The integral of the narrow
component lineshape, ��k��, is similarly independent of the
island distribution. These integrals are only affected by the
atomic scattering factor and structure factor. This depen-
dence can be factored out by evaluating the normalized in-
tensity in the narrow component which is constructed out of
the integrals over the surface Brillouin zone

p =
A�k�����k��d2k�

A�k�����k��d2k� + B�k���L�k��d2k�

. �3�

For measurements of the specular �00� beam, it has been
shown that the proportion of intensity in the narrow compo-
nent given by the p-ratio in Eq. �3� is a one-dimensional sum
over the exposed levels according to the following form:19

p�k�� = 	

n=1

N


n exp�ik�nt�	2

, �4�

where 
n is the area fraction exposed to vacuum at level n
and N−1 is the distance between the top and bottom exposed
levels in units of the elemental step height. The oscillatory
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dependence of the p-ratio on k� can provide information on
the step height and the areas of the exposed levels.

The dependence of the p-ratio, Eq. �3�, upon film thick-
ness and incident electron energy for Ag/Fe�100� is deter-
mined from measurements of the diffraction spot profile that
were made continuously during deposition at room tempera-
ture while the incident energy was repeatedly ramped from 1
to 17 eV. The dynamic range of the LEED-intensity profile
measurement in the LEEM is not sufficient to extract the
weak, broad profile component reliably at all energies and
for all film thicknesses. To address this problem, we note
that the LEEM-image intensity effectively integrates both
broad and narrow components, as pointed out above. The
integrated LEEM-image intensity for a thick Ag film
��30 ML� on Fe�100� �Fig. 2� therefore serves as a good
approximation of the sum of integrals in the denominator of
Eq. �3�, excluding the effect on intensity of QW resonances.
The result for the p-ratio using this approximate normaliza-
tion is shown in Fig. 1�b�. Because of the approximate nor-
malization used to calculate the p-ratio neglects the effect of
QW resonances, the peaks that are seen in the lower energy
range in Fig. 1�b� are defined in part by QW resonances in
the Ag film. This is demonstrated by overlaying the disper-
sion of QW resonance conditions in Fig. 1�b� that were mod-
eled by the phase accumulation model �Eq. �1�� and are dis-
played already in Fig. 1�a�. Besides the impact of QW
resonances, an additional modulation is also seen in Fig. 1�b�
that is due to interference of waves that are reflected from the
surface at different exposed levels. This should be describ-
able by the form of the p-ratio given by Eq. �4�.

Although roughness of the Ag film surface potentially ex-
poses many levels, the data indicate that the roughness-
induced modulation in Fig. 1�b� is dominated by interference
between only two levels. In particular, the data can only be
accounted for by a two-level interference between the film
and substrate surfaces �see the following paragraph and Sec.
III A for further discussion of this point�. For such a two-
level system, the p-ratio for the specular �0,0� beam given by

Eq. �4� simplifies to, p= 
̃0
2+
m

2 +2
̃0
m cos 	, where the in-
dices 0 and m refer to the substrate surface and the film
surface, respectively, m is the number of atomic layers in the
film, and 	 is the total phase shift between waves that are

reflected from the two levels. The term 
̃0 is the effective
area fraction of the substrate, the meaning of which will be
discussed below. For now, we are mainly interested in the
phase.

LEED spot-profile analysis of surface roughness is nor-
mally applied in the case that the exposed levels are of the
same material. In that case, any additional scattering phase
that is introduced by reflection at different levels should be
the same. Consequently, the scattering phase cancels in the
calculation of the total phase shift and the phase shift be-
tween adjacent levels is caused only by the path-length dif-
ference. However, since the two levels that are being consid-
ered here are of different material, Fe substrate and Ag film
surfaces, we must include the additional respective scattering
phases that are introduced on reflection from the film sur-
face, �B��E�, and substrate surface, �C�E�, explicitly in the
calculation of the total phase shift. This leads to an expres-

sion for the constructive interference condition between lev-
els that resembles the phase-accumulation model, k��E�mt
+�C�E�−�B��E�=2n��, where k��E�=k�=2�2� /�� is the
perpendicular momentum transfer in vacuum, ���150 /E is
the wavelength in Angstrom, E is the incident energy, n� is
an integer, and the remaining terms are defined as above.33

This can be inverted to find an expression for the thickness at
which constructive interference between levels occurs at a
given energy

m =
��C�E� − �B��E�� + 2���

���E�t
, �5�

where the quantum number ��=m−n�, the modified momen-
tum transfer is ���E�=2� / t−k��E�, and 2� / t is the funda-
mental momentum transfer for constructive interference at a
single step, k�=2�n� /mt for m=1 and n�=1, neglecting
�C�E� and �B��E�. Setting �B��E�=0 for the reason given
above and using the empirical expression given above for
�C�E�,23,28 Eq. �5� produces the set of curves for different
values of �� that are shown in Fig. 1�b�. These curves pass
through the maxima in the figure with no fit parameters. This
confirms the conjecture that a two-level interference between
substrate and film surfaces is responsible for the modulation
of the LEED spot profile. No other two-level or multiple-
level interference model can explain the data.

Interestingly, the �� curves in Fig. 1�b� exhibit a change in
curvature between ���0 and ��0. This is reminiscent of
metallic QW state dispersion above and below a band edge,
e.g., compare the dispersion of QW states28 and resonances
�Ref. 10 and Fig. 1�a�� for Ag/Fe�100�. To understand the
shapes of these curves, recall the inverse relation between
real-space dimension of an object and the separation of re-
ciprocal space features that it produces. A single-atomic step
produces constructive interference conditions at the kine-
matic Bragg conditions and destructive interference at the
anti-Bragg condition, i.e., midway �in perpendicular momen-
tum transfer� between Bragg conditions. A double height
atomic step on the other hand produces an additional con-
structive interference condition at the anti-Bragg condition.
The ��=0 curve is basically related to the constructive inter-
ference condition between levels that are separated by a
double height step. In the limit of large thickness, the ��=0
curve converges with the constructive interference condition
for a double step between Ag levels on the Ag film. The ��
=0 curve bends upward as thickness is decreased because of
the contribution of the additional phase �C that is generated
by scattering from the Fe substrate at the bottom of pinholes.
Specifically, the phase shift produced by the path-length dif-
ference between the top and bottom of pinholes decreases
with decreasing film thickness. But, �C is independent of
thickness. That means that the double-step constructive inter-
ference condition is perturbed more by the �C contribution
as thickness is decreased. That gives rise to the deviation of
the ��=0 curve from the constructive condition for a double
Ag step. The ���0 and ���0 curves have opposite curva-
ture. The reason is that increasing pinhole height forces more
constructive interference conditions between Bragg condi-
tions. For an m-layer height object, there will be m−1 con-
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structive interference conditions between Bragg conditions.
Again, that is the usual inverse relationship between real and
reciprocal space.

The area fraction of each level can also be determined, in
principle, by evaluating the Fourier transform of the p-ratio
modulation. A good estimate of the area fractions can be
made quickly by comparing the modulation amplitude,

2
̃0
m, to the maxima, 
̃0
2+
m

2 +2
̃0
m, that are prescribed by
the simple form for a two-level system that is given above.
Figure 3 shows the p-ratio vs energy at Ag film coverage of
15.3 ML, where QW resonance peaks are weak, particularly
above 9 eV. The modulation of the p-ratio in the range 9–14
eV suggests that the effective area fraction of the substrate

surface is approximately 
̃0�0.15–0.20. However, it is im-
portant to note that this value represents the actual area frac-
tion weighted by the relative reflectivity of the substrate and
the film. Since the reflectivity of the Fe substrate is greater
by an average factor of about 7� in the relevant energy
range �Fig. 2�, the actual exposed substrate area fraction, 
0,
is roughly estimated to be smaller than the effective area

fraction, 
̃0, by this amount, i.e., on the order of 
0�0.025.
Considering that QW resonance peaks may also contribute to
the modulation of the p-ratio, this should be treated as an
upper limit of the area exposed by pinholes.

C. Thermal decomposition

The thermal decomposition of Ag films was characterized
by monitoring LEEM images and by recording area-
integrated intensity vs voltage �I�V�� spectra in imaging
mode during annealing. The I�V� spectra obtained in imaging
mode represent the �00� specular beam intensity at normal
incidence, corresponding to no parallel momentum transfer.
They are analogous to the normalized I�V� data presented
pictorially in Fig. 1�a�. The aim of integrating the intensity
over a large area in the image was to detect any spectro-
scopic signature of thermal decomposition while the lateral
dimension of the decomposition products is small, i.e., below

the imaging resolution and therefore undetected by imaging.
The positions of peaks that are present in the spectra can be
used to identify what the decomposition products are.

LEEM images and I�V� spectra were recorded at several
temperatures while heating the film incrementally up to
about 500 K. Images obtained sequentially at successively
higher temperatures are shown in Fig. 4 for different initial
film thicknesses. The evolution of the corresponding I�V�
spectra that were obtained during the same annealing se-
quences are shown in Fig. 5. Insignificant changes in the
appearance of initially 2 and 5 ML films in images �Figs.
4�a�–4�d�� and of the peak positions in the respective I�V�
spectra �Fig. 5� are observed during annealing. These results
confirm the stability of 2 and 5 ML films. This behavior
contrasts with dramatic changes in the images �Figs.
4�e�–4�l�� and spectra �Fig. 5� of initially 3 and 4 ML films
that occur during annealing. The morphological changes in
the 3 ML film are initiated at numerous small nuclei that are
randomly distributed over the surface �cf. Fig. 4�f��. These
nuclei grow and coarsen as the temperature is raised. Al-
though morphological changes in the 4 ML film appear to
start at step edges �cf. Fig. 4�j��, randomly located nuclei
again proliferate and coarsen as the temperature is raised.
The I�V� spectra measured locally in the distinct regions that
are produced by thermal decomposition of 3 and 4 ML films
were found to resemble the spectra of the stable 2 and 5 ML
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films.10 The area fractions of the 2 and 5 ML regions follow-
ing decomposition were also found to be consistent with the
mass of the initial films.10 These observations demonstrate
that 3 and 4 ML films decompose to thicknesses stabilized by
QWs.

Closer examination of the spectra at different stages dur-
ing annealing reveals interesting details of the thermal-
decomposition pathway. Spectra for 3 and 4 ML films ini-
tially exhibit prominent peaks at 8.7 and 7.0 eV, respectively,
at room temperature. For the 3 ML film, this dominant peak
begins to shift toward higher energy at about 340 K. A small
peak also begins to grow slowly at about 5.2 eV at the same
temperature. The final positions of these two peaks after ther-
mal decomposition is complete are 9.4 and 5.5 eV, respec-
tively. The peak at 9.4 eV can be attributed to the presence of
the mixture of 2 and 5 ML film components after decompo-
sition, which individually produce peaks at 10 and 9.1 eV,
respectively. Likewise, the peak at 5.5 eV is produced by the
combination of 2 and 5 ML peaks at 5.2 and 6.0 eV, respec-
tively. Above all, no evidence is seen in the 3 ML spectra
during thermal decomposition of a peak at 7.0 eV that would

be indicative of a 4 ML film component. From the absence of
this 4 ML signature, we conclude that the 3 ML film decom-
poses directly to 2 and 5 ML regions without any prevalence
for bifurcation.

For the 4 ML film, the dominant peak at 7.0 eV begins to
broaden already at 320 K. At 337 K, this broadening is
clearly resolved as a splitting into two distinct peaks, at 8.7
and 6.0 eV. These peaks remain stationary until 387 K when
they begin to shift up to 9.2 eV and down to 5.5 eV, respec-
tively. The intermediate peaks at 8.7 and 6.0 eV are signa-
tures of 3- and 5-ML-thick regions, respectively. Similar to
the case of the initial 3 ML film, the final peak positions at
9.2 and 5.5 eV are both associated with the presence of a
mixture of 2 and 5 ML film products following thermal de-
composition. Thus, we find evidence of bifurcation between
320 and 387 K and that this mode is overcome at higher
temperature by decomposition to 2 and 5 ML thicknesses.
However, it is not possible to determine the proportion of the
film that bifurcates below 387 K based upon these data.

III. DISCUSSION

A. Growth morphology

The growth morphology of Ag films that are deposited on
an Fe�100� surface at room temperature has been investi-
gated in order to understand better the origin of their QSE
driven thermal-decomposition behavior. Film thickness is de-
termined from oscillations of the elastically reflected electron
intensity vs incident electron energy that are associated with
QW resonances. These oscillations are derived from the in-
terference of the wave that is reflected from the film surface
and the wave that travels through the film and reflects from
the buried interface. Information about surface roughness is
also obtained by examining modulations of the LEED spot
profile that are caused by interference of waves that are re-
flected from different exposed levels at the film surface. The
complementary information that is obtained by evaluating
these two interference phenomena reveals that the predomi-
nant morphological defect is pinholes that penetrate com-
pletely through the film to the exposed Fe substrate surface.

In order to shed light on the validity of these results, we
briefly reiterate the principles of the methods that were used.
The deep electron penetration of electrons at very low energy
facilitates the interference between waves that are reflected
from the film surface and the buried interface. The intensity
oscillations that are shown in Fig. 1�a� are indeed produced
by such interference. Intensity peaks in Fig. 1�a� identify
constructive interference conditions that are associated with
QW resonances in the case of electrons. The QW resonances
provide information on film thickness. This is analogous to
the interference that gives rise to intensity oscillations as a
function of perpendicular momentum transfer in x-ray reflec-
tivity measurements of thin films.21,22 In the case of x-rays,
intensity oscillations contain information about film thick-
ness and roughness. The oscillation period is related to the
inverse of the thickness. The oscillation amplitude is propor-
tional to the density difference between film and substrate.
Surface and interface roughness are manifested in the decay
of the scattered x-ray intensity and damping of the intensity
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FIG. 5. �Color online�: I�V� spectra for initially 2–5 ML Ag
films are shown at various temperatures during annealing. Spectra
from bottom to top that were obtained at 310, 320, 337, 354, 363,
372, 387, 400, 420, 438, 455, 474, and 490 K are shifted vertically
for clarity. Prominent peaks in the initial spectra of the 3, 4, and 5
ML films are identified by solid red, green, and blue lines at 8.7,
7.0, and 6.0 eV, respectively. The dashed red and blue lines in the 4
ML spectra plot locate the initial 3 ML �8.7 eV� and 5 ML �6.0 eV�
peak positions. The solid black lines in the 3 and 4 ML spectra
locate the final peak positions after thermal decomposition.
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oscillations with increasing momentum transfer.
On the contrary, information on the surface morphology is

ascertained here by examining a quantity called the p-ratio,
Figs. 1�b� and 3, which is obtained from diffraction spot-
profile analysis. The p-ratio is not equivalent to the intensity
that is recorded in x-ray reflectivity measurements. Instead, it
is the normalized intensity in the narrow component of the
diffraction spot profile. The dependence of the narrow com-
ponent intensity on the perpendicular momentum transfer re-
flects the vertical arrangements of exposed levels, i.e., the
surface morphology.5,18–20 It is defined in Eq. �3� as the in-
tegrated �over the Brillouin zone� intensity within the narrow
profile component divided by the sum of the integrals of the
narrow and broad components, i.e., the total integrated inten-
sity. Thus, the p-ratio is a normalized “partial” integrated
intensity. This definition of the p-ratio factors out the depen-
dence of the integrated intensity in the narrow component on
the atomic-scattering factor and structure factor. In our work,
the sum of the narrow and broad component integrals in the
denominator of the p-ratio is approximated by the integrated
LEEM intensity for a thick Ag film. This does not account
for the x-raylike interference between the waves that are re-
flected from the surface and buried interface, which give rise
to the intensity oscillations in Fig. 1�a�. As these features are
not accounted for by the approximate normalization that we
use, they show up as artifacts in the plot of the p-ratio in Fig.
1�b�. The constructive interference or QW resonance condi-
tions are delineated by yellow lines in these two figures.
Besides the x-raylike intensity oscillations that are associated
with QW resonances, an additional modulation is observed
in the p-ratio in Fig. 1�b� that is caused by the interference
between waves that are reflected from exposed levels at the
surface. The features that are attributable to the surface mor-
phology are connected by red lines with indices �� in Fig.
1�b�.

Are there any pinholes? The conclusion about the pres-
ence of pinholes is based on the positions of a subset of
oscillation features in the p-ratio in Fig. 1�b�, not the oscil-
lation amplitudes. The red curves that are labeled with the ��
indices in Fig. 1�b� represent the constructive conditions for
interference between exposed levels. They are obtained using
the interference model, Eq. �5�, assuming pinholes that pen-
etrate to the buried interface. They accurately reproduce the
p-ratio modulations in Fig. 1�b� that are not associated with
the x-raylike interference �yellow curves in Figs. 1�a� and
1�b��. Due to the inverse relation between real space and
reciprocal space �the energy scales in Figs. 1 and 2 relates to
perpendicular momentum transfer�, shallower morphological
features, if they would be present, would produce peaks with
greater energy separation than are present in Figs. 1�b� and 3.
Thus, shallower features must be ruled out. The simplest
explanation of morphological features whose heights are al-
ways equal to the film thickness during growth is that pin-
holes are present that penetrate to the interface, thereby ex-
posing bare substrate surface. Although it would be
interesting to look at this system again using different experi-
mental techniques, e.g., scanning tunneling microscopy, to
confirm pinholes, LEED spot-profile analysis already by it-
self is a powerful and reliable probe of surface morphology.
Therefore, the experimental results that we present should be

able to stand on their own as a good indication of the surface
morphology.

The oscillation amplitudes in Fig. 3 are used just for mak-
ing an estimate of the area fraction of the pinholes. We con-
sider the amplitude of intensity oscillations for a 15.3 ML Ag
film in Fig. 3, in order to avoid the influence of QW reso-
nance peaks which are stronger for thinner films. Figure 3
also indicates the predicted positions of intensity peaks of
different indices, ��, that are produced by pinholes �extracted
from Fig. 1�b�� and the expected positions of QW resonance
peaks of different indices, � �also extracted from Fig. 1�a��.
The energy range between 7–14 eV where the p-ratio oscil-
lation amplitude is largest in Fig. 3 corresponds to the energy
range where the ratio of the reflectivities of bulk Fe�100� and
thick Ag�100� films are also the highest �Fig. 2�. This argues
further for the presence of pinholes that expose the bare Fe
substrate surface. It also supports the claim that the reflection
from bare Fe at the bottom of pinholes contributes to the
oscillation amplitudes.

The formation of pinholes is itself an interesting phenom-
enon. As noted in the introduction, Ag films should be nearly
strain free. Thus, we can rule out a stress-induced effect that
gives rise to step undulations and film roughening in other
systems.34–36 The surface energy of Ag�100� is also lower
than Fe�100�.37 This rules out thermodynamically driven
nonwetting. Alternatively, pinhole formation may result from
kinetic limitations. Rough growth of the Ag�111� surface oc-
curs due to a step-edge-diffusion barrier, or Schwoebel-
Ehrlich barrier, that hinders motion of atoms down a
step.38–40 On the contrary, smooth growth of Ag�100� at 300
K is a manifestation of the absence of a step-edge
barrier.38,40,41 It is absent on Ag�100� because atoms descend
a step by an exchange mechanism, not by hopping.40 How-
ever, an atom that descends a step from the top of the wetting
Ag layer in contact with Fe�100� may not do so by exchange.
This mechanism could be inhibited by the strong interaction
between Ag and Fe which effectively lowers the exposed
surface energy and drives wetting in the first place. An atom
that must resort to hopping down from on top of the wetting
layer may confront a step-edge barrier. This inhibition could
easily result in holes in the initial wetting layer. Smooth
growth on top of the wetting layer is expected to occur due
to the emergence of the exchange mechanism in Ag/Ag�100�
growth which suppresses the step-edge barrier. Another ki-
netic effect that may play a role is the existence of a “three-
dimensional �3D� Schwoebel-Ehrlich barrier,” which is asso-
ciated with atomic motion across the corner between
macroscopic facets on a crystal.42–45 The 3D barrier is ex-
pected to influence 3D crystal-growth shapes and film
texture.42,43 3D barriers have been predicted for atomic mo-
tion between the �100� plane and other low-index planes for
Al, an fcc metal like Ag.42 Experimental evidence suggests
that the 3D barrier affects 3D Ag crystal-growth shapes.44,45

Together, the presence of a step-edge barrier in the wetting
layer, its absence in subsequent Ag layers, and the existence
of the 3D barrier may produce pinholes with steep sidewalls.

B. Thermal decomposition

The thermal stability of films grown at room temperature
was also investigated by LEEM imaging and I�V� spectra
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measurements. These investigations confirmed the stability
of 2 and 5 ML films that was reported earlier.6,10 In agree-
ment with earlier work,10 we also find that films grown at
room temperature with intermediate 3 and 4 ML thickness
decompose upon annealing to 2 and 5 ML products that are
stabilized by QW states. This behavior is in contrast to an
unusual bifurcation mode of thermal decomposition that was
observed previously in atomically smooth films prepared at
low temperature.6 We have not examined the decomposition
of thicker films in detail. Some difficulty is caused by the
weaker quantum-size contrast between different film thick-
ness. Weaker contrast is a consequence of the flatter disper-
sion of QW resonance conditions �see Fig. 1�a�� at larger
thickness.

Different stages of the thermal-decomposition process are
revealed in the details of the I�V� spectra that were measured
during annealing �Fig. 5�. We find that 3 ML films are stable
up to about 340 K and thereafter decompose directly into 2-
and 5-ML-thick regions upon annealing to higher tempera-
ture. The spectra indicate that morphological changes are
modest initially in the lower temperature range, 340–372 K,
but become much more pronounced at 387 K and above. On
the other hand, fairly significant morphological changes in
initially 4 ML films are detected in I�V� spectra already at
320 K. The data indicate that this decomposition proceeds
initially by bifurcation to 3 and 5 ML thicknesses of at least
part of the 4 ML film and continues at 387 K and above with
the production of stable 2- and 5-ML-thick regions only. The
onset of the latter stages of thermal decomposition of the
initial 3 and 4 ML films at coincidentally the same tempera-
ture, 387 K, suggests that significant dewetting of the third
from the second Ag layer occurs commonly at this tempera-
ture in both cases. Therefore, the observation that 4 ML films
decompose initially at lower temperature by bifurcation,
which involves dewetting of the fourth from the third Ag
layer, could argue for a layer-dependent bonding of the top-
most to underlying layers. This could itself be QSE induced.

The LEEM observations of morphological changes that
occur during the thermal decomposition of unstable 3 and 4
ML films �Fig. 4� reveal the nucleation of many small fea-
tures that gradually coarsen into distinct 2 and 5 ML regions
with large areas. This nucleation behavior is consistent with
the presence of numerous, small and randomly located pin-
holes in the initial films prior to annealing that is also indi-
cated by LEED spot-profile measurements in the present
work �Fig. 1�b��. It was shown previously that the area frac-
tions of the 2 and 5 ML product regions account for all of the
material in the initial 3 and 4 ML films.10 The apparent con-
servation of mass during decomposition10 implies that the
area fraction of the pinholes must be small. This is corrobo-
rated by the small pinhole area fraction that we have esti-
mated roughly here. These observations suggest that pinholes
enable a mechanism that promotes the decomposition of the
film directly to thicknesses that are stabilized by QW states.
The bifurcation mode of thermal decomposition in atomi-
cally flat films6 likewise can be attributed to the combined
action of QW state energetics and kinetic limitations that
arise in the absence of pinholes.

The origin of this kinetic limitation and an atomistic de-
scription of the decay mechanism in the presence of pin-

holes, however, remain unclear. The decomposition of a flat,
defect-free film conceivably begins with the nucleation of an
atomic height island on top of the topmost atomic layer of
the film and the nucleation of a complementary vacancy is-
land within the same layer. Mass flow between the steps at
the edges of the vacancy island and the island is then all that
must occur to produce the bifurcation morphologies. In order
to produce QW-stated-induce morphologies, additional
nucleation of a vacancy island in a deeper layer or of an
island at a higher level and mass flow across multiple layers
must also occur. The energy barriers that are confronted in
these processes are the nucleation barriers associated with
forming steps on the edges of islands and vacancy islands
and the barriers to mass transport between step edges in dif-
ferent layers �atom detachment, ascending a step, diffusion
and reattachment�, including the initial adatom-vacancy for-
mation process. The nucleation rates and the rates that atoms
are transferred between levels should control the kinetics of
decomposition and possibly also the final morphologies. It
was pointed out that the energy barrier for island and va-
cancy island nucleation can be prohibitively high as to pre-
vent morphological changes by this mechanism.46–48 In this
case, a different dewetting mechanism may occur in the pres-
ence of substrate steps that avoids two-dimensional island
and vacancy island nucleation.47,48 However, such behavior
was not observed here in the case of the thermal decompo-
sition of Ag films grown at room temperature. It probably
also did not occur during the thermal decomposition of
atomically flat films, which were grown on step-free Fe
whiskers.6 Film dewetting via island and vacancy island
nucleation can occur if the driving force is high and the
nucleation barrier is low.49 Such a strong driving force may
be provided in the case of Ag/Fe�100� by the QW state en-
ergetics. The barriers for nucleating islands at higher levels
should be the same for films that are initially atomically flat
and for films that are punctuated by pinholes. Therefore, we
suspect that the different decomposition modes that have
been observed for Ag/Fe�100� films with these different ini-
tial morphologies stem from two effects: �1� the absence of a
nucleation barrier for vacancy island formation in films with
pinholes and �2� the promotion of island nucleation by pos-
sibly enhanced mass transport from preexisting steps at the
interior edges of these pinholes. The latter of these two ef-
fects is believed to be a consequence simply of the number
of atomic sites at the perimeter of a pinhole, which is ex-
pected to be larger than for a critical vacancy island in an
atomically flat film.

IV. CONCLUSION

We find that the predominant morphological defect in Ag
films that are grown in a layer-by-layer manner on Fe�100� at
room temperature are pinholes that penetrate from film sur-
face to substrate surface. The presence of pinholes in films
grown at room temperature and their absence from atomi-
cally smooth films grown at low temperature6 correlates with
the different thermal-decomposition modes of these morpho-
logically distinct films. The bifurcation mode of thermal de-
composition of atomically smooth films6 can therefore be
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attributed to the combined action of quantum-well state en-
ergetics and kinetic limitations associated with nucleation of
deeper and higher layers. These kinetic limitations are appar-
ently suppressed in films grown at room temperature by the
presence of pinholes. We speculate that pinholes act on the
thermal decomposition first of all by eliminating the barrier
to vacancy island nucleation. Pinholes may also act to pro-
mote island nucleation by serving as a more efficient source
for atomic mass transport to higher levels than critical or
subcritical vacancy islands. A deeper understanding of the
kinetic barriers and processes involved in thermal decompo-
sition and growth of quantum-confining films can lead to
greater control over the fabrication of quantum-size-effect-

induced nanostructures, which is essential for varying and
controlling their electronic structure and properties. Experi-
mental observations were also made that indicate that the
bonding of the topmost layer to the underlying film is stron-
ger for a 3 ML film than for a 4 ML film. This effect may
itself be QW state induced and thus would be a QSE that has
not been identified previously.
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