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The growth of Ag monolayers on (111) Cu and Au substrates has been studied by Auger-electron
spectroscopy and surface reflectance spectroscopy. At room temperature, Ag diffuses into the Au
substrates, but grows continuously with a well-defined interface on Cu. The interdiffusion of Ag
and Au is stopped when cooling the sample. In this case, the first Ag monolayer in contact with the
Au surface behaves like a Ag-Au alloy. On the other hand, when deposited onto Cu, the first Ag
monolayer displays a narrow absorption band at 3 eV which is not present in bulk. It could be due
to transitions from d states in the Ag monolayer, the shift being caused by the interaction with Cu.
The electronic properties of thicker films gradually tend to those of bulk Ag.

I. INTRODUCTION

The electronic properties of metallic monolayers have
been the subject of numerous studies for several years.
Most of the theoretical calculations deal with “self-
supported” layers; only a few of them are concerned with
the interaction between a metallic monolayer, especially
of Cu, and a given substrate.' ~® Nevertheless the experi-
mental investigations are, for obvious practical reasons,
only interested in such systems.”~?® This introduces sup-
plementary problems to be studied, especially the mode
of growth of the superficial metallic film and the electron-
ic interaction between the substrate and the adlayer.

The present paper deals with the growth of silver on
copper and gold substrates. The interest of these sys-
tems, for the present purpose, is due to the fact that the
Ag film grows continuously, monolayer after monolayer,
on these substrates.'®?! However, in the case of Ag on
Au, a bulk interdiffusion between the two metals occurs
at room temperature, and it was necessary to cool the
sample at low temperature in order to avoid this
diffusion. Hence it was possible to obtain continuous Ag
films with a given number of monolayers (from a half to
several), either on Cu or on Au.

The experimental technique used here for the investi-
gation of the electronic properties of the monolayers is
the surface reflectance spectroscopy (SRS), which has
been widely used for the study of surface properties or of
chemisorption.”?2=25 On the contrary, very few SRS ex-
periments have been performed for investigating the
growth of metal thin films.'> 1520

In Sec. II the experimental methods, the preparation of
the samples, and their characterization are presented.
The mode of growth was followed by Auger-electron
spectroscopy and the results are given in Sec. III. Section
IV is devoted to the theoretical aspects of the SRS; the
measured quantity, namely the differential reflectivity, is
given as a function of the dielectric functions of the
different media, following several theoretical models. Fi-
nally, Secs. V and VI are devoted to the optical experi-
mental results and to their discussion, respectively.

II. EXPERIMENTAL METHODS

The preparation of the samples and the experimental
studies (apart from the ones involving electron micros-
copy) were performed in the same ultrahigh-vacuum
chamber (107! mbar). The substrate samples were
prepared by in situ evaporation of high purity metals
(99.999%) from tungsten crucibles warmed by the Joule
effect. The metal molecules were condensed on smooth
glass plates maintained at room temperature (RT), at a
rate of about 0.6 nm/s, in order to achieve a total thick-
ness from 40 to 80 nm depending on the samples. The
pressure did not exceed a few 10~° mbar during the met-
al deposition. The Au and Cu substrates obtained in this
way were formed of crystallites a few ten to a few hun-
dred nm large. Figure 1(a) presents a transmission elec-
tron micrograph, obtained with a Philips EM300 micro-
scope at 100 kV of a typical Cu sample. It shows the mi-
crocrystallites of Cu, some of them being large with a few
dislocations, the grain boundaries, etc. The very small
white spots are due to oxide clusters which have grown
when putting the sample in air before introduction in the
electron microscope. Figure 1(b) shows the correspond-
ing diffraction pattern. The [220] ring is clearly the more
intense one, while the [200] and the [111] ones are weak-
er, contrary to the case of a powder diagram. This indi-
cates that most of the crystallites have a preferential
orientation with the [111] direction perpendicular to the
surface of the slab, with a possible small misorientation of
a few degrees. It cannot be excluded that some of the
crystallites display a [100] orientation. Nevertheless, it
can be concluded that the surface is mainly a polycrystal-
line (111) surface. Electron microscopy experiments ob-
tained on the gold substrates show similar results.

The Ag overlayers were deposited in the same way as
the substrates. The Cu substrates were maintained at RT
during Ag deposition, while the Au ones were either
cooled to a low temperature of —150°C (LT), or kept at
RT. The rate of Ag deposition was 0.01 nm/s, and the
pressure was maintained in the low 107! mbar range.
The amount of Ag atoms condensed on the substrates
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FIG. 1. (a) A transmission electron micrograph of a Cu film 60 nm thick. (b) The corresponding electron diffraction pattern.

was monitored by means of a 5 MHz oscillating quartz
microbalance, calibrated beforehand by film-thickness
measurements using x-ray interference in grazing in-
cidence reflection.?® The mode of growth for Ag on Cu
was followed by Auger experiments performed with a
four-grid Auger spectrometer.

The SRS technique consists of the measurement of the
relative change of reflectance or differential reflectivity
(DR) upon Ag adsorption: AR /R =(R’'—R)/R, where
R and R’ are the reflectances of the bare surface (Au or
Cu) and of the same surface covered by Ag atoms, respec-
tively. The optical spectrometer is schematized in Fig. 2.
A monochromatic beam (1.4-5.2 eV), produced either
by an uv Xe lamp or by a visible Wibbon one, is obtained
by using a monochromator with two different gratings

SAMPLE

PM

FIG. 2. The principle of the differential reflectometer. The
light beam alternately impinges the two parts of the sample,
perpendicularly to the figure plane, as indicated in the inset.

corresponding to the lamps. A polarizor determines the
polarization of the light.

The beam impinges alternatively, by means of a vibrat-
ing mirror (M), two halves of the sample: the first one
(A) is the substrate and is kept clean during the entire
optical experiment by use of a shutter located in front of
it when evaporating Ag; the other one (B) is the Ag-
covered surface. After a double reflection on the sample
by use of a mirror M’ inside the UHV chamber, the beam
is focused on a photomultiplier (PM). A lock-in amplifier
detection at the frequency of vibration of the vibrating
mirror (800 Hz), combined with a feedback on the high
voltage of the PM maintaining a constant value of the
delivered current, provides a signal proportional to
AR?/R*=[(R")>-R*]/R* (the beams are reflected
twice on the sample). A simple calculation leads to a
quantity proportional to the DR: AR /R. A calibration
operation is therefore needed in order to get the absolute
values of AR /R. The whole calibration procedure is de-
scribed in Ref. 27, where other technical details can also
be found.

III. MODE OF GROWTH

The mode of growth of Ag on Cu was studied by
Auger-electron spectroscopy. Figure 3 gives the varia-
tion of the peak-to-peak intensities of Auger peaks of Ag
and Cu at 351-357 eV and 58-60 eV, respectively,
versus the mass thickness of Ag deposits. The breaks in
slope, which are visible in both curves at about 0.23 and
0.46 nm, as well as their exponential shape, are indicative
of a Frank-Van der Merwe growth, i.e., a continuous,
layer-by-layer growth.28 Silver and copper are not misci-
ble, and interdiffusion occurs only at high tempera-
ture.?’® Indeed, the Auger measurements did not give
evidence of any diffusion. One can therefore conclude
that the silver films on copper are continuous and uni-
form with a well defined interface. Moreover, the
diffraction patterns obtained from Ag-covered Cu sub-
strates in electron microscopy experiments indicated a
parallel epitaxial growth of Ag on Cu (111).!
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FIG. 3. The peak-to-peak intensity variation of the Auger
peak of Cu (@) and of Ag (O) at 58-60 eV and 351-356 eV, re-
spectively, vs the thickness of the Ag films. The intensities of
the Ag peak were multiplied by 14.

Ag and Au, on the other hand, are essentially lattice
matched. This results in the fact that the Ag film is in
parallel epitaxy with the Au (111) substrate.> It has been
demonstrated that at room temperature the growth of Ag
on polycrystalline Au follows the layer-by-layer mode
too.?! However, Au and Ag are totally miscible, and a
rapid interdiffusion occurs when the sample is warmed.*?
The interdiffusion already exists at room temperature but
is then very much slower.’® In this case, in spite of the
epitaxial and layer-by-layer growth, the interface is not
abrupt. In order to avoid the diffusion and to obtain a
well-defined interface, as in the Ag/Cu case, it is neces-
sary to cool the substrate. The optical results presented
in Sec. V B display differences between the two kinds of
growth at room or at low temperature.

IV. THEORY

A. The local three-phase model

In the usual theory of refraction, the different media,
taken as homogeneous and isotropic, can be described by
local and isotropic dielectric functions as indicated in
Fig. 4. €%(w) is the complex dielectric function of the
bulk substrate, €%(w) is that for the vacuum (which equals
1), and €'(w) corresponds to the function for the surface
region of thickness d which accounts for both the effect
of the surface of the substrate and the presence of adsor-
bates. The Fresnel laws, derived from the Maxwell equa-
tions and continuity arguments, can be applied at the two
interfaces. MacIntyre and Aspnes’* have shown that
when the thickness d is small with respect to the wave-
length A of the light, the reflectance of the system can be
developed to the first order in d/A. The differential
reflectivity DR can therefore be written

8md

AR, R,—R?
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FIG. 4. A schematic diagram of the homogeneous multilayer
model.
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(2)

where 6 is the angle of incidence of the light and s and p
refer to the polarizations of the light. In s polarization,
the electric field is normal to the incidence plane (hence
parallel to the surface), while in p polarization it is paral-
lel to the incidence place (hence with a nonzero com-
ponent normal to the surface). R? and R are the
reflectances of the substrate without considering the
surface-adsorbates region, and R, and R » the reflectances
with the surface region. We can notice that the DR is
proportional to the thickness d of the thin film, i.e., to the
number of adatoms. The interesting quantity to study is,
therefore, (1/d )AR /R, the changes of which are directly
related to the changes of the electronic properties of the
adlayer, without any consideration on its thickness.

Within the MaclIntyre and Aspnes (MA) model, the
real and imaginary parts of the dielectric function €’ can
be determined from two independent measurements, for
example, in s and p polarizations, when the thickness d is
known. Im(€’) is directly related to the optical absorp-
tion of the surface and adsorbed species: It therefore
gives important physical information about the proper-
ties of the system under investigation.

B. Limitations of the three-phase model

Several authors have shown® that the usual local re-
fraction model fails in explaining some aspects of the op-
tical properties of surfaces. A long-wavelength electric
field (of light, for example) can induce at a surface a
short-wavelength response. In classical terms, it means
that an induced charge exists at the surface or in the sur-
face region. This problem occurs when the normal com-
ponent of the electric field E is nonzero, i.e., in p polariza-
tion. In s polarization when E vanishes at the surface, no
surface charge is induced and the usual theory of refrac-
tion, i.e., the MA model, gives a correct description of
the surface optical properties. On the other hand, the hy-
pothesis of local response leads in p polarization to two
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unphysical consequences: The normal component of the
electric field is discontinuous, and a density of charge is
induced at the very surface. A microscopic theory of the
dielectric response based on nonlocal relations between
the response of the medium and the electric field acting
on it is therefore needed to describe the optical response
of the surface. Several microscopic theories have been
developed for a jellium.**—3® It has been shown that the
response functions derived in that way are equivalent.’
For example, Bagchi, Barrera, and Rajagopal®® have in-
troduced three response functions 8A,, 8A,, and 8A,,
defined by

SA, = f+°°dz {medz’eu(z,z';w)—ecl(z;w)] (3)
(for * =x,y), where €(z;w) is equal to eBforz <0and 1
for z > O (see Fig. 5),

8A, = f“"dz [f+°°dz’e;‘(z,z’;w)——ecl(z;w)] , @)

8A, and 8A, can be interpreted as the surface/adsorbates
excess in the averaged matrix dielectric function
€.+(z,z";0) and in the averaged matrix inverse dielectric
function € Yz,2"0), respectively. If we consider an uni-
axial medium (it is the case here where the polycrystalline
substrate is randomly oriented in the plane of the film),
the two quantities 8A, and 8A, are equal. The
differential reflectivities DR in s and p polarization can be
expressed in this theoretical frame as a function of the
two quantities A, and §A,. The expressions of AR /R
are then identical to those obtained by Dignam, Mosko-
vits, and Stobie>® for a local but anisotropic medium, by
introducing the components €, and €, of the surface
dielectric tensor. This means that, for reflectance pur-
poses, the surface response can be approximated by an
effective local but anisotropic dielectric function. This
shows that in s polarization, it is reasonable to apply the
MA model by defining the surface dielectric function
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FIG. 5. Differential reflectivities (DR) spectra divided by the
number n of Ag monolayers: (1/n)(AR,/R,) for various depos-
its of Ag on the Cu substrate. The incidence of the p-polarized
light was 50°. 00,1 ML;. . . .,2ML;---,3ML; - —, 6 ML;
—, I0ML.
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from Eq. (7), since R, depends only on §A,. On the other
hand, the MA model is not adequate to describe the R,
quantity: For the MA model to be valid in p polariza-
tion, there ought to be an equality between the mean
values of €,(z,z';») and of 1/e;'(z,z";w). There is
indeed no reason that these two quantities should be
equal. Even if the surface region is isotropic, i.e., if €,, is
equal to €,,, the mean values which appear in Egs. (3) and
(4) are generally different. This is due to the fact that,
contrary to 8A, 8A, is the average of an inverse dielec-
tric function. It is a good description of the response to a
normal electric field, and its behavior is that of a loss
function.

C. A pragmatic standpoint

The previous paragraph has shown that the best
description of the uniaxial system for its optical proper-
ties involves two complex quantities: 8A, and 8A,, or €,
and €, which are the components of the effective surface
dielectric function. Hence it involves four real quantities.
Moreover, it is also necessary to know or to choose the
thickness d of the region describing the surface and the
adsorbates. However, it has been shown that it is not
possible to perform four independent reflectance mea-
surements in order to determine the four parameters, for
example, one in s polarization at a given incidence and
three in p polarization with different incidences.** One
can try to get supplementary information from a
Kramers-Kronig analysis of the reflectance spectra,*! but
this procedure is problematic because it requires an extra-
polation of the measured reflectance to low and high fre-
quencies. In the present case, such an extrapolation
would lead to very uncertain results because the measure-
ments are performed over a narrow spectral range. Since
it was not possible in our case to apply the previously de-
scribed microscopic model, we used the MA model in or-
der to proceed further in the interpretation of the experi-
mental results. By assuming an isotropic and local model
and setting the thickness of the surface and adsorbate re-
gion, we were able to determine in several cases an
effective local dielectric function € for the Ag thin over-
layers on Au or on Cu. Once again, we remind that a
dielectric function obtained in this way must be con-
sidered only as a crude approximation and has to be in-
terpreted with much caution. However, it can give a
better interpretation of the properties of the surface and
the adsorbates than those which would be obtained
directly from the reflectance spectra.

D. The additive property of the differential
reflectance in the MA model

Formulas (1) and (2) can be extended to the case where
there are several thin films on the substrate, if the total
thickness is much smaller than the wavelength of the
light.*? The expressions for the differential reflectivities
are the sum of those corresponding to each different film
considered as lying directly on the substrate:
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€; and d; are the complex dielectric function and the
thickness of each film, respectively. It can be noticed
that the order of the films is irrelevant: The optical
responses of the layers are additive. An important conse-
quence of this property will be used in this paper: It per-
mits the determination of the individual optical contribu-
tion to the DR of the different monolayers (ML) of a thin
film, notably of the superficial or the internal monolayers,
by substracting the spectra obtained for different num-
bers of monolayers deposited on the substrate. The valid-
ity of this procedure implies that the optical response of
each layer is not too modified by the presence of the other
layers. This hypothesis remains questionable, although it
is correct in some cases, for example, when the electronic
states are very localized on the atoms, as in the case of
the d electrons in the noble metals which is our interest in
this paper.

V. OPTICAL RESULTS

A. Silver on copper

All the experiments have been performed with s- and
p-polarized light, in order to determine the effective ad-
sorbate dielectric function. However, the curves ob-
tained in the two different polarizations are rather simi-
lar, the intensities being only larger in p polarization, and
the structures in the spectra more pronounced. So, we
present here only the DR spectra measured with p polar-
ized light. Figure 5 presents the DR spectra in p polar-
ization divided by the mean thickness n [expressed in
(111) Ag ML’s] for various Ag overlayers on a Cu sub-
strate: (1/n)(AR,/R,). The very narrow minimum at
3.8 eV, visible in the 10-ML spectrum, is due to an ab-
sorption caused by the excitation of a surface plasmon
mode in the thin Ag film. We must note that this effect is
peculiar to the p-polarization case and is not present in
the s-polarization DR spectra. This mode, which corre-
sponds to the coupling of the surface plasmons at the two
interfaces of the Ag slab, is well known and is correctly
reproduced by a classical calculation of the reflectance of
a multilayer system.*

The disappearance of this negative peak for the thinner
films can be explained by two phenomena: a size effect in
the thin slab acting on the conduction electrons on the
one hand, and the excitation by the p polarized light of
longitudinal plasma waves (i.e., bulk plasmons) in the
film, on the other hand. These two effects have been ex-
tensively studied in previous works.*~4® Several features
can be observed in all the spectra corresponding to
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thicknesses larger than 1 ML, namely, a rapid increase of
DR which becomes positive at 2.1 eV, then a decrease
from about 3.9 eV. The shapes of these curves are ex-
plained by the fundamental optical properties of the no-
ble metals. They correspond essentially to two kinds of
electronic transitions: the intraband transitions, involv-
ing the s-p conduction electrons (or “free” electrons), and
the interband ones, involving mainly the d-band electrons
(or “bound” electrons), which in this spectral range are
transitions from d-band states to empty states above the
Fermi level.” One can therefore separate the reflectance
spectrum of a noble metal into two main regions. The
first one is the free-electron region (I) from O eV up to the
interband absorption edge (located at 2.1 eV in Cu and at
3.9 eV in Ag), where the reflectance is almost equal to 1.
The second one is the bound-electron region (II), extend-
ing from the absorption edge to higher energies, where
the reflectance is smaller.

The corresponding p-polarization reflectance spectra
for the two metals were calculated and are given in Fig.
6, where the different regions are identified. When con-
sidering the system consisting of a thin Ag film on Cu,
three regions can be defined: (1) 0-2.1 eV, intraband
range for both metals, their reflectances are close to 1,
and AR /R is about 0; (2) 2.1-3.9 eV, intraband range for
Ag and interband one for Cu, AR /R is positive; (3) above
3.9 eV, interband range for both metals, the optical ab-
sorption in the Ag film is added to the Cu one, the
reflectance of the sample is decreased, and AR /R is neg-
ative.

These three regions are clearly separated in the experi-
mental spectra of Fig. 5, except for the 1-ML spectrum
where they are not so well defined. We can indeed ob-
serve that the shape of the 1-ML spectrum is different
from the one for the thicker films. The 1-ML spectrum
displays in particular a dip between 2.5 and 3.5 eV. A
gradual change of the shapes of the different curves with
the increase of the Ag film thickness is observed and is

REFLECTIVITY

P

ENERGY

( eV )

FIG. 6. Reflectivities of Ag and Cu substrates for p-polarized
light at an angle of incidence of 50°. The intraband regions (I)
and interband regions (II) are identified for both metals. —,
Ag; - -, Cu.
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due to a weak remainder of this dip, disappearing for the
thicker films. The additive property of DR (Sec. IV D)
allows the separation of the contribution to DR of the
first Ag ML from the Ag ML’s deposited over this first
one.

Figure 7 presents, besides the 1-ML spectrum, the
spectra obtained with p polarized light corresponding to
the additional layers, and given by

AR AR
1 Zin)—— 2D |,
n—1 Rp »

for n=2, 3, and 6. These curves are almost identical
over the entire spectral range. The main difference is the
exact position of the DR decrease near 4 eV, which varies
slightly in energy from about 4.0 eV for the thinner film
to 3.8 eV for the thicker one. These spectra compare well
enough above 2 eV with the theoretical curve calculated
with bulk dielectric functions for silver and copper,
which is also illustrated on the figure. The bulk dielectric
function of silver has been taken from Ref. 48 with a de-
creased mean free path for the free electrons (2.5 nm in-
stead of 40 nm) in order to take into account the classical
size effect in the thin film. The bulk dielectric function of
Cu has been determined from absolute R, and R, mea-
surements performed in situ on the substrate sample.?’
The similarity observed in Fig. 7 between the spectra cor-
responding to the Ag ML’s above the first one em-
phasizes the specific optical and electronic behavior of
the first-Ag monolayer, characterized by the dip in DR
between 2.5 and 3.5 eV.

One can wonder whether this behavior is due to the
fact that the first Ag ML is in contact with the Cu sub-
strate or whether it is due to the fact that it is located at
the free surface; in other words, whether the correspond-
ing contribution to DR in a thicker Ag film is the one of
the Ag ML close to the Cu substrate or the one of the

1. m—mm—rrr-rrrv+rrrrrrrrrTr
~ 1
o
|
= 0.5 |
0+
o
L]
0.5 +
-l c
._1,_
1

ENERGY

( eV )

FIG. 7. DR spectra divided by the number n of Ag mono-
layers for various deposits of Ag above the first Ag monolayer
on Cu, obtained by subtracting the 1-ML spectrum from the
other ones. - - - -, (2—1) ML; ---, (3—1) ML; — -, (6—1)
ML. The spectrum of the first Ag ML in contact with Cu is also
drawn (O O). The continuous line is a result of calculation.
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surface Ag ML. A comparison with the Ag/Au system
in Sec. VI, for which no such behavior is observed, in
spite of a similar mode of growth, will answer this ques-
tion, showing that the effect is due to the contact with the
substrate.

B. Silver on gold

The electronic and optical properties of copper and
gold are similar. The absorption edge of gold is located
at 2.45 eV instead of 2.1 eV in copper and is not so
abrupt.* In particular, it displays a relatively long “tail”
below 2.45 eV. The main difference between the two sys-
tems Ag/Cu and Ag/Au lies in the fact that Ag and Au
have almost identical lattice constants and that they are
totally miscible.

It was shown in Sec. III that interdiffusion occurs at
room temperature (RT). Two sets of experiments were,
therefore, performed, one at RT, the other at a low tem-
perature (—150°C) (LT) in order to limit the diffusion.

1. Low-temperature experiments

For comparison with the Ag/Cu results, especially
with Fig. 7, Fig. 8 presents the 1-ML spectrum and the
contributions to DR of the various amounts of Ag depos-
ited upon the first Ag ML, obtained by the difference

AR AR
R”(n)— Ly,
4 RP

1
n—1

for n=2, 3, and 5.

In this case too the last spectra are almost identical,
the only difference being the decrease of DR at 4 eV. A
theoretical spectrum obtained by calculation has also
been illustrated on the figure. As previously, the Ag
mean free path was reduced in order to take into account
the size and defect effect in the thin Ag slab. In contrast
to the Ag/Cu system, the experimental curves are not

™—rrTrTrT

ENERGY ( eV )

FIG. 8. DR spectra divided by the number n of Ag mono-
layers for various deposits of Ag above the first Ag monolayer
on LT Au, obtained by substracting the 1-ML spectrum from
the otherones. - - - ., (2—1)ML;---, (3—1)ML; - -, (5—1)
ML. The spectrum of the first Ag ML in contact with LT Au is
also drawn (O O ). The continuous line is a result of calculation.
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very well reproduced. This may be due to the values used
for the Au dielectric function which may not give
correctly the optical reflectance of the Au substrate.
However, calculations performed with dielectric func-
tions from other references did not lead to a better agree-
ment. The question remains, therefore, unanswered.

The 1-ML spectrum differs from the other ones by two
main features: (1) the increase of reflectance above 2 eV
starts at lower energy (by 0.1 or 0.2 eV) than for the fol-
lowing spectra, and (2) the general shape between 2.5 and
5 eV is smoother and without structure. The first point
seems to be a surface effect from the gold sample, which
is visible only when depositing the first Ag ML; it is prob-
ably related to the absorption tail below 2.4 eV observed
in the experimental studies of the Au optical absorp-
tion.*” It has been shown that the absorption edge in Au
is split into two separate contributions: the onset of the
L transitions at 2.45 eV and the onset of the X transitions
at 1.94 eV.*® It is possible that the X transitions at the
surface of gold are modified by the presence of the Ag
atoms, leading to a decrease of the optical absorption
above 1.94 eV; hence, to an increase of reflectance, which
is indeed observed in the DR spectrum for 1 ML of Ag.
As for the second point, the differences between the 1-
ML spectrum and the other spectra are not as striking as
in the Ag/Cu case. It is not possible here to evoke an ad-
ditional dip like in the previous case. The difference
seems to be that the main decrease of reflectance which is
at about 3.8—4 eV for the other spectra occurs at lower
energy, around 3 eV, for the 1 ML one.

2. Room-temperature experiments

It has been emphasized that in this case interdiffusion
occurs between silver and gold. However, this
phenomenon depends on the temperature of the sub-
strate. Gruzza, Guglielmacci, and Gillet®>' have obtained
for the diffusion coefficient D for silver in gold at 20°C
the value 10™' cm?s~!. This indicates that Ag atoms

can migrate along a depth of about 1 nm in the Au sub-
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FIG. 9. Same as Fig. 8 for Ag deposited on RT Au. - . . .,
(1,5—1) ML; ---, (2—1) ML; - -, (4—1) ML; 0O, first Ag

ML deposited on RT Au.
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FIG. 10. DR spectra in p-polarized light for a 10-ML Ag
film. —, deposited on the LT Au substrate; - - -, deposited on
the LT Au substrate after warming up to RT; — —, deposited on
the RT Au substrate.

strate at RT in a few hours only. In the experiments
presented here, each spectrum was obtained in several
tens of minutes: The Ag atoms could therefore migrate,
but only a little, into the substrate. This means that, for
small-Ag coverages, the interface between gold and silver
must be diffuse with a varying silver concentration. This
interdiffusion is indeed demonstrated by the optical mea-
surements.

Figure 9 presents the DR spectrum measured with p
polarized light for the 1-ML film and the spectra for the
successive deposits obtained as before. Contrary to the
low-temperature case illustrated by Fig. 8, there is a gra-
dual change in the curves from the smallest coverage to
the larger ones. The diffusion of silver in gold still occurs
with thick films, leading to a diffuse interface between the
two metals.

This diffuse interface is more clearly evidenced by the
changes of the plasma resonance absorption in the Ag
film at 3.8 eV. Figure 10 presents the DR spectra for a
10-ML Ag film deposited either on the LT substrate or
on the RT one. In the first case, the resonance is sharp
and intense, which indicates that the interface is abrupt
and the plasmons at the interfaces well defined. In the
second case, the resonance is not visible, which demon-
strates that the interface is diffuse and the interface
plasmon no longer defined. Moreover, when warming the
first sample from LT up to RT, the resonance disappears
too. The reflectance spectrum of this annealed sample,
also given in Fig. 10, is almost identical to the one mea-
sured when silver was deposited directly on RT gold.
The two systems, prepared in two different ways, are
therefore identical with a diffuse interface.

V1. DISCUSSION

A. Silver on RT gold

The results obtained for Ag on Au at room tempera-
ture are easily explained by the formation of an alloy at
the interface, and we shall not discuss them in detail. It
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FIG. 11. Imaginary part of the effective dielectric function
determined from DR measurements for a monolayer of Ag de-
posited on the RT Au substrate (- - - -). The dielectric func-
tions for bulk Ag (- -) and bulk gold (—) have been drawn
(after Ref. 48), as also the dielectric function of a 21% Ag-Au
alloy (after Ref. 52) (---).

is known that the electronic properties of Ag-Au alloys
can be considered as intermediate between the Ag and
Au ones. The d bands of Ag and of Au mix to form in-
termediate d bands, the energy location and shape of
which depend on the relative proportion of each metal.

The behavior of this alloy is therefore similar to that of
a noble metal with varying characteristics as a function
of the concentration. For instance, the position of the ab-
sorption edge varies continuously from the bulk gold on
to the bulk silver one.>> The dielectric function of the 1-
ML Ag film on RT gold substrate has tentatively been
determined by using different thicknesses in order to
model the alloy film of the corresponding concentrations,
following the procedure explained in Sec. IVC. In all
cases, the results are quite close to the dielectric function
of bulk gold.

This is characteristic of a Au-Ag alloy with low con-
centration in Ag, as shown by Rivory.’> As an example,
Fig. 11 shows the so-determined imaginary part of the
dielectric function, for an alloy thickness equal to 1 nm,
in comparison with the ones of pure silver, pure gold, and
Au,4-Ag,, alloy, after Ref. 52. This demonstrates clearly
the hypothesis made in Sec. V B from kinetics arguments:
At RT the silver atoms deposited on gold migrate into
the substrate over a depth at least equal to 1 nm and form
with Au a low-concentration alloy (of the order of 20%
or even less). For a larger amount of Ag, no quantitative
study can be attempted. The interface region is probably
diffuse over a larger depth, with Ag concentration vary-
ing from a maximum value at the surface to a nul one in-
side the sample. Moreover, the profile and the depth of
the interface are dependent on the time elapsed between
the Ag deposition and the optical measurements.

B. Silver on copper; silver on LT gold

Let us now consider the cases where Ag is deposited on
cold gold and on copper. In both systems, no
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interdiffusion occurs, and the growth follows the layer-
by-layer mode. The two systems can therefore be com-
pared. The effective dielectric function € has been calcu-
lated with the simple multilayer model from the experi-
mental data for the 1-ML Ag film deposited either on Au
or Cu, setting the thickness of the surface layer equal to
the one for 1 Ag ML, namely 0.23 nm. Figures 12-14
present the real and imaginary parts of € compared with
Ag bulk values.

In both cases the real part compares rather well with
the bulk one and follows a Drude-like curve with nega-
tive values, characteristic of metallic properties. One can
conclude that as soon as a 1-ML-thick film is deposited,
the Ag film has a metallic character relatively close to the
bulk one. This result is not surprising in view of the fact
that the three metals under consideration are noble met-
als, for which each atom contributes in the same way to
the conduction band, namely by giving one electron.
Nevertheless, it is not possible from our results to obtain
more information on the parameters describing the intra-
band transitions of the conduction electrons, because the
contributions of the interband transitions in the 2-5-eV
range, especially from d bands in the substrate as well in
the Ag monolayer, are important. Results in the infrared
range should be necessary to infer further conclusions.

In contrast, the imaginary parts, which are related to
the optical absorption in the layer, are quite different for
the two systems. For Ag on Cu (Fig. 13), the curve
displays a narrow peak centered at about 3 eV but very
small values above 4 eV, where larger values are present
for bulk. This peak clearly corresponds to the dip ob-
served between 2.5 and 3.5 eV in the 1-ML spectrum
(Fig. 7), i.e., to an additional absorption. In contrast,
when Ag lies on Au (Fig. 14), the curve has a broader
peak around 4.3 eV and decreases slowly down to zero
for lower energies.

The question which was asked in Sec. V A, namely
whether the particular behavior of the first Ag ML on Cu

Re ( €)

-10 +

-15
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FIG. 12. Real part of the effective dielectric function deter-
mined from DR measurements for a monolayer of Ag deposited
on the LT Au substrate ( + ) and on the Cu substrate (O). The
dielectric function for bulk Ag (—) has also been drawn (after
Ref. 48).
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FIG. 13. Imaginary part of the effective dielectric function
determined from DR measurements for a monolayer of Ag de-
posited on the Cu substrate (- - - -). The dielectric function for
bulk Ag (—), after Ref. 48, and for a 67% Ag-Cu alloy (---),
after Ref. 53, have also been drawn.

is due to its superficial location or to the interaction with
the substrate can now be answered. If it were due to the
superficial character, the peak in Im(€) should be preem-
inent too in the Ag/Au system, which is not the case.
Hence, this peak is a consequence of the interaction be-
tween Ag and Cu, whereas the interaction between Ag
and Au is different. In this last case Ag on Au, the
dielectric function compares quite well with the one ob-
tained from optical measurements for a 62% Ag-Au al-
loy, which is also drawn on Fig. 14. It is clear from this
agreement that the optical and electronic behavior of the
Ag ML deposited on the LT Au substrate is the same as
the one of a Ag-Au alloy with large concentration in Ag.
The Ag ML is indeed in perfect epitaxy with the Au sur-
face, which must lead to a large interaction between the

Im CED

ENERGY ( eV )

FIG. 14. Imaginary part of the effective dielectric function
determined from DR measurements for a monolayer of Ag de-
posited on the LT Au substrate (- - - .). The dielectric func-
tion for bulk Ag (—), after Ref. 48 and a 62% Ag-Au alloy
(- — —), after Ref. 52, have also been drawn.
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atoms of both noble metals in the same way as in a disor-
dered alloy. Each Ag atom is indeed surrounded by 6 Ag
atoms and 3 Au atoms, in almost the same proportion as
in the 62% Ag-Au alloy.

The explanation for the Ag/Au system in terms of al-
loying cannot be applied to the Ag/Cu one. The result
obtained for a metastable 67% Ag-Cu alloy, which has
been drawn on Fig. 13 from Ref. 53, does not compare at
all with the present result. The difference is that, con-
trary to the Ag/Au case, the Ag atoms deposited on Cu
form a (111) ML mismatching the Cu surface. The in-
teraction between Ag and Cu is therefore different and
probably weaker than in the corresponding disordered al-
loy.

The imaginary part of the dielectric function for the
Ag/Cu system has been determined as a function of the
amount of Ag atoms and is presented in Fig. 15 for three
coverages: 0.5, 1, and 2 ML. It gives a qualitative pic-
ture of the joint density of states, closely connected to the
optical absorption in the layer. In bulk silver, the values
of Im(e) above 3.8 eV correspond mainly to interband
transitions from the d bands, but also to L, — L, transi-
tion located at the absorption edge. Photoemission ex-
periments have shown that for very thin Ag films deposit-
ed on Cu (111) or Cu (100) (Refs. 9, 11, 13, and 14), d
states exist with binding energies between 4 and 5 eV.
For this reason, the relative small peak at 4.3 eV in the
2-ML spectrum can be interpreted as the convolution of
d states located below 4 eV and empty states at or just
above the Fermi level. On the other hand, the 0.5-ML
spectrum does not display such a peak, and the 1-ML
spectrum displays only a very weak one. It follows that
this peak corresponds to the d states of the upper Ag lay-
er of the 2-ML film and not to d states of the interfacial
layer.

The appearance of the 4.3-eV peak, although strongly
reduced in the 1-ML curve, is interpreted as due to the
presence of Ag atoms upon the first Ag ML. It might
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FIG. 15. Imaginary part of the effective dielectric functions
determined from DR measurements for three different amounts
of Ag deposited on Cu. (a) 0.5 ML, (b) 1 ML, (c) 2 ML.
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occur that Ag does not follow a perfect Frank-Van der
Merwe growth and that just before the first ML is com-
plete, the second one begins to grow. Another explana-
tion is the uncertainty in the determination of the mass
thickness (about 5%) and the actual thickness may be a
little larger than 1 ML. It must be noted however that
the previous result for the 0.5-ML film is in contradistinc-
tion with the results of Ref. 14, where d states are ob-
served between 4 and 5 eV. Except for this 4.3-eV peak,
the spectra for 0.5 and 1 ML of Fig. 15 are almost identi-
cal. This similarity indicates that the 0.5 ML is com-
posed of flat platelets 1 ML thick, covering half the sam-
ple, the optical and electronic properties of which are the
same as the complete ML ones.

The peak observed in the curves just below 3 eV is
clearly related to the additional absorption expressed in
the DR spectra by a dip between 2.5 and 3.5 eV. More-
over, it is a specific effect of the first Ag ML. The deter-
mination of the effective dielectric constant € was at-
tempted for the second ML of the 2-ML film from the
spectrum obtained by differences as in Fig. 7, but values
were found in the 2-3.6 eV range only, where no peak
was indeed observed. The origin of this 3-eV peak is not
clear, and we do not presently have a satisfactory ex-
planation. Comparison with the photoemission experi-
ments® 1314 cannot give any indication. The large den-
sity of states due to Cu between 2 and 4 eV prevents the
observation of any feature due to the Ag atoms.!> The
spectra obtained in photoemission by the difference of the
clean Cu surface spectrum from Ag-covered surface ones
are not believed to give valid information in that energy
range. Due to the small-escape length of photoelectrons
(of the order of 1 nm or less), the presence of Ag atoms at
the surface decreases the number of photoemitted elec-
trons coming from the substrate. Hence, one cannot ob-
serve a possible feature due to photoelectrons emitted by
the Ag atoms in the energy range of large density of
states of the Cu substrate. In contrast, such an observa-
tion is possible with the SRS technique used here, because
of the linearity of the DR for not too large amounts of
adsorbed atoms, which means that the contribution to
the reflectance due to the Cu substrate is not decreased
by the presence of the Ag ad layer.

It is interesting to recall DR experiments performed by
Beaglehole and Erlbach on Cu-Ag alloys.”® They ob-
served, for very low concentrations in Ag ( <0.4%), DR
spectra similar to our own for 1 ML and, for higher con-
centrations, spectra closer to the ones corresponding to
thicker films. The explanation given about these different
shapes was that in the former case the Ag atoms were iso-
lated, while in the second one the charge distributions lo-
cated around the Ag atoms interacted. However, in our
system, the Auger experiments demonstrated without
ambiguity the layer-by-layer growth. No interdiffusion
occurs and there is no formation of a low-concentration
alloy.

Another point to be noticed is that the 3-eV peak ob-
served here is at the same energy as the d virtual bound
state of Cu in Ag-Cu alloys with large concentration of
Ag.® But in the alloy case the shape of Im(e) is very
different to the one obtained here, as can be seen in Fig.
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13. The alloying between the two metals, either with
high or low concentration cannot be for these reasons, an
explanation.

The fact that, especially for the 0.5-ML film, no peak is
visible between 4 and 5 eV could lead one to think that
there are d states at this energy in the first Ag ML and
that the 3-eV peak could correspond to these d states,
which would be at higher energies with respect to the
Fermi level than in the bulk. However this argument re-
quires an important static charge transfer from Cu to Ag
in order to produce such a large shift of the d states.
This is unlikely because of the equality of the electronega-
tivities of the two metals. Moreover, if the 3-eV peak was
due to electronic transitions from d states in the first Ag
ML, one could expect a broadening and a gradual shift to
larger energies, i.e., to bulk position of this peak when de-
positing the second Ag ML, which is not the case.

VII. CONCLUSION

The growth of Ag on Cu and on Au was studied by
SRS, a technique which has proved to be powerful for the
study of the early growth. The optical properties of the
two systems were compared. When deposited on RT Au,
the Ag atoms diffuse in the substrate and form an alloy
region with a continuously varying Ag concentration.
For LT Au and RT Cu, the Ag film follows the Frank-
Van der Merwe mode of growth. The additive property
of the DR allowed an isolation of the optical response of
the first Ag ML, even for thicker Ag films. It has been
shown that for Ag on Au the Ag atoms of the first ML
interact with the Au atoms of the substrate in the same
way as in an equivalent alloy, leading to an absorption
edge intermediate between the Ag and Au ones.

For Ag on Cu, the results are quite different. The ab-
sorption edge of Ag is observed only for the second ML,
and it is then located close to the position in the bulk.
For the first ML, a large optical absorption is instead ob-
served at 3 eV, which corresponds to a peak at this ener-
gy in the imaginary part of the effective dielectric func-
tion of the Ag ML. An equivalent feature could not be
seen in photoemission experiments because of the large
density of states of the Cu substrate at 3 eV. Unfor-
tunately, no convincing explanation is proposed here for
the understanding of this new feature.

The interpretation in terms of Ag 4d states shifted by 1
or 2 eV seems to be incorrect because of the unmatching
growth which probably limits the interaction of the Ag d
states with the Cu substrate and because of the important
charge transfer needed to achieve such a shift, incompati-
ble with the weak difference of the electronegativities of
Ag and Cu.
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FIG. 1. (a) A transmission electron micrograph of a Cu film 60 nm thick. (b) The corresponding electron diffraction pattern.



