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IR studies of Silver and Copper nano-�lms

The present work is focused on the infrared optical properties of thin Ag and
Cu �lms grown on MgO(001) and the Surface-Enhanced Infrared Absorption
(SEIRA) of CO on these metal �lms. During both the deposition of the metal
�lms onto MgO(001) and gas exposure to the metal �lms at low temperatures
(< 100K) in Ultra High Vacuum (UHV), infrared spectra were captured in situ
in transmission or re�ection geometry. Afterwards the surface morphology of
the �lms was examined ex situ by atomic force microscopy (AFM). For the
�rst time, an infrared re�ectance minimum was found during the metal �lm
growth. The infrared optical properties of some �lms can be described by the
Drude-type model or the E�ective Medium Model. The Ag �lms show di�erent
surface morphologies at di�erent substrate temperatures and at di�erent �nal
thicknesses. Also the SEIRA of CO adsorbed on Ag �lms is strongly related to
the surface morphologies. The Cu �lms prepared at room temperature show
island like surface morphology. SEIRA of CO adsorbed on Cu �lms shows
di�erences depending on the Cu island size.

Infrarotuntersuchungen an Silber- und Kupfer-Nano�lmen

Die vorliegende Arbeit konzentriert sich auf die infrarotoptischen Eigen-
schaften dünner Silber- und Kupfer�lme, die auf die MgO(001)-Ober�äche
aufgedampft wurden, und ober�ächenverstärkte Infrarot-Absorption (SEIRA)
von auf diesen Filmen adsorbiertem CO. Sowohl während des Abscheidens
der Metall�lme als auch während der Gasangebote bei tiefen Temperaturen
(<100K) im Ultrahoch-Vakuum (UHV) wurden Infrarotspektren in situ in
Transmissions-bzw. Re�exionsgeometrie aufgenommen. Die Ober�ächen-
Morphologie wurde anschlieÿend ex situ mittels Rasterkraft-Mikroskopie
(AFM) vermessen. Erstmalig konnte ein Infrarot-Refektivitätsminimum
während des Metall�lmwachstums gefunden werden. Die infrararotoptischen
Eigenschaften einiger Filme können durch Drude-artige Modelle bzw. E�ektiv-
Medien-Modelle beschrieben werden. Die Silber�lme zeigen bei verschiedenen
Substrattemperaturen und verschiedenen Filmdicken unterschiedliche Mor-
phologien. Auch SEIRA von auf Ag-Filmen adsorbiertem CO hängt stark
von der Ober�ächenmorphologie ab. SEIRA von CO auf Cu-Ober�ächen zeigt
Abhängigkeiten von der Gröÿe der Cu-Inseln.
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1 Introduction

Materials are named �nano-materials� if at least one dimension of them is well be-
low 1000 nm. Nanosized metal �lms are interesting materials because of their novel
chemical, physical, mechanical and optical properties compared to the bulk materials.
Many deposition technologies are available for the preparation of metal nano-�lms (see
Ref [1] for a review). One of the oldest techniques�thermal evaporation or vacuum
evaporation�is still widely used.

Thin �lm growth is usually classi�ed into three modes based on thermodynamic ar-
guments: the Frank-van der Merwe mode (2D growth), the Volmer-Weber mode (3D
growth) and the Stranski-Krastanov mode (�rst 2D then 3D growth). Bauer has devel-
oped a thermodynamic criterion for the growth mode [2] under equilibrium conditions.
The criterion states that the growth mode is determined by an energy di�erence 4σ:
4σ = σf + σi − σs, where σf is the surface free energy of the �lm, σi is the free
energy of interface and σs is the surface free energy of the substrate. 2D growth is
preferred if the sign of the energetic di�erence is positive. The Stranski-Krastanov
mode is the intermediate case, where this energetic di�erence changes sign at a critical
layer thickness provoking a transition from 2D to 3D growth. However, the growth is a
non-equilibrium phenomenon. Metal �lm growth usually proceeds through nucleation
and growth stages. Such stages involve adsorption, surface di�usion, chemical binding
and other atomic processes at surfaces. Theory of di�usion, nucleation and growth has
been developed to describe the atomistic processes involved in the �lm growth [3, 4].
A critical size was often de�ned for describing the transition from the nucleation stage
to the growth stage. In � 2.6 we cite the kinetic equations developed by Venables et
al. [3], which gives a quantitative description of nucleation and growth and helps to
illustrate some results in this work.

The surface or interface properties and the temperature of the substrate can drasti-
cally in�uence thin �lm characteristics due to surface contamination, nucleation ef-
fects, surface mobility, adsorbed gases, surface morphology, and crystallographic ori-
entation etc. [1]. There are a lot of experimental means for the analysis of thin �lms
and their surfaces, for example, Low-energy Electron Di�raction (LEED), IR spec-
troscopy, Surface-enhanced Raman Scattering (SERS), Surface-enhanced IR Absorp-
tion (SEIRA), and Scanning Probe Microscopy (SPM) etc. [5]. We apply IR spec-
troscopy and Atomic Force Microscopy (AFM, one kind of SPM) for the study of �lm
growth under various conditions in this work. Although IR spectroscopy can not re-
solve the sub-monolayer growth, it o�ers information about the �lm conductivity. A
�lm at the percolation threshold is indicated by a frequency independent transmittance
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1 Introduction

in IR spectroscopy [6]. A percolated �lm can be described by a Drude type model. The
e�ect of the substrate temperature, adsorbed gases and the substrate surface prepared
by di�erent ways on the �lm growth are also recognizable from IR spectroscopy. With
AFM the surface morphologies of �lms prepared under various conditions are exam-
ined. There are already reports [7] about the temperature dependent morphology of
Cu �lms. In this work we present the temperature dependent morphology of Ag �lms
grown on MgO(001) surfaces.

The e�ect of surface enhanced IR absorption (SEIRA) was �rst discovered on island
metal �lms by Hartstein et al. in 1980s [8]. SEIRA of CO due to atomic scale roughness
was often observed on cold-deposited �lms at a temperature below 50K [9, 10, 11, 12].
However the SEIRA of CO adsorbed on Ag �lms at 100K is rarely reported. At 100K,
we �nd that the SEIRA e�ect is very strong when CO adsorbs on Ag �lms prepared at
or above 300K. This strong enhancement is attributed to the excitation of transverse
collective electron resonances by the incident radiation polarized parallel to the array
of islands [13, 14]. The small channels (about 5 nm) between islands are very crucial
for the enhancement [13]. SEIRA of CO adsorbed on Cu �lms at 100K was already
studied [15, 16].

The aim of this thesis is to demonstrate the ability of FTIR for investigating the
IR properties of nano�lms. The growth process of ultra-thin Ag and Cu �lms on
MgO(001) and the adsorption of CO gas on such �lm surfaces at low temperatures
have been investigated. Ag/MgO(001) is an interesting system because of the little
lattice mis�t (<3%), which is therefore favored by both theoretical and experimental
researchers.

The organization of this thesis is as follows: In chapter 2, some basic theories related to
our data analysis and the properties of the material we used in this work are introduced.
For example, the Drude theory, e�ective medium theory, the theory of metal �lm
growth, the optical properties of bulk metal and thin �lms, and the ground theory of
gas adsorption are shortly introduced. In chapter 3, the experimental techniques and
instruments, and the preparation method of samples are shown. Chapter 4 contains the
experimental results and the analysis of Ag/MgO(001) system and chapter 5 contains
that of Cu/MgO(001) system. Finally in chapter 6, we brie�y summarize the results
presented in this thesis.
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2 Basic Theory

2.1 IR Spectroscopy

IR spectroscopy and particular Fourier transform IR (FTIR) spectroscopy is a very
useful tool for determining the molecular composition and structure, and for measuring
the optical properties of nanolayers located not only on a solid surface but also at solid-
gaseous, solid-liquid, liquid-gaseous, and solid-solid interfaces. IR spectroscopy o�ers
various modes for sample measurement, e.g., transmission, di�use transmission, di�use
re�ection (DRIFTS), external IR re�ection (IRRS), and attenuated total re�ection
(ATR) etc. In this work we perform transmission and external re�ection measurements
during thin metal-�lm deposition on MgO(001) and CO molecules adsorption on metal
�lms in an ultra high vacuum (UHV).

The re�ection and transmission spectra of a thin �lm can be calculated from the
electromagnetic theory, in terms of the refractive index and thickness of the �lm [17,
15, 18] as shown in � 2.2. For analyzing the infrared spectra of adsorbed molecules on
metal �lms, we introduce some basic information here.

Molecules possess discrete levels of rotational and vibrational energy. A vibrational
transition at frequency ω0 will occur when the molecules absorb photons which have
the same frequency as ω0 in the infrared range (wavelength 1-1000µm, wave numbers
10000-10 cm−1, energy di�erences 1240-1.24meV). In Fig. 2.1 we show a simple sketch
map about how an alternate electric �eld interacts with the dipole in a molecule.
We call the molecules IR active if they show a change on the dipole moment during
vibrating. Otherwise they are IR inactive and can not be detected by IR spectroscopy.
Generally, polar molecules are IR active. For example, CO molecules in gas phase
show an IR absorption line at 2143 cm−1.

When a molecule adsorbs on a metal surface, it loses the rotational degrees of freedom,
and its dipole will induce an instantaneous image dipole in the metal, as shown in
Fig. 2.2. The dipole parallel to the metal surface was cancelled by its image dipole.
However, the dipole perpendicular to the metal surface has the same orientation as
its image, so its dipole moment is doubled. This is called image e�ect. Also from
the basic laws of electrostatics we know that outside a conductor near its surface the
electric �eld is always perpendicular to the conductor surface. As shown in Fig. 2.1,
since the IR absorption is de�ned by the interaction between the oscillating dipoles
of the molecules and the electric �eld, the result of these two e�ects is that only a
vibration perpendicular to the metal surface can be detected. This selection rule is
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Dipole moment

External field

Figure 2.1: Interaction between the alternate electric �eld from IR radiation and the dipole

in a molecule. The arrows show the direction of the forces generated by the

external electric �eld on the dipole in a molecule. The external �eld changes the

dipole moment by pulling or compressing the dipole.

+ -

+-

+

-

-

+
Metal

Figure 2.2: The dipoles and their induced dipoles on a metal surface.
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2.2 Transmission and Re�ection at Interfaces

rather universal, being valid not only for a smooth but also for a rough metal surface
and metal particles.

Now we consider a dipole mode perpendicular to the metal surface (normal mode)
having a non zero dynamic dipole moment ρ [15]:

ρ ∝ ∂p/∂qi 6= 0, (2.1)

where p is the electric dipole moment, qi is the normal coordinate. The value of p
depends on the relative ionicity of the species and can be obtained only by quantum-
chemical calculations. Generally, the more polar the bond the larger the p term is.
The matrix element of the dynamic dipole moment, |〈j |ρ| i〉|, is called the transitional
dipole moment (TDM) of the corresponding normal mode. The integral intensity A
of the absorption band of the normal mode is proportional to the probability per unit
time of a transition between an initial state i and a �nal state j. The probability is
proportional to the square of the element of the Hamiltonian Ĥ = Ê · ρ̂, where E is
the electric �eld vector, resulting in the absorption[18, 15]

A ∝ E2 |〈j |ρ| i〉|2 cos2 ϑ, (2.2)

where ϑ is the angle between vector E and ρ. This equation gives a mathematical
view of the selection rule. An excitation is active if a change of the dipole moment
takes place and the projection of this change onto the direction of the electric �eld
is nonzero. A maximum is observed when E is parallel to the dynamic dipole. For
adsorbed molecules, E is the localized electric �eld vector on the metal surface.

2.2 Transmission and Re�ection at Interfaces

2.2.1 Two-phase System

Let us imagine an electromagnetic radiation propagates in medium 1 with refractive
index n1 and in medium 2 with refractive index n2 (n2>n1). Both media are assumed
to be homogeneous and isotropic and are described by dielectric function of ε1 and ε2.
At the interface (z = 0), as we can see from Fig. 2.3, the incident beam splits into a
re�ected and a transmitted component. The incident beam, the re�ected beam, and
the normal to the interface at the point of incidence all lie in the same plane (the plane
of incidence). The angle of incidence θi, the angle of re�ection θr, and the angle of
refraction θt are related by the Snell's law [18]:

θi = θr, (2.3)
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n
1

n
2

?
i

?
r

?
t

Interface

Figure 2.3: Re�ection and refraction at interface of two phases, n1 6= n2. θi denotes the
angle of incidence, θr denotes the angle of re�ection, and θt denotes the
angle of refraction.

sin θt

sin θi

=

√
ε1

ε2

=
n1

n2

. (2.4)

At the interface, for p- and s-polarized radiation, the electric �eld amplitude of the
re�ected (Er,p and Er,s) and transmitted (Et,p and Et,s) beam are connected to that of
the incident beam (Ei,p and Ei,s) by Fresnel coe�cients rp, tp, rs and ts [18]:

rp =
Er,p

Ei,p

=
ε2 cos θi −

√
ε1ε2 − ε2

1 sin2 θi

ε2 cos θi +
√

ε1ε2 − ε2
1 sin2 θi

= −n1 cos θt − n2 cos θi

n1 cos θt + n2 cos θi

(2.5)

tp =
Et,p

Ei,p

=
2
√

ε1ε2 − ε2
1 sin2 θi

ε2 cos θi +
√

ε1ε2 − ε2
1 sin2 θi

=
2n1 cos θi

n1 cos θt + n2 cos θi

, (2.6)

rs =
Er,s

Ei,s

=

√
ε1 cos θi −

√
ε2 − ε1 sin2 θi

√
ε1 cos θi +

√
ε2 − ε1 sin2 θi

=
n1 cos θi − n2 cos θt

n1 cos θi + n2 cos θt

, (2.7)

ts =
Et,s

Ei,s

=
2
√

ε1 cos θi
√

ε1 cos θi +
√

ε2 − ε1 sin2 θi

=
2n1 cos θi

n1 cos θi + n2 cos θt

, (2.8)

where the subscripts s and p indicate the s- and p-polarized component respectively.

The re�ectivity R (transmissivity T ) is de�ned as the ratio of the time averaged z-
component of the Poynting vector of the re�ected (transmitted) beam to that of the
incident beam. The Poynting vector component of the corresponding wave normal to
the boundary is given by [18]
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2.2 Transmission and Re�ection at Interfaces

S̄z =
c
√

ε1(2)

8π
|Eα,β|2 cos θα, (2.9)

where c is the light speed in vacuum, the subscripts α = i, r, t, and β = s, p. If both
media are non-absorbing, the re�ectivity and the transmissivity are

Rs,p = |rs,p|2 , (2.10)

Ts,p =
n2 cos θt

n1 cos θi

|ts,p|2 . (2.11)

Additionally, if the beam is at near-normal incidence to the interface (θi = θr ≈ 0),
the re�ectivity and the transmissivity are given by:

Rs = Rp =

(
n1 − n2

n1 + n2

)2

, (2.12)

Ts = Tp =
4n1n2

(n1 + n2)2
. (2.13)

When medium 2 is absorbing, n2 is complex. The re�ectivity and the transmissivity
are

Rs,p = rs,p · r∗s,p, (2.14)

Ts,p =
n2 cos θt

n1 cos θi

ts,p · t∗s,p. (2.15)

2.2.2 Three Phase System-Thin Film Optics

In practice, we usually deal with a three phase system at least, for example, thin �lm
deposited on a solid surface, and adsorbed species on a �lm etc. The case of a thin �lm
located at the interface of two semi-in�nite media is shown in Fig. 2.4. The equivalent
Fresnel re�ection and transmission coe�cients are de�ned in analogy to the two-phase
system. The Fresnel re�ection coe�cient can be written for both s- and p-polarization
as

r123 =
r12 + r23e

−2iβ

1 + r12r23e−2iβ
, (2.16)

while the Fresnel transmission coe�cients are give in the form :

7
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n
1

n
2

?
i

d

n
3

film

substrate ?
3

t
123

r
123

Figure 2.4: Transmission and re�ection at the interfaces of a thin �lm located at the interface

of two semi-in�nite media. The �lm thickness is denoted by d. Generally medium

1 is air or vacuum.

tp123 =
tp12r

p
23e

−iβ

1 + rp
12r

p
23e

−2iβ
, (2.17)

ts123 =
ts12t

s
23e

−iβ

1 + rp
12r

p
23e

−2iβ
, (2.18)

where

β = 2π(
d

λ
)
√

ε2 − ε1 sin θ1 (2.19)

is the phase shift of the electromagnetic wave after one pass through the �lm, λ is the
wavelength of light in vacuum, θ1 is the angle of incidence, ε1 and ε2 = ε′2 + iε′′2 are the
dielectric functions of medium 1 (usually it is air or vacuum) and the �lm respectively.

In IR measurement, the thickness d of our metal �lm is much smaller than the wave-
length λ of IR light, thus the so called thin �lm approximation can be used. Let
exp(−2iβ) ≈ 1 − 2iβ, the Fresnel coe�cients can be simpli�ed to :

r123 =
r12 + r23(1 − 2iβ)

1 + r12r23(1 − 2iβ)
, (2.20)

tp123 =
tp12r

p
23(1 − 2iβ)

1 + rp
12r

p
23(1 − 2iβ)

, (2.21)
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2.2 Transmission and Re�ection at Interfaces

ts123 =
ts12t

s
23(1 − 2iβ)

1 + rp
12r

p
23(1 − 2iβ)

. (2.22)

Analogous to the two phase system, the re�ectivity and the transmissivity for the three
phase system are

Rs,p
123 = |r123|2 , (2.23)

T s,p
123 =

n3 cos θ3

n1 cos θi

|ts,p123|
2 . (2.24)

In the three phase system, the re�ectivity and the transmissivity of a �lm free interface
( R13 and T13 ) are identical to that of a two phase system. Using Eq. 2.23 and Eq. 2.24
with d = 0, we can write the value of R13 and T13 as

R(d) = R123, R(0) = R13, (2.25)

T (d) = T123, T (0) = T13. (2.26)

In accordance with the measured spectra, we get expressions of relative re�ectivity and
transmissivity as [18, 15](

R(d)

R(0)

)
s

≈ 1 − 8πdn1 cos θi

λ
Im

{(
ε3 − ε2

ε1 − ε3

)}
, (2.27)

(
R(d)

R(0)

)
p

≈ 1− 8πdn1 cos θi

λ
Im

{(
ε3 − ε2

ε1 − ε3

)[
1 − (ε1/ε2ε3)(ε3 + ε2) sin2 θi

1 − (1/ε3)(ε3 + ε1) sin2 θi

]}
, (2.28)

(
T (d)

T (0)

)
s

≈ 1 − 4πd

λn1 cos θi

Im(ε2), (2.29)

(
T (d)

T (0)

)
p

≈ 1 − 4πd

λ
Im

[
n−1

1 Im(ε2) cos θi + Im(
1

ε2

)
n3

1 sin2 θi

cos θi

]
, (2.30)

where ε3 is the dielectric function of the substrate. If the beam is at near-normal
incidence to the interface (θi ≈ 0), the re�ectivity and the transmissivity, which are
independent of the polarization, are given by:(

R(d)

R(0)

)
s,p

≈ 1 − 8πdn1

λ
Im

{(
ε3 − ε2

ε1 − ε3

)}
, (2.31)
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(
T (d)

T (0)

)
s,p

≈ 1 − 4πd

λn1

Im(ε2). (2.32)

As can be seen from these two formulas, due to d ¿ λ, the relative re�ectance and
transmittance of a �lm decrease with the increase of average �lm thickness. The IR
relative spectra of thin metal �lms can be calculated by these formulas. In this work
we use the commercial software SCOUT [19] for the calculation of measured relative
transmission and re�ection spectra. In the software, these formulas are applied, and
multi-re�ection at the interface was considered.

2.3 SEIRA e�ect

The infrared absorption intensity of molecules is remarkably enhanced when they ad-
sorb on very thin metal �lms consisting of small islands. This phenomenon is called
surface enhanced infrared absorption (SEIRA) e�ect which was �rst observed by Hart-
stein et al. in 1980s [8]. There have been extensive e�orts over the past 20 years to
explain the SEIRA (see Ref. [20] for a review). At least two mechanisms responsible
for it have been accepted by many researchers. First, the incident photon interaction
with metal surface enhances the electric �eld at the surface (electromagnetic mecha-
nism). Second, there are chemical interactions between the molecule and the metal
surface (chemical mechanism). There is general consensus that the majority of the
enhancement is attributed to the electromagnetic e�ect [15, 21].

The local electric �eld enhancement can be roughly described by modeling an island-
like metal �lm with oblate ellipsoids as shown in Fig. 2.5 [23, 22]. The incident IR
radiation polarizes the metal particles and induces a dipole moment

p = ε0αE, (2.33)

where α is the plausibility of the metal island, ε0 is the permittivity of free space in
vacuum, and E is the amplitude of the incident radiation [23, 22]. The dipole produces
an electric �eld around the metal island. Its amplitude is written as:

Elocal =
2p

4πε0l3
, (2.34)

where l is the distance from the center of the metal island. The local electric �eld
is stronger than the electric �eld of the incident radiation [23, 22]. The adsorbed
molecules are excited by this local electric �eld. The oscillating dipole �elds in the
molecules induce additional dipole �elds in the metal island, the polarization of the
metal island is modulated at frequencies of the molecular vibrations. Refering to
Eq. 2.2, the absorption of molecules are strongly enhanced. The enhanced absorption
(SEIRA) can be observed in both s- and p-polarized IRRAS and in normal incident
transmission spectra of an island �lm.
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Figure 2.5: Polarization (p) of metal islands by the incident IR radiation and the electric

�eld around the islands produced by the polarization. The islands are modeled

by rotating ellipsoids with dielectric function of εm [22]. The adsorbed molecule

is modeled by a thin layer with dielectric function of εd covering the ellipsoids.

The aspect ratio of the ellipsoids is de�ned as η = a/b .

2.4 Drude Type Model

Optical characteristics of a free-electron metal can be properly described by the Drude
model

ε = ε∞ −
ω2

p

ω2 + iωωτ

, (2.35)

where ω is the circular frequency of the external �eld, ωτ = 1/τ is the relaxation rate,
ε∞ is the background polarizability, ωp is the plasma frequency:

ωp =

√
Ne2

ε0m∗ , (2.36)

where N is the free electron density, e is the electronic charge and m∗ is the e�ective
mass of an electron.

The complex dielectric function ε is related to the complex index of refraction nc by
the following equation

ε = ε1 + iε2 = n2
c = (n + ik)2. (2.37)
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By separating the real and the imaginary part of ε we get

ε1 = ε∞ −
ω2

p

ω2 + ω2
τ

, (2.38)

ε2 =
ω2

pωτ

ω3 + ωω2
τ

. (2.39)

The two Drude parameters ωτ and ωp can be obtained from optical data by solving
Eq. 2.38 and Eq. 2.39:

ωτ =
ω · ε2

ε∞ − ε1

, (2.40)

ωp =
√

(ω2 + ω2
τ )(ε∞ − ε1). (2.41)

The dc conductivity σ0 = Ne2

m∗ωτ
is related to ωp and ωτ by

σ0 =
1

ρ0

=
Ne2

m∗ωτ

=
ε0ω

2
p

ωτ

, (2.42)

where ρ0 is the resistivity.

2.5 E�ective Medium Model (Bruggeman Model)

IR spectra of metal island �lms below the percolation threshold can not be described
by a simple Drude-type model that needs at least one big conductive cluster. However,
if the �lm structure meets the model assumptions, for example, when the �lm consists
of metal particles that are randomly arranged on a quadratic surface lattice, the two-
dimensional Bruggeman model can be applied to describe the dielectric function of
such a system [24, 25]. The e�ective dielectric function εe� of such a system follows
the relation

F
εm − εeff

εm + (D − 1)εeff

= (F − 1)
εh − εe�

εh + (D − 1)εe�
, (2.43)

Where εh is regarded as the dielectric constant of embedding host, εm as the dielectric
constant of metal particles and it can be Drude like, F as the �lling factor and D
as the dimension (D=2, two dimensions; D=3, three dimensions). It is important to
note, that εe� from Eq. 2.43 describes only the dielectric function for �elds parallel to
the �lm plane.

For the two dimensional case, Eq. 2.43 can be solved for εe�
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Figure 2.6: Schematic representation of the three growth modes of a growing �lm for dif-

ferent coverage Θ regimes (Θ is given in monolayers): (a) layer-by-layer growth

mode (Frank-van der Merwe mode); (b) island growth mode (Stranski-Krastanov

mode); (c) layer-by-layer plus island growth mode (Volmer-Weber mode) [26].

εe� =
(1 − 2F )(εh − εm) ±

√
(2F − 1)2(εh − εm)2 + 4εhεm

2
, (2.44)

where the sign of the square root has to be chosen to ful�ll Im εe�>0. Except for F in
the vicinity of the critical �lling Fc, which is 1/2 in two dimensions, the negative sign
of the root is valid.

2.6 Metal Film Growth

There is a strong connection between the growth mode and the �lm morphology.
Various experimental and theoretic studies are focused on the growth mode, which
usually falls into one of the three categories: Frank-van der Merwe mode, Stranski-
Krastanov mode and Volmer-Weber mode as shown in Fig. 2.6. Frank-van der Merwe
growth is de�ned by the sequential �lling of the layers. The growth of the (n+1)th layer
starts only after the nth layer has been completed. Therefore it is also called layer-
by-layer growth. Volmer-Weber growth is de�ned by the growth of three-dimensional
islands on the substrate. Stranski-Krastanov growth is encountered for systems that
initially grow in a layer-by-layer fashion but then develop three-dimensional islands
above a certain thickness. It is simply called a layer-by-layer plus island mode.

Normally an ultrathin metal �lm grown by physical vapor deposition onto a step free
substrate evolves in several stages. In the beginning, atoms from vapor source arrive
at the substrate surface and migrate on it until one of the processes described below
occurs. These processes, as it is shown in Fig. 2.7, include reevaporation into the
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Figure 2.7: Sketch of elementary atomistic processes in nucleation and growth on a substrate

[2].

vacuum, capture by existing steps and clusters, and nucleation into clusters. The
atoms on the substrate surface are then called adatoms. Following the evaporation the
density of adatoms n1 = Rta increases and some steady clusters are formed, where R is
the evaporation rate and ta is the life time of an adatom (the time between its arrival
and reevaporation). The steady clusters act as sink and capture the adatoms. Later
on, after some time τc, which is called capture time, the density of adatoms starts to
decrease. The total number of steady clusters nx is de�ned as

nx =
∞∑

j=i+1

ni

where i is the number of atoms in a cluster at the critical size. The cluster is subcritical
when j≤i, and the cluster is stable when j>i. The time dependence of the density of
adatoms n1 and steady clusters nx is shown in Fig. 2.8. nx keeps increasing until the
coalescence of clusters dominates the growth. For a metal �lm grown on a non-wetting
substrate surface, in a later stage, fully coalescence of clusters no longer occurs and
elongated structures forms because of the partial coalescence of touched clusters. The
elongated structures are ascribed to grain boundaries and substrate defects. Generally,
nucleation dominates the early stages and growth does in the later stages of �lm
formation.

The di�usion coe�cient D of adatoms on a square surface lattice has the form of:
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a

Figure 2.8: Development of the density of single adatoms n1 (n1 = Rta, ta is the lifetime of

an adatom) and stable clusters nx along the deposition time. Before capture time

τc the density of adatoms increases linearly with deposition time. The number of

steady clusters (nx) also keep increase util the coalescence dominates the growth

[2].

D =
a2

4
ν0 exp

(
− Ed

kBT

)
, (2.45)

where a is the lattice constant of the square surface, ν0 is a slightly temperature
dependent pre-factor and can be safely taken as a constant, Ed is the di�usion barrier.

A set of kinetic equations have been developed by Zinsmeister, Logan, Frankl and
Venables to quantitatively describe the nucleation and growth. Here we show a useful
result from Venables et al. [2, 3]:

nx =
σi

σi+1
x

Θ1/(i+2)

(
R

D

)i/(i+2)

exp {Ei/ [(i + 2) kBT ]} , (2.46)

where σ is the capture number of a cluster, which describes the di�usional �ow of single
atoms to critical (σi) or stable (σx) clusters, R is the evaporation rate, Θ ≈

∫
R dt is the

total coverage, Ei is the binding energy of i-atom cluster, kB = 1.380658×10−23J ·K−1

is the Boltzmann constant, T is the temperature.

With Eq. 2.45, Eq. 2.46 can be written as

nx =
σi

σi+1
x

Θ1/(i+2) (R)
i/(i+2)

exp {(Ei + i · Ed)/ [(i + 2) kBT ]} . (2.47)
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For Ag grown on the MgO(001), the energy barrier Ed for the Ag adatom di�usion
on MgO(001) is very small (≈0.05 eV) along the <110> direction but higher along
the <100> direction (≈0.12 eV ) [27]. At submonolayer coverage, the Ag adhesion
energy for binding to O sites on the MgO(001) surface lies between 0.18 eV (monolayer
coverage) and 0.26 eV (below monolayer coverage) per adatom [27].

For Cu �lms grown on MgO(001), the energy barrier Ed for the Cu adatoms jumping
between neighboring binding sites is 0.45 eV at room temperature [28, 29]. The adhe-
sion energy of a Cu adatom binding onto O sites on the MgO(001) surface ranges from
0.2 to 1.4 eV [30, 28] depending on di�erent calculation methods and onto Mg sites in
the range of 0.2 eV [30, 31, 32]. V. Musolino et al. reported an 0.99 eV adhesion energy
together with the 0.45 eV energy barrier shown above.

2.7 MgO, Ag and Cu

2.7.1 MgO

Magnesium oxide (MgO) is an ionic material, crystallizing in the rock-salt structure
and cleaving on (100) and (111) planes. High physical strength and stability, a melting
point near 2852 ◦C, and excellent optical transparency throughout the range of 0.25 to
6.8µm combine to make the material of considerable interest. Some physical properties
of MgO are listed in table 2.1.

In this work, all the metal �lms are deposited on a MgO(001) surface, which is the most
stable surface form of MgO without reconstruction and with only a small relaxation
and rumpling. As introduced above, the IR spectra of layer-on-substrate system can
be �tted either by a Drude type model or by an E�ective Medium Model. The IR
transmission or re�ection spectrum of the bare MgO substrate is described by dielectric
function data collected by David M. Roessler et al. [34]. The numerical calculations
are performed with the commercial software SCOUT [19]. In Fig. 2.9 a calculated
transmission spectrum of MgO(001) compared to a measured one at room temperature
is shown. Although the calculated MgO spectrum does not �t the measured one very
well, it will not a�ect the �t quality of Ag �lm spectra.

Table 2.1: Physical properties of MgO [33, 34].

Symbol MgO Transmission range 0.25. . . 6.5µm

Molecular weight 40.32 u Lattice spacing,a0 0.4215 nm

Density (25◦C) 3.576 g/cm3 ε∞(300K) 3.01

Melting point 2852 ◦C ε0(295K) 9.64

Crystal structure cubic, NaCl type ε0(85K) 9.44
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Figure 2.9: A calculated spectrum of MgO compared to a measured one at room temperature.

The thickness of MgO is 8.3 mm.

2.7.2 Ag and Cu

Physical and Chemical Properties of Ag and Cu
In table 2.2, a list of physical and chemical properties of Ag [35, 36] and Cu [37] is

given. It is easy to �nd more than one secondary source for many of the data in the
table, and there are usually small (within one or two percent) disagreements among
the various values for a given property. For Ag, where multiple values can be found, a
representative (most frequently occurring) value was chosen for listing in this table [35].

Optical Properties of Bulk Ag and Cu
If the external excitation energy is too small to enable interband transitions, the

optical properties of noble metals can be described by the Drude model. For both Cu
and Ag studied in this work, the interband transition can be ignored in the range we
are interested (500 cm−1∼7000 cm−1). As shown in Fig. 2.10, the onset energy of the
interband transition for Cu and Ag locates at 2 eV (about 16000 cm−1) and 4 eV (about
32000 cm−1) respectively.

The dielectric function of bulk Ag and Cu are all obtained from literature. There
are two sets of Ag bulk data in the paper of Ordal[38]. One is measured by H. -J.
Hagemann et al. [39] and another is measured by H. E. Bennett et al. [40]. The data
of Hagemann kept the weak frequency dependence of re�ection and that of Bennett
took a linear approximation. Because of this reason we take the data from Hagemann
for our spectral calculations later. The two Drude parameters, relaxation rate ωτb(ω)
and plasma frequency ωpb(ω) were derived from both sets of bulk data using Eq. 2.40
and Eq. 2.41 and by setting ε∞ to unity [38]. All these parameters were shown in
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Table 2.2: Fundamental physical and chemical properties of Ag and Cu.

Properties Silver, Ag Copper, Cu

Atomic number,Z 47 29

Atomic mass, A 107.8682 u 63.546 u

Electronic structure [Kr] 4d105s1 [Ar]3d104s1

Crystal structure face-centered cubic(fcc) face-centered cubic(fcc)

Lattice spacing,a0 0.4078 nm (20◦C) 0.361 nm

Cohesive energy 2.66 eV/atom,

(25◦C) 285.8 kJ/mol

Elec. resistivity 0.0147µΩ·m (0◦C) 0.0156µΩ·m (0◦C)

Melting point 961.93◦C 1083.4◦C

Density(20◦C) 10.492g/cm3 8.96g/cm3

(0 K) 10.63g/cm3

Debye temperature 226.5 K (0 K)

215 K (20◦C)

Fermi energy 5.52 eV=8.84×10−19J 7.0 eV

Fermi surface Spherical, with necks at (111) Spherical, with necks at (111)

Fermi velocity 1.39×106 m/s 1.57×106 m/s

Figure 2.10: The imaginary part of dielectric constant, ε2(ω) = Imε(ω) vs. ~ω, as deduced

from re�ectivity measurements(H. Ehrenreich and H. R. Phillip, Phys. Rev .128,

1622(1962).). Note the characteristic free electron behavior (1/ω3) below about

2 eV in copper and below about 4 eV in silver. The onset of interband absorption

is quite apparent [36].
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Figure 2.11: Drude parameters ωpb and ωτb for Ag at 300K calculated from di�erent exper-

imental bulk dielectric function data: Christy [41], Bennett and Ordal [38]. A

background with ε∞ = 1 is assumed [38]. The approximate relations in Eq. 2.48

are also shown as solid lines.

Fig. 2.11. Another set of bulk data measured by Christy et al .[41] was also plotted in
the same �gure for comparison.

In the data of Hagmann and in the range (500∼6000 cm−1) we are interested in, the
plasma frequency is oscillating in a small range and the relaxation rate is nearly linear
frequency dependent. We interpolate these two items approximately by the relations
below in a range of 500 cm−1 to 6000 cm−1:

ωτb = ωτ0 + 0.0386 · ω = 135 cm−1 + 0.0386 · ω, ωpb = 74110 cm−1 (2.48)

With those two relations and using Eq. 2.38 and Eq. 2.39, we interpolated the dielectric
function of Ag and plotted it in Fig. 2.12 together with the original measured data in
literature.

The dielectric function shown in Eq. 2.48 is for Ag at about 300K. According to our
spectral calculations of Ag �lms prepared at low temperatures we need corresponding
bulk Ag data. As shown in Eq. 2.42, the frequency independent part of the relax-
ation rate ωτ0 is related to the dc resistivity. Matthiessen's rule assumes that the
total electrical resistivity is well approximated by summing two terms. The �rst is
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Figure 2.12: The simulated dielectric function compared to the original measured data for

Ag by Ordal et al.

a temperature-dependent intrinsic term which is produced by thermal vibrations of
the lattice and is zero at absolute zero. The second term is a residual term produced
by static defects, and does not vanish at absolute zero. Above a certain temperature
(for example 80K [35, 42]) the second term is linearly proportional to the tempera-
ture. Therefore the relaxation rate changes linearly with the temperature too. With
a relation measured by D. B. Tanner et al. [42] shown in Fig. 2.13, using Eq 2.42 and
Eq. 2.42 we can estimate the ωτ0 at 60K and 100K:

ωτ0−60K = 16.5 cm−1, and ωτ0−100K = 37.6 cm−1 (2.49)

With the dielectric function of Ag and MgO mentioned above, using the commercial
software SCOUT, we calculated the relative IR transmission spectra of Ag grown on
MgO at room temperature, which are shown in Fig. 2.14.

The dielectric function for Cu measured by Ordal et al. [43] was used for our calcula-
tions and was plotted in Fig. 2.16. Using the same method as for silver we derived the
two Drude parameters ωτb(ω) and ωpb(ω) for Cu (shown in Fig. 2.15) from the Ordal
data shown in Fig. 2.16. In the mid-IR (700 cm−1 ∼ 5000 cm−1) the relaxation rate of
Cu at 300K can be expressed approximately by a relation as [44]:

ωτb = 186 + (9.57 × 10−2) · ω. (2.50)
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Figure 2.13: Total resistivity of Ag �lms and a bulk specimen as a function of temperature

[42].

Figure 2.14: Calculated relative IR transmission spectra of Ag grown on MgO(001) at room

temperature with bulk data. The numbers indicate the �lm thicknesses in nm.
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Figure 2.15: Drude parameters ωpb and ωτb calculated from the experimental bulk dielectric

function of Ordal [43] for Cu at 300 K. A background with ε∞ = 1 is assumed.

The approximate relation in Eq. 2.50 is shown as a solid line.

Figure 2.16: Dielectric function of bulk Cu from literature [38].
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2.7.3 Optical Properties of Thin Films

The optical properties of conductive matter depend on the electronic structure, i.e.,
the relaxation of electrons close to the Fermi level and their e�ective mass. In thin
�lms both quantities are di�erent from their bulk values. First, additional relaxation
mechanisms due to electron-interface scattering lead to the so called classical size e�ect
(CSE). The CSE depends on the surface roughness and is in�uenced by adsorbates.
Second, the con�nement of electrons due to the interfaces changes the band structure
and the density of states at Fermi level. This is called quantum size e�ect (QSE). Due
to all these e�ects, when calculating the measured IR spectra, we take the frequency
dependent dielectric function as we showed above and consider the additional electronic
relaxation and depolarization e�ects induced by the irregular surfaces and interfaces
of real thin �lms. We introduce an additional thickness d dependent relaxation rate
ωτs to the bulk relaxation rate ωτb by

ωτ = ωτb(ω) + ωτs(d). (2.51)

ωτs(d) is an additional frequency independent contribution to the bulk relaxation rate
which considers scattering from the surface, from the interface, and also from the
defects in the volume of a �lm [44, 45].

We also take into consideration a thickness dependent variation β(d) of bulk ωpb by

ωpb = β(d)ωpb(ω) (2.52)

With this frequency independent scaling factor β(d) we may account for the quantum
size e�ects and also for depolarization e�ects in �lms with non-�at surfaces.

The calculation is performed with the commercial software SCOUT that considers the
multiple re�ections in the �lm. ωτs(d) and β(d) are used as �t parameters. Before
we apply such a calculation to the spectra of metal �lms, the validity of local optics
should be checked.

The relevant IR optical parameters of both Ag and Cu [44] at 2000 cm−1 are shown
in table 2.3. At 300K, the propagation length lp of the electrons in an ac �eld is
well below the penetration depth δ of the external �eld, which allows the use of local
optics. Additionally, the fact that the average �lm thickness d<λb ensures that we
have a nearly homogeneous conductivity in Ag metal �lms.

A lot of valuable results were already obtained from IR studies of metal �lms (for
example Fe and Cu etc.) grown on MgO(001) [45, 46, 47] or on KBr [48] concerning
the e�ects of the substrate temperature and the existence of CO gas etc. [49]. The IR
spectra of Fe and Cu �lms above the percolation threshold were theoretically calcu-
lated successfully using the commercial software SCOUT [19] by the Drude-type model
described above. In this work we will show that the IR spectra of Ag and Cu �lms
grown on MgO(001) are calculated successfully.
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Table 2.3: IR optical parameters at ω = 2000 cm−1 and electronic parameters for silver and

copper: plasma frequency ωpb, relaxation rate ωτb, Fermi velocity υF , penetration

depth δ of the external �eld, mean free path of the electrons λb, propagation length

lp of the electrons in an ac �eld. The temperature is 300K.

parameter unit Ag Cu

ωpb [103 cm−1] 74.11 66

ωτb [cm−1] 212.2 377

υF [106 m/s] 1.39 1.13

δ = c/ωpb [nm] 21.48 24.1

λb = υF /ωτb [nm] 34.75 15.9

lp = υF /ω [nm] 3.69 3.0

2.8 Adsorption Theory and Adsorbate CO

2.8.1 Physisorption

Physisorption is a weak interaction characterized by the lack of a true chemical bond
between adsorbate and surface, i.e. no electrons are shared. The physisorption interac-
tion is conveniently divided into two parts: A strongly repulsive part at close distances
and Van der Waals interactions at medium distances of a few angstroms.

When an atom or molecule approaches a surface, the electrons in the particle � due
to quantum �uctuations � set up a dipole, which induces an image dipole in the
polarizable solid. Since this image dipole has the opposite sign and is correlated with
�uctuations in the particle, the resulting force is attractive. The interaction between
them is an attractive potential V (d) behaving as

V (d) ∝ −Cv

d3
, (2.53)

where d is the distance between the atom and the metal surface, Cv is called Van der
Waals constant, which depends on the polarizability of the atom and the response of
the metal. The interaction doesn't require a permanent dipole. Hence rare gas atoms
such as Argon and Xenon may also physisorb on the surface.

When the distance between the atom and its image becomes smaller, the attraction
between them can not continue because the electrons of the atom begin to interact
strongly with the electrons of the surface. The kinetic energy of the electrons increases
as they will have to orthogonalize to the localized electrons of the atom as a consequence
of the Pauli principle. Some energy will be gained as the same electrons also become
attracted to the positive nucleus. This may lead to chemisorption , but if the atom is
a rare gas then repulsion dominates. An exponential function like [50]

VR ∝ e−d/α, (2.54)
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can give an approximate description of the potential in such a regime. So the summed
potential is given by [50]

V (d) ∼= CRe−d/α − Cv

d3
. (2.55)

This potential is very similar to the Lennard-Jones potential because physisorption is
very similar to the molecular van der Waals interaction. The only di�erence is this
potential can describe the repulsive part of the potential better.

2.8.2 Chemisorption

When adsorbate molecules strike the substrate surface, they may bind to some sites on
the substrate by forming a surface chemical bond. This process is called chemisorption.
The most important features of chemisorption are well captured by Newns-Anderson
model [50], which successfully accounts for the main features of bonding when an
adsorbate approaches the surface of a metal and its wave functions interact with those
of a metal. In � 2.8.2.2 we only simply cite some qualitative outcome of this model
with regard to a molecule adsorbed on a noble metal.

2.8.2.1 CO

CO is the favorite test molecule to surface scientists, as it is stable and shows a rich
chemistry upon adsorption that is conveniently tracked by vibrational spectroscopy. In
Fig. 2.17 a schematic diagram of the CO molecule orbitals is shown. Upon adsorption,
the 5σ and the antibonding 2π∗ orbitals will interact strongly with the metal orbitals
as shown in Fig. 2.18.

2.8.2.2 CO Adsorbed on Noble Metals

When an atom or a molecule (which has a pair of bonding and antibonding states) ad-
sorbs on simple metal surfaces like Na, Mg, or Al without d states, the electronic states
of the adsorbate are broadened and shifted down in energy through the interaction with
the broad metal sp states, as shown by a sketch in Fig. 2.19.

Noble metals (copper, silver, and gold) have broad sp bands and a fully �lled d band.
The d band is narrow (the less the overlap of electron orbitals the narrower the band
is) and has a pronounced shape and orientation. In the periodic table from Cu down
to Au (3d to 5d) the d band broadens since the orbitals get even larger and therefore
the overlap increases. The center position of the d band also changes when going to
the right side in the periodic table, as shown in Fig. 2.20 [50].

When an atom approaches to such a surface, its energy level, in addition to be broad-
ening and shifting as in the case above, has a strong interaction with the d band in
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Figure 2.17: Schematic diagram of CO molecular orbitals [26].

Figure 2.18: Sketch map of the interaction between a CO molecule and a metal surface [16].
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Figure 2.19: The energy levels of an adsorbate are broadened and lowered in energy when it

approaches a free-electron metal surface with a broad sp band [50]. Note that
the initially empty upper electron level of the adsorbate becomes �lled when

the bonding interaction shifts it below the Fermi level of the metal.

E
d

Figure 2.20: Position Ed of the center of d band for the three series of transition metals [50].

Note that the d band center shifts down towards the right side of the periodic

table. When the d band is completely �lled, it shifts further down and becomes

a core level with little in�uence on the chemical behavior of the metal.
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Figure 2.21: A molecule with a bonding σ and antibonding orbitals σ∗ interacts with both

the sp band and the narrow d band of the noble metal [50]. The former leads

to the lowering and broadening of the bands of the molecule, while the latter

results in splitting into bonding and antibonding orbitals. If there is back

donation from metal to the antibonding orbital of the molecule, the internal

bonding in the molecule will become weaker and maybe dissociate, but the

bonding between the molecule and metal will become stronger.

the metal. Such an interaction leads the adsorbate energy level to a pair of bonding
and antibonding chemisorption orbitals. When a molecule with a pair of bonding and
antibonding states chemisorbed on a d-band metal surface, each state will follow the
case of an atom interacting with sp and d bands. As shown in Fig. 2.21, if back dona-
tion from metal orbitals to the antibonding orbitals of molecules happens, the internal
bonding in the molecule will become weaker and maybe dissociate. This is the key to
understanding how a surface dissociates molecules.

For example, a full d orbital overlapping with the 2π∗ antibonding orbital of carbon
monoxide has the e�ect of weakening the carbon-oxygen bond compared with free
carbon monoxide. The lattice mismatch between the metal �lm and the substrate
induces strain or stress on the surface of the metal �lm. The strain or stress will either
lead to narrower or broader d bands that are shifted up or down in energy, respectively.
An upward shift leads to a stronger interaction with the adsorbed molecule thus to a
stronger chemisorption bond. The same theory, allows us to understand why CO and
similar molecules adsorb so much strongly on under-coordinated sites, such as steps
and defects on surfaces. Since the surface atoms on these sites are missing neighbors
they have less overlap and their d band will be narrower. Consequently, the d band
shifts upwards leading to a strong bonding.

CO adsorbed on Ag surfaces is a good example. In this work, most of the studies about
it are made at 100K and some at 50K. However, until now, rare reports about CO
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2.8 Adsorption Theory and Adsorbate CO

adsorption on Ag �lms at about 100K exist in literature. Many studies below 50K
have been reported. Here we cite some studies from literature.

CO was found giving a signal around 261±4meV (2105±32 cm−1) when adsorbed on
a Ag (110) surface at 30K [51] studied with electron energy loss spectroscopy (EELS).
Another HREELS study [52] found CO physisorbed on a Ag(111) surface below 35K
shows a band at 265 meV (2137 cm−1).

Studying with IR absorption spectroscopy P. Dumas et al. [9] found only physisorbed
CO on Ag �lms prepared above 150K, while on Ag �lms prepared below 150K, both
physisorbed and chemisorbed CO were observed. The thickness of the �lms was about
20 nm. The physisorbed CO molecules are oriented perpendicular to the metal surface.
Films prepared below 150K contain about 0.01 monolayer of 'chemically active sites'
at which CO chemisorbs. At 2K, on a 4K prepared Ag �lm, the physisorbed band was
found at 2143 cm−1 and the chemisorbed one at 2148 cm−1. The band of chemisorbed
CO shifts to lower frequencies with increased CO coverage. This down-shift arises from
two e�ects: the partial �lling of the CO 2π∗ antibonding orbital on adsorption and the
�self-image� e�ect caused by the electrostatic response of the metal. The chemisorbed
CO desorbs from the surface at about 80K.

With Raman spectroscopy, V. Klein et al. [53] found two CO peaks around 1998 cm−1

and 2070 cm−1 after a room-temperature prepared �lm was cooled down to 78K in
2Torr CO gas. On a Ag �lm prepared at low temperature they found one band at
2124 cm−1appearing in the beginning, and another band at 2010 cm−1 appearing after
10 L exposure and growing in intensity through 105 L. The multiple lines maybe due
to CO adsorbed on di�erent surfaces of the polycrystalline sample, or adsorbed on
di�erent sites on the same surface. M. Moskovits et al. [12] with Raman spectroscopy
also found one band at 2111 cm−1 when CO adsorbed on a cold-deposited Ag �lm at
11K .

Also with Raman spectroscopy, at 17K, on clean silver island �lms, A. Otto et al.
[10, 11] found one band at 2119 cm−1 due to chemisorbed CO and another band at
2139 cm−1 due to physisorbed CO. The band due to physisorbed CO is very close to
the frequency of the stretch vibration of condensed CO. The chemisorbed CO band
arises from the atomic scale roughness, which is equivalent to the 'chemically active
sites' from the study of P. Dumas et al. [9]. This band also shifts to low frequencies
with increasing CO coverage. The desorption temperature for physisorbed CO is below
50K and the desorption for the chemisorbed CO starts between 70K and 100K [11].
Because the CO molecule is both Raman active and IR active, the results from both
kinds of studies can be compared to each other.

A. M. Bradshaw et al. [54] reported a band of CO adsorbed on cold-deposited Ag at
113K at 2160 cm−1 by IR spectroscopy study.

A summary of all these studies done at low temperatures is:

1. on low-temperature (< 25K) prepared �lms, a band due to chemisorbed CO ap-
pears at 2148 cm−1 in IR absorption spectroscopy and at 2119 cm−1 in Raman
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spectroscopy, both of them shift to lower frequencies with increasing CO coverage
because of the partial �lling of the CO 2π∗ antibonding orbital on adsorption and
the �self-image� e�ect caused by the electrostatic response of the metal. Some-
times a band due to physisorbed CO appears on the same �lm at 2143 cm−1 in
IR and at 2137 cm−1 in Raman spectroscopy, which is very close to the stretching
frequency of condensed CO.

2. on Ag �lms prepared at room temperature only one band appearing at 2143 cm−1

in IR and at 2139 cm−1 in Raman due to physisorbed CO was found. HREELS
studies ascribe it to the physisorbed CO on Ag(111) at 35K.

In this work, with IR-spectroscopy, we �nd some coincidence with the studies from
literature. The results of CO adsorbed on Ag surfaces at 100K are quite new.

2.8.3 CO Adsorbed on MgO(001)

For all the �lm studies in this work we use MgO(001) single crystals as substrates.
Some Ag �lms were cooled down to about 50K with liquid Helium and exposed to CO
gas. At about 50K, CO can also adsorb on the cold MgO(001) surface. As a byproduct,
we measured the stretching vibration of CO on MgO(001) for various cases, which will
be shown in � 4.5.2. In Fig. 2.22 the thermal desorption spectra of CO adsorbed on
UHV-cleaved MgO (100) measured by R. Wichtendahl et al. [55] are shown. The peak
at 29K is for desorption from multilayers of CO and the one at 57K is for desorption
from layers with small coverage. The low coverage adsorption energy for CO on MgO
(100), which is about 0.14 eV, was also calculated [55].

A lot of studies were also made on the orientation [56] of CO molecules adsorbed on
MgO(001) and the phase transition [57, 58] following the temperature etc. Above
about 50K, CO adsorbs on MgO(001) in a (1×1) structure [58], which is attributed
to a lattice gas, in which the CO molecules randomly occupy on-top sites. With
polarization infrared spectroscopy, above 45K, only a single adsorption peak at about
2150 cm−1 is detected, which is attributed to CO dipoles oriented perpendicular to
the surface attached to Mg2+ with the C end down [56]. Other infrared experiments
[59] performed at 77K for CO adsorbed on the MgO smoke, which consists of cubic
microcrystals with nearly perfect (100) faces, also conclude that the CO adsorption
was preferentially on the Mg site leading to a single narrow and intense peak at about
2148 cm−1. In our studies, at about 50K, on Ag �lms at low coverage (< 0.5 nm), a
peak at 2138 cm−1 due to CO adsorbed on MgO(001) is often measured.
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Figure 2.22: Thermal desorption spectra of CO on MgO (100) cleaved in UHV. CO doses

are given relative to the dose needed for the preparation of a monolayer [55].
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3 Experimental

3.1 Experimental Setup and Method

3.1.1 The UHV Chamber

A pressure as low as 1×10−10 mbar is reachable in our UHV chamber with an ion getter
pump and a TSP (Titanium Sublimation Pump). When the ion getter pump and the
TSP are replaced by a turbo molecular pump a pressure at 1×10−9 mbar is reachable.
The FTIR spectrometer is kept in rough vacuum. When performing measurements
in the UHV chamber the infrared light coming from the spectrometer is guided into
the UHV chamber through a KBr window and the transmitted or re�ected light is
detected by a liquid nitrogen cooled MCT (Mercury/Cadmium/Telluride) detector at
the opposite site of the chamber. Compared with DTGS (deuterated triglycine sulfate)
detectors, the MCT photoconductive detector supports higher sensitivity and faster
response time.

As shown in Fig. 3.1, most of the instruments we need in this work are indicated, for
example, FTIR-spectrometer, metal evaporator, mass spectrometer, LEED, crystal
cleaver, and polarizer etc. On the chamber we have two metal evaporators installed.
One metal evaporator is drawn in the �gure, another is installed at the position of �FC�.
When we prepare a metal �lm with the evaporator drawn in the �gure, both transmis-
sion and re�ection geometries are good to be applied to capture IR spectra. However,

Table 3.1: Full names of of the abbreviations in Fig. 3.1.

CC Crystal Cleaver M Manipulator

Cr-E Chromium Evaporator ME Metal evaporator

D1, D2, D3, D4 Detector positions P Polarizer holder

FC Second evaporator QMS Mass spectrometer

GV Plate valve RO Rotatable Optical Unit

IFS FTIR-Spectrometer S Sample position

IG Ion gauge SP Exit for vacuum

IGP Ion getter pump T Transfer sta�

IR-W IR window TMP Turbo molecular pump

IS Ion gun (Ar+) TSP Titanium Sublimation Pump

LV Gas dose valve VP View windows
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Plane 1

Plane 2

Experimental setup sketch map

Plane view from plane 1

Plane view from plane 2

Side view

Figure 3.1: Sketch map of experimental setup for measuring IR spectroscopy of �lm growth

and gas adsorption in UHV chamber. The picture in the middle shows the plan

view from top till plane 1; the picture at the bottom shows the plan view from

plane 2 till the bottom of the machine.[Adapted from [60]]
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3.1 Experimental Setup and Method

with the evaporator installed at �FC� position, a re�ection geometry is preferable to
avoid the e�ect of a large angle between metal �ux and substrate surface normal.

In the UHV chamber, a sample temperature from 40K to 1300K can be accessed. The
sample temperature was measured by a chromel-alumel thermocouple attached to the
sample holder. For getting high temperatures we apply electronic bombardment to the
sample holder. The manipulator can be �lled with liquid N2 or liquid He, so low tem-
peratures can be obtained. The crystal cleaver allowed a fresh and defect free substrate
surface (e.g. MgO) to be prepared in the UHV chamber. The mass spectrometer is
for residual gas analysis and temperature programmed desorption spectroscopy is also
possible with it.

Besides the gate valve above the ion getter pump, there is another one between the
UHV chamber and the transfer system, so the transfer system can be vented or pumped
separately without disturbing the UHV chamber, and the UHV chamber need not to
be baked at every time a new sample is introduced.

3.1.2 FTIR Spectrometer

In a Fourier transform infrared (FTIR) spectrometer, the light source, interferome-
ter and detector are the three main principle components. A schematic of a FTIR
spectrometer incorporating a Michelson interferometer is shown in Fig. 3.2. The IR
spectrometry is based upon optical interference between two beams. The incident
light coming into the interferometer is divided into two components by a beam split-
ter, and a phase di�erence between the two beams is introduced by changing the optical
path length traveled by the two beams. Optical interference is achieved by subsequent
superposition of the two beams. The detector detects the summation of superposi-
tion of every wave component�a time domain spectroscopy (interferogram). If the
wave number of one wave is ν, actually one source consisting of radiation spanning a
large number of wavenumbers, the di�erence between wave components is dν, then the
detected total intensity I(p) is:

I(p) =

∫ ∞

0

I(p, ν)dν =

∫ ∞

0

I(ν) [1 + cos(2πνp)] dν, (3.1)

where p stands for the di�erence in path length. Nevertheless what we want to get
is I(ν), the variation of intensity with wave number. It is a simple work to get I(ν)
by mathematically resolving the interferogram into its frequency components when
there are only a few wave components. The work becomes very tedious when more
wave components were included as a actual case. Fortunately, there is quite a simple
and general way to solve this task, the Fourier transform (FT) process. Here is the
expression of the FT of the interferogram:

I(ν) = 4

∫ ∞

0

[
I(p) − 1

2
I(0)

]
cos(2πνp)dp. (3.2)
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Figure 3.2: Schematic of an interferometer.The lines with arrows show the optical path in

a Fourier transform spectrometer with Michelson interferometer in transmission

geometry, (Q) light source, (D) detector, (S) beam splitter, (M1) stationary plane

mirror, (M2) movable plane mirror o�set.

This integration is usually performed by a computer that is the interface to the spec-
trometer and the output I(ν) is the absorption spectrum of the sample.

Compared to a conventional spectrometer in which a monochromator discards most of
the radiation from the broadband IR source, the big advantage of a FTIR spectrometer
is that all radiation is monitored continuously. Therefore, a FTIR spectrometer has a
higher sensitivity than a conventional spectrometer. The resolution it can achieve is
determined by the maximum path length di�erence, pmax, of the interferometer:

4ν =
1

2pmax

. (3.3)

An evacuable (pressure = 3mbar) FTIR spectrometer, Bruker IFS 66v/S, is equipped
in our lab. As shown in Fig. 3.1, the IR light coming from a globar in the spectrometer
can be inducted into the UHV chamber through a KBr window. Therefore measure-
ments can be performed either in the spectrometer itself or in the UHV chamber.

3.1.3 How Relative Spectra are Measured

In IR spectroscopy studies a relative spectrum is often measured because of its high
sensitivity and easy operation. In this work we mainly measure the changes on one
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Figure 3.3: The procedure of measuring a relative transmission spectrum. The single channel

spectrum of a �lm �ScRf� is shown in (a), that of the sample (the adsorbate

and the �lm) �ScSm� is shown in (b), the relative transmission spectrum of the

adsorbate is shown in (c).

surface due to metal deposition or gas adsorption. Relatively measuring is a convenient
way to see small changes on the surface.

In Fig. 3.3 we show how a relative transmission spectrum is measured. First, we put the
substrate into the optical path and measure a single channel spectrum �ScRf� as refer-
ence (see (a) in Fig. 3.3); second, after the sample is present on the substrate, another
single channel spectrum �ScSm� is measured for the sample and substrate together
(see (b) in Fig. 3.3); at last, the relative spectrum is achieved when dividing spectrum
�ScSm� by spectrum �ScRf� (see (c) in Fig. 3.3), this work is done by computer. The
same method is used when we measure a relative re�ection spectrum.

The reference of a measured spectrum can be changed. We get out the single channel
spectrum of sample and of the new substrate then divide former one by the later one,
then a relative spectrum based on a new reference is derived. This method is very
useful when we want to get information on the same sample in both transmission and
re�ection geometries. For example, during Ag �lm growth on MgO, re�ection spectra
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Figure 3.4: Tapping mode of Atomic Force Microscope.

were measured; then at the �nal thickness, we can measure a single channel spectrum
of the Ag/MgO system in transmission geometry; at last we can use a pre-measured
single channel spectrum of MgO to get the relative transmission spectrum of Ag at the
�nal thickness. Thus we get the relative spectra of the Ag �lm at the �nal thickness
in both geometries.

3.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) or, as it is also called, scanning force microscopy
(SFM) is based on the minute but detectable forces�of the order of nano Newtons�
between a sharp tip and atoms on the surface. The tip is mounted on a �exible arm,
called a cantilever, and is positioned at a subnanometer distance from the surface. If
the sample is scanned under the tip in the x − y plane, the tip feels the attractive or
repulsive force from the surface atoms and hence it is de�ected in the z-direction. The
de�ection can be measured with a laser and photo detectors as indicated schematically
in Fig. 3.4. Atomic force microscopy can be applied in two ways.

In the contact mode, the tip is within a few angstroms above the surface, and the
interaction is determined by the interactions between the individual atoms in the tip
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and on the surfaces.

The second mode of operation is the non-contact mode, in which the distance between
tip and sample is much larger, between 2 and 30 nm. In this case one describes the
forces in terms of the macroscopic interactions between bodies.

A third mode, which has recently become a standard for work on surfaces that are
easily damaged, is in essence a hybrid between contact and non-contact modes, and
is sometimes called the tapping mode. In this case the cantilever is brought into
oscillation such that the tip just touches the surface at the maximum de�ection towards
the sample. When the oscillating cantilever approaches the maximum de�ection, it
starts to feel the surface and the oscillation becomes damped, which is detected by the
electronics and used as the basis for monitoring the topography when the sample is
scanned. In tapping mode, shear forces due to dragging the tip horizontally along the
surface (�scratching�) are avoided, while forces in a perpendicular direction are greatly
reduced. It has become the favorite way of imaging small particles on �at substrates.

3.3 Sample Preparation

3.3.1 MgO(001) Substrate Preparation

Fresh, clean and well-de�ned surfaces of brittle materials can be prepared in UHV by
cleavage. This technique is derived from the classical method of preparing an alkali
halide surface by cleaving the crystal with a razor individual or blade, and it is a simple
and straightforward way. Surfaces prepared by this way usually contain defects such
as steps which expose edge atoms that are in a di�erent surrounding compared with
those in the �at areas. Another important limitation applies to cleavage is that only
brittle materials like alkali halides (NaCl, KCl, etc.), oxides (ZnO,TiO2, SnO2, etc.)
and semiconductors can be studied in this way. Furthermore, cleavage is only possible
along certain crystallographic directions which are determined by the geometry and
nature of chemical bond. The number of covalent bonds being cut, or the compensation
of electric �elds within the cleavage plane in the case of ionic crystals are determining
factors. Cubic alkali-halide crystals cleave along the {100} faces, which are nonpolar;
i.e. they contain equal number of both types of ions such that the �elds between the
opposite charges can be compensated within the surface.

In our measurements, commercial MgO(100) crystals were cleaved just before the metal
deposition with a stainless steel knife in the UHV chamber controlled by a mechanical
feedthrough outside. If the MgO(001) is cleaved in air it will be transferred into high
vacuum (∼1×10−7 mbar) within ten minutes and heated by two �laments for over
night. It was heated again to about 700K in the UHV chamber for about 3 hours at
the day before metal deposition. Normally if the MgO(001) was cleaved in air, more
defects will exist on the surface and will a�ect the �lm growth.
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3.3.2 Metal Deposition

Our manipulator allows to changing the sample temperature in a wide range: about
50K∼1200K. The high temperature was gained by electron bombardment and the
cryogenic temperature is obtained by liquid Nitrogen or liquid Helium. When the
substrate is brought to the intended temperature we deposit a de�ned quantity of metal
onto the surface. The metal source was put in a tungsten crucible and was heated by a
EFM3/4 evaporator. The evaporation rate was calibrated with a quartz microbalance
just before and after the evaporation. Since ultrathin metal �lms are transparent in
the IR range, IR transmission measurements can be in situ performed during the �lm
growth in a large thickness range. Oblique incident re�ection measurements in the
UHV chamber are available with an incident angle in the range of 75◦ to ∼82◦.

For the Ag �lms grown on MgO(001) at di�erent temperatures, the sticking probability
of Ag on MgO(001) should be considered. The sticking coe�cient of Ag on MgO at
room temperature has been determined by J.H. Larsen [61] and M. -H. Scha�ner et al.
[62] and di�erent results are given. J.H. Larsen et al. reported sticking probabilities
ranging from 0.94 to unity as a function of Ag coverage; whereas M. -H. Scha�ner et
al. only get a sticking probability of 0.6. Because the sticking probability determined
by M. -H. Scha�ner et al. at 500K is not in accord with our measurements at various
temperatures, we assume a sticking probability near to unity as J. H. Larsen et al.
reported for Ag grown on MgO(001) at room temperature. Without considering the
sticking probability, the error of thickness in our measurements is already about 10%.
Thus at higher Ag coverage the thickness error due to sticking probability can be
neglected.

Metal ions from the beam source may produce some defects on the deposited �lm. We
can take away the ions by putting a piece of magnet at the outside of the evaporator
to change the trajectory of ions. In Fig. 4.17 (A) we show the spectra of a such a �lm,
during its preparation the ions from the beam source were taken away.

3.4 Gas Exposure

As mentioned above, we expose CO (purity 99.997 vol.%) or N2 (purity 99.999 vol.%)
gas to Ag or Cu �lm surfaces as they were prepared and cooled down to low tem-
peratures. These two kinds of gases might adsorb on the metal surface only at low
temperatures which could be reached with liquid Nitrogen or liquid Helium. During
gas exposure, IR relative transmission or re�ection spectra can be measured in situ
and normally SEIRA e�ect can be observed. The impurity in the gas can be checked
with a mass spectrometer (Smart IQ).
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4 Experimental Results and Analysis
I: Ag Films Grown on MgO(001)

The Ag/MgO(001) system has been chosen as a model metal/ceramic interface because
the number of e�ects intervening in adhesion is reduced to a minimum: the lattice
mismatch is small (3%), with cube-on-cube epitaxy, and the species are nonreactive.
Large numbers of theoretical studies [61, 63, 64] focus on the adsorption properties
of Ag on MgO(001) at low coverage and give valuable information for experimental
work. David Fuks et al. predict high mobility of adsorbed Ag atoms on MgO even at
low temperatures which aids their aggregation, so 3D islands formation is unavoidable
[65]. Layer-by-layer growth mode is possible at very high temperatures. From Eq. 2.46
we can also learn that the substrate temperature plays an important role on the �lm
growth. Studied by X-ray scattering, a cube-on-cube epitaxy growth with respect to
the MgO(001) substrate was reported in detail by O. Robach et al. and they found that
the ordered interface dislocation network was oriented to MgO <110> direction [66].
In this work, an epitaxial distribution of islands is observed on a Ag �lm grown at 500K
on MgO(001). Besides the substrate temperature, the �lm growth can also be a�ected
by a lot of other factors, such as the base pressure, surfactant, and evaporation rate
etc. Also �lms at di�erent thicknesses show di�erent morphologies. Yuji Nishikawa et
al. have reported the e�ects of such factors on Ag-�lm morphologies grown on BaF2

in a vacuum chamber by showing SEM images [67]. In this chapter we will show the
e�ect of substrate temperature, base pressure, CO and N2 gas exposure etc. on the
Ag �lm growth on MgO(001) studied by IR spectroscopy and AFM. Di�erent surface
morphologies for di�erent Ag-�lm thicknesses will be presented too.

As discussed above, �lms that consist of small islands can give a SEIRA e�ect for
adsorbates. In this chapter the SEIRA spectra of CO adsorbed on many kinds of Ag
�lms at low temperatures will be shown.

4.1 Ag Films Prepared at Room Temperature

Table 4.1 provides a list of experiments of which the important results are shown in
this section.
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Table 4.1: List of experiments performed at room temperature. �d� denotes the average

�lm thickness; �rate� denotes the evaporation rate; �geometry� means the

measurement in transmission (T) or in re�ection (R) geometry.

Substrate

tem-

pera-

ture

Pressure

during

deposition

Deposition �nal

thick-

ness

IR

Spec-

troscopy

CO exposure

Exp T (K) P (10−10

mbar)

rate

(nm/min)

d (nm) geometry T (K) Pco

(10−8mbar)

geometry

meng5 300 510 0.122 10.1 T

ds3 298 1.3 0.1 12.2 T 93 4.3 T

ds4 301 9.1∼7.2 0.096 9.5 T

mag1 299 8.7∼9 0.13 6.4 T 95 8 T

mag3 300 7.5∼8.2 0.115 5.3 T 95 8.1 T

mag4 298 4.4 0.114 3.4 T 98 8 T

mag6 302 2.6∼3.4 0.133 11.1 R 100 8 R

mag7 297 400 (CO) 0.118 5.2 T 100 6 T

mag8 301 2.4 0.143 6 R 98 6 R&T

mag9 296 2 0.134 3.9 T

mag11 294 1.2 0.145 3.6 R 90 5 T

mag13 300 1.8 0.159 5.4 R 93 5 T

mag20 296 7.9 0.111 14.6 R 93 5 R

mag21 298 400 (N2) 0.13 5.2 T

meng19 300 2 0.134 7.6 R
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4.1 Ag Films Prepared at Room Temperature

4.1.1 IR Transmission Spectra of Ag Films Grown on
MgO(001)

In Fig. 4.1 (A) we show IR relative transmission spectra of four Ag �lms grown on
UHV cleaved MgO(001) at room temperature. The multi-phonon absorption edge of
MgO causes the low frequency limit of the spectral range. The spectra from di�erent
experiments are almost superposable at corresponding average �lm thicknesses, which
means that our measurements are reproducible. The small discrepancy of the average
�lm thickness between each �lm is within the thickness error range of our measurement.
In each �gure a decrease of transmittance with an increase of the average �lm thickness
is obviously found. However, the shape of the spectrum changes with the increasing
Ag coverage. Spectra at lower thicknesses show a negative slope with the circular
frequency ω. This corresponds to the properties of metal particles embedded in a non-
metallic matrix. At higher thicknesses, the spectra show a positive slope corresponding
to Drude-type conductivity. At a certain thickness an optic crossover is observed,
which is attributed to the percolation threshold [68]. At the percolation threshold the
transmittance is almost frequency independent, which is a well-known fact.

Another interesting �nding is that, at low Ag coverage, the relative transmission is more
than one hundred percent for frequencies near the MgO multi-phonon edge. This e�ect
is a shift of the substrate absorption edge towards lower wave numbers caused by the
anti-re�ecting e�ects of a certain array of small metal islands. Since the weak substrate
absorption plays a role for the e�ect, as we know from studies on other substrates (e.g.
CaF2), advanced theoretical work is necessary for a detailed explanation. Until now,
such photonic e�ects are only studied on transparent substrates.

In Fig. 4.1 (B) we show the AFM images of these four �lms. Since the Ag-�lm growth
experiments at room temperature are reproducible (as can be seen from the IR spectra
in (A)), their AFM images should be varied only by the thickness. As we can see from
(1) to (4), the average �lm thickness increases, and we get bigger and bigger structures,
�nally we get smooth �lms with smaller and smaller shallow holes. Comparing (1)
and (2), we can see the sinuous-structured islands prefer to connect end by end. The
increased Ag coverage contributes to the growth in width and height of the islands, but
the distance between the islands does not become smaller. The surface morphologies
shown by image (1) and (2) correspond to the vicinity of the percolation threshold
and those in image (3) and (4) correspond to thick �lms. As that will be discussed in
� 4.5, on Ag �lms shown by image (3) and (4) we can not get CO adsorbate signals by
measuring in normal transmission geometry, but on �lms like the ones in image (1) and
(2) strongly enhanced CO signals were observed by measuring in both transmission
and re�ection geometries.

In Fig. 4.2 (A), IR spectra of sample No.ds3 are shown together with the ones of �lm
No. ds4 . Their spectra show a better superposition than those shown in Fig. 4.1 (A).
There is almost no discrepancy on the corresponding thicknesses. The AFM image of
this �lm is shown in (B). Because sample No.ds3 is thicker than sample No.ds4, we
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(B) AFM pictures of the four films. Scan size: 500nm × 500 nm.

(A) IR transmission spectra of four different thick Ag films grown at 300 K.

(2) No.mag3, 5.3 nm,(1) No.mag4, 3.4nm, (3) No.mag1, 6.4 nm, (4) No.ds4, 9.5 nm.

0nm

5nm

0nm

5nm

Figure 4.1: (A) Selected relative transmission spectra of four Ag �lms grown on UHV cleaved

MgO(001) surfaces at room temperature. The spectra of di�erent �lms are shown

as di�erent symbolic lines and also their thicknesses are given in di�erent kinds

of fonts or styles. These four �lms were prepared at similar conditions and only

the �nal thickness of each �lm is di�erent. (B) The AFM images of the four

�lms.
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(A)

No.ds3, 12 nm

0nm

5nm

0nm

5nm

Scan size: 500nm × 500 nm

(B )

Figure 4.2: (A) Comparison of selected IR relative transmission spectra from two Ag-�lm

growth experiments at room temperature on UHV cleaved MgO(001) surfaces

under similar conditions. Spectra at the same thickness are perfectly superposed.

The spectra of �lm No.ds4 have been shown in Fig. 4.1 (A).

(B) The AFM image of this �lm.
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0nm

5nm

0nm

5nm

No.mag29, 5.1 nm

(A )

(B)

Scan size: 500 nm × 500 nm

Figure 4.3: (A) Comparison of IR relative transmission spectra from two Ag-�lm gowth

experiments on UHV-cleaved MgO(001) at room temperature. A pressure below

1×10−10 mbar was kept by an ion getter pump and a TSP (Titanium Sublimation

Pump) during the growth of �lm No.mag3, and a pressure around 3×10−9 mbar

was kept only by a turbo molecular pump during the growth of �lm No.mag29.

Only a slight e�ect of base pressure on �lm growth is observed. Spectra of �lm

No.mag3 have been shown in Fig. 4.1 (A).

(B) The AFM image of �lm No. mag29.

observed a smooth surface with smaller holes on �lm No.ds3 than that on �lm No.ds4
(see image (4) in Fig. 4.1 (B)).

Base pressure is also a possible factor in�uencing the �lm growth. Some molecules in
the residual gas may act as surfactant and a�ect the �lm morphology [69]. In Fig. 4.3
(A) we compare the spectra of a Ag �lm (No.mag29) prepared at a relatively high
base pressure (3×10−9 mbar) with that of �lm No.mag3 (the base pressure during this
�lm growth is below 1×10−10 mbar). The spectra of the two �lms only show a slight
di�erence. Comparing the AFM image of �lm No. mag29 in Fig. 4.3 (B) with that of
�lm No.mag3 (see image (2) in Fig. 4.1 (B)) results in a slightly smaller average width
of the elongated structures of �lm No.mag29 due to a smaller �lm thickness.
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4.1 Ag Films Prepared at Room Temperature

4.1.2 IR Transmission Spectra of Ag Films Grown on
MgO(001) with Gas Exposure

Terso� et al. [70] pointed out that the onset of nucleation of the second layer on
top of an island is associated with a critical island radius Rc, which depends on the
Ehrlich-Schwoebel barrier at the step edge. Above this critical radius the islands start
to coalescence. Another length scale Ln, which is roughly half the distance between
islands, is helpful to illustrate the growth process [70]. If Rc<Ln, a second layer of
islands can nucleate before the former islands coalescence, and a multilayer growth can
be obtained. Hence a high density of islands, i.e. small island size, helps to grow a
smooth �lm. From Eq. 2.46 we can see the density of clusters increases directly with
the deposition rate and inversely with the di�usion coe�cient in accordance with a
power law, so the deposition rate is not a sensitive factor. If we increase the density of
clusters by lowering the temperature, we will encounter the Ehrlich-Schwoebel barrier
at step edges, which can suppress the interlayer transport at low temperatures. Hence
the arriving adatoms nucleate on the top of clusters and give rise to the growth of
three-dimensional islands with pyramid-like features. So, for getting a smooth �lm, on
the one hand we need a high nuclei density in the nucleation stage, on the other hand
we want high adatoms mobility in the growth stage so that they can roll over the steps
e�ectively. We cannot achieve both by adjusting the temperature, but a surfactant
can help a lot.

A surfactant, whose presence changes the growth mechanism and promotes smooth
�lm growth, could be a metal layer deposited on the substrate surface before �lm
deposition or it could be adsorbed gases. For using as surfactants, materials that have
a low surface energy and a lack of chemical a�nity to the growing material are required.
In order to understand the function of surfactants many di�erent models have been
proposed. The function of a surfactant could be [2]: (a) modify the thermodynamic
balance of the surface and interface energies; (b) promote interlayer di�usion; (c)
introduce a high density of nuclei. As a method to produce smooth �lms, surfactants
have been successfully applied in the epitaxial growth of ultrathin semiconductor and
metal �lms [71, 72, 73, 74, 75].

Gas exposure during �lm growth may a�ect the morphology of the �lm by acting as
a surfactant. A report [49] shows that CO exposure during Fe and Cu �lm growth on
UHV-cleaved MgO(001) surfaces at di�erent temperatures can decrease the percolation
threshold. The presence of CO enhanced the lateral growth by changing the di�usion
on the islands and in their vicinity [49]. We tried CO gas exposure at a pressure
of 4×10−8 mbar as they did during the growth of �lm No.mag7 on a UHV-cleaved
MgO(001) surface at room temperature. In Fig. 4.4 (a), comparing the spectra of �lm
No.mag7 with the ones of �lm No. mag3 which was grown without gas exposure,
no obvious discrepancies were found. That might be ascribed to the smaller surface
energy of Ag compared to Cu. Hence the mobility of Ag adatoms or small islands in
a low-pressure CO-gas surrounding is comparable with the case in UHV.

We also checked the e�ect of the presence of N2 on the Ag �lm growth. The measured
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(c) With CO

No.mag7, 5.2nm

0 nm

5 nm

0 nm

5 nm

Scan size:500 nm × 500 nm

Scan size:500 nm × 500 nm

0 nm

5 nm

0 nm

5 nm

No.mag21, 5.7nm

(d) With N2

Figure 4.4: (a) Comparison of IR relative transmission spectra from two Ag-�lm growth

experiments: one (No.mag7, dotted lines) is grown with CO exposure and another

one (No.mag3, solid lines) without gas exposure.

(b) Similar comparison as in (a): the one (No.mag21, dotted lines) grown with

N2 exposure comparing to the same one (No.mag3, solid lines) grown without

gas exposure.

All three �lms are grown on UHV-cleaved MgO(001) at about 300K with almost

the same deposition rate.

(c) and (d) AFM images of the �lms grown with CO and N2 exposure respectively.
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(A) (B)

2905 (1/cm) 2938 (1/cm)

Figure 4.5: (A) Selected transmission spectra of a Ag �lm grown on a UHV-cleaved

MgO(001) surface at room temperature in a bad base pressure (> 5× 10−8 mbar).

The part in the box in (A) is shown in a big scale in (B). Two peaks at around

2905 cm −1 and 2938 cm−1 appeared on the spectra due to hydrocarbons in the

residual gas.

spectra are shown in Fig. 4.4 (b) and compared to those of the same �lm grown without
gas exposure as in (a). Like the case of CO exposure, we did not �nd any big e�ect
due to N2. The AFM images of these two �lms grown with gas exposure are shown
in Fig. 4.4 (c) and (d). Both �lms show structures corresponding to the percolation
threshold.

However, when there are hydrocarbons in the residual gas the �lm growth and the
surface morphology can be changed. In Fig. 4.5 (A) we show the IR transmission
spectra of a Ag �lm grown on a UHV cleaved MgO(001) surface at a relatively high base
pressure (> 5×10−8 mbar). The high pressure was ascribed to the uncooled evaporator.
The box area in (A) is shown in (B) in a big scale. As we can see, the spectra show two
peaks at around 2905 cm−1 and 2938 cm−1 due to the adsorbed H-C bonds. Comparing
the spectra of this �lm to those of the others shown in Fig. 4.1 (A), no superposition was
observed, moreover, the thrasmittance of the spectrum at the percolation threshold is
lower. The presented �lm thickness was overestimated due to the mislignment of the
metal �ux and the substrate surface.

Seeing from the IR spectra in Fig. 4.5, this �lm should have a surface morphology
corresponding to the percolation threshold. However, as shown in Fig. 4.6, its AFM
image shows big globose islands instead of the sinuous structures.
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0nm

5nm

No.meng5, 10nm Ag/MgO(001) at room temperature

500nm×500nm

Figure 4.6: The AFM image of the 10 nm Ag �lm No.meng5. The IR spectra of this �lm was

shown in Fig. 4.5.

4.1.3 Calculation of IR Transmission Spectra of Ag Films
Grown on MgO(001)

Calculated results with the Drude-type Model
Above the percolation threshold, the Ag �lm becomes conductive and its spectra

can be calculated with the Drude type model. As discussed in � 2.7.3, based on the
bulk Ag data from literature, we use two additional frequency independent parameters
ωτs and β as �t parameters to calculate the spectra. The bulk Drude parameters ω∗

τb=
135 cm−1 + 0.0386ω and ωpb=74110 cm−1 are calculated from the data of Ordal et al.
(see Fig. 2.11). The frequency dependence of the bulk relaxation rate ω∗

τb is very weak.
In Fig. 2.11, the bulk Ag data from Christy et al. and Bennett et al. were also shown
and they did not show a frequency dependence. We performed a �t with a constant
ωτb=135 cm−1 too and compared it to the �t with ω∗

τb .

A Drude �t was performed on all the measured spectra of �lm No.ds4. In (a) of
Fig. 4.7 we show the �tted parameters based on ω∗

τb and ωτb in a spectral range of
1500-3000 cm−1. Here we introduced �deviation�, which is the mean squared di�erence
between measured spectra and calculated ones, to evaluate the �t quality. A smaller
deviation means a better quality of �t.

Above a certain average thickness d1 (around 8 nm ), by varying the value of ωτs in a
certain range (e.g. from 0 to 500 cm −1), the �t quality does not change signi�cantly.
That means the �lm already behaves like bulk Ag and some scattering from the surface
will not disturb its properties. Thus we calculated the spectra only with the bulk
relaxation rate ωτb. In accordance with this fact, β2 approaches unity above d1.

At another certain average thickness d2 (around 6.5 nm ), a strong increase in ωτs

starts. These large relaxation rates denote very short mean free paths of the charge
carriers and indicate the breakdown of the Drude-type conductivity at this average
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Figure 4.7: (a) The deviation and the best-�t parameters ωτs and β2 (solid square symbol

lines, obtained with constant bulk ωτ b= 135 cm−1) and deviation∗, ω∗
τs, β

2∗ (void

circle symbol lines, �tted with frequency dependent bulk ω∗
τb= 135 cm−1+0.0386

·ω) versus �lm thickness, the �t is performed in the range of 1500-3000 cm−1; (b)

�tted parameters and the deviation for a �t in the range of 1500-4000 cm−1.
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Figure 4.8: Comparison of the measured spectra of �lm No.ds4 with �ts in di�erent ranges:

(a) 1500-4000 cm−1; (b) 1500-3000 cm−1. The numbers denote the �lm thickness.

thickness and below it. The thickness d2 locates at the position of the �rst minimum
value of deviation when we count from the high-thickness side.

The decrease of β2 with decreasing thickness corresponds to an increase of depolariza-
tion �elds. An increase of these depolarization �elds indicates an increasing amount
of tilted surface area or an increasing long-range roughness amplitude. Where the
minimum of β2 appears, the deviation shows a maximum value.

At another point, for the two �ts based on ωτb and ω∗
τb respectively, the deviation for

the one based on ωτb is smaller. Thus the �t based on ωτb is better.

In (b) of Fig. 4.7, we show the results of �ts to the same �lm in a spectral range
of 1500-4000 cm−1. Compared with that in (a), only because the spectral range was
expanded to higher frequencies, d1 and d2 shift to higher thicknesses (d1 to 8 nm and
d2 to 7 nm). Also the deviation for both �ts show bigger values than that shown in (a).
The minimum value of β2 is at a higher thickness than in (a). The valid �t extends
from the �nal �lm thickness to a smaller one in (a) than in (b).

In Fig. 4.8 and Fig. 4.9, we show the �tted spectra in di�erent spectral ranges based on
ωτb together with the measure ones. From these two �gures, we get an intuitive insight
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4.1 Ag Films Prepared at Room Temperature

Figure 4.9: Comparison of the measured spectra of �lm No. ds4 with �ts in di�erent spectral

ranges: (a) 1500-2500 cm−1; (b) 1500-2000 cm−1. The numbers denote the �lm

thickness.

of that e�ect. d2 becomes smaller when the spectral range of the �t is concentrated
to the low-frequency side. For example, in Fig. 4.8, d2 locates around 7 nm in (a) and
around 6.5 nm in (b); in Fig. 4.9, d2 locates below 6.5 nm in (a) and below 5 nm in (b).

In Fig. 4.10 we collected the �tted parameters of some �ts to the spectra of �lm No.ds4
in di�erent spectral ranges. It is more clear that when the spectral range of the �t is
more concentrated to low-frequency side, the onset of the strong increase of ωτs shifts
to lower thicknesses and the deviation becomes smaller. Above about 6.2 nm, the value
of β2 does not vary much with the �ts in di�erent spectral ranges.

To explain that conclusion we need to recall a study by G. Fahsold et al. [76]. As we
mentioned above, although we can calculate the IR spectra of Ag �lm above the perco-
lation threshold with the Drude type model, the �lm is still rough and inhomogenous as
we saw from the AFM images. The e�ective medium model developed by Bruggeman
is well suited for calculating the IR-optical properties of such kind of �lms even in the
vicinity of the percolation threshold (below and above) [76]. In the Bruggeman model,
a rough metal �lm is regarded as a two- or three-dimensional mixture of a metal (with
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Figure 4.10: The deviation and the best-�t parameters ωτs and β2 versus �lm thickness of

some �ts in di�erent spectral ranges. The dielectric function of the Ag �lm is

based on the constant Drude parameters: ωτ b= 135 cm−1and ωpb= 74110 cm−1.
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volume fraction F ) and a dielectric (with volume fraction 1-F ). A very thin Ag island
�lm can be considered as a two-dimensional mixture. Using Eq. 2.44 we can calculate
the e�ective dielectric function εe� of such a two dimensional-mixture. In the equation,
the dielectric function εm for Ag was calculated with the two constant Drude parame-
ters (ωτb=135 cm−1 and ωpb = 74110 cm−1) by Eq. 2.35, and that for the dielectric (in
our case is vacuum), εh, we took 1. Here we only consider the case of conducting �lms
above the percolation threshold, i.e., F>Fc (Fc is the critical �lling fraction, which
is 1/2 for a two dimensional medium). In Fig. 4.11 we show the imaginary part of
calculated εe� at a few volume fractions F . The imaginary part of the Drude bulk
Ag dielectric function is shown for comparison. On each curve with di�erent F , the
frequency dependence of Im εe� shows a transition at a certain frequency, which was
roughly marked by a dashed line. G. Fahsold et al. [76] call this certain frequency
ωmax. They found above ωmax, the εe� is dominated by εh (if there are adsorbate layers
on the �lm surface, εh has a value above 1), whereas below ωmax at the low-frequency
region, εe� is almost independent from εh and shows metal-like e�ective properties. In
addition, when the �lling fraction F of a �lm full�lls a relation like

∣∣∣∣Reεmεh

∣∣∣∣ À 1

(F − Fc)2
− 2, (4.1)

the �lm can be described by a Drude-type dielectric function. As it is shown in
Fig. 2.12, Re εm has smaller values at high-frequency side. Thus at a certain F , the
invalidity of this relation always starts from the high-frequency side. Relation 4.1
corresponds to a spectral range of ω<ωmax, where to a good approximation

ωmax = ωpb · (F − Fc)/
√

εm, (4.2)

with ωpb being the plasma frequency of bulk Ag. A small change of εh will modify
ωmax (a bigger value of εh shifts ωmax to low-frequency side ) but it does not in�uence
the e�ective Drude parameters ωτe� and ωpe� in the spectral range ω<ωmax [76].

It could be due to the existence of ωmax in our measured spectral range so that we
cannot �t the spectra in the whole spectral range as they were measured. Above
ωmax, the IR properties of a �lm are not Drude-like any more. For example, for the
�tted ωτs in a spectral range of 1500-4000 cm−1, the strong increase appears at around
7.1 nm. That means for the 7.1 nm �lm, we can only �t its spectrum with the Drude
type model in a spectral range below 4000 cm−1, which can be regarded as ωmax for
the 7.1 nm thick �lm. Using Eq. 4.2 we can calculate the �lling fraction of the 7.1 nm
�lm. In table 4.2 we show the estimated �lling factor F at a few thicknesses from
the �tted results shown in Fig. 4.10. The �lling factor F shows an increase with the
increase of average �lm thickness. This is in accord with the �ndings on AFM images
of room-temperature prepared �lms shown in Fig. 4.1 (B), where the surface area of
Ag increases with the increased average �lm thickness.
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Figure 4.11: Imaginary part of the dielectric function εeff for a two-dimensional inhomo-

geneous medium in di�erent �lling fraction F of metal (for example F =0.55

means a medium composed of 55% Ag and 45% vacuum) and for Drude bulk

Ag. The dashed lines mark the position of ωmax where the transition starts. On

each curve, the part below ωmax can be calculated with a Drude type model.

Table 4.2: Estimated �lling fraction of a �lm at a few thicknesses from the �t results of

Fig. 4.10 obtained with Eq. 4.2, εh= 1, Fc = 0.5, ωpb = 74110 cm −1.

thickness(nm) ωmax(cm−1) F

7.5 5000 0.567

7.1 4000 0.554

6.6 3000 0.54

6.4 2500 0.534

6.3 2000 0.527
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Figure 4.12: (a) Best �tted spectra of �lm No.ds4 by the Bruggeman Model together with

the measured ones. The Bruggeman model cannot describe the relative trans-

mittance over 100% at low coverage of Ag. In the vicinity of the percolation

threshold (below and above), the spectra also cannot be �tted due to the special

surface morphology. The numbers denote the �lm thicknesses.

(B) The deviation and the best-�t parameters ωτs and F versus average �lm

thicknesses, β = 1. Near the percolation threshold, the �t parameters have no

physical meaning. Near the �nal thickness, F is close to 1.0 and ωτs equal to

zero, which indicates the bulk properties of the Ag �lm.
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Calculated Results with the Bruggeman Model

• The IR optical properties of a Ag �lm consisting of islands or holes can be
described by the Bruggeman model. In the e�ective dielectric function of such a
system (described by Eq. 2.43), for the dielectric function of metal particles εm
we take the Drude-type one for thin �lms. The dielectric in our case is vacuum,
so εh= 1. In the calculation, the frequency independent but thickness dependent
parameters ωτs and the �lling fraction F are used as �t parameters. As shown
in � 4.5.2, the SEIRA peaks of CO adsorbed on ultrathin Ag �lms consisting of
small islands did not show a shift following the increase of Ag coverage, so the
islands already show bulk Ag properties. Thus for the calculation we set β = 1.
In Fig. 4.12, the best �tted spectra are shown in graph (a) and �t parameters in
(b).

At low-frequency side and at low coverage of Ag, the relative transmittance is over
100%, which cannot be described by the the Bruggeman model. In Fig. 4.12 (a), the
�tted spectra show 100% transmittance in that area. Below the percolation threshold,
above 3.5 nm, the deviation shows a sharp increase and the spectra cannot be �tted
anymore. The model breaks down due to the big sinuous structures in reality (see
AFM images in Fig. 4.1 (B)). Below the percolation threshold, we always get a �lling
factor F <0.5. Above and near the percolation threshold, ωτs values are very high
and F values are meaningless, which are the expected behaviour of percolation. Near
the �nal thickness, F is close to 1.0 and ωτs equal to zero, which indicates the bulk
properties of the Ag �lm. This is in accord with the �t parameters with the Drude
type model shown in Fig. 4.10.

4.1.4 IR Re�ection Spectra of Ag/MgO(001)

IR Re�ection Spectra of Ag Films Grown on UHV Cleaved MgO(001)
In Fig. 4.13 we show the IR relative re�ectance spectra measured during a Ag �lm

growth in the range of 1000-6000 cm−1 with a resolution of 2 cm−1. The spectra are
recorded in oblique incidence (80◦) with p-polarized IR light. The Ag �lm was grown on
a UHV-cleaved MgO(001) surface at room temperature. In the beginning the relative
re�ectance decreases with the increase of Ag coverage. Then at a certain thickness
we observed a minimum re�ectance. Above that thickness, the re�ectance starts to
increases again. The re�ectance changes fast with slowly changing Ag coverage near
the minimum re�ection area. A fast transition of �lm properties must occur there. The
thickness at the minimum re�ectance is found close to the percolation threshold found
in transmission measurement at the same temperature. Since the Ag �lm growth at
room temperature was reproduced very well as seen from the measured transmission
spectra, it is reasonable to make a comparison of the spectral properties measured in
both transmission and re�ection geometries.

Generally, during a �lm growth process, we record one spectra in every 14 to 25 sec-
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Figure 4.13: Selection of relative re�ection spectra of Ag/MgO(001) at room temperature.

The labels show the average �lm thickness. In the upper part are the spectra

before the minimal re�ectance spectrum and in the lower part are those of the

same �lm beyond that. This thickness is related to the threshold which we

explained in transmission spectra measurement.
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Figure 4.14: Comparison of the re�ectance development at 2000 cm−1 of �lm No.mag6 with

the transmittance development at 2000 cm−1 and 4000 cm−1 of �lm No.ds4 fol-

lowing the increase of Ag coverage. Both �lms are prepared on UHV-cleaved

MgO(001) at room temperature. The crossover of the transmittance develop-

ments at two di�erent frequencies indicates the percolation threshold.

onds. Running through all the measured spectra during the growth of a �lm, we make
a cut at a certain wavenumber, so we get a section view of transmittance or re�ectance
development along the changing �lm thickness at this wavenumber. In Fig. 4.14 we
plot the development of relative re�ectance of this �lm at 2000 cm−1 together with the
development of transmittance of another �lm (No.ds4) at 2000 cm−1 and 4000 cm−1.
The two �lms are prepared at similar conditions. We see the minimum of re�ectance
does not overlap with the optical crossover of transmittance that we de�ne as the
percolation threshold. It is well known that from this kind of minimum the real con-
tribution of the Drude-type absorption starts to increase with average �lm thickness,
whereas before the minimum the absorption really is caused by the polarizability of
small particles [43]. In accord with this relationship the e�ect is due to the island-like
growth process.

In the literature this e�ect is not reported until now, but actually it is very similar to
the anomalous absorption behavior of granular gold �lms [77, 78], i.e., a maximum of
the optical absorption near the percolation threshold. J. Peiro et al. [78] measured it
on granular gold �lms (they studied in a range from λ= 0 to 3µm ) and also performed
calculations based on the e�ective medium theories by taking into account the actual
morphology of the �lms. According to their explanation this abnormal absorption at
and near the percolation threshold can be attributed to the classical surface plasma
modes, generally situated in the visible range for spheroidal inclusions, broadened here
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4.1 Ag Films Prepared at Room Temperature

towards higher wavelengths due to the formation of fractal clusters of various sizes.
Because one side the optical resonant absorption due to this surface plasma modes in
clusters has a maximum at the percolation threshold and starts to decrease above that,
on the other hand the metallic absorption from the in�nite cluster starts to increase
at the percolation threshold, the absorption of the �lm gives a measured absorption
maximum locating slightly above the percolation threshold. This conclusion also �ts to
our measured relation between the re�ection minimum and the percolation threshold.

When the �lm becomes thicker (above 7.5 nm) the relative re�ectance passes 100%,
which indicates higher re�ectance than that of the MgO surface. When the �lm be-
comes even thicker, a strong broad absorption band around 4250 cm−1 appeared. The
explanation of that is still unclear.

In Fig. 4.15 we compare the spectra of �lm No. mag6 with that of �lm No. mag8.
Their spectra below and above the minimum re�ection are all superposable, while near
the the minimum re�ection area, there is a big di�erence. In most of the transmis-
sion measurements we hardly see that. It seems that the measurements in re�ection
geometry are more sensitive.

In Fig. 4.16 (a), we show the re�ection spectra of a 3.94 nm Ag �lm grown on a UHV-
cleaved MgO(001) surface. Above the re�ectance minimum, after two more spectra
were measured, the �lm deposition was stopped. The �lm thickness at the re�ectance
minimum is 3.86 nm. After the �lm was prepared we turn the sample to the position
for transmission measurement. A single channel spectrum of the Ag/MgO(001) system
was measured. With the way presented in � 3.1.3, the relative transmission spectrum at
the �nal thickness was calculated with a pre-measured reference spectrum of MgO(001).
In Fig. 4.16 (b), we compare this spectrum to one from �lm No.mag1 and we get an
intuitive insight of how the percolation threshold is related to re�ectance minimum.

IR re�ection spectra of Ag �lms grown on air cleaved MgO
Here we present the e�ect of another factor on �lm growth: defects on the substrate

surface. MgO (100) surfaces prepared by cleaving in air are irreversibly damaged by
water vapor, which generates point defects [79]. Furthermore they are contaminated by
H2O and CO2 adsorbed on steps and kinks. The surface can be cleaned by annealing
in vacuum but surface defects, probably vacancies will remain. This is not the case
for MgO(001) surface prepared by in situ cleaving in a UHV chamber. Such surfaces
are clean but contain structural defects, which are mainly atomic steps. Studies of Fe
�lms grown on such two kinds of MgO(001) surfaces have been reported by G. Fahsold
et al. [46]. They knew from He-atom studies that Fe grows on perfect MgO(001)
as 3D islands before the coalescence of these islands leads to a complete coverage of
the substrate.The exposure of the substrate surface to air helps to partially overcome
the tendency towards 3D growth. Finally they found, at the same thickness, the
IR-transmittance of �lms grown on air-cleaved substrates is clearly lower compared to
that of �lms grown on UHV-cleaved substrates. In this work we will show some similar
studies on Ag-�lm growth here and Cu-�lm growth in � 5.1.
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Figure 4.15: Comparison of selected IR relative re�ection spectra from two Ag-�lm growth

experiments on UHV cleaved MgO(001) surfaces at room temperature. In (a)

are the spectra before the minimum re�ectance spectrum and in (b) are those of

the same �lm beyond that.The spectra of No.mag6 have been shown in Fig. 4.13.

The average �lm thicknesses for the spectra in dotted lines are indicated in italic

letters.
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Figure 4.16: (a) Selected relative re�ection spectra taken during a Ag-�lm growth on a UHV-

cleaved MgO(001) surface at room temperature. After the minimum re�ection

appeared, two more spectra were measured before the deposition was stopped.

(b) Comparison of the relative transmission spectrum measured at the �nal

thickness of this �lm (dashed line) with the spectra from another experiment

(solid lines, No.mag3).
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Figure 4.17: Comparison of IR relative re�ection spectra from di�erent Ag-�lm growth ex-

periments at room temperature. The spectra of �lm No.mag12 grown on air

cleaved MgO(001) was compared to that of �lm No. mag13 in (A) and to that of

�lm No. mag11 in (B). Both �lm No. mag11 and �lm No. mag13 are grown on

UHV-cleaved MgO(001) surfaces. For �lm No.mag13, the ions from the metal

beam source were taken away by putting a piece of magnet at the outside of

the evaporator.
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4.1 Ag Films Prepared at Room Temperature

Figure 4.18: Selected IR re�ection spectra of a Ag �lm grown on an air-cleaved MgO(001)

surface at about 300K. In (a) are the spectra before the minimum re�ectance

and in (b) are those beyond that. The �lm thickness is about 60% over-

estimated due to the misalignment of metal �ux with the substrate surface.

The broad absorption band around 4250 cm−1 was observed again.
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Defects on MgO(001) were also investigated in cluster calculation, and it was found
that a single metal atom (Cu, Ag) binds signi�cantly more strongly there [80].

In Fig. 4.17, selected IR relative re�ection spectra of Ag �lm No.mag12 grown on an
air-cleaved MgO(001) surface are compared with those of two Ag �lms grown on UHV-
cleaved MgO(001) surfaces. Film No.mag12 is compared to �lm No.mag13 in (A) and
to �lm No.ag11 in (B). We �nd their spectra are superposable at low Ag coverage, but
the corresponding thickness of �lm No.mag12 is always lower than that of the other
two �lms. Thus the �lm grown on air-cleaved MgO reaches the minimum re�ectance at
a smaller thickness. In the vicinity of the minimum re�ectance, big di�erence appears.
Refer to the relation between the percolation threshold and the minimum re�ectance,
we see the percolation threshold was lowered down due to the defects on air-cleaved
MgO surface. The defects a�ected the nucleation process.

In Fig. 4.18 re�ection spectra of a Ag �lm grown on air-cleaved MgO are shown. The
average �lm thickness of this �lm was about 60% over-estimated due to the misalign-
ment of metal �ux with substrate surface. Since the broad absorption band around
4250 cm−1 appears again, the �lm must be very smooth. On this �lm we measured
weak CO signal only in re�ection geometry.

In Fig. 4.19, IR re�ection spectra from two Ag �lm growth experiments are compared.
It shows that a MgO(001) surface prepared in the UHV chamber can be kept for at
least one day without getting contaminated.

Calculation of Re�ection Spectra with the Bruggemann Model
Both the perpendicular and parallel dielectric components in the �lm can be detected

by measuring in oblique re�ection geometry. The three dimensional (3D) Bruggeman
Model is a easy way for including the perpendicular component in the calculation.
With the same �t parameters ωτs and F as we used for the calculation of transmission
spectra, setting β = 1, the re�ection spectra of a room-temperature prepared �lm can
be calculated with the 3D Bruggeman Model. In the Model, the �lling factor at the
percolation threshold is Fc = 1/3. In Fig. 4.20, the best-�t parameters of a �t to the
spectra of �lm No.mag6 are shown in (b) and the best-�t spectra are shown in (a). As
we saw from Fig. 4.14, the absorption of the Ag �lm starts form about 2.5 nm. Thus,
below 2.5 nm the �t parameters shown in (b) are meaningless. As shown in Fig. 4.20, in
the range of 2.5 nm to 3.5 nm, the spectra are �tted well. For the range above 3.5 nm,
as in the �t to the transmittance spectra, a Bruggeman Model is impossible to describe
the spectra due to the special surface morphology. However, at higher thicknesses far
beyond the minimum re�ectance, the deviation between calculation and measurement
is still big, which probably indicates the anistropy of the �lm conductivity.

The existance of the minimum re�ectance was proved by an ideal re�ection calculation
with the 3D Bruggeman Model. In Fig. 4.21, the results of such an calculation were
shown. During the calculation, the �lm thickness is set at 6 nm and the �lling fractor
F acts as the varying parameter. In Fig. 4.21, the calculated re�ection spectra are
shown in (a) and (b), and the re�ectance development of these spectra at 4000 cm−1
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Figure 4.19: Selected IR re�ection spectra of �lm No.meng19 grown on an old UHV-cleaved

MgO(001) compared with those of the �lm No.mag6 grown on a fresh UHV-

cleaved MgO at about 300K. The old MgO(001) surface was kept in UHV for

one day. No big discrepancy even near the minimum re�ection area was found,

as expected.
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Figure 4.20: (a) The best �tted spectra of Ag �lm No. mag6 with the 3D Bruggeman Model

shown in Eq. 2.43. The spectra before the minimum re�ectance are shown in

the upper picture and those beyond the minimum re�ectance are shown in the

picture below.

(b) The deviation and the best-�t parameters ωτs and F versus the average

�lm thickness.
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Table 4.3: List of experiments performed at low temperatures. d denotes the average

�lm thickness; �rate� denotes the evaporation rate; �geometry� means the

measurement in transmission (T) or in re�ection (R) geometry.

Substrate

temper-

ature

Pressure

during

deposition

Deposition �nal

thick-

ness

IR

Spec-

troscopy

CO exposure

Exp T (K) P (10−10

mbar)

rate

(nm/min)

d (nm) geometry T (K) Pco

(10−8mbar)

geometry

ds2 100 1.5 0.103 7.4 T 103 2.6 T

ds7 96 4.8 0.104 5.2 T 95 9 T

mag2 96 1.5 0.14 4.2 T

mag19 93 <1 0.103 2.3 T

d5 69~63 2.1 0.096 4.9 T 55 2 T

mag15 48 <1 0.156 5.7 R

mag16 49 <1 0.92 4.5 T

is shown in (c). Obviously, the minimum re�ectance appears at F = 1/3, which is
the �lling factor at the percolation threshold. In reality, as we mentioned above, the
real measured minimum re�ectance locates slightly above the percolation threshold
due to the island-like growth process. In (b), the spectrum of the assumed 6 nm Ag
�lm calculated with a Drude Model was shown also. It overlaps with the spectrum
calculated with the 3D Bruggeman Model at F = 1, that is in accordance with what
we found in the �t to transmittance spectra.

4.2 Ag Films Prepared at Low Temperatures Cooled

with Liquid N2 or Liquid He

We can cool the sample down to about 100K and 50K with liquid Nitrogen or liquid
Helium. Both IR spectra and AFM images of Ag �lms grown at such temperatures
show di�erent properties from that of Ag �lms grown at or above room temperature.
Some interesting things are also found when CO was exposed to these �lms at the same
temperature as they were prepared. Table 4.3 shows a list of experiments performed
at low temperatures, of which the results are shown in this section.

4.2.1 IR Spectra of Ag Films Grown on MgO(001) at about
50K

In Fig. 4.22 we show relative re�ection spectra of a silver �lm (No.mag15) grown
at about 50K on an air-cleaved MgO(001) surface. As we measured on the room-
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Figure 4.21: (a) (b) Simulated re�ection spectra of a Ag �lm grown on MgO(001) with the

3D Bruggeman Model. The �lm thickness is �xed at 6 nm and the �lling factor

F is varied. The minimum re�ection appears at Fc = 1/3. The square-symbol
line in (b) is the spectrum of a 6 nm Ag �lm calculated with Drude Model. For

the dielectric function of the Ag islands (Ag �lm in Drude Model) εm, we took

the two constant Drude parameters: ωτb = 135 cm−1, ωpb = 74110 cm−1. The

numbers in (b) denote the �lling factor F .

(c) The re�ectance development of simulated spectra at 4000 cm−1 versus the

�lling factor F .70
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Figure 4.22: Selected relative re�ection spectra of a Ag �lm grown on an air-cleaved

MgO(001) surface at about 50K. In (a) are the spectra before the minimum

re�ectance and in (b) are those beyond that.
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Figure 4.23: Comparison of the re�ectance development at 4000 cm−1 of �lm No.mag15 with

the transmittance development at 2000 cm−1 and 4000 cm−1 of �lm No. mag16

following the increase of Ag coverage. Both �lms are prepared on air-cleaved

MgO(001) at about 48K.

temperature prepared �lms we also get a minimum re�ectance here. However, di�erent
from the spectra measured on room-temperature prepared �lms, most of the spectra
show a positive slope except those below 1.5 nm.

In Fig. 4.23 we show the development of re�ectance at 4000 cm−1 of this �lm com-
pared with the developments of transmittance at two wave numbers of another �lm
(No.mag16) prepared under similar conditions. We �nd the same conclusion that the
minimum re�ection stays at a thickness above the percolation threshold.

In Fig. 4.24 we show relative transmission spectra of one �lm grown on an air-cleaved
(No.mag16) and another one on a UHV-cleaved (No.ds5) MgO(001) surface cooled
by liquid He. The evaporation rates for the two �lms are almost equal. We �nd at
the same thickness and same frequency, the transmittance of the �lm grown on UHV-
cleaved MgO(001) is always lower than the one grown on air-cleaved MgO(001). This
shows the reverse case as what we found on room-temperature prepared samples: the
percolation threshold of a Ag �lm grown on air-cleaved MgO(001) is increased.

Refering to Eq. 2.47 we see the substrate temperature a�ects the nx in an exponential
way. A small decrease of temperature will produce a big increase on the total number of
islands. That is one reason why we get smoother �lms at low temperatures than at high
temperatures. Because the Ag adatoms have a high mobility even at low temperatures,
the interlayer di�usion will not be suppressed, so that we get very smooth �lms. On
an air-cleaved MgO(001) surface exist a lot of defects. Ag atoms stay more stable
on defects so that bigger islands are formed on such a surface than on a defect free
MgO(001) surface. That is why we get a higher transmittance of Ag on an air-cleaved
MgO(001) surface than on a UHV-cleaved MgO(001) surface at the same thickness.
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4.2 Ag Films Prepared at Low Temperatures Cooled with Liquid N2 or Liquid He

Figure 4.24: Selected relative IR transmission spectra of Ag �lms grown on: (a) air-cleaved

MgO; (b) UHV-cleaved MgO. MgO was cooled with liquid He. The numbers

indicate the �lm thicknesses in nm. In (b) the percolation threshold is reached

at a smaller thickness than in (a).
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Figure 4.25: Comparison of selected relative transmission spectra from di�erent Ag-�lm

growth experiments. Both �lms were grown on UHV-cleaved MgO(001) sur-

faces at about 100K. The two �lms are deposited with similar evaporation

rates and their spectra are superposable. The big divergence on thickness is

due to the misalignment of metal �ux with the substrate surface during the

growth of �lm No.ds2. Its thickness should be smaller.

4.2.2 IR Spectra of Ag Films Grown on MgO(001) at about
100K

The �lm growth at 100K on MgO(001) is also reproducible. In Fig. 4.25 we show
relative transmission spectra of two �lms grown on UHV-cleaved MgO(001) surfaces
at about 100K with similar evaporation rates. Although there is a big di�erence on
the corresponding thicknesses, the spectra are well superposable. The big thickness
di�erence is from �lm No.ds2. The metal �ux from the evaporator and the substrate
surface was misaligned during the growth of this �lm. Its real thickness should be
smaller.

In Fig. 4.26 we show relative transmission spectra of three Ag �lms grown at the same
temperature (100K), but with di�erent evaporation rates and on substrates prepared
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Figure 4.26: Selected relative transmission spectra of three Ag �lms grown on air- or UHV-

cleaved MgO(001) surfaces at about 100K. The evaporation rate of each �lm is

indicated in the �gure.
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

in di�erent ways. We �nd a similar phenomenon as we saw on the �lms grown at 50K:
at the same thickness and the same frequency, the transmittance of a Ag �lm grown on
an air-cleaved MgO(001) surface is higher than that of a �lm grown on a UHV-cleaved
MgO(001) surface. We found the evaporation rate shows an obvious e�ect also. From
Eq. 2.47 we can see, on the basis of the big e�ect from a low temperature, a small
change on the evaporation rate R will a�ect the density of islands a lot.

4.2.3 Fitted Transmission Spectra of Ag Films Grown on
MgO(001) at 50K and 100K

As we have dealt with the room-temperature prepared �lms, we �tted the measured
transmission spectra based on the bulk data at low temperatures. The two Drude
parameters for Bulk Ag from Ordal [38] at low temperatures are:

ωτb = 16.5 cm−1 + 0.0386 · ω, ωpb = 74110 cm−1 (4.3)

for bulk Ag at 60K, and

ωτb = 37.6 cm−1 + 0.0386 · ω, ωpb = 74110 cm−1 (4.4)

for bulk Ag at 100K. To calculate the spectra of thin �lms, we still use the two
frequency independent but thickness dependent parameters ωτs and β as �t parameters.

When we perform Drude type �ts to the transmission spectra of low-temperature
prepared �lms, we often �nd that the β values are above unity. This could be due to
the uncertainty in the thickness calibration [45]. Thus we tried a �t with thicknesses
normalized by an increase of 10% to exclude the uncertainty from thickness calibration.
For the two �ts we will show in Fig. 4.27 and Fig. 4.28 we use the normalized �lm
thickness.

In Fig. 4.27 (B) the best �tted spectra with the Drude type model of a �lm grown at
about 60K are shown; in (A), the total relaxation rate ωτ at 2000 cm−1 instead of ωτs,
the deviation and the scaling factor β for ωp versus average �lm thickness are shown.
Di�erent from the phenomenon found on the calculation of room-temperature prepared
Ag �lms, the spectra of this cold-deposited �lm are �tted perfectly only by varying the
two thickness-dependent �t parameters ωτs and β. The total relaxation rate ωτ due to
the surface scattering part ωτs becomes very big even at the �nal thickness. Besides the
surface roughness, that accounts for the voids and defects in low-temperature prepared
�lms. Due to the big ωτ , the transition of Im εe� at ωmax is not obvious anymore [76].
Thus the spectra are well �tted. At the �nal thickness, the scaling factor β for ωp

is almost equal to 1, which means the �lm behaves like bulk silver. The decrease of
β with decreasing thickness corresponds to an increase of depolarization �elds. An
increase of these depolarization �elds indicates an increasing amount of tilted surface
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(A) (B)

No. No.

Figure 4.27: Results of a �t to the relative transmission spectra of a �lm grown on a UHV-

cleaved MgO(001) surface at about 60K with the drude type model. In (A), the

total relaxation rate of the �lm ωτ at 2000 cm−1 instead of ωτs, the deviation,

and the scaling factor β for ωp versus the average �lm thickness are shown

together; In (B), best �tted spectra (dotted lines) are shown together with the

measured ones (solid lines).
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(A) (B)

No No.ds7

Figure 4.28: Results of a �t to the relative transmission spectra of a �lm grown on a UHV-

cleaved MgO(001) surface at about 100K with the drude type model. In (A),

best �tted spectra (dotted lines) are shown together with the measured ones

(solid lines); in (B), the total relaxation rate of the �lm ωτ at 2000 cm
−1 instead

of ωτs, the deviation , and the scaling factor β for ωp versus the average �lm

thickness are shown together.
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4.3 Ag Films Prepared at High Temperatures (400K, 450K, 500K)

Table 4.4: List of experiments performed at high temperatures. The average �lm thickness

is denoted by d. �rate� denotes the evaporation rate; �geometry� means the

measurement in transmission (T) or in re�ection (R) geometry.

Substrate

tem-

pera-

ture

Pressure

during

deposition

Deposition �nal

thick-

ness

IR

Spec-

troscopy

CO exposure

Exp T (K) P (10−10

mbar)

rate

(nm/min)

d (nm) geometry T (K) Pco

(10−8mbar)

geometry

ds6 398 3.8 0.092 32 T 95 3 T

mag10 450 1.7 0.148 29 R 90 8 T

ds8 494 4.4 0.113 40.5 T 96 9 T

mag24 500 20 0.125 33.4 T 93 5 T

area or an increasing long-range roughness amplitude. The steep increase of ωτs at
around 1.6 nm indicates the breakdown of the Drude model.

In Fig. 4.28, the calculated results with the Drude type model to the spectra of a �lm
grown at about 100K are shown. We get similar results as shown in Fig. 4.27. Very
big ωτ and perfectly �tted spectra were obtained. Because the percolation threshold
of this �lm is higher than that of the �lm No.ds5 shown in Fig. 4.27, the breakdown
of the Drude model appears at around 1.9 nm in Fig. 4.28. Although with normalized
�lm thicknesses, the values of β2 are still above unity at high thicknesses. Fe �lms
grown on MgO also show such kind of increased plasma frequency at a thickness far
above the percolation threshold [45]. Further investigations are necessary to explain
this.

4.3 Ag Films Prepared at High Temperatures (400K,

450K, 500K)

The sticking probability of Ag on MgO(001) between 100K and 500K has been de-
termined by M.-H. Scha�ner et al. [62]. They found almost a zero probability of Ag
atoms staying on a MgO surface at 500K. However, an epitaxial growth of Ag islands
grown on MgO(001) obtained above 500K has been reported [81]. Additionally we
�nd Ag can adsorb on a MgO(001) surface at 500K in a probability bigger than zero
and also follows an epitaxial growth. In this section we present the IR spectroscopy
and AFM studies of Ag �lms grown on hot MgO(001) substrates. In table 4.4 a list of
experiments performed at high temperatures is given, of which the results are shown
in this section.
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Size:4 m × 4 mμ μ

(A)

(B)

10nm

0nm

10nm

0nm

Figure 4.29: (A) IR relative transmission spectra of a Ag �lm grown on a UHV cleaved

MgO(001) surface at about 400K. The percolation threshold did not appear

even at a thickness of 32 nm. (B) The AFM image of this �lm. The scan size

is 4×4µm2. The structure is very similar but is about 7 times larger than that

on the room-temperature prepared �lm with a thickness near to the percolation

threshold.

4.3.1 IR Transmission Spectra of Ag Films Grown on
MgO(001)

In Fig. 4.29 (A) we show selected relative transmission spectra of a Ag �lm grown on a
UHV-cleaved MgO(001) surface at 400K. The average �lm thickness indicated in the
�gure is that measured by the quartz microbalance based on the assumption that all
the arriving metal atoms will stay on the substrate. Since not all the arriving metal
atoms will stay on such a hot surface, the real thickness for this �lm should be smaller.

The development of the transmittance following the increase of Ag coverage is similar as
we found on room-temperature prepared �lms. Compared with that, the transmittance
near the percolation threshold on this �lm is quite low. That is owing to the never
coalesced big islands which can be seen by the AFM image shown in Fig. 4.29 (B).
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4.3 Ag Films Prepared at High Temperatures (400K, 450K, 500K)

The AFM image shows a structure corresponding to the percolation threshold. The
structure size is about 7 times bigger than that on the room-temperature prepared
�lms.

In Fig. 4.30 (A) and (B), selected relative transmission spectra of two �lms grown
on UHV-cleaved MgO(001) substrates at about 500K are shown. The spectra of the
two �lms are not superposable probably due to the di�erent base pressure during
�lm growth. At 500K the sticking coe�cient of Ag on MgO is even smaller, so the
divergence between the presented thickness in the �gure and the real thickness is even
bigger.

At high temperatures, as can be seen from Eq. 2.47, the total number of islands is
reduced. Consequently big islands will be formed with the increase of Ag coverage.
Also Ag adatoms have high mobility, moreover there is a very small lattice mismatch
(< 3%) between Ag and MgO, an epitaxial growth is possible. The AFM images of
the two �lms in (A) and (B) are shown in Fig. 4.30 (C) and (D). Very big islands
are presented in the images and an epitaxial growth is obvious. Most of the islands
are distributed regularly and have a rectangular shape. The edges of the rectangular
shaped islands are orientated along the <110> or <11̄0> direction of the MgO(001)
substrate and their surfaces are �at and quite smooth. As we mentioned in � 2.6 the
energy barrier for Ag adatoms di�using on MgO(001) is much smaller when di�using
along the <110> direction than along the <100> direction. This fact results in the
rectangular shape of the islands. The epitaxial distribution of the islands is mainly
due to the small lattice mismatch between Ag and MgO(001) and the high di�usion
rate of Ag adatoms on both MgO and Ag itself at 500K.

4.3.2 IR Re�ection Spectra of Ag Films Grown on MgO(001)

For the convenience of evaporation IR re�ection spectra were captured during a Ag
�lm growth on an air-cleaved MgO at 450K. In Fig. 4.31 we show its relative re�ection
spectra in (a), and some detailed change of re�ectance in a small thickness range in
(b). As we found on room-temperature prepared �lms the spectra have a negative
slope at low Ag coverage. The over-100% re�ectance at lower wave numbers was also
observed, which is due to a shift of the multi-phonon absorption edge of MgO caused
by the anti-absorption of certain arrays of islands . The base lines of the spectra are
oscillating up and down in a range of 6% due to the instability of the sample position.
Because of the small sticking coe�cient of Ag adsorbed on MgO at 450K, we did not
reach the minimum re�ectance although a large amount of Ag was evaporated.
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Figure 4.30: (A) Selected IR relative transmission spectra of a Ag �lm grown on UHV cleaved

MgO at 500 K. The base pressure during �lm growth is below 1×10−10 mbar;

(B) Selected IR relative transmission spectra of another Ag �lm grown on

UHV cleaved MgO at 500K. The base pressure during �lm growth is above

5×10−9 mbar; (C)and (D) AFM images of the two �lms. The scan size is 4×4
µm2. The inset arrows show the lattice orientation of the MgO(001) substrate.
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Figure 4.31: (a) Selected IR relative re�ection spectra of a Ag �lm grown on an air cleaved

MgO surface at about 450K. At low wave numbers an anti-absorption e�ect

was observed. Some spectra are shown in (b) in a small spectral range for the

purpose of showing some details about the development of the anti-absorption.
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Table 4.5: List of experiments for Ag �lms consisting of small islands performed at room

temperature. d denotes the average �lm thickness; �geometry� means the

measurement in transmission (T) or in re�ection (R) geometry.

Substrate

tempera-

ture

Pressure

during

deposition

�nal

thickness

IR spec-

troscopy

CO exposure

Exp T (K) P

(10−9mbar)

d (nm) geometry T (K) Pco(10−8mbar) geometry

mag5 299 0.3 1 T 91 3 T

mag25 301 1.9 0.5 T 58 1 T

mag26 299 1.9 0.3 T 56 1.1 T

mag27 303 3 0.2 T 54 1.1 T

mag28 301 3 0.1 T 50 1.1 T

4.4 AFM Images of Ultrathin Ag Films Consisting of

Small Islands

In table 4.5 an overview of the experiments of which the AFM images are shown in
this section is given.

In Fig. 4.32 we show the AFM images of ultrathin Ag �lms (≤1 nm) grown on UHV-
cleaved MgO(001) surfaces at room temperature. The images (a) to (e) shown in
Fig. 4.32 were measured as soon as every sample was taken into air. From Fig. 2.8 we
see the total number of clusters keeps increasing until the coalescence process dominates
the growth. However, when we count the islands in the AFM images measured we �nd
the total number of islands did not follow the increase of Ag coverage in this way. So
we think the �lm morphologies already changed because of the coalescence of small
islands. The smaller the islands are the faster the di�usion is. J. W. Evans [82]
reported a fast coalescence (<3 hours) of pairs of islands by either corner-to-corner or
side-to-side connection.

As we can see from the AFM image of the 0.5 nm Ag �lm in Fig. 4.32, some uncompleted
coalescence of pairs of islands in both ways still exist. The images in the second row of
Fig. 4.32 are taken after the �lm was exposed to air for two or three hours. The �rst
one is for the 0.1 nm �lm and the second one is for the 0.2 nm �lm. The islands on the
�lm coalesce fast and rough �lms were formed.
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0.2 nm 0.3 nm 0.5 nm0.1 nm 1 nm

~ 2 hours later

~ 2 hours later

(a) (b) (c) (d) (e)

(f) (g)

AFM pictures of ultrathin Ag films grown on UHV cleaved MgO, T=300 K ± 2 K.

Figure 4.32: AFM images of ultrathin Ag �lms consisting of small islands. All the �lms

were grown at room temperature. The average �lm thickness of each �lm was

indicated on the top of the �rst row of images. The images in the �rst row were

measured soon after the sample were taken out from UHV chamber; the images

(f) and (g) in the second row were captured about two hours after (a) and (b)

were measured.

4.5 SEIRA of CO Adsorbed on Several Kinds of Ag

Films

4.5.1 SEIRA of CO Adsorbed on Cold-deposited Ag Films

Most of the low-temperature prepared �lms were kept at the preparation temperature
and exposed to CO gas. SEIRA spectra of CO adsorbed on these �lms were measured
in situ. All the related Ag �lms of which we will show the CO sepectra are grown on
UHV-cleaved MgO(001) surfaces.

In Fig. 4.33, the relative transmission spectra of CO adsorbed on a 4.85 nm �lm at 60K
are shown. A single peak appears at 2124 cm−1 in the beginning of exposure and shifts
to lower frequencies with the increase of CO coverage. At about a dose of 2.7 L CO the
peak gets saturated. This is the typical behavior of chemisorbed CO on cold-deposited
Ag �lms.

On the CO spectra of the other two Ag �lms grown at 100K, we only see non-shifted
peaks. For CO adsorbed on �lm No.ds2, as shown in Fig. 4.34, the peak locates at
2140 cm−1 and saturation features were observed. For CO adsorbed on �lm No.ds7, as
shown in Fig. 4.35 (A), the peak locates at 2124 cm−1 and saturation features are also
observed. After the valve of gas dosing was closed, this peak disappeared soon. These
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

Figure 4.33: SEIRA of CO adsorbed on a 4.85 nm Ag �lm at about 60K. The Ag �lm was

deposited at the same temperature. The spectra are vertically shifted.

two peaks at di�erent frequencies were due to physisorbed CO on di�erent facets or
on di�erent sites on the same facet.

Incidentally, in Fig. 4.35 (B), we show the AFM image of �lm No.ds7. To some extent
the �lm shows a �at surface, whereas there are some mild undulations. By IR trans-
mittance studies we have validated that the mesoscopic structure of the �lm does not
signi�cantly change due to a slow annealing process of the �lm [26]. However, the struc-
ture at atomic scale on the island facets was a�ected, which cannot be resolved with
the AFM. Thus owing to the resolving power of AFM, the surface morphology shown
by the AFM images measured at room temperature can be approximately considered
as that observed at low temperatures.

4.5.2 SEIRA of CO Adsorbed on Small Ag Islands

CO adsorbed on ultrathin Cu �lms (below 0.3 nm) at about 100K has been well studied
[16]. When Cu was evaporated onto MgO(001) at room temperature, islands were
formed. CO adsorbed on these islands at 100K shows a SEIRA e�ect. Up to saturation
exposure, both the intensity and the frequency of the SEIRA peak are related to the Cu
�lm thickness. Also the amount of exposed CO gas at the saturated spectrum of each
�lm increases with the �lm thickness because of the increased sites for adsorption. In
this work we will show some additional results about CO adsorbed on small Cu islands
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Figure 4.34: Selected relative transmission spectra of CO adsorbed on a 100K prepared Ag

�lm at the same temperature. The Ag �lm was grown on a UHV cleaved

MgO(001) surface. The spectra are vertically shifted.

Size:171 nm × 171nm

(A)

(B)

No. ds7, d=5.2 nm

Figure 4.35: (A) Selected relative transmission spectra of CO adsorbed on a 100K prepared

Ag �lm No.ds7 at the same temperature. The Ag �lm is 5.2 nm thick and is

grown on a UHV cleaved MgO(001) surface. (B) The AFM image of this �lm

was taken at room temperature in air. The scan size is 170×170 nm2.
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Figure 4.36: SEIRA of CO adsorbed on a 0.1 nm Ag �lm prepared at room temperature on

a UHV cleaved MgO(001) surface. The base pressure in the UHV chamber is

around 3×10−9 mbar. In (A) the CO peak appears at 2121 cm−1 �rst then shifts

to 2111 cm−1 following the increase of CO coverage. The peak appears later at

2138 cm−1 accounts for the CO adsorbed on MgO. In (B) the growth of peak

2138 cm−1 following the increase of CO coverage was shown and no saturation

was found at the end of exposure.
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Figure 4.37: SEIRA of CO adsorbed on a 0.2 nm Ag �lm at about 50K. The Ag �lm was

prepared at room temperature on a UHV cleaved MgO(001) surface. The base

pressure in the UHV chamber was about 3×10−9 mbar. The CO peak appears at

2127 cm−1 �rst then shifts to 2112 cm−1 following the increase of CO coverage.

The peak appears later at 2138 cm−1 accounts for CO adsorbed on both the Ag

and the MgO surface.

in � 5.4.1. Ag �lms grown on MgO(001) at room temperature at low coverage also show
separated islands. As we mentioned in � 2.6, the di�usion barrier and adsorption energy
of Cu on MgO are much higher than that of Ag on MgO. At the same temperature,
compared with the same amount of deposited Cu (very low coverage), from Eq. 2.46
we know the total number of Ag islands will be less than that of Cu. In Fig. 5.1 we
can directly see that from AFM images. The total number of Cu islands per unit area
of a 0.5 nm Cu �lm is about 6 times that of a same thick Ag �lm, i.e., the average size
of Ag islands is about 6 times of that of Cu islands. Thus a study of adsorption of CO
on very small Ag islands as that on Cu would need Ag deposited on a cooled sample.
At room temperature the islands already show the CO frequency close to that on an
extended surface.

Some ultrathin Ag �lms grown on UHV-cleaved MgO(001) surfaces at room tempera-
ture, of which the AFM images were shown in Fig. 4.32, were cooled down with liquid
Helium to about 50K and exposed to CO gas. Simultaneously relative IR spectra were
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Figure 4.38: SEIRA of CO adsorbed on a 0.3 nm Ag �lm at about 50K. The Ag �lm was

prepared at room temperature on a UHV cleaved MgO(001) surface. The base

pressure in the UHV chamber is about 3×10−9 mbar. The CO peak appears at

2127 cm−1 �rst then shifts to 2111 cm−1 following the increase of CO coverage.

The peak appearing later at 2138 cm−1 accounts for CO adsorbed on both the

Ag and the MgO surface.

measured in transmission geometry.

In Fig. 4.36 to Fig. 4.39, the SEIRA spectra of CO adsorbed on Ag �lms ranging from
0.1 nm to 0.5 nm are shown. On the CO spectra of most �lms a peak at around
2127 cm−1 appears �rst, then shifts to 2111 cm−1 with the increase of CO coverage.
Later on, another sharp peak at 2138 cm−1 appears. On some �lms it becomes (on the
0.3 nm �lm) saturated at higher exposure, but on the other �lms (on the 0.1 nm, 0.2 nm
and 0.5 nm �lms) it keeps increasing with the CO dose without getting saturated.
Knowing from the literature studies as we listed in the beginning of this section, the
peak at 2127 cm−1 should be due to chemisorbed CO. This means we have some atomic
scale roughness on the �lm surface. The sharp peak is due to a physisorbed species.
The appearance of this peak could be a result of two facts. First it could be due to CO
adsorbed on MgO(001) surface. We have checked that CO adsorbed on an air cleaved
MgO(001) surface at the same temperature also shows a peak at the same frequency.
Second we might get some ordered sites on a room temperature prepared Ag �lm.
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Figure 4.39: SEIRA of CO adsorbed on a 0.5 nm Ag �lm at 50K. The Ag �lm was grown on

a UHV cleaved MgO surface at room temperature. One CO peak appears at

2127 cm−1 �rst, then shifts to 2111 cm−1 following the increase of CO coverage.

The peak appearing later at 2138 cm−1 accounts for CO adsorbed on both the

Ag and the MgO surface.

However, the ongoing increase of the peak is due to CO condensed on the MgO(001)
substrate. On the 0.3 nm Ag �lm we �nd this peak gets saturated. Since we are at
the temperature edge where CO easily desorbs from MgO, the saturated peak could
be ascribed to a physisorbed species only on Ag at a little bit higher temperature.

On some �lms, the SEIRA spectra of adsorbed CO shows two vibrational bands. We
collect the last SEIRA spectrum of CO adsorbed on each �lm, on which the peak
due to physisorbed species did not appear yet together in Fig. 4.40. On these spectra,
every peak due to chemisorbed CO shows saturation. We did not �nd a thickness
dependent frequency of CO as we �nd on Cu (see � 5.4.1). The peak intensity becomes
high following the increase of Ag coverage.

On a thicker �lm (1 nm) the CO spectra are distinct: six peaks were found after a
large dose of CO. The peak at 2059 cm−1 could be due to chemisorbed CO on defects
or on a bridge side of the metal lattice. The two very broad peaks at 1643 cm−1 and
3213 cm−1 should be due to contamination. The other two narrow peaks at 2122 cm−1

and 2142 cm−1 are due to physisorbed CO on di�erent facets or on di�erent sites of the
same facet. The very tiny peak at 2341 cm−1 arises from the asymmetric stretching
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Figure 4.40: Collection of SEIRA of CO on small Ag islands at saturation dose as described

above.
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Figure 4.41: SEIRA of CO adsorbed on an 1 nm Ag �lm at about 90K. The spectra were

shown as measured. The Ag �lm was prepared on a UHV cleaved MgO surface

at 300K. The multi-peaks will be found also when CO adsorbs on thicker Ag

�lms prepared at 300K.
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Figure 4.42: IRRS (IR re�ection spectra) of CO adsorbed on a 14.6 nm Ag �lm (Nr.mag20)

at about 100K. The �lm was prepared at 300K on air cleaved MgO and the

spectra captured during evaporation are shown in Fig. 4.18. Spectra were also

captured in normal transmission geometry when CO was exposed to the �lm at

100K and no signal was observed.

of adsorbed CO2. It seems that an 1 nm �lm already shows polycrystalline properties.
We will see all these peaks again when CO adsorbed on thick Ag �lms grown at 300K
with a structure corresponding to the percolation threshold at 100K. There a detailed
explanation will be given.

4.5.3 SEIRA of CO Adsorbed on Smooth Ag Films Prepared
at Room Temperature

The AFM images of very thick Ag �lms show a very �at surface including some rect-
angular holes (see Fig. 4.2 (B), and image (3) and (4) in Fig. 4.1 (B)). No CO vibration
and base line shift were observed on them by measuring in transmission geometry.
However, on �lms with thicknesses close to the percolation threshold, whose AFM
images show big seperated sinuous structures (for example, see image (1) and (2) in
Fig. 4.1), multi-CO vibration peaks were found.

93



4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

On a 6.4 nm Ag �lm (No.mag1), of which the AFM image is shown as image (3) in
Fig. 4.1, no CO signal was found by measuring in transmission geometry when CO was
exposed to it at about 100K. There are two possibilities for what we observed. The
�rst one is that CO may not adsorb on such a surface at 100K. The second one is that
all the bonds of CO molecules are oriented to the normal direction of the very smooth
Ag surface so that we cannot detect them in normal transmission. For the second case
we can perform a measurement in oblique re�ection geometry to �nd out.

In Fig. 4.42 we show the re�ection spectra of CO adsorbed on a very thick and smooth
�lm (No.mag20) at 94K. On this �lm at the same temperature we did not detect a
CO signal when measuring in transmission geometry. The intensity of the peak shown
in the �gure is very weak. It seems that there is almost no atomic scale roughness and
no enhancement. Now it is clear that CO molecules adsorb on very smooth Ag �lms
with all the bonds oriented to the metal surface normal direction.

4.5.4 SEIRA of CO Adsorbed on Ag �lms Showing Big
Separated Islands

4.5.4.1 SEIRA of CO Adsorbed on Room-temperature Prepared Ag Films
Near the Percolation Threshold

On Ag �lms with thicknesses near the percolation threshold, of which the AFM images
show big sinuous structures, we �nd strong SEIRA of CO at about 100K. Below in
Fig. 4.43 (A), Fig. 4.44, Fig. 4.45 (a), and Fig. 4.46 we show the SEIRA spectra of CO
adsorbed on such �lms measured in normal transmission geometry in the sequence of
increasing �lm thickness. On such kind of �lms we frequently observe six vibration
peaks. We number them as 1 to 6 following the increase of their frequencies. From �lm
to �lm the peaks shift a little bit. We collect all the peak frequencies from these �ve
�lms and put them in table. 4.6. Peak No.1 at around 1640 cm−1 and No.2 at around
2030 cm−1 are all broad so their frequencies are not so critical. As we just mentioned,
CO adsorbs on a smooth Ag surface with all bonds orientated to the surface normal, so
the signal we measured is due to the CO adsorbed on the side walls of the big sinuous
structures.

When CO was exposed, all the peaks did not appear at the same time. There is a
sequence for the appearance of every peak. It helps to understand easily if we have
a plot of the changing intensity of every peak versus the CO dose. In order to get
that we choose some points which do not change much relative to the 100% line in the
spectra as reference, then subtracts the lowest transmittance of the stretching peak
by the transmittance of one choosed point, the absolute peak-height scaled to 100%
is achieved. Certainly there is some approximation because the lowest transmittance
of a peak usually shifts a little bit with increased gas exposure whereas we take the
frequency of the peak at the �nal dose as the peak position through all the measured
spectra. In Fig. 4.43 (B), Fig. 4.45 (b) and Fig. 4.47, we show such kind of plots for CO
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Table 4.6: Statistics of the frequency of the vibrational peaks measured when CO was ex-

posed to rough Ag �lms grown at room temperature. We number all peaks as 1 to

6 following their increasing vibration frequencies. The unit of the peak frequency

is cm−1. The UHV is kept by an ion getter pump together with a TSP when these

experiments were performed.
Figure Film T�lm d(nm) TCO geometry 1 2 3 4 5 6

Fig. 4.43 (A) No.mag4 300 K 3.4 100 K T 1622 2029 2069 2120 2135 2332

Fig. 4.44 No.mag11 300 K 3.64 100 K T 1636 2030 2071 2123 2136 2331

Fig. 4.45 (a) No.mag7 300 K 5.23 100 K T 1673 2041 2072 2123 2139 2334

Fig. 4.46 (a) No.mag3 300 K 5.3 100 K T 1674 2040 2072 2123 2135 2331

Fig. 4.46 (b) No.mag13 300 K 5.43 100 K T 2030 2071 2123 2135 2331

adsorbed on �lm No.mag4 (see Fig. 4.43 (A)), �lm No.mag7 (see Fig. 4.45 (a)) and �lm
No.mag3 (see Fig. 4.46 (A)). From these plots we can easily see the appearing sequence
of the peaks and their later developments.

Let us take the SEIRA of CO adsorbed on �lm No.mag4 shown in Fig. 4.43 as an
example. From the plots of intensity development or the series of SEIRA spectra
we can see that peak No.5 at about 2135 cm−1always appears as the �rst one and
shows saturation structure at a low exposure. From literature we know this peak
is due to monolayer physisorbed CO on which almost no shift was observed. The
peak has a Fano-line shape [83, 84], which is asymmetric and is an indication of a
rough surface. The extent of asymmetry indicates how rough the surface is. At the
percolation threshold the asymmetry reaches its maximum. After exposing a small
dose of CO this peak becomes saturated. After that, following the increase of exposure
its intensity starts to decrease and at the same time the sharp peak No.4 appears at
2120 cm−1 as a shoulder of it. Later the intensity of the peak at 2135 cm−1 becomes
smaller and smaller. On some �lms, it even disappears after a dose of hundreds of L
of CO. On the contrary, the intensity of No.4 at 2120 cm−1 keeps increasing and no
saturation was observed.

The broad peak No.2 at about 2030 cm−1 appears after No.5 and before No.4. This
peak was not reported in literature yet. Because it is broad and at a low frequency it
could be due to CO chemisorbed on defects and polycrystalline sites, or CO bonds to
a bridge side of a metal lattice [15].

Another sharp peak No.3 at 2069 cm−1 appears almost at the same time as No.4 at
2120 cm−1. It is a shoulder of No.2 at 2030 cm−1. Both No.3 and No.4 are sharp and
their intensity increases with exposure without getting saturated and without shift-
ing. All these properties indicate multi-layer physisorbed species. There are di�erent
possibilities about the existence of these two peaks. First it could be CO molecules
adsorbed on di�erent ordered facets or on di�erent sites of the same facets [53]. A band
due to CO adsorbed on Ag(110) was found at 261±4meV (2105±32 cm−1) by EELS
[51]. Because of the low resolution of EELS we cannot relate this peak to any one of
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Figure 4.43: (A) SEIRA spectra of CO adsorbed at about 100 K on a room-temperature

prepared �lm with a thickness (3.4nm) near to the percolation threshold. The

spectra are normalized and vertically shifted. The position of every CO peak is

indicated at the top of every erect dot-dashed line, and also the dosage of CO

gas for every spectrum is given in a unit of L (1L=1×10−6 Torr·s) at the right
side .

(B) Intensity development of every peak found in (A) versus dose of CO after

the CO gas exposure was started. The erect line indicates the moment when

CO exposure was stopped. The doses shown at the right side of the erect line

have no physical meaning anymore but are only a hint of elapsed time.
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Figure 4.44: SEIRA of CO adsorbed on a 3.64 nm thick Ag �lm at about 100K. The �lm

was prepared at 300K on a UHV cleaved MgO(001) surface.
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what we found. Second because they appeared later, it could be due to a reorder of
already adsorbed CO molecules [9, 10].

After a dose of 20 to 50L of CO, the last two peaks appeared as No.1 around 1640 cm−1

and No.6 around 2331 cm−1. No.6 is assured to be the asymmetric stretch of adsorbed
CO2 molecules. No.1 could be the condensed Carbon which is often found on a Ra-
man spectrum of metal �lm as contamination. The appearance of these two peaks is
amazing not only because their inexistence in the gas source but also because of the ad-
sorption of CO2 on Ag at such a high temperature. There are a few possibilities about
their appearance. The �rst possibility is a Boudouard reaction CO+CO →CO2 +C
happened among adsorbed CO molecules. We clearly �nd this type of reaction always
(also on Ag �lms grown at 400K and 500K) on Ag island �lms showing small and
deep grooves but not on the cold-deposited �lms and not on the �lms well beyond the
percolation threshold, for example not on the smooth �lm grown at 300K mentioned
above (on which no CO signal was found by measuring in transmission geometry). This
reaction is observed at only 100K, which is a very low temperature for the Boudouard
reaction [85] and the understanding of that needs more experimental and theoretical
work.

Another possibility is the CO2 comes from the tiny contamination in CO gas source.
The CO2 peak only appears after long time exposure and the absorption of CO2 on
such kinds of �lms was strongly enhanced. The adsorption of CO2 could also be
morphology sensitive. We excluded the possibility that CO comes from the residual
gas by measuring long time on a fresh cooled Ag �lm prepared at room temperature.
The thickness of this �lm is near to the percolation threshold. The peak No.1 could
be due to some contamination on the surface.

On the other four �lms, we �nd the appearance of the six peaks following the same
sequence. The frequency of every peak is varied a little on �lms with di�erent thick-
nesses.

In Fig. 4.43 (A) and Fig. 4.47, at the moment that the CO exposure was stopped, the
intensity of peak No. 3 at 2072 cm−1 jumped to a high value. This phenomenon is not
found in Fig. 4.45. The reason remains unclear.

CO2 Adsorbed on a Ag Film Surface at about 100K
As mentioned above, we always get a peak for the CO2 asymmetric stretch mode

[52] when CO gas was exposed to Ag �lms at 100K. We made a test by exposing CO2

gas directly to the Ag �lms to see how CO2 adsorbs on Ag �lms. In Fig. 4.48, SEIRA
of CO2 adsorbed on a 3.94 nm Ag �lm at about 100K is shown. The peaks are at
the same position as we �nd on the SEIRA spectra of CO. The Ag �lm is not fresh.
Just after it was prepared on a UHV cleaved MgO(001) surface at room temperature,
it was cooled down to about 50K and exposed to N2 gas; on the second day, after it
was warmed up naturally to room temperature, it was cooled down again but to about
100K and was exposed to CO2 gas. The enhancement of CO2 absorption ascribes to
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Figure 4.45: (a) SEIRA of CO adsorbed on a 3.64 nm thick Ag �lm at about 100K. The

�lm was prepared at 300K on a UHV cleaved MgO(001) surface in a CO gas

surrounding at a pressure of 4×10−8 mbar.

(b)Intensity development of every peak found in (a) versus dose of CO after

the CO gas exposure was started. After 230L dose of CO the exposure was

stopped. The doses above 230L shown on the axis have no physical meaning

but are only a hint of elapsed time.
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(A)

(B)
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Figure 4.46: (A) SEIRA spectra of CO adsorbed on a 5.3 nm thick Ag �lm at about 100K.

The �lm was prepared at 300K on a UHV cleaved MgO(001) surface and the

AFM image of which shows sinuous structures (see (c)).

(B)SEIRA of CO adsorbed on a 5.4 nm thick Ag �lm at about 100K. The �lm

was prepared at 300K on a UHV cleaved MgO(001) surface. The AFM image

of it also shows sinuous structures (see (d)).
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Figure 4.47: Intensity development of every peak found in Fig.4.46 (a) versus the elapsed

time after the CO gas exposure was started. In the �gure at the left side the

development is shown till the exposure was stopped for some time. The dashed

erect line indicates the moment at which the exposure was stopped. The area

that the dashed line box indicates is shown again in a bigger scale in the �gure

at the right side.
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Figure 4.48: SEIRA of CO2 adsorbed on a 3.4 nm Ag �lm prepared at room temperature.

The details of this Ag �lm can be found in text. The SEIRA spectra are

shown as measured. From up to down the peak intensity increases following the

increasing coverage of CO2 gas on Ag �lm. The dose of gas for every spectrum

is indicated in the same sequence.

the smooth sinuous structures, which will be explained later in � 4.5.4.2. During the
long time exposure of N2 no CO2 peak on the spectra was found.

Measurements in Re�ection Geometry As we discussed above, because of the
dipole selection rule on a metal surface, IR re�ection spectroscopy in oblique incidence
can detect the adsorbed species oriented perpendicularly to a smooth metal surface.
In Fig. 4.49 (A) we show the re�ection spectra measured at an incident angle of 80◦

during CO exposure to a 6.6 nm Film (No.mag6). The AFM image of the �lm is shown
in (B). Based on a �at surface there are some small surface structures which give an
enhancement to the CO absorption. That is why we only see the three sharp peaks
due to physisorbed CO on ordered facets.

We measured the spectra of CO adsorbed on �lm No.mag8 alternately in both trans-
mission and re�ection geometry. The thickness of �lm No.mag8 is close to the per-
colation threshold. The re�ection spectra of the �lm are shown in Fig. 4.50 (A) and
the transmission spectra in Fig. 4.50 (B). All the relative transmission spectra of CO
were calculated with a pre-measured transmission spectrum of the Ag �lm. Re�ection
spectra mainly show the absorption of molecules adsorbed on the surface, while trans-
mission spectra show that of molecules adsorbed on side walls. Because of the special
surface structure we get strong signals by measuring in both geometries. Certainly,
there are some di�erence on the intensity and frequency between the two kinds of

102



4.5 SEIRA of CO Adsorbed on Several Kinds of Ag Films

2000 2100 2200 2300

No.mag6 T
Ag/MgO

=302 K, T
CO/Ag/MgO

=100 K

152L

184 L

112L

72L

40L

24L

7.6L

0.4L

0L

21
25

21
43

2074

0.4%

wave number(cm
-1
)

re
la

ti
ve

re
fl
ec

ti
o
n

Size: 500nm × 500nm

(A)

(B)

0nm

5nm

0nm

5nm

No. mag6, 10.2 nm

Figure 4.49: (A) Selection of relative IR re�ection spectra measured in situ during CO expo-

sure to a relatively smooth �lm (No.mag6) at 100K. Only the three peaks due

to physisorbed species appeared. (B) The AFM image of this �lm. It shows a

�at surface with some shallow holes and small structures on it.
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Figure 4.50: (A) and (B) Selection of relative IR spectra measured in situ in both geome-

tries during CO exposure to a 6.03 nm Ag �lm (No.mag8) at 100K. In (A) the

re�ection spectra and in (B) the transmission spectra are shown. We measure

the re�ection spectra in the beginning. After some time, we turn the sample

to the position for transmission geometry and measure the spectra of the total

sample against vacuum. Using a pre-measured reference the relative transmis-

sion spectra of CO were calculated. The base line shift could not be true. Again

after some time we turn the sample back to the position for re�ection measure-

ment. With the same method we calculate to get the relative re�ection spectra

of CO (which are shown as the last two spectra in (A)). At the end, after the

exposure was stopped the spectrum does not change if the sample temperature

was kept. So we have the possibility to measure the spectrum at the �nal dose

in transmission geometry again.

(B) AFM image of this �lm.
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spectra. For example on the re�ection spectra we did not see the peak at 1672 cm−1.

4.5.4.2 SEIRA of CO Adsorbed on Ag Films Grown at High Temperatures

As shown in Fig. 4.29 (B), the 32 nm �lm grown at 400K shows a structure corre-
sponding to the percolation threshold; in Fig. 4.30 (C) and (D), the two �lms grown at
500K show big islands with smooth surfaces. When we expose CO gas to these �lms
at about 100K we get strong SEIRA of CO by measuring in transmission geometry.
In Fig. 4.51 (A), Fig. 4.52 (a) and Fig. 4.53, the SEIRA spectra of CO adsorbed on
such �lms are shown in a sequence of the substrate temperature at which the �lms
were deposited. Except for the �lm No.mag24 shown in Fig. 4.53 (B) (which was de-
posited under a high base pressure), we �nd the spectra of CO adsorbed on all the
other �lms show multi-peaks as we found on the room-temperature prepared �lms in
the percolation area. The appearance of those multi-peaks is owing to the same reason
as we have explained there. Because we measure in normal transmission geometry
and the bonds of CO molecules absorbed on a smooth surface are usually oriented
to the surface normal direction, all the signals we measured come from the molecules
adsorbed on the side walls of islands. The intensity of the two sharp peaks, which
are around 2071 cm−1 and 2123 cm−1 corresponding to physisorbed CO molecules on
ordered facets, can be a�ected by some factors, for example the surface area of side
walls, the quality of the crystalline, the width of the voids between islands etc. Thus
we cannot ascribe the di�erent intensities found under the same amount of dosed CO
on di�erent �lms to any dependence like the substrate temperature and the �lm thick-
ness etc. However, there is one thing we can say about the �rst appeared asymmetric
peak around 2145 cm−1. On the �lm grown at 400K, which has a surface structure
corresponding to the percolation threshold, the asymmetry of this peak is the highest.

On another 500K prepared �lm (No.mag24) which was not included in the series
above, whose SEIRA of CO are shown in Fig. 4.53 (B), we �nd only the two peaks at
2072 cm−1and 2124 cm−1 due to physisorbed CO. Their intensity keeps increasing with
the increased amount of dosed CO without getting saturated. During the �lm growth,
the substrate temperature is kept at 500K by heating with �laments and the base
pressure is high. Before the exposure starts, the �laments were switched o� and the
sample is already cold, but the base pressure is still as high as 1.2×10−9 mbar. It could
be the residual gas at such a high pressure that suppresses the CO adsorption on the
other sites on which we have observed the CO signal at a better base pressure. Another
possibility is due to the ion-getter pump. Although it o�ers a quite low pressure, it
might crack some molecules and produce some ions, which could a�ect the adsorbed
CO and show some confusing IR signals. More experimental studies are necessary to
make this clear.

In order to easily see the change of peak intensity versus CO gas dose, we perform some
plots as we have done on the SEIRA spectra of CO adsorbed on room-temperature
prepared �lms. In Fig. 4.51 (B) the relative intensity of every peak shown in Fig. 4.51
(A) is plotted as a function of elapsed time. At t = 0, the gas exposure starts. When
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No.ds6, d=32nm, CO peak development.

(A) (B)

Figure 4.51: (A) Selection of the relative transmission spectra of CO adsorbed on a Ag �lm

at 100K. The Ag �lm was prepared at 400K on a UHV cleaved MgO(001)

surface. The labels with unit �L� show the dose of CO gas (1L=1×10−6 mbar).

The labels without unit are the stretching frequencies of adsorbed CO and CO2.

(B) Intensity development of every peak found in (A) versus elapsed time after

the CO gas exposure was started. There are three dashed erect lines which

indicate the beginnings of three di�erent processes as shown by the words.

�stop exposure� means from then the gas dose valve was closed and pressure

decreased fast. �start exposure again� means after that time the gas dose valve

was open again and the CO pressure goes to the same level as in the former

exposure. The third line means from then the exposure was stopped again. At

every time that the exposure was stopped, the intensity jump of the peak at

2071 cm−1 was observed.
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Figure 4.52: (a) SEIRA of CO absorbed on a 450K prepared Ag �lm at 90K. (b)Development

of every peak found in (a) since CO was exposed. At t = 0 second, CO exposure

starts. The erect dashed line indicates the moment when CO exposure was

stopped.
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(A) (B)

Figure 4.53: (A) SEIRA of CO adsorbed on a 500K prepared �lm at about 90K. The UHV

was kept by an ion getter pump together with a TSP.

(B) SEIRA of CO adsorbed on a 500K prepared �lm at 92K. The UHV was kept

only by a Turbo molecular pump. The base pressure just before exposure starts

is around 1.2×10−9 mbar. The Ag �lm was deposited under a base pressure

higher than 5×10−9 mbar.
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the valve of gas dose was closed, the intensity of peaks at 2071 cm−1 and 2123 cm−1

decreases. That is a typical property of physisorbed species. The phenomenon that
the intensity of the peak at 2071 cm−1 jumps to higher values then starts to decrease
at the moment when CO exposure was stopped was observed again. The reason for
this phenomenon is unclear yet.

In Fig. 4.52 (b) we make the same kind of plot for every peak we observed in Fig. 4.52
(a). However, at the moment that exposure was stopped, we did not observe the
intensity jump on the peak at 2072 cm−1. The intensity of most peaks decreases when
the CO dose valve was closed.

4.5.5 Discussion on SEIRA of CO Adsorbed on Ag Films

In this chapter we presented the IR spectra of various Ag �lms and SEIRA spectra of
CO adsorbed on them. We can sort the �lms by the CO signal found on them:

1. On cold-deposited Ag �lms and room-temperature prepared ultra-thin �lms con-
sisting of tiny islands, we �nd CO vibrations as reported in the literature.

2. On smooth Ag �lms we observed only the weakly physisorbed CO species.

3. On room-temperature prepared �lms with their thicknesses close to the percola-
tion threshold, at 100K, we �nd not only strongly enhanced multi-vibrations of
CO but also a CO2 peak which appeared after hundreds of L of CO was exposed.

4. For all the �lms prepared above 400K, we never arrived at the percolation thresh-
old. On such kind of �lms, strongly enhanced multi-vibrations of CO and a CO2

peak were found as on the �lms in (3).

The strong enhanced CO signal found on the Ag �lms in 3 and 4 are surprising: 1.
The sticking of CO and CO2 at 100K is unusual since we believe that our silver �lms
are not contaminated and since we do not believe in the existence of catalytically
active atomic Ag on the MgO surface for �lms prepared at elevated temperatures.
We explain the unusual sticking by di�erent equilibrium conditions in small pores. 2.
If the CO2 peak was considered to be the product of a Boudouard reaction at only
100K, the temperature for such kind of reaction is quite low [85] and the understanding
of it needs more experimental and theoretical work. 3. The strong enhancement of
CO vibrations found on high-temperature prepared �lms is surprising. It could not
be induced by the atomic-scale roughness since it doe not exist on high-temperature
prepared �lms any more.

Recently some reports indicate that the strong enhancement is attributed to the excita-
tion of transverse collective electron resonances by incident radiation polarized parallel
to the array of islands [13, 14]. A broad absorption band given by the Ag islands de-
posited on dielectric substrates due to these resonances is well known in the visible
range.These resonances can generate an enhanced electromagnetic �eld near the metal
surface, thereby contributing to the enhancement of visible absorption by the adsorbed
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4 Experimental Results and Analysis I: Ag Films Grown on MgO(001)

surface molecules. It is also recognized that the broad absorption band in the visible
range shifts to longer wavelength and becomes broader with increased dipole-dipole
interactions of the islands. There is also evidence that the enhancement is restricted
within narrow regions (ca. 5 nm) in contact with the metal islands. Moreover, only
those vibrations that accompany a change in dipole moment perpendicular to the mi-
croscopic surfaces are enhanced. We emphasize the signi�cance of the close packing
of elongated islands with de�nite channels around them to obtain a large absorption
enhancement. The small channels between islands are crucial for the enhancement
[13].
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5 Experimental Results and Analysis
II: Cu Films Grown on MgO(001)

For the Cu/MgO(001) system, there exist a lot of studies. Compared with the system
Ag/MgO(001), there is a bigger lattice mismatch (≈15%) between the lattice constants
of MgO(001) (4.2Å) [86] and Cu (3.6Å). Studies also indicate that Ag bonds more
weakly to MgO(001) than Cu does in both 2D and 3D islands [87]. As we mentioned
in � 2.6, the adsorption energy for Ag on MgO(001) (0.18 eV) is much lower than that
for Cu on MgO(001) (0.99 eV), as well as the di�usion barrier of Ag and Cu adatoms
on the substrate. Now we refer to Eq. 2.47 again. With a bigger adsorption energy and
a higher di�usion barrier, and with the same amount of metal coverage, we will get a
higher density of islands for Cu on MgO(001) than for Ag on MgO(001). Such a result
is illustrated by the AFM images of a 0.5 nm Cu �lm and a 0.5 nm Ag �lm shown in
Fig. 5.1. The number of islands per unit area on the Cu �lm is about 6 times that on
the Ag �lm.

Also at higher thicknesses, Cu �lms show di�erent morphologies compared to Ag �lms.
As we have shown for Ag �lms grown on MgO(001), the �lm growth can be a�ected
by a lot of factors, like the substrate temperature, the base pressure and the presence
of a surfactant etc. Here we present our studies with IR spectroscopy and AFM on
Cu-�lm growth on MgO(001). All the Cu �lms were prepared at room temperature.

In table 5.1 a list of experiments of which the results are presented in this chapter is
shown.

5.1 Measured IR Transmission Spectra of Cu Films

Grown on MgO(001) at Room Temperature

For a Cu �lm grown on MgO(001) at room temperature, we vary a lot of factors to
see their e�ect on the �lm growth. For example, in Fig. 5.2 (A), we show the IR
relative transmission spectra of four Cu �lms grown on UHV-cleaved MgO surfaces
under di�erent conditions. UHV-cleaved MgO(001) surfaces are not contaminated so
that we can ascribe the di�erence observed on the IR spectra to the di�erent conditions
under which the �lms were prepared. We have tried to compare the spectra of di�erent
�lms in the way as we did for Ag �lms. However, no superposition was found on the
spectra of each pair of the �lms. Thus all the factors we varied show e�ects on the
�lm growth.
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5 Experimental Results and Analysis II: Cu Films Grown on MgO(001)

Table 5.1: List of experiments about Cu-�lm growth on MgO(001) performed at room

temperature. d denotes the average �lm thickness; �rate� denotes the evaporation

rate; �geometry� denotes the measurement in transmission (T) or in re�ection

(R) geometry.

Substrate

tem-

pera-

ture

pressure

during

deposition

deposition �nal

thick-

ness

IR Spec-

trosopy

CO exposure

Exp T (K) P (mbar) Rate

(nm/min)

d(nm) geometry T (K) PCO

(10−8mbar)

geometry

meng6 297 3.1×10−10 0.102 0.5 T 97 2.6 T

meng7 297 8.6×10−10 0.102 0.8 T 99 2.4 T

(till the end) 298 7×10−10 0.109∼0.103 5.9 T 100 2.4 T

meng8 303 2.5×10−10 0.09 0.8 T 98 2.5 T

(till the end) 298 5∼1.9×10−9 0.103 6 T 104 2.4 T

meng9 297 4×10−8

(CO)

0.1 T

(till the end) 297 1.8×10−9 0.097∼0.092 7 T 111 2.4 T

meng10 300 4×10−8

(CO)

0.1 T

(till the end) 299 1.9×10−9 0.096∼0.092 6.7 T 100 2.4 T

meng11 300 6×10−10 0.095 6.7 T 100 2.6 T

meng12 299 4.6×10−10 0.1 6.9 T 102 2.4 T

meng14 298 5.9×10−10 0.095 6 T 116 2.4 T

meng15 297 4×10−8

(CO)

0.102 5.5 T 102 2.5 T

meng16 296 4×10−8

(CO)

0.098 6.1 T 100 2.5 T

mengCu 302 1.3×10−9 0.088 5.9 R 93 5 T
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5.1 Measured IR Transmission Spectra of Cu Films Grown on MgO(001) at Room Temperature

(a) (b)

Figure 5.1: (a) AFM image of a 0.5 nm Cu �lm grown on a UHV-cleaved MgO(001) surface

at 300K; (b) AFM image of a 0.5 nm Ag �lm grown on a UHV-cleaved MgO(001)

surface at 300K. The scan size for both images is 200×200 nm2.

For the �lms shown in picture (b) and (c), we varied the conditions only in the very
beginning of the �lm growth. Thus a change in the nucleation process results the later
di�erence as we saw by IR spectra.

For the �lm shown in (c), only the initial 0.1 nm thick Cu �lm was grown with CO
exposure. However, the whole �lm shown in (d) was grown with CO exposure. As
we said, the spectra of the two �lms are not superposable with each other, neither
with that of the �lm shown in (a). Thus CO exposure a�ects not only the nucleation
process but also the later growth process.

For the �lm grown with 0.8 nm Cu predeposition as shown in picture (b), we see its
percolation threshold appears at a lower thickness (3.25 nm) and at a higher transmit-
tance than that of the other three �lms. The percolation threshold of the �lm grown
with CO exposure shown in (d) appears at a second lower thicknes (3.64 nm) com-
pared with the others. For the left two �lms, the percolation thresholds are at around
4.25 nm and their transmittance at the percolation threshold do not show obvious dis-
crepancies. The AFM images in a small scan size of the �lms shown in (a) and (d) are
presented in Fig. 5.2 (B). The �lm grown with CO exposure consists of smaller islands,
which results in the shift of the percolation threshold to a lower thickness. The AFM
images of this two �lms will be shown in Fig. 5.9 in a bigger scan size and compared
to the images of the other two �lms.

In Fig. 5.3, we show the series of IR spectra of Cu �lms grown on air-cleaved MgO(001)
surfaces in the same sequence as in Fig. 5.2 (A). Like we have found for the Cu �lms
grown on UHV-cleaved MgO(001), the IR spectra of these four �lms are not superpos-
able with each other either. Di�erent from that we saw in Fig. 5.3, the �lm grown with
CO exposure at 4×10−8 mbar shown in (d) shows a percolation threshold at a lower
thickness (<3.5 nm) and at a higher transmittance than that of the other three �lms.
Its spectrum at the �nal thickness looks more Drude like. For the other three �lms, the
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5 Experimental Results and Analysis II: Cu Films Grown on MgO(001)
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Figure 5.2: (A) Selected IR relative transmission spectra of Cu �lms grown on UHV-cleaved

MgO(001) surfaces. (a) the �lm is grown under normal conditions; (b) 0.8 nm

Cu was grown �rst, then it was cooled down to about 100K and exposed to CO,

after that it was heated back to room temperature to continue the growth until

the end; (c) Only the initial 0.1 nm Cu �lm was grown with CO exposure at

4×10−8 mbar; (d) the total �lm was grown with CO exposure at 4×10−8 mbar.

(B) AFM images of the two �lms shown in (a) and (d).
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5.2 Fit of the Transmission Spectra with the Drude Type Model
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Figure 5.3: Selected IR relative transmission spectra of Cu �lms grown on air-cleaved MgO.

(a) the �lm is grown under normal conditions; (b) 0.8 nm Cu was grown �rst,

then it was cooled down to about 100K and exposed to CO, after that it was

heated back to room temperature to continue the growth until the end; (c) Only

the initial 0.1 nm Cu �lm was grown with CO exposure at 4×10−8 mbar; (D) the

total �lm was grown with CO exposure at 4×10−8 mbar.

thickness at the percolation threshold of each �lm is in the range of 4.3 nm to 4.8 nm.
The reason for this di�erence is that the defects on every MgO(001) surface are not
equivalent, and they account partially for the di�erence we saw in the IR spectra.

A comparison for Cu �lms grown on di�erent-way prepared MgO(001) surfaces is made
on the two �lms grown with CO exposure. As shown in Fig. 5.6, the Cu �lm grown on
air-cleaved MgO(001) behaves more like bulk Cu.

5.2 Fit of the Transmission Spectra with the Drude

Type Model

Fits of the spectra in di�erent spectral ranges
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5 Experimental Results and Analysis II: Cu Films Grown on MgO(001)

Figure 5.4: The deviation and the best-�t parameters ωτs and β2 versus the �lm thickness

of two �ts to the spectra of �lm No. meng14 in di�erent spectral ranges.

With the same Drude type model, the relative transmission spectra of percolated Cu
�lms are calculated. The frequency dependence of the two Drude parameters ωτb and
ωpb of Bulk Cu shown by Eq. 2.50 is very important for the calculation. As we did for
the spectral calculation for Ag �lms, the two frequency independent parameters ωτs

and β are used as �t parameters. Fits in two di�erent spectral ranges are performed to
the spectra of the �lm No.meng14, which is grown on an air-cleaved MgO(001) surface
at about 300K under normal conditions. The �tted parameters are shown in Fig. 5.4
and the best �tted spectra are shown in Fig. 5.5. We met the same problem as when
we �t the spectra of room-temperature prepared Ag �lms. When the spectral range
for the �t concentrates at the low-frequency side, the �t quality is better and more
spectra can be �tted. The abnormal behavior of spectra at the high-frequency side is
induced by the strong dipole-dipole interaction between Cu islands.

Fit Results to the Spectra of Two Di�erent Films
In Fig. 5.6, �tted results to the spectra of two �lms and the best-�t spectra are

shown in (a) and (b) respectively. Both �lms were grown with CO exposure but one
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5.2 Fit of the Transmission Spectra with the Drude Type Model

Figure 5.5: Comparison of the measured spectra (solid lines) of �lm No.meng14 and the best

�tted ones (dashed lines) in di�erent spectral ranges: (a) 1500-3000 cm−1; (b)

1500-5000 cm−1.
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5 Experimental Results and Analysis II: Cu Films Grown on MgO(001)

Figure 5.6: (a) The deviation and the best-�t parameters ωτs and β2 versus the �lm thickness

of the �ts to the spectra of �lm No.meng16 and �lm No.meng15. (b) Best �tted

spectra of the two �lms.

on air-cleaved MgO(001) and another on UHV-cleaved MgO(001). Comparing the
�tted parameters of the two �lms at the same thicknesses in (a), a smaller surface
relaxation rate ωτs and a smaller deviation were observed for the �lm grown on air
cleaved-MgO with CO exposure. Also a near unity β2 value is shown at a smaller
thickness on the same �lm. All these smaller parameters indicate a �lm starts to
display bulk Cu properties at a smaller thickness. Accordingly, in graph (b) we see
better �tted spectra for the �lm grown on air-cleaved MgO(001).

5.3 Re�ection Spectra of Cu Films Grown on

MgO(001) at Room Temperaure

In Fig. 5.7 the re�ection spectra of a Cu �lm grown on an air-cleaved MgO surface
at 300K are shown. Similar to the Ag/MgO(001) system, a re�ectance minimum at
5.6 nm is observed. The thickness of the re�ection minimum is above the percolation
threshold shown in Fig. 5.3.
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5.4 AFM Images of Cu Grown on MgO(001)

Figure 5.7: Selected IR relative re�ection spectra of a Cu �lm grown at 300K on an air-

cleaved MgO(001) surface.

5.4 AFM Images of Cu Grown on MgO(001)

The AFM images of Cu �lms show quite di�erent morphologies from that of the Ag
�lms. In a thickness range of 5.5 nm to 7.0 nm, the Cu �lms are all island like. This
is due to the bigger di�usion barrier and adsorption energy of Cu on Cu and Cu on
MgO than that of the Ag/MgO system.

The AFM images of the Cu �lms grown on air-cleaved MgO(001) are shown in Fig. 5.8
and that of the �lms grown on UHV-cleaved MgO(001) are shown in Fig. 5.9. The
thicknesses of the �lms distribute in a range of 5.5 nm to 7.0 nm. In both �gures, we
see smallest islands on the two �lms grown with CO exposure (see Fig. 5.8 (c) and
Fig. 5.9 (d)). Also the size and shape distribution of the islands on both �lms is more
homogenous than that on the other �lms. The �lms grown under normal conditions
(see Fig. 5.8 (a) and Fig. 5.9 (a)) show bigger islands than on the other �lms. The
biggest islands belong to the �lm shown in Fig. 5.9 (a). A further comparison is di�cult
because the �lms have di�erent thicknesses.

In conclusion, predeposition of 0.8 nm Cu and CO exposure at di�erent growth stages
can help to get small islands. Exposure of CO during the total �lm growth works
e�ciently.
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5 Experimental Results and Analysis II: Cu Films Grown on MgO(001)

No.m7, 6.2 nm No.m15, 5.5 nm
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0nm

(b) 0.8nm Cu
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(c) with CO

p=4*10-8 mbar
(a) no CO

Nr.m11, 6.72 nm

Figure 5.8: AFM images of Cu �lms grown on UHV-cleaved MgO(001) surfaces at room

temperature under di�erent conditions. The scan size is the same for every

image: 500×500 nm2. (a) normal growth, pressure < 1×10−10 mbar; (b) after

0.8 nm Cu �lm was prepared, it was cooled down to about 100K and exposed to

CO, then it was heated back to room temperature to continue the growth until

the end; (c) the total �lm was grown with CO exposure at 4×10−8 mbar.

Scan size: 500 nm × 500 nm

No.m10, 7.0 nmNo. m12, 6.9 nm No. m8, 6.1 nm No.m16, 6.1 nm

5nm
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(d) with CO

p=4*10-8 mbar

Figure 5.9: AFM images of Cu �lms grown on UHV-cleaved MgO(001) surfaces at room

temperature under di�erent conditions. The scan size is the same for every

image: 500×500 nm2. (a) normal growth, pressure <1×10−10 mbar; (b) after

0.8 nm Cu �lm was prepared, it was cooled down to about 100K and exposed

to CO, then it was heated back to room temperature to continue the growth

until the end; (c) only the initial 0.1 nm Cu �lm was grown with CO exposure at

4×10−8 mbar; (d) the total �lm was grown with CO exposure at 4×10−8 mbar.
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5.4 AFM Images of Cu Grown on MgO(001)
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Figure 5.10: SEIRA of CO adsorbed on a 0.5 nm Cu �lm (a) and on a 0.8 nm Cu �lm

(b) at about 100K. The spectra were shown from the beginning of expo-

sure until the saturation, and the dosage of CO was counted in L (Langmuir,

1L=1×10−6 Torr·s). The MgO(001) substrate was cleaved in the UHV chamber.
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Figure 5.11: Comparison of SEIRA of CO adsorbed on ultrathin Cu �lms consisting of small

Cu islands at saturation exposure.

5.4.1 SEIRA of CO Adsorbed on Ultrathin Cu Films
Consisting of Small Islands

In Fig. 5.10 the SEIRA spectra of CO adsorbed on a 0.5 nm and a 0.8 nm �lm were
shown until saturation. In the beginning, the vibrational frequency of CO on both �lms
decreases with the increase of CO coverage. Later on , the frequency increases back and
stops at 2086 cm−1 and 2090 cm−1 respectively. The peak appeared on both �lms is for
CO adsorbed on Cu(001) facets [16, 15]. The shift to lower frequencies could be due to
chemical e�ects (back donation). However the later shift to higher frequencies could be
attributed to [16, 15]: (1) a weak dipole-dipole coupling of the adsorbed molecules, (2)
the island like mechanism of the adsorbed �lm growth, (3) mutual compensation of a
blue shift from mode coupling and a red shift due to chemical e�ects (back donation).

In Fig. 5.11 we show the CO peaks at saturation exposure on various thick Cu �lms.
The spectra of CO adsorbed on Cu �lms with a thickness at and below 0.3 nm are
from Ref. [16]. Following the increase of Cu coverage, the peak area increases and
the frequency of the peak shows a blue shift. In Fig. 5.12 we plot the frequency of
the CO peak on each �lm versus the average �lm thickness of Cu. The vibrational
frequency of CO adsorbed on Cu �lms below 0.3 nm indicates CO adsorbed on Cu(111)
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5.4 AFM Images of Cu Grown on MgO(001)

Figure 5.12: CO vibrational frequency at saturation exposure versus the average thickness

of ultrathin Cu �lm.

facets, whereas the frequency of CO adsorbed on Cu �lms from 0.3 nm to 0.8 nm thick
indicates CO adsorbed on Cu(001) facets. The increase of peak area is due to the
increase of Cu coverage, so as to the adsorbate sites for CO.

5.4.2 SEIRA of CO Adsorbed on Thick Cu Films

In Fig. 5.13 we show SEIRA of CO adsorbed on two thick Cu �lms. In (a) the spectra
are for CO adsorbed on the Cu �lm (No.meng12) on which we see the biggest islands by
AFM image shown in Fig. 5.2 (a). The spectra show two CO peaks. In the beginning
of CO exposure, an asymmetric peak appears at 2098 cm−1 owing to CO adsorbed on
Cu(110) facets or polycrystalline Cu. This peak doesn't shift following the increase of
CO coverage. Its large asymmetry and big intensity indicate a very rough Cu surface
[88]. Later on, another broad peak appears at about 2077 cm−1. This second peak is
for CO adsorbed on Cu(111) facets and also does not shift with the increase of CO
coverage. The intensity of both peaks has a similar size.

In (b) the spectra for CO adsorbed on the Cu �lm (No.meng11) grown on air-cleaved
MgO(001) under normal conditions are shown. The AFM image of this �lm is shown in
Fig. 5.8 (a). The size of the islands on this �lm is smaller than that on �lm No.meng12
(Fig. 5.2 (a)). Di�erent from that we see in this �gure (a), the spectra show two peaks
having a big discrepancy in intensity. The strong peak appears at 2100 cm−1 and the
very weak shoulder appears at 2083 cm−1. Neither peaks shift with the increase of CO
coverage. The strong peak is for CO adsorbed on Cu(110) facets or polycrystalline Cu.
The very weak shoulder is for CO adsorbed on Cu(001) facets. The SEIRA features
of CO adsorbed on �lm No.meng11 indicate a higher degree of disorder of the �lm
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Figure 5.13: (a) SEIRA spectra of CO adsorbed on a 6.9 nm Cu �lm (a) and a 6.72 nm Cu

Film (b) at about 100K. The spectra were shown from the beginning of expo-

sure until saturation, and the dosage of CO gas was counted in L (Langmuir,

1L=1×10−6 Torr·second). The peak position of CO stretching was also indi-

cated. The AFM image of the Cu �lm in (a) is shown in Fig. 5.9(a) and that of

the Cu �lm in (b) is shown inFig. 5.8 (a).
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5.4 AFM Images of Cu Grown on MgO(001)

surface than that of �lm No.meng12.

The SEIRA of CO on the other �lms with smaller islands is very similar to that shown
in (b).
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6 Conclusion and Discussion

In this thesis, the ability of FTIR for investigating the properties of nano�lms and
SEIRA e�ect are brought into full play. With it we studied the IR properties of
ultrathin Ag and Cu �lms grown on MgO(001) substrates under various conditions,
and SEIRA of CO adsorbed on Ag and Cu �lms with di�erent morphologies. The
surface morphology is measured by Scanning probe microscopy (SPM), which is a very
useful tool for analyzing the surface morphology of �lms on insulate substrates.

Ag Films Grown at Various Temperatures
In most cases, during a �lm growth we measured IR relative transmission spectra

due to its convenience and high signal to noise ratio. The Ag �lms grown at elevated
temperatures show increased percolation threshold, that can be easily seen by the plot
in Fig. 6.1. There in each picture we show the development of transmittance of a Ag �lm
versus the average �lm thickness at two wave numbers. The �ve �lms shown are grown
in elevated temperatures. In picture (a), (b) and (c), the crossover of the two curves
indicates the percolation threshold. The �lm thickness and relative transmittance at
the percolation threshold are increasing with the preparation temperature. In (d) and
(e) the �lm thickness is still below the percolation threshold.

AFM images of �lms prepared at di�erent temperatures show quite di�erent morpholo-
gies. The �lm grown at 100K shows a smooth surface, whereas the 42 nm thick �lm
grown at 500K shows very big islands in epitaxial distribution. The 300K-prepared
Ag �lms show various morphologies when the �lm thickness is di�erent. For example,
below 1 nm, the �lm consists of small separated islands; near the percolation thresh-
old, some big and separated sinuous structures are observed; far above the percolation
threshold, the �lm shows a smooth surface with some shallow holes on it. The 400K-
prepared �lm is near to the percolation threshold and it shows also sinuous structures
similar to that on the 300K-prepared �lms but 7 times larger.

Ag and Cu Films Grown with gas Exposure at Room Temperature
The e�ect of the presence of CO or N2 at a pressure of 4×10−8 mbar on the �lm

growth of Ag and Cu were studied. The presence of CO (in the initial growth stage
or in the whole growth process) helps to get smaller Cu islands with homogenous size.
However, the presence of CO and N2 during Ag �lm growth did not make obvious
change seeing from both the IR transmission spectra and the AFM images.

127



6 Conclusion and Discussion

Figure 6.1: Development of transmittance versus the average �lm thickness at two wave

numbers for �ve Ag �lms prepared on UHV cleaved MgO(001) surfaces at dif-

ferent temperatures. In (a), (b) and (c) the crossover indicates the percolation

threshold.

Re�ection Spectra of Ag and Cu Films
During the �lm growth of both Ag and Cu on MgO(001), IR relative re�ection

spectra were measured. For both systems, the re�ectance shows a minimum at a
certain thickness. This certain thickness is slightly above the percolation threshold.
Such a phenomenon is not reported in literature yet. For a room-temperature prepared
�lm, except the vicinity of the percolation threshold, all the re�ection spectra show
a negative slope. However, for the 50K prepared �lm, most spectra show a negative
slope except in the very beginning of �lm growth.

Calculations of the IR Spectra of Ag and Cu
The relative transmission spectra of Ag and Cu �lmS above the percolation threshold

are calculated with a Drude-type model. The spectra of a cold-deposited Ag �lm are
�tted very well. However, the spectra of 300K-prepared Ag �lms can only be �t
in a spectral range concentrated at the low-frequency side. The reason is that the
strong dipole-dipole interaction between separated sinuous structures a�ected the IR
absorption of the �lm. The same problem is encountered when we make a �t to the
spectra of Cu �lms grown at 300K.

Below the percolation threshold, in the range of 2.5 nm to 3.5 nm, both the transmis-
sion and re�ection spectra of the 300K-prepared Ag �lms can be �tted well by a 3D
Bruggeman Model. However, in the vicinity of the percolation threshold, neither kind
of spectra can be �tted by this Model. At higher thicknesses far above the percolation
threshold, the transmission spectra can be �tted well and the �t results are consistent
with that of a Drude Model �t, whereas, there is a big deviation between the calculated
re�ection spectra and the measured ones, which probably indicates the anisotropy of
the �lm conductivity.
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SEIRA of CO adsorbed on Various kinds of Ag Films
SEIRA of CO adsorbed on ultrathin Ag �lms (≤0.5 nm) (they were prepared at

room temperature) consisting of very small islands at about 50K give one band for
chemisorbed CO and another one for physisorbed CO. The big intensity of physisorbed
CO is mainly due to condensed CO on the MgO(001) substrate. The same band of
chemisorbed CO is found on the 60K-prepared �lm. These are in accordance with the
reports from literature.

SEIRA of CO on 100K-prepared �lms only shows one band due to physisorbed CO.

SEIRA of CO on the 1 nm �lm grown at 300K starts to show multi-CO-bands at 100K.
That indicates the �lm shows multi-crystalline properties.

Big separated structures are observed on high-temperature prepared �lms and on 300K
prepared �lms near the percolation threshold. CO adsorbed on such kind of �lms
at 100K show multi-CO-bands. Also two other bands appeared, one at 1642 cm−1

(condensed C?) and another one at 2335 cm−1(CO2 band). A Boudouard reaction
CO+CO→CO2 is assumed to account for the presence of them. Another possibility
is that they come from the contamination in gas source.

A �lm prepared at 300K having a thickness far above the percolation threshold shows
a �at surface with some shallow holes on it. The bonds of CO adsorbed on such a
�lm at 100K are orientated perpendicular to the smooth Ag surface. Its signal can be
detected by measuring in oblique re�ection geometry.

SEIRA of CO adsorbed on Cu Films
The frequency of CO molecules is very sensitive to the sites on which they adsorb on

Cu �lms. For example, on a �lm below 0.3 nm, CO shows a frequency corresponding
to Cu(111) facets; on both a 0.5 nm and a 0.8 nm thick �lm, the peak indicates CO
adsorbed on Cu(100) facets; on thick Cu �lms, CO shows frequencies corresponding
to CO adsorbed on Cu(110) facets or polycrystalline Cu.

Open Problems
In most of the experiments, the UHV (Ultra-High Vacuum) as low as 1×10−10 mbar is

kept by an ion-getter pump together with a TSP (Titanium Sublimation Pump), and in
some experiments, the UHV is kept only by a Turbo molecular pump to 1×10−9 mbar.
SEIRA of CO adsorbed on similar rough Ag �lms under these two di�erent vacuum
conditions show some di�erence. The di�erence could be due to the di�erent base pres-
sure, or ascribed to the ion-getter pump. Ion-getter pump might crack some molecules
and produce some ions, which could produce special defects on the metal �lm. A
UHV kept only by a Turbo molecular pump and TSP to the same level as kept by the
ion-getter pump will help to make it clear.
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