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Abstract

Plasma-deposited thin films prepared at room temperature, ranging from 46 to 250 Å of PdAu on �45–50 Å Si-oxide and Si-

oxynitride films grown on Si wafers were studied. Grazing incidence X-ray diffraction, X-ray reflectivity, and XPS depth profile

techniques were used to characterize the thin films. A reactive interface involving Pd- and Au-silicides is formed, linking the thin

film to the Si-oxide and Si-oxynitride films: a small fraction of Pd and Au atoms from PdAu migrate into the Si substrate, first

penetrating the oxide layer, and the small fraction of Si atoms from the oxide layer migrate into the PdAu film and form a silicide

interlayer consisting of a reactive interface made up of mixtures of Au- and Pd-silicides interspersed within the matrix of PdAu

and substrate. The concentration profiles of these silicides have a maximum at the interface with decay on both sides. The density

and the face-centered cubic (fcc) lattice parameter of the film are determined to be �13 � 1 g/cm3 and �4:004 � 0:014 Å,

respectively. The ideal film density is expected to be �15.5 g/cm3, which suggests substantial defect density and light material

mixture, causing more than 13% reduction in the mass density of the film.
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1. Introduction

PdAu films have received substantial interest in

recent years for their potential in catalysis [1–3]

and fuel-cell applications [4]. For example, in the

hydrogenation reaction of acetylene in ethene, the

presence of Au reduces hydrocarbon poisoning and

improves the catalytic activity and selectivity of PdAu

on a silica-supported substrate [1]. Similarly, the

electrocatalytic activity of PdAu with respect to CO

tolerance was shown to be superior to that of the best

PtRu catalyst [4]. Our motivation for this work was to

understand the thin film properties of the PdAu alloys

commonly used for their small grain size (<20 Å) in

scanning electron microscopy (SEM) as conducting

coatings of insulating samples. The particular question

of interest was to determine the true thickness and

defect density of these conducting thin films and,

hence, to determine the true mass density of the film

deposited on the insulating materials. Such informa-

tion is needed in order to assess the amount of X-rays

absorbed as the X-rays pass through the thin film [5].
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These characteristic X-rays are typically generated

within the insulating material under investigation

via focused high-energy electrons of �15–30 keV

energy. Typically, PdAu films of �100–150 Å are

used for such applications. For simplicity, it was

decided that a flat silicon wafer with a reasonably

thick (40–50 Å) oxide layer would be a good substrate.

Some of the best techniques for determining the

thickness and mass density independently are X-ray

reflectivity and grazing incidence X-ray diffraction.

The interactions of Pd and Au with clean Si surfaces

are well known. Because of the thick oxide or oxyni-

tride barriers such interactions would be minimal.

However, this assumption turns out to be incorrect

as explained below: some small fraction of Si atoms

from the substrate and some Pd and Au atoms from the

PdAu (actually, PdxAu1�x with x � 0:53) thin film

migrate into each others’ regions and establish a

reactive interface consisting of Pd and Au silicides

intermixed with the PdAu and Si-oxide or Si-oxyni-

tride matrices. A Si-oxide (SiO2) or nitrided Si-oxide

film (referred to herein as Si-oxynitride) of �45–50 Å

on Si substrate does not prevent Au–Si or Pd–Si

reactions or the migration of constituent atoms from

one region into the other.

A large number of studies involving Pd or Au

overlayers on various Si surfaces, or Si overlayers

on various Pd and Au surfaces, have been reported.

The common theme in all of these studies is that both

Au and Pd interact with the surface and form silicides.

Several groups [6–10] studied the interaction of Au

with well-characterized Si surfaces. For example,

studies of Au films on Si(1 1 1) surfaces show that

Si segregates on top of the deposited gold film whether

the Si(1 1 1) surface is a clean (7 � 7) structure or an

H-terminated (1 � 1) structure [6]. No intermixing of

gold and silicon is reported for Au films of a couple of

monolayers on Si surface. In [11], the authors report

high-resolution transmission electron microscopy

(HRTEM) studies of Au films on atomically clean

Si(1 0 0) and Si(1 1 1) surfaces. They notice a distinct

difference in interface formation between the two

surfaces. Cross-section analysis using HRTEM on

400 Å of gold film deposited on atomically clean

Si(1 0 0) surface at room temperature shows the for-

mation of a discontinuous amorphous interlayer which

has a thickness of about 35–40 Å. In situ reflection

high-energy electron diffraction (HREED) analysis

confirms the existence of Au–silicide formations of

Au4Si stoichiometric composition. The interface

between the interlayer and the Au film was observed

to be rather rough due to appreciable intermixing

during deposition. Similar studies conducted on

Si(1 1 1) surface show no amorphous silicide inter-

layer and hence no mixing between the Au and Si [10].

However, the Auger electron spectroscopy (AES) and

scanning tunneling microscopy (STM) studies on Au

films on H-terminated Si(1 1 1) surfaces show pro-

nounced migration of Si atoms into an Au overlayer at

least 50 Å thick [12]. AES studies on systems invol-

ving the deposition of Si overlayers on Au surfaces

also show diffusion of Si into the Au substrate [13].

The early stages of Au coverage on Si(1 1 1)-7 � 7

surface are reported in [14], where Au adsorption

appears to be coverage-dependent. The latter refer-

ence has a reasonable bibliography of Au/Si systems.

Though it is not clear why Au should have different

interactions with different Si surfaces, gold has been

known to react with Si surfaces very strongly even

below room temperatures, as the above examples

indicate. The measure of such an interaction can be

determined from chemical shifts observed in the Au

core levels as compared to their value in the metallic

state. In [15], the authors report shifts up to 1.2 eV

toward the higher binding energy in the Au 4f lines

upon the formation of Au-silicides. A UHV study

using high-resolution electron microscopy and che-

mical analysis of Au overlayers on Si(0 0 1) surface in

[16] emphasizes the role of the surface growth and

morphology in the relative core level shifts observed

in XPS and AES.

Palladium, like gold, forms a reactive layer on Si.

Transmission electron microscopy (TEM) and X-ray

diffraction (XRD) studies on 300 Å Pd films deposited

at room temperature on Si(1 1 1) substrate show Pd2Si

silicide formation [17]. These latter studies were not

conducted in a UHV environment, and the samples

most likely had native oxide formations on them. The

fact that silicide formations are observed with XRD

and TEM to coexist with the unreacted Pd suggests, on

purely fundamental reasoning, that considerable dif-

fusion and reaction are taking place in the interface at

and above room temperatures.

Experiments using LEED and STM conducted on

Pd(1 0 0) surface exposed to silane chemical vapors

show amorphous palladium–silicide/silicon interface
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formation [18], in which Si is incorporated into the Pd

surface. Similar studies using IR and STM on Si/

Pd(1 1 0) and Si/Pd(1 0 0) systems conclude that the

nucleation and growth of silicide formation upon Si

deposition on Pd are similar to the silicide formation

upon Pd deposition on Si substrate [19–21]. The Si/Pd

interface is extremely reactive, and silicide reaction

occurs at T � 180 K; at room temperature amorphous

silicide dominates. The amorphous silicide films are

proposed to have a non-uniform chemical composi-

tion, in that Si clusters are randomly intermixed in the

silicide film, having a Pd2Si stoichiometry.

Reflectivity studies can determine electron density

and the thickness of the thin film independently [22–

28]. The X-rays incident on a multilayer system will

reflect according to Fresnell reflectivity if the surface

is ideal with no roughness. In most cases the roughness

of the reflecting surface is comparable to the X-ray

wavelength. This means that the reflection from these

surfaces is usually less than that predicted by Fresnel

reflectivity. The difference can be attributed to the

surface and interface roughness [24,25,29]. The com-

bination of reflectivity and glancing incidence X-ray

diffraction is a powerful technique for determining

both the crystal structure and the thin film properties

in one measurement. The nanometer-scale epitaxial

structure, morphology, and surface and interface

roughness in principle can be determined using such

a combination [24,25,29,30].

Not much has been reported on Au or Pd overlayers

or their interactions with the oxide-covered Si sub-

strate. In their work on the characterization and cat-

alytic activity of the PdAu/SiO2 system, Juszczyk et al.

[3] report that the formation of Pd-silicides at the

interface acts as a chemical glue between the PdAu

catalyst and the silica support. An X-ray reflectivity

and STM study of sputter-deposited Au films on native

oxide-covered Si substrate was reported in [31]. The

latter does not comment on the interface roughness;

instead it focuses on the top layer of the Au surface.

Our experience in this work is that specular reflectivity

results are not too sensitive to interface roughness

in the models used. Off-specular reflection is better

suited to interface roughness analysis [27]; hence, it is

not surprising that the specular reflectivity measure-

ments on the Au/Si system reported in [31] could not

resolve the chemical and physical roughness in the

interface.

The study of Pd on Au serves as a reference system,

particularly in relation to the XPS core line positions

of Au and Pd. Once a Pd/Au layer is deposited on a Si

substrate, the interdiffusion of Si atoms and subse-

quent chemical reactions cause chemical shifts as well

as line profile changes in the core levels of the atoms

involved. The work on thin films of Pd on Au(1 1 1)

reported in [32] is helpful here: PdAu alloy formation

takes place at room temperature and very small shifts

in the Au 4f and Pd 3d core levels are observed

(�0.2 eV) as a function of coverage and the annealing

temperature. In this work, we report drastic changes in

the line profile and peak positions. We attribute all of

these changes to the interaction of Pd and Au with Si

in the mutual environment of the constituent atoms.

2. Experimental

The experiments were performed at the Image and

Chemical Analysis Laboratory (ICAL) [33] at Mon-

tana State University, using a Scintag X-ray diffraction

(XRD) system and a Physical Electronics 5100ci XPS

system. In the XPS studies monochromatized Al Ka
X-rays were used. The analysis area of the sample

was �0.8 mm in diameter, while the sputter area was

3 mm � 3 mm. The majority of our studies involved

depth profiling, employing a differentially pumped

Ar-ion gun operating at �2 keV (in some cases at

�3.5 keV) energy with ion currents not exceeding

0.45 mA. Typically a depth-profile cycle involves

Fig. 1. Schematics of the XRD system used for specular X-ray

reflectivity and grazing-incidence X-ray diffraction studies: (a) X-

ray source; (b) beam defining slits; (c) thin-film substrate; (d)

micro-manipulator for adjusting the sample height; (e) soller slits;

and (f) Ge solid-state X-ray detector.
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acquiring a number of core level spectra around the

preselected core regions (multiplex cycle). During this

period no sputtering is done. (The high voltage to the

Ar-ion gun is turned off.) Following the multiplexing,

the system stops acquiring spectra and the sputter

cycle starts by applying an accelerating voltage to

the Ar-ion gun for a predetermined amount of time.

The combination of a multiplex and a sputter event

generates a single cycle, which generates a single data

point (such as core level and peak intensity value) used

in the sputter-depth profile of each of the elements

under consideration. Electrons are collected at 458
emission, and the spherical-sector-analyzer pass-

energy is selected (typically �58.7 eV) for optimum

signal-to-noise ratio and energy resolution. Core line

fits were done using PHI Access software to separate

the chemically related peaks associated with Au- and

Pd-silicide reactions as well as the Si-oxide and Si

Fig. 2. (a) Atomic concentrations of O, C, and Si (separated into oxide and bulk components) as a function of sputter cycle. In all figures the

oxide/bulk interface is marked as a vertical dash line; (b) the O 1s and Si 2p (separated into oxide and bulk components as in the inset of

Fig. 7c) core line positions as a function of sputter cycle. The scale on the right-hand side goes with the Si 2p line. In the experiments

described here each sputter cycle removes �1.8 Å of material. The substrate described in (a) and (b) is used for the thin film experiments

associated with Figs. 3–7. The substrates described in figures (c) and (d) are used in the thin film experiments described in Figs. 8 and 9a and c

and a very similar (to the latter) substrate is used for the experiments described in Figs. 9b and 10; (c) atomic concentrations of Si, O, N and C

as a function of sputter cycle. The Si-oxynitride (SiOxNy)/Si-bulk interface position is marked with a vertical dashed line; (d) the O 1s and N 1s

as a function of sputter cycle. The scale on the right-hand side goes with the N 1s line. The oxynitride thickness of the film described in (c) and

(d) is about �51 Å. The oxide thickness described in (a) and (b) is �46 Å. Note that the O 1s line is decreasing, but the same is increases by as

much as 1.7 eV (see Fig. 9a) in the presence of the PdAu film deposited on the oxide dielectric. This is interpreted as PdAu film interacting

with the oxide or oxynitride film. Also notice that the Si concentration described in (a) is slightly different from that shown in Fig. 7d. This

gives further support to the conclusion that PdAu is interacting with the oxide film as discussed in the text.
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bulk peaks. In these fittings care was taken to maintain

consistent peak width and peak positions, paying

attention to the relation between the spin-orbit-split

peaks. The peak widths used in the fits were deter-

mined by measuring the Au and Pd core lines

corresponding to pure PdAu alloy and pure Au- and

Pd-silicides before we began and after we finished the

sputtering cycles, respectively. For silicides, due to

their asymmetric peak profiles, the peak heights were

used instead of the areas under the peaks to separate

the Au- and Pd-silicides from the PdAu component.

This is because the peak heights were less sensitive to

the slight variations in the peak profiles in the peak

fitting routines. In all other quantitative analyses the

areas under the peaks were used to represent the

concentration profiles.

The XRD set-up was operated in thin-film analysis

mode, using a Cu Ka line as the X-ray source. A

special sample holder was constructed for thin-film

studies allowing sample-height adjustments to accu-

racy within a micron; plus, a special thin-film attach-

ment (a set of soller slits) was used in front of the solid

state detector. All thin-film XRD measurements were

carried out at incident X-ray angles varying between

0.18 and 2.08. A large area, at least 1 cm � 1:5 cm, was

analyzed. XRD studies were conducted in two modes:

the reflectivity and the grazing incidence X-ray dif-

fraction modes. All the reflectivity studies were con-

ducted in the specular reflection configuration, while

the grazing incidence diffraction studies were con-

ducted with 2y not exceeding 608. A schematic of the

modified XRD system is shown in Fig. 1. The X-ray

reflectivity data were analyzed using reflectivity soft-

ware freely accessible at http://www-cxro.lbl.gov/

optical_constants/.

It was important for the Si wafers used to have a

reasonably thick oxide layer to prevent cross reactions

with bulk Si, and to be reasonably flat so that thin-film

reflectivity and diffraction experiments could be per-

formed. Atomic force microscopy (AFM) with a Digi-

tal Instruments Dimension 3100 system was used to

assess the surface roughness of the Si wafers and that

of the PdAu thin films. The surface roughnesses, R,

defined as R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðZi � ZaveÞ2=N

q
, where Zi is the

surface height at position i, and Zave the average sur-

face height, were determined before and after the thin-

film depositions, which yielded �5 Å and 10–15 Å,

respectively. Si wafers were oxidized either by rapid

thermal heating in an oxygen atmosphere at �1100 8C
or by heating in a NH3 atmosphere at �1100 8C
(oxynitride formation). All wafers used were in the

(1 0 0) orientation. The quality of the surface flatness

was very important for the reflectivity measurements.

Several low-grade commercial Si wafers available in

our laboratory did not produce acceptable reflectivity

curves due to excessive surface roughness. The Si-

oxide and Si-oxynitride films were analyzed and are

described below; relevant literature on the nature of

these films can be found in [34–41]. These oxides were

characterized using XPS depth profiling as shown in

Fig. 2 described in Section 3 below.

The substrates were cleaned before thin-film

deposition by sonicating first in acetone, then in

hexane, and finally in methanol; this was all done

in ambient conditions. Thin films of PdAu alloy

were deposited, using the standard procedure, in a

133 mbar Ar atmosphere employing a commercial

plasma-deposition system (Hummer VII from Ana-

tech, Ltd.) used for coating the insulating samples

for analysis in the scanning electron microscope. The

PdAu target (7.6 cm diameter) used in the coater was

also purchased from Anatech, Ltd. The substrate was

kept at room temperature during deposition and ana-

lysis. The sputter specifications are such that during

deposition the sample was not exposed to plasma ions

of any kind; neither was it exposed to any secondary

energetic particles. Metal atoms sputtered off of the

target are thermalized as they disperse through the

process chamber before arriving at the surface. The

company specification of the grain size of the thin

films is better than 20 Å [42], which agreed with the

AFM roughness measurements. The samples were not

cleaned after the thin-film deposition but kept in clean

containers in ambient conditions. XPS analysis was

performed 2 months after the preparation of the thin

films.

3. Results

3.1. XPS studies

Most of our XPS studies involve depth profiling as

described above, though some involve angular-depen-

dent XPS studies as presented below. Each substrate
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with or without a thin film of PdAu alloy deposited on

oxidized Si wafer was introduced into the ultra-high

vacuum (UHV) chamber at �6–7 � 10�10 mbar pres-

sure, and was subjected to a cycle of sputter and XPS

analysis. A complete core level spectrum of each

region under consideration was stored in each cycle

of analysis. For example, a 32-cycle study produces

128 spectra. These spectra contain both the core level

position and the intensity information as a function of

sputter cycle. A low-energy electron flood gun was

used to compensate charging.

XPS depth profile experiments were conducted on

the Si-oxide and Si-oxynitride films with no PdAu

films on them. It is important to emphasize here that

these samples were taken from the other halves of the

wafers used for thin-film deposition. These data are

presented in Fig. 2a–d. The Si-oxide and Si-oxynitride

thicknesses were determined to be �46 and 51 Å,

respectively, using a method similar to that described

in [43,44], in which the noninvasive technique is used

of taking the ratio of the oxide to the bulk components

of the Si 2p peak intensities at 458 emission angle.

Though the spirit of the approach of determining the

oxide thickness is the same as in [44], we developed

this technique for a different application independent

of [44], in that we also took the acceptance angle of the

analyzer into account in our analysis. The results of

the Si-oxide sputter-depth profile analysis are shown

in Fig. 2a and b. These data were taken using an Ar-ion

beam at �2 keV energy at 0.25 mA current. Note that

the O 1s line position decreases with increasing sputter

cycle, but increases with increasing sputtering by as

much as 1.7 eV (see Fig. 9a) in the presence of the

PdAu film deposited on the oxide dielectric. This is

interpreted as PdAu film interacting with the Si-oxide

or Si-oxynitride films as discussed later in the text.

Fig. 3 shows the XPS spectra around the Au 4f

region as a function of sputter cycles from 1 through

32. The thickness of the PdAu film was about 46 Å as

determined by the reflectivity measurements pre-

sented below (Fig. 12). The PdAu thin film was

deposited on �46 Å Si-oxide grown on a Si wafer.

No sputtering was done (per software instructions)

between cycles 1 and 2, and the sputtering started at

the end of cycle 2. Each cycle of sputter removes �4 Å

of material from the surface using Arþ ions at about

3.5 keV energy at 0.4 mA current. Later these experi-

ments were repeated with �2 keV Ar ions at �0.3 mA

current to check for possible beam-mixing, which

could not be verified. (The results were identical.)

The peak shown at �100 eV in the figure is the bulk Si

2p peak, which marks the region where Si bulk

becomes visible. Similarly, Fig. 4 shows the XPS core

Fig. 3. Au 4f vs. sputter cycle for a �46 Å PdAu film sputter-

deposited on a �46 Å Si-oxide film grown on Si(1 0 0). The

sputtering starts after cycle 2. The peak around 100 eV corresponds

to the bulk Si 2p peak. Note that Au core lines suffer a chemical

shift (�1.5 eV increase) and this component of the 4f line

dominates with increased sputtering. This shift is attributed to the

formation of Au-silicides (see text for details). Notice that Au

diffuses into the Si bulk as suggested by the non-zero peak intensity

at cycle 32.

Fig. 4. Pd 3d vs. sputter cycle for the system described in Fig. 3.

As in Au 4f the observed chemical shift in the Pd 3d line is

attributed to Pd-silicide formation. Note also that the relative (to

unsputtered cycle) Pd peak intensity at cycle 32 is higher than that

of Au 4f at cycle 32, indicating that substantial Pd inter-diffusion is

taking place into the Si-substrate.
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level spectra for the Pd 3d levels as a function of

sputter cycle from 1 through 32 as described above.

A careful examination of Figs. 3 and 4 shows the

formation of silicides involving a small fraction of thin

film and substrate atoms spreading into the thin film

and into the substrate as explained in Section 4 below.

Fig. 5. (a) Au 4f spectra taken at cycle 11. Notice two distinct

peaks for each of the spin-orbit-split lines. The peak marked as 1 is

the actual spectrum, and the dotted lines are the peak fits as

described in the text. The pair labeled as 2 is assigned to Au 4f in

AuPd alloy while the pair labeled as 3 is assigned to Au 4f in Au-

silicide. The profile labeled as 4 is the total fit; (b) Au 4f and Si 2p

peak intensity vs. the sputter cycle. Au 4f7/2 has been separated into

two components as shown in (a): the component associated with

PdAu (peak 2 in (a)) and the other with Au-silicide (peak 3 in (a)).

Depending on the height of these peaks the Au 4f intensity is

partitioned into two components: open squares represent Au

concentration in PdAu environment; full circles, in Au-silicide

environment. Open diamonds give the Si concentration. Each cycle

starting from cycle 2 corresponds to �4 Å of depth. The dashed

vertical line shows the PdAu/Si interface, and the arrows indicate

the direction of the migrations for the appropriate atoms. The

concentrations are normalized such that the Pd, Au and Si

concentrations all add up to 100%. This is also the case in Fig. 6b.

Fig. 6. (a) Pd 3d spectra (like Fig. 5a) taken at the 11th cycle. The

full line is the actual spectrum, the dotted lines are the peak fits,

and the profile labeled as 4 is the total fit. The Pd peak fitting was

slightly more challenging than the Au. The widths and the relative

intensity ratios of the peaks associated with the individual pairs

labeled as 2 and 3 were determined from the spectra taken at cycles

1 and 32, respectively. In some cases we noticed a clear shoulder,

which made fitting easier. The doublet labeled as 2 is assigned to

Pd 3d in PdAu alloy, and pair 3 is assigned to Pd 3d in Pd-silicide

formation; (b) this is very similar to Fig. 5b except this time we plot

Pd and Si concentration vs. the sputter cycle. As explained in

Fig. 5b, the Pd 3d is separated by means of peak fitting into PdAu

and Pd-silicide components. Full circles show the behavior of the

Pd-silicide, open squares represent the Pd 3d in PdAu environment,

and the Si concentrations are shown for reference. Again, the

vertical dashed line marks the PdAu/Si interface, where PdAu

components of Pd and that of Au cease to exist. Horizontal arrows

show the direction of diffusion for Pd and Si.
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Figs. 5a and 6a show typical core level spectra

corresponding to the Au 4f and Pd 3d lines, respec-

tively, obtained at the 11th cycle, �35 Å into the PdAu

film. The full lines are the actual spectra, while the

dotted lines are spin-orbit-split fits. The full width at

half maximum (FWHM) and line profiles of the

individual peak components are obtained from similar

fits corresponding to the pure AuPd at cycle 1 and pure

Au- and Pd-silicides at the end of cycle 32. The spin-

orbit intensity ratios as well as the peak splittings were

maintained in the peak fitting. Each core level peak

associated with Au and Pd has two components: the

component associated with AuPd alloy and the com-

ponent associated with Au- and Pd-silicide formation.

The Au 4f level shifts up by �1.5 eV; the Pd 3d level,

by �1.8 eV; as compared to the PdAu values (Fig. 7a

and b). No attempt is made to separate the Si in the Pd-

and Au-silicide from the Si in the oxide or bulk

environments. In [15], the authors study the Si 2p

core line changes in the Au-silicide environment and

assign the position at �101 eV to the Si 2p component

in the Au-silicide environment. The suboxides of Si in

Fig. 7. (a) Au 4f7/2 vs. sputter cycle corresponding to Fig. 3. Here again, peaks are separated into AuPd and Au-silicide components as

described in Fig. 5a. The horizontal line marks the interface as in Figs. 5 and 6; (b) Pd 3d5/2 vs. sputter cycle, corresponding to Fig. 4. The

components corresponding to PdAu and Pd-silicide as described in Fig. 6b vs. the sputter cycle show slight variations in Pd-silicide position,

most likely due to imperfections in the peak fitting routine, but show a major increase in the position corresponding to PdAu component as a

function of sputter cycle; (c) Si 2p vs. sputter cycle. Oxide and bulk components are separated as shown in the inset, which corresponds to Si

2p at the 11th cycle. The dotted lines in the inset correspond to peak fittings. No attempt is made to separate the silicide component. The

variations in the oxide position as a function of sputter cycle are related to sputter-induced reduction of the oxidation state of Si; (d) Si 2p

concentrations vs. sputter cycle. The peak intensities are separated into oxide and bulk components as shown in the inset (c); the concentrations

are normalized as described in Fig. 5b. The vertical line marks the interface position.
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the SiOx environment [35,38] interfere with this

assignment. Similar difficulties are encountered in

our analysis.

Figs. 5b and 6b show the variations in the core level

peak intensities (in percentages) as a function of

sputter cycle. Here, the areas under the Au, Pd and

Si peaks are normalized to add up to 100%. The Au

and Pd percentages are split into two parts: one for the

AuPd alloy and the other for the Au- and Pd-silicides.

The lever-rule is used to split the percentages, so that a

given Au or Pd percentage is split in proportion to the

peak heights of the individual components determined

using the peak fitting routines described in Figs. 5a and

6a. From the analysis of the peak intensities we

conclude that the PdAu/Si interface is located at about

the 14th cycle, which is marked as a vertical dashed

line in Figs. 5b and 6b, where the PdAu components of

the Au and Pd diminish while the silicide components

reach their maximum. We assigned the �46 Å thick-

ness to the first 14 cycles of sputtering. The location of

the interface has some uncertainty due to interface

roughness. Cycle 12 or 13 can equally be assigned

as the interface. It appears that at the interface the

silicide concentration reaches a maximum, which

makes sense from the statistical point of view. Assign-

ing precise locations in depth profiling is complicated

by the fact that photoelectrons arriving at the analyzer

from the Au 4f, Si 2p and Pd 3d core levels at kinetic

energies �1400, 1385, and 1150 eV, respectively,

have finite penetration depths and are sampling deeper

into the surface with an exponential decay. The

attenuation lengths of these electrons are �10–

25 Å, depending on the material in which they move

[45].

If one examines the behavior of Si, Au and Pd in

terms of inter-diffusion and reaction one notices that a

small fraction of Si inter-diffuses almost to the top of

the PdAu film, forming Au- and Pd-silicides, which

are interspersed within the PdAu thin film. Similarly,

we notice that small fractions of Pd and Au inter-

diffuse into the Si oxide (�45–50 Å thick), and then

proceed to move into the Si bulk. The Pd appears to

diffuse more readily than the Au, as is seen in com-

paring the scales of the intensity distribution curves in

Figs. 5b and 6b (also see Figs. 3 and 4), where we

marked the direction of migration of Si, Au and Pd

atoms with horizontal arrows. In both figures Si

intensity is shown for reference.

Variation in the Au, Pd and Si core level positions

is shown as a function of sputter cycle in Fig. 7a–c.

Notice that the Au 4f (AuPd and Au-silicide) and Si

2p levels associated with the Si bulk do not change

much as a function of sputter cycle, but that the Si 2p

level associated with the Si oxide decreases with

increased sputtering. The Pd 3d level in PdAu phase

increases substantially with increased sputtering.

However, the Pd 3d associated with Pd-silicide does

not show much variation. The role of oxygen and

nitrogen have not been discussed in these studies,

partly because we do not understand it and how it

relates to the rest of the interactions under study, and

partly because we do not know the role, if any, of the

ambient oxygen in any of these studies. Since our

samples were not atomically clean there was always

some oxygen in the system (see Fig. 8c also) even

though no deliberate attempt was made to expose the

thin films to the oxygen. In Fig. 7d, we separate the Si

intensity into the bulk and the oxide components as

shown in the inset in Fig. 7c, and mark the interface

position in the figure. If Fig. 7c is compared with

Fig. 7a and b, it is clear that the oxide component of Si

2p extends beyond the line marking the location of

interface. This is used to resolve an apparent contra-

diction in locating the oxide film relative to the PdAu

film as described in Section 4.

The extent of Si diffusion into the thin film was

studied by means of thicker Pd/Au films on Si wafer.

In Fig. 7a and b, a series of XPS depth profile spectra

are given for Au 4f and Pd 3d for a �121 Å PdAu film

deposited on a �51 Å Si-oxynitride (SiOxNy) film

grown on Si wafer. The characteristics of the Si-

oxynitride are shown in Fig. 2c and d. The thickness

of the PdAu film is determined using reflectivity, as

presented below (Fig. 13). Here each cycle corre-

sponds to �24 Å of material removal. In Fig. 8c the

intensity (the area under the peak) of Pd, Au, and Si is

shown versus the sputter cycle. In this figure we

separate the silicide component of the Au 4f from

the PdAu component by peak fitting in order to

determine the position of the interface. Peak analysis

of Au 4f indicates that the interface for this system is

located roughly at cycle 7. This assignment is based on

where the PdAu component of the Au 4f peak

diminishes while the silicide component reaches a

maximum. This is marked as a vertical dashed line

in the figure. This assignment has uncertainties
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because of the attenuation lengths of electrons and

because of the surface and interface roughness

(including the sputter-induced roughness). The Au-

silicide intensity has its maximum at the interface, as

anticipated.

The silicide and PdAu components of the Pd 3d

lines are not separated, though the interface at the 7th

cycle was verified by comparing the peak profiles (see

Fig. 8b) and peak positions (Fig. 9c). We also show the

variation in the O intensity and the O 1s line as a

function of sputter cycle in Fig. 8c and 9a, respec-

tively. The sources of the oxygen signal are most likely

the O trapped or absorbed in PdAu during and after

film preparation and, in part, the Si-oxide and Si-

oxynitride films on the substrate (see Figs. 7c and d

and 8c). The Pd and Au may be interacting with such

oxygen, causing a complicated mixture: this is sup-

ported by the behavior of the O 1s core line as a

function of sputter cycle shown in Fig. 9a. Substantial

core level activity is observed as a function of sputter

cycle. The peak position shifts almost linearly by

�1.7 eV to a higher binding energy. Compare this

figure with Fig. 2b and d, where we observe a decrease

in the binding energy of oxygen with increasing

sputtering. This suggests that some fractions of Pd

and Au participate in reactions in the oxide film.

Meanwhile, the Au core levels corresponding to PdAu

and Au-silicide phases remain more or less constant

during sputtering, as shown in Fig. 9b, which is

extracted from the data presented in Fig. 10a. On

the other hand, Pd 3d behaves (Figs. 7b and 9c) very

similarly to the O 1s line, which shifts toward the

higher binding energy. In Fig. 9c the PdAu and Pd-

silicide components are not separated. Our naive way

to explain the observed behavior of O is to hypothesize

that the O is dispersed at concentrations described in

Figs. 5b, 6b and 8c in a mixture of multiple states

involving partially oxidized PdAu film and SiOxNy

and the Pd- and Au-silicides.

Fig. 8. (a) A montage of Au 4f vs. sputter cycle for a 121 Å AuPd

film deposited on a �51 Å oxynitride film grown on a Si-wafer (see

Fig. 2c and d). Also shown in the figure is Si 2p around the 100 eV

binding energy, corresponding to the Si-bulk level; (b) a montage

of Pd 3d vs. sputter cycle for the same film described in part (a).

The interface is roughly at around cycle 7; (c) atomic percentage

vs. sputter cycle for Au, Pd, Si and O. These are normalized so that

the sum of all percentages at a given cycle add up to 100%. The Au

4f is separated into AuPd and Au-silicide components as described

earlier. A vertical line is drawn roughly where the AuPd component

of the Au concentration diminishes. Arrows mark the direction of

the diffusion of Si, Au and Pd across the interface. A single cycle of

sputtering is about 24 Å.
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The surprising result of this study is how far a small

fraction of Si has diffused into the PdAu film: as

observed for the 46 and 121 Å films (Figs. 5b, 6b,

and 8c, respectively), the Si diffuses almost to the top

of the PdAu films; for the 121 Å film this is a displace-

ment of more than 100 Å. In this analysis the electron

attenuation and penetration depths are not taken into

account, which can explain some of the Si signal but not

all. As mentioned above, both the Pd and Au diffuse

into the bulk Si by first going through the oxide film.

This is visible in Fig. 8a, where the bulk Si 2p core level

at around 100 eV is also visible. Notice that traces of Pd

and Au are visible �200 Å below the interface. Cou-

pling this with the chemical shifts in the Au 4f and Pd

3d levels suggests that the surface and interface

roughness is not enough to explain our observations

on the Pd and Au diffusion into the Si bulk. A concept

of chemical roughness needs to be invoked.

In order to determine the maximum distance of Si

diffusion into the PdAu film we deposited a �240 Å

PdAu film on a �43 Å Si-oxynitride grown on a Si

substrate, similar to that described in Fig. 2c and d.

The XPS depth profile is given in terms of Au 4f and

Pd 3d versus the sputter cycle in Fig. 10a and b. Here,

too, each cycle corresponds to �24 Å depth. Fig. 10c

shows the atomic concentration versus the sputter

cycle for Pd 3d, Au 4f (split into two) and Si 2s.

The behavior of the peak positions is consistent with

the observations for the thinner films. The interface is

marked as a vertical dashed line at about the 12th cycle

in Fig. 10c. AFM images suggest that the PdAu films

are continuous with surface roughness better than

20 Å. The usual uncertainties in electron attenuation

Fig. 9. (a) O 1s vs. sputter cycle for a 121 Å PdAu film described

in Fig. 8. No attempt is made to separate the individual components

of the O 1s line. The figure suggests that O is interacting with PdAu

film when compared with Fig. 2b and d (see text for details): in

early stages of sputtering the oxygen is most likely described as

environmentally chemisorbed O in PdAu in the presence of low

concentration silicides; as we approach the interface oxygen will be

mostly be associated with the SiOx phase intermixed with a small

concentration of silicides. As the sputtering proceeds oxygen will

be in an environment mostly surrounded by Si and silicides. These

are symbolically marked on the figure in relation to the interface;

(b) Au 4f7/2 vs. sputter cycle for the sample described in Fig. 10a.

Notice that peak positions are insensitive to sputter cycle and vary

very slowly with increasing sputtering. The position at �85.3 eV is

attributed to Au-silicide and that at �84 eV to Au in AuPd phase.

The peak fittings were done similar to that shown in Fig. 5a; (c) Pd

3d5/2 vs. sputter cycle for the thin film described in Fig. 8. No

attempt was made to separate the peak into PdAu and Pd-silicide

components because of the lack of reliability. Only the average

peak position is shown as a function of sputter cycle. The system

goes through a mixed phase consisting of PdAu and Pd-silicide and

gradually becomes pure Pd-silicide as marked on the figure.
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length and surface and interface roughness make

the interface determination uncertain by at least

�1 cycles, or � �25 Å.

Notice that (Fig. 10c) Si penetrates as much as

�170 Å into the PdAu film: this is most likely the

upper limit for Si penetration into a PdAu substrate. It

is, however, very interesting that Au-silicide intensity

decreases very rapidly as one approaches the PdAu

surface. The majority of Si atoms in this region are

associated with the oxide layer. Furthermore, the

silicide formation is, as before, maximum around

the interface, and the Pd and Au penetrate into the

Si substrate by more than 200 Å.

3.2. Angular dependence

Is the Si really moving towards the surface? Is the

oxide layer participating in silicide reactions? Does Ar-

ion bombardment cause any of the chemical reactions

we observe? One of the best non-invasive depth profile

methods to answer such questions is angular-dependent

photoemission spectroscopy [38]. Though this method

has a limited range (thickness) of applications, the

information gathered represents the true chemical

and physical state of the interface. This is because

the surface is not subjected to particle beam damage. To

shed light on some of the intriguing questions, results of

an angular-dependent XPS are presented in Fig. 11,

where the angular-dependent atomic concentrations of

C, O, Si, Pd and Au for �15 Å PdAu film on a �82 Å

oxide layer grown on a Si substrate are plotted as a

function of electron emission angle. A period of �2

months elapsed between the preparation of the thin film

and the XPS analysis. The film has been subjected to

hours of Cu Ka radiation in ambient conditions for

Fig. 10. (a) Montage of Au 4f intensity vs. sputter cycle for a

240 Å PdAu film deposited on a 43 Å oxynitride film (very similar

to that described in Fig. 2c and d) grown on a Si-wafer. The

features around 100 eV show the bulk Si 2p as a function of sputter

cycle. Note that cycle 12 is marked as the interface, where the

PdAu is reduced to �5% of its maximum; here, we assume that

some of the interface broadening is induced by Ar-ion bombard-

ment (see [46]); (b) Pd 3d intensity vs. sputter cycle for the same

film described above. Note that Pd silicide dominates after cycle

12; (c) atomic concentrations of Pd, Au and Si for the system

described above as a function of sputter cycle. The concentrations

are normalized to yield 100% when the Au, Pd and Si

concentrations at a given cycle are added together. The Au

concentrations are separated into individual components of AuPd

and Au-silicide as discussed in the text (see Fig. 5). The vertical

dashed line marks the interface within the accuracy of our

experimental limitations. Horizontal arrows show the direction of

Si, Au and Pd diffusion. No attempt is made to separate the

individual components of Pd 3d peaks.
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reflectivity studies. The angular acceptance of the

analyzer was �78. Though this is not an optimum

angular resolution the observed trend of variation in

concentrations is rather informative and supportive of

the sputter depth profile analysis presented above.

Notice, for example, that the Pd and Au increase

nonlinearly with increasing angle and reach saturation

above 308 emission. On the other hand, the O con-

centration increases almost linearly while the C con-

centration decreases in a similar fashion. The most

interesting behavior is the Si concentration: first it

decreases nonlinearly and reaches a broad minimum

around 458; then it increases slowly until it reaches

near-normal emission. Considering that any atomic

species concentrated on the surface will show a high

peak intensity at the grazing angle of emission, the Si

and C appear to fit this profile. The C is an environ-

mental contaminant and is expected to be concentrated

on the surface. It is expected to decrease with increas-

ing emission angle because it is mostly concentrated

on the surface (e.g. see Fig. 2a and c). However, the

behavior of the Si is rather surprising. The sharp drop in

Si concentration with increasing angle suggests a

high concentration of Si on the very top of the surface;

its subsequent increase with increasing emission angle

is also consistent with the high concentrations of Si

which exist below the thin film because of the presence

of the substrate. This observation suggests that the Si

penetrated through �15 Å of thin film and is residing

on the very top of the film. Such behavior has been

reported in the literature [12]; in our case the most

likely source of Si is the thick (�82 Å) Si oxide film

itself. The fact that the O increases linearly with

increasing angle is not surprising because of the thick

Si oxide layer located between the thin film and the

substrate. In Section 4 below the core level data related

to Fig. 11 are presented, giving further evidence for the

conclusions reached here.

3.3. Reflectivity studies

As evident in the above presentation, a complicated

interface forms when a layer of PdAu alloy is depos-

ited on Si-oxide or Si-oxynitride grown on a Si wafer.

We conducted X-ray reflectivity studies on these films

to better understand them in terms of their thickness,

density, roughness and perhaps even interface forma-

tion.

In Fig. 12, we show the specular reflectivity versus

angle of incidence corresponding to the XPS data

presented in Figs. 3 and 4. The full circles represent

the actual measurements, while the full line shows the

theoretical fit performed using the ‘‘X-ray interaction

with matter’’ program on the Lawrence Berkeley

Laboratory web site at http://www-cxro.lbl.gov. A

bilayer model is used in which the first layer is made

up of Pd and Au atoms at a uniform density, and the

Fig. 11. Atomic concentration of C, O, Si, Pd and Au vs. angle of

emission of the photelectrons for a �15 Å PdAu film deposited on

a � 82 Å Si-oxide film grown on a Si-wafer. Atomic concentrations

are normalized to add up to 100% at each angle. Note that Si (and

C) dominates at grazing emission angles, signifying high surface

concentrations.

Fig. 12. Reflectivity vs. incidence angle for the 46 Å PdAu film as

described in Figs. 3–7. The dotted line shows the actual data and

the full line is the bilayer-model fit as described in the text.
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second layer is a mixture of Pd, Si, O and Au having

slightly more density than Si with physical roughness

at all sides. The agreement is rather good and the

theoretical fit suggests that the thickness of the film is

�46 Å accurate to less than 1 Å, and that the surface

and interface roughnesses are �4 Å. The density of the

film is about 13 � 1 g/cm3. The theory is not very

sensitive to the second-layer properties, which in this

case represent a thickness of �60 Å with a density of

�3.4 g/cm3 and a surface roughness of �4 Å. In the

model this layer is situated between the Si substrate

and the PdAu film. This system is also modeled as a

single layer ignoring the second layer totally: it is

found that the AuPd parameters (thickness and den-

sity) are nearly the same as in the bilayer model and

that these values are not sensitive to the existence or

lack of the second layer. Therefore, the only reliable

information that can be obtained from our reflectivity

studies are the film thickness and the densities of the

PdAu films. The rest of the information is model-

dependent and is not acceptable.

In Fig. 13, the theoretical and experimental com-

parisons of the reflectivity are given for a thicker layer

of PdAu alloy. This figure is related to the XPS depth

profiles shown in Fig. 8a and b. Both the single- and

bilayer-model fits are tested, and the results do not

show an appreciable difference in terms of first-layer

thickness or density. The thickness of the film is about

121 Å, accurate to 1 Å or less. The surface and inter-

face roughnesses of the first layer are about 6 and

10 Å, respectively. As stated above, the quality of the

fit is less sensitive to the second-layer parameters in

that the density is �3.4 g/cm3 and the thickness

�120 Å. In our studies the XPS depth profiles are a

better representation of the interface analysis than

those obtained from reflectivity. Off-specular reflec-

tivity coupled with more sophisticated data analysis

will improve the reliability of the data pertaining to the

interface properties.

The thickest film we studied with reflectivity is

shown in Fig. 14. The data suggest that the density

of the film is about 12 g/cm3 and that the thickness is

about 240 Å. The surface and interface roughnesses

are about 9 and 10 Å, respectively. As before, the

second-layer parameters do not change the density and

thickness determined above. In this particular case the

density of the second layer is about 4.2 g/cm3 and its

thickness is about 240 Å. In all of these studies 2.33 g/

cm3 is used for the Si substrate density.

In order to restore our confidence in the reflectivity

results, a layer of pure Au film was deposited, using

procedures identical to those described above, on a

�46 Å Si-oxide layer grown on a Si wafer. The

theoretical fit using the bilayer model gave a density

of 18.2 g/cm3 and a thickness of �175 Å. The top

layer and interface roughnesses were 4 and 13 Å,

respectively. As before, the film thickness and the

density were insensitive to the second-layer proper-

ties. A mass density of 18.2 g/cm3 means that the

deposition produced a defect density of �5.7% of the

ideal packing. Besides uncertainties in determining

Fig. 13. Reflectivity vs. the incidence angle for the 121 Å PdAu

film on a Si-wafer described in Figs. 8 and 9a and c. The dotted line

is the actual data and the full line is the bilayer-model fit.

Fig. 14. Reflectivity vs. the incidence angle for the 240 Å PdAu

film on a Si-wafer described in Figs. 9b and 10. The dotted line is

the actual data and the full line is the bilayer-model fit.
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the mass density which could be as much as 1 g/cm3,

other factors that contribute to the apparent defect

density will include but are not limited to non-flat

(grainy) topography, trapped gasses in the film, and the

actual defects formed during deposition.

3.4. Thin-film diffraction studies

Thin-film diffraction studies were conducted to

determine the crystal structure of the thin films

and that of the interlayer. Fig. 15 shows a montage

of grazing incidence X-ray diffraction spectra as a

function of the incidence angle for the thick

(�240 Å) Pd/Au film described in Figs. 10a and b

and 14. The angle of incidence of the Cu Ka X-rays

varied from O ¼ 0:28 to 2.08 (Fig. 1). The relative

intensities of the peaks related to the thin film and

those related to the substrate changed as a function of

the angle of incidence, as anticipated. The peaks

around 2y ¼ 398 and 458 are assigned to the (1 1 1)

and (2 0 0) diffraction peaks belonging to the PdAu

alloy, while the peak around 2y ¼ 538 belongs to

the Si(3 1 0) diffraction line. The features around

2y ¼ 568 are associated with the Si substrate (such as

the (3 1 1) lines, which were not expected to be

strong because of the single crystal nature of the

Si(1 0 0)). These peaks were confirmed by running

thin-film diffraction on the Si substrate without PdAu

film. Furthermore, thin-film diffraction studies were

conducted on the pure Au film deposited on the Si

substrate, and the results confirmed the expected

diffraction pattern, similar to that shown in Fig. 15:

the Au(1 1 1) line appeared at about 2y ¼ 388, and

the Au(2 0 0) line appeared at about 2y ¼ 448, with

the intensity ratios as documented by the diffraction

libraries. Careful analysis of the diffraction data of

the PdAu film suggests that the lattice parameter of

the film is 4:004 � 0:014 Å. This falls between the

values of 4.08 Å for Au and 3.89 Å for Pd. The Pd

and Au atoms randomly occupy the face-centered

cubic (fcc) sites of a cubic structure. The mass

density of a hypothetical thin film corresponding

to an ideal packing can easily be determined by

making use of XPS quantitative analysis. The Au

to Pd concentrations in cycle 1 are determined to

be about 47.5 and 52.5%, respectively; hence,

PdxAu1�x, x ¼ 0:53. Taking into account the mea-

sured lattice parameter and the statistical distri-

bution of the Pd and Au atoms placed on the lattice

site (with an average mass of 149.43 amu) gives an

ideal density of 15.5 g/cm3. This value is substan-

tially larger than the 13 � 1 g/cm3 measured in our

films. This result is consistent with the XPS deter-

minations, where not only the pure PdAu phase but

also the Pd- and Au-silicides as well as C and O are

all mixed into the matrix of the thin film (see Fig. 8c

and 11). These all contribute to the reduction of the

mass density. Other factors that contribute to the

apparent reduction in the mass density are the non-

flat (grainy) film structure and actual vacancies

introduced during thin film deposition. Hence, the

thin-film diffraction and XPS results are consistent

with each other.

4. Discussion

Our observations suggest that the AuPd/dielectric

film/Si(1 0 0) system forms a reactive interface. It

appears that this reactive interface takes place in spite

of the reasonably thick (40–50 Å) dielectrics of

Fig. 15. Montage of grazing X-ray diffraction vs. 2y for the sample

described in Fig. 14 as a function of angle of incidence, O, varying

from 0.28 to 28 in steps of 0.28. The peak positions related to the

thin film are assigned to AuPd (1 1 1) and AuPd(2 0 0) diffraction

beams as shown in the figure. The major substrate-related peak is

identified as Si(3 1 0) in the figure. The minor features above

Si(3 1 0) are also related to the substrate, which is verified by

running a grazing incidence X-ray diffraction spectrum on a bare

Si-wafer. It is also clear that these features grow with increasing

angle of incidence, O, indicating that the features are related to the

Si(1 0 0)-wafer.
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Si-oxide or Si-oxynitride grown on Si. Such dielectrics

are not able to form a diffusion barrier against the

migration of Si into PdAu film or of Pd and Au into Si

bulk. In fact, the data suggest that the oxide layer

actively participates in the reactions. It is not clear

what the microscopic nature of these reactions are in

these dynamic and reactive processes.

Sputtering a surface is a destructive process, both

physically and chemically. Is it possible that Ar bom-

bardment causes some of the observed interdiffusion

and chemical changes? It is well known, for example,

that ion bombardment causes differential etching,

surface roughening, and enhanced interdiffusion.

For example, Bukaluk [46] reports the effects of

Ar-ion sputtering on degradation of depth resolution

as a result of interdiffusion in thin films of bi- and

multi-layer Pd/Au systems. Most of these effects are

visible after 300 Å of profiling. We admit that some of

these effects are inescapable and are present in our

data (Fig. 10). However, their contribution is mostly

neglected in our analysis. Experimentation with 3.5

and 2 keV Ar-ion beam energies on the same system

did not yield different results. It would be difficult to

explain the Si signal in the XPS studies of PdAu thin

film �170 Å before the interface being caused as a

result of ion bombardment! The formation of PdAu

islands will explain the latter observation but AFM

studies do not agree with this assessment. The charge

state of Pd and Au may be affected by Ar-ion bombard-

ment; hence, some of the peak shifts might be attributed

to beam damage. However, our current belief is that the

observed interfaces are formed during and after the

deposition and perhaps are even aided by Cu Ka
radiation during reflectivity and diffraction studies,

and we have no convincing evidence contrary to this

hypothesis. The migration of Si into thick gold films

and silicide formations in Au/Si and Pd/Si interfaces

under ambient conditions has already been reported in

the literature [12,19,20], which gives support to our

current view of the PdAu/Si-oxide/Si interface.

As discussed earlier, the angular-resolved XPS

presented in Fig. 11 support the idea that the Si is

migrating from the substrate to the top of the �15 Å

AuPd film. This idea is further supported by the peak

positions and FWHMs of Si, C, Au and Pd compared

at two extreme angles of emission, 98 and 808 (near

normal emission). This is shown in Table 1.

The Au 4f and Pd 3d levels are shown as references.

The main issue is the behavior of the Si 2p level

relative to the other peaks, particularly to C 1s, which

is usually accepted as the reference position in such

comparisons [47]. Note that at the 98 emission angle Si

2p is positioned at �102 eV and its FWHM is about

1.67 eV, while at the 808 emission angle Si 2p is

positioned at �103.4 eV and its FWHM is about

2.57 eV. The explanation for these observations is that

at grazing emissions spectra are sensitive to the top-

layer atoms of the surface, so that the Si 2p state is

expected to be substantially different from the Si 2p

inside the Si-oxide layer. Hence, at grazing emissions

a nearly pure state of Si is observed on top of the

surface, while at near-normal emission both states are

visible to the detector, so that two peaks with �1 eV

separation yield a broader peak at a different position,

as observed in the experiment. Notice that the C 1s

peak properties do not change much with the varying

angle of incidence. Notice also that the Pd 3d position

at �336.3 eV is shifted by �1 eV from 335.3 eV for

the pure PdAu; meanwhile a small shift (�0.3 eV) is

observed in Au 4f. This is interpreted as the Si atoms

on the surface interacting predominantly with the Pd

atoms rather than with the Au atoms.

Table 1

Comparison of the peak positions and FWHMs of Si, Au, Pd and C for 98 and 808 emission anglesa

Angle (8) Atom

Si 2p Au 4f Pd 3d C 1s

9 Peak position (eV) 102.3 84.3 336.3 284.9

FWHM (eV) 1.67 1.45 2.75 1.68

80 Peak position (eV) 103.4 84.3 335.8 284.9

FWHM (eV) 2.57 1.26 2.30 1.64

a These data correspond to Fig. 11.
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In Fig. 7d, it appears that the locations of the PdAu

and SiO2 layers are superimposed on each other. This

apparent paradox can be easily resolved if one com-

pares Fig. 7a and b with Fig. 7c, where it is clearly seen

that the oxide layer extends beyond the interface. The

apparent oxide signal within the PdAu film is due in

part to the finite attenuation length of the photoelec-

trons produced inside the Si-oxide layer, traversing the

PdAu film on the way to the analyzer, and in part to the

O from air trapped in PdAu film during or after

deposition. Hence, the data are consistent with the

expected layer geometry.

The temporal properties of the diffusion, reaction

and interface formations of these systems have not

been investigated. The minimum time between thin-

film preparation and XPS analysis was about 2

months. Samples were exposed to Cu Ka X-rays

continuously for hours at a time during analysis,

and they were kept in ambient atmosphere. As men-

tioned above the physical roughnesses of the sub-

strates are typically less than 5 Å and those of the

thin films are about 10–15 Å, as determined by the

AFM measurements. The formation of silicides and

related interdiffusion near the interface as well as the

formation of physical roughness might be influenced

by the above factors (time and exposure to X-rays).

The X-ray reflectivity suggests a reasonably sharp

boundary with considerable differences between the

densities of the thin film and those of the substrate, as

presented in Section 3.3 above. The depth profile of

the Si-oxide layer in PdAu film behaves slightly

differently in terms of Si 2p analysis (Fig. 7c and

d) than that of the Si-oxide layer without PdAu film, as

shown in Fig. 2a and b. The differences are attributed

to interaction of the PdAu film with the oxide or

oxynitride layer of the substrate. X-ray reflectivity

is a very accurate way to determine the average film

thickness, which is separated by sharp mass density

from that of the substrate. The thickness measure-

ments were also confirmed using sputter-rate calibra-

tions of the XPS Ar-ion gun as well as AFM. Both the

PdAu film thickness and the Si-oxide thickness, each

�46 Å, are rather accurately determined. The data

indicate that only small fractions of the available Si,

Au, and Pd have participated in silicide reactions as

presented earlier.

Other evidence suggesting that PdAu interacts with

the oxide or oxynitride layer is seen in the comparison

of the O 1s core position as a function of the sputter

cycle shown in Fig. 9a and that shown in Fig. 2b.

Ordinarily the sputter process causes the O 1s level to

shift down by about 1 eV when no PdAu is present

(Fig. 2b), while the same process as shown in Fig. 9a

produces an opposite behavior, an upward shift of

�1.7 eV when the PdAu is deposited on the oxide.

Some of the oxygen in the thin film is incorporated

into the film during and after the film preparation. This

means O either from air or from the Si-oxide is

interacting with the Pd and Au species, all of which

mix and interact as a result of the diffusion of Si, Pd,

Au and even O into each others’ regions.

Whether or not the N was present in the Si-oxide

film did not make any difference in the diffusion and

reactive processes between the PdAu and the sub-

strate, even though the N in Si-oxide or Si3N4 films on

Si substrate was known to strengthen the diffusion

barrier properties (against boron) as well as prevent

leakage and electric breakdown in the thin oxide films

in microelectronic device technology [48,49]. A depth

profile analysis of the Si-oxynitride film is very similar

to that of the Si-oxide film (Fig. 2). The chemical

nature of an oxynitride matrix is discussed in [39]. As

shown, however, in Figs. 8–10 the diffusion and

reaction processes of PdAu on Si-oxynitride are very

similar to those observed with a PdAu film on a thick

Si-oxide film. The role of the N is totally ignored in

our analysis.

Our observations suggest a silicide interface, whose

FWHM, extracted from the Au-silicide versus sputter

cycle curves shown in Figs. 5b, 6b, 8c and 10c, seems

to depend on the film thickness. It is determined that

the FWHMs of the silicide formations in 46, 121 and

240 Å films are 70, 180 and 220 Å, respectively. The

thickness dependence of this reactive interface seems

to correlate with Si diffusion into the thin films as

shown in Figs. 5b, 6b, 8c and 10c, where the Si

diffusion measured from the interface is �45, 120

or 170 Å for 46, 121 or 240 Å PdAu films, respec-

tively.

The nature of the diffusion process is obviously

complicated, particularly in the systems studied here.

In [7,8] a mass-exchange mechanism is suggested for

the dynamic process involving Si and Au interdiffu-

sion. A similar mechanism can be considered for Au

and Pd diffusion into Si oxide, though at this time all

of these ideas are speculative. Experimentally, the
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accumulation of Pd in the Si oxide appears to be

greater than that of Au. In general, the thermodyna-

mical conditions that can give rise to such a situation

involve complicated chemical potential gradients for

Pd, Au, O, N and Si. These are established across the

interface upon deposition of the PdAu thin films in

such a way that the equilibrium condition is estab-

lished when the constituent atoms diffuse and react

with each other to form a reactive interface as

described above. Ion beam induced atomic transport

is addressed in the reference [50], where an 80 keV

Arþ beam is allowed to interact with the Pd/Au

bilayer. The conclusions of reference [50] are not

directly applicable to our results.

No evidence of crystallinity is observed for the Au-

and Pd-silicide in the grazing-incidence X-ray diffrac-

tion (XRD) data. It is most likely that such reactions

produce amorphous structures as reported in [11],

which is an even stronger probability in our case

because of the involvement of the amorphous Si-oxide

and Si-oxynitride structures in the silicide formations.

Also, the concentrations of these silicides in the inter-

face might be outside the detection limit of our XRD

system.

5. Conclusions

Several very interesting features of PdAu films have

now been brought to light: PdAu films on a 40–50 Å

oxide or oxynitride dielectric grown on a Si wafer

form a reactive interface. The major fraction of the

film is an fcc structure with a lattice constant of

4:004 � 0:014 Å and a thin-film density of 13� 1 g/

cm3. The ideal density of the PdxAu1�x (x � 0:53) film

is expected to be about 15.5 g/cm3. This means the

film has a substantial amount of defects as well as light

Si, O, N and C impurities in it. A reactive interface is

formed in which the thin-film Pd and Au atoms and

substrate Si atoms are diffused into the opposite

regions. This way a reactive interlayer consisting of

Au- and Pd-silicide extending into and mixing with

the PdAu and Si-oxide or Si-oxynitride is established.

The concentration versus depth of the silicide has a

maximum at the PdAu interface and decays rapidly on

both sides of the interface. The FWHM of this profile

saturates at �220 Å for �240 Å PdAu film. For

thinner films the FWHM is reduced and is regulated

by the diffusion of Si into the PdAu thin film. It is clear

that PdAu films interact with the Si-oxide or Si-

oxynitride films but the microscopic nature of this

interaction is not yet clear. Finally, silicides estab-

lished in the interface region appear to be amorphous.

No attempt was made to characterize the temporal

evolution of these interfaces in the 2-month period

between the time they were prepared and the time they

were analyzed using XPS depth profiling.
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