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ABSTRACT

Thin film devices used in solar energy applications, 
such as photovoltaic cells and mirrors, consist of layers of 
material. At ambient temperatures, these layers can 
interdiffuse into one another resulting in a decrease in 
both the performance and lifetime of the device. Surface 
analysis techniques were used in an attempt to observe and 
measure the rate of diffusion in a Ag/Cu thin film stack so 
that a better understanding of the diffusion mechanism could 
be achieved.

10 nm Ag/25 nm Cu couples were prepared and profiled at 
different temperatures using a ^®Ne+ ion beam in conjunction 
with ISS and AES surface analysis techniques to yield plots 
of relative atomic concentration as a function of profile 
time. Profiles were made at temperatures of -130 to -160°C 
to "freeze" atomic motion and reveal the mixing effects due 
to the action of the ion beam. Profiles were then made at 
increasing temperatures to establish the point where actual 
diffusion could be observed.

Theoretical calculations indicate that measurable 
diffusion should occur in Ag/Cu thin films at temperatures 
below 100°C and after periods of 1 to 10 h . However,
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inspection of the ISS profiles obtained at temperatures 
ranging from 25 to 250°C revealed no observable diffusion.

The presence of adsorbed 0 on the surface of a Ag/Cu 
couple appears to promote the diffusion of Cu through the Ag 
layer as a measurable amount of Cu was seen on the surface 
of an atmospherically contaminated sample. Although the 
concentration of material on the surface was sufficient to 
be seen with ISS, the grain boundary concentration was not, 
thus indicating that ISS is not sensitive to the small 
concentrations existing within the grain boundaries.

AES profiles indicated that substantial interdiffusion 
had occurred after 2 h at 250°C. However, the electron beam 
effects, in conjunction with composition-in-depth profiling, 
on the actual diffusion profile were substantial, as visual 
inspection of the analyzed samples clearly revealed the 
region affected by the electron current density.
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1.0 INTRODUCTION.

1.1 General need for interdiffusion work on multilayer thin
film stacks used in solar energy applications.
Research on materials used in solar energy applications

is crucial to understanding the behavior of these materials 
in real environments. Devices made from these materials 
must be inexpensive, provide efficient energy conversion, 
and have long useful lifetimes. The ultimate goal of 
materials research is to increase the effective lifetimes of 
solar intensive devices and enhance their reliabilities 
while maintaining or even improving their performance 
characteristics.

The amount of direct normal insolation at the earth's 
surface is approximately 1 kW/m^ [1]. Large areas of solar 
collectors such as photovoltaic arrays or reflectors are 
thus required if a reasonable fraction of current energy 
demands is to be supplied from solar energy. For example, a 
central receiver plant designed to deliver 450 MW of power 
at the design point, a typical value for a coal-fired power 
plant, would require approximately 8 x 10^ m 2 of actual 
reflective surface area [2]. Thus, it is important to 
reduce the degradation of the mirrors to a minimum so that 
low life cycle costs can be achieved.



T-3168 2

In general, mirrors and photovoltaic devices are 
composed of multilayer thin film stacks. Examples of such 
devices are illustrated in Fig. 1.1.a. Interdiffusion of 
material occurs at the solid-solid interface between films 
of different elemental composition; in practical mirror 
systems, it occurs between Cu and Ag layers. Interdiffusion 
can result in component dilution, component segregation, 
compound formation, boundary migration, and impurity 
segregation. In addition, the rate at which these processes 
occur depends on how the thin film couples are prepared and 
the environment in which they exist. Radiation, electric 
fields, and thermal gradients can all affect the diffusion 
process.

The objectives of a proposed long range research project 
at the Solar Energy Research Institute are (1) to study 
compositional changes resulting from diffusion at 
temperatures below 100°C, (2) to understand the rate 
controlling diffusion process between different 
polycrystalline films and between films and their substrates 
or superstrates, (3) to understand the effects of electric 
fields and irradiation on the diffusion process, and (4) to 
correlate compositional changes with changes in the 
electrical and optical properties of thin film devices. 
Understanding interdiffusion as it applies to solar energy
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has been cited as one of the most important steps toward 
improving the performance, decreasing the life cycle costs, 
and increasing the durability of solar energy conversion 
systems [3]. This work is the first step in the proposed 
study, particularly, as it addresses objective (1) above.

1.2 What is specifically known about measuring
interdiffusion.
A comprehensive literature search was carried out by Jay 

James, a graduate student at the University of Denver, to 
identify candidate thin film bilayers for this study.
Systems of particular interest were those studied at or near 
an ambient temperature of 25°C since this approximates the 
environment of most solar concentrators. Over two hundred 
studies were scrutinized and none were found below 25°C with 
very few below 100°C. The range of systems was then 
narrowed to a thin film metallic bilayer since this would be 
the simplest system to prepare and study and, therefore, a 
logical choice for the initial work. Under this constraint, 
very little work was found at temperatures below 150- 
175°C. This is most likely due to the length of time 
necessary for detectable concentrations of material to 
diffuse.

Polycrystalline bilayers usually consist of small single
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crystal grains separated by grain boundaries. For diffusion 
purposes, the interface region between grains usually has an 
enhanced diffusivity and is often regarded as being two 
dimensional with a thickness comparable to atomic spacing. 
Movement of atoms along these boundaries constitutes grain 
boundary diffusion. This is the literal definition, 
although in a less restrictive sense the term grain boundary 
diffusion implies a process in which both boundary and 
lattice diffusion occur.

The extent to which lattice diffusion influences the 
material transport along boundaries determines the type of 
diffusion which prevails. Harrison [4] classified grain 
boundary diffusion into three kinetic regimes: A, B, and C, 
which are illustrated schematically in Fig. 1.2.a. The A- 
kinetics involves extensive overlap of the diffusion field 
into the single crystal grains. B-kinetics corresponds to 
the median case where less lattice diffusion occurs. In C- 
kinetics, lattice diffusion is considered negligible and 
significant atomic transport occurs only within the 
boundaries. Thin films are both unique and challenging as 
candidates for diffusion studies because potentially large 
numbers of structural defects could allow the existence of 
any of the three kinetic regimes. However, C-kinetic 
diffusion most likely predominates in this work, due to the
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Fig. 1.2.a. Schematic representation of A - , B - , and C- 
kinetics. The vertical lines indicate grain 
boundaries, and the curved lines are 
isoconcentration contours. The diffusion source 
coincides with the top horizontal lines.
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low temperatures of interest. Hwang and Balluffi [5] have 
presented a treatment of C-kinetic diffusion in thin films 
with subsequent surface spreading.

The activation energy for grain boundary diffusion is 
lower than the activation energy for bulk lattice diffusion. 
This is due to the high density of vacancies and defects in 
the boundary region. It is well established that the 
principle mode of diffusion at low temperatures is along the 
grain boundary and not through the crystal [6]. In the case 
of diffusion through a thin film overlayer, the activation 
energy for surface diffusion is even lower so that the 
material spreads rapidly upon reaching the surface.

A variety of metallic diffusion couples were identified 
in the literature including Au with Ag, Cd, Cu, G a , In, Pd,
Si, Ti, and Zn; Ag with Au, Cu, and Al; Cu with Ag, Au, C r ,
Ni and Si; Al with Ag, Ge, Pt, and Si; Cr with Si; Ti with 
Au, Pd, Pt, and Rh; and Ni with Fe. Activation energies 
ranged from 4.0 eV down to 0.5 eV for some polycrystalline 
couples. As will be shown below, those systems where the 
activation energy is near 0.5 eV are the best candidates for 
having a measurable diffusion below 100°C.

Somorjai [7], used the random walk process to obtain the 
mean square distance (<X^>) in one dimension of <X^> = ftd,
where f is the jump frequency, d the jump distance, and t
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the time to make n jumps. He then combined this with the 
definition of the diffusion coefficient (D) in one dimension 
of D = fd^/2 to obtain the root mean square (rms) distance 
traveled by an atom along a boundary. The rms distance, 

xrms' is 9iven by

Xrms = <X2>1/2 = (2Dt)1/ 2 (1)

where D is the diffusion coefficient given by the Arrhenius 
equation, D = DQexp-Q/kT, and t is the diffusion time. DQ 
in the Arrhenius equation is the diffusion constant, Q is 
the activation energy for diffusion, T is the Kelvin 
temperature, and k is Boltzmann's constant. Equation (1) 
has been evaluated using activation energies and diffusion 
constants obtained from the literature for candidate systems 
at temperatures below 100°C. Table 1.2.a summarizes these 
parameters for the particular systems of interest.

For the Ag/Cu system analyzed in this work, Xrmg was 
calculated at temperatures of 25, 50,and 75°C and for 
diffusion times of 1, 10, and 100 h. The results are shown 
in Table 1.2.b. They indicate that measurable 
interdiffusion of Ag into Cu and Cu into Ag should occur at 
these temperatures and diffusion times.

Previous researchers have used radioactive tracers [8],
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Table 1.2.a. A listing of the documented activation
energies, Q, and diffusion coefficients, DQ , 
for specific systems identified for detailed 
study.*

System Ograin
(eV)

Do
(cm2/ s )

Remarks

Cu/Ag 0.50 3.8x10*8 Cu into Ag
Ag/Cu 0.75 3.1x10*6 Ag into Cu
Au/Ag 0.50 2.0x10*6 Au into Ag
Ag/Au 0.58 1.0x10*6 Ag into Au

*Qgrain an<  ̂ D0 values measured at T > 100°.
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Table 1.2.b. Calculated rms distances for diffusion between 
Ag and Cu bilayers at 25, 50, and 75°C.

xrms nm ^or diffusion into Cu* 
(Dq = 3.1xl0~^ cm^/s, Q = 0.75 eV)

Temperature 1 h 10 h 100 h
25 0.68 2.16 6.83
50 2.11 6.69 21.1
75 5.57 17.6 55.7

x rms in nm Eor 
(D0 = 3.8x10'

Cu diffusion into Ag* 
® cm^/s, Q = 0.50 eV)

Temperature 1 h 10 h 100 h
25 9.82 31.0 98.2
50 20.9 65.9 209.0
75 39.7 126.0 397.0

*Xrms = (2Dg,texp-Q/kT)l/2
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conductivity and/or magnetic couples [9], electron 
microscopy [10], X-ray analysis [11], and Rutherford 
backscattering [12] as methods of observing and measuring 
diffusion. The approach presented here is an attempt to use 
surface analysis techniques via the method of composition- 
in-depth-profiling to observe and possibly quantify 
interdiffusion in a polycrystalline thin film bilayer at 
temperatures below 100°C.

1.3 Project description and realizable goals.
In this work, Ion Scattering Spectroscopy (ISS) and 

Auger Electron Spectroscopy (AES) were used to detect 
compositional changes with film depth resulting from 
interdiffusion in Ag/Cu bilayers. Ion etching techniques 
were employed to expose elemental composition with depth. 
Materials of interest were those specific to solar energy 
applications. In this work, the Ag/Cu polycrystalline thin 
film couple was examined at temperatures from -160°C to 
300°C.

The principal questions that were to be addressed are :

1) Can grain boundary diffusion in polycrystalline thin 
films be observed with ISS and AES surface analysis 
techniques?
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2) If the result to (1) is positive, what is the lower 
temperature limit where diffusion occurs?

3) What artifacts are introduced into the diffusion 
process using ion etching techniques for depth 
profiling?

4) What artifacts are introduced into the diffusion 
mechanism using these surface analysis techniques?

5) Can the activation energies, Q, and the diffusion 
coefficients, DQ , in the Arrhenius equation be 
obtained from diffusion profiles, and, if so, can 
measurements taken at higher temperatures (T>100°C) 
be extrapolated to room temperature?

6) Will an oxygen layer or other active gas adsorbed or 
reacted with the surface material affect the 
diffusion process? Will it inhibit or promote 
diffusion?

As will be seen, partial answers were obtained for questions 
(1), (2), (3), (4), and (6).

1.4 Long term questions and goals.
As was stated earlier, this project is the initial step 

in a larger proposed study aimed at identifying the 
compositional, structural, electrical, and optical 
properties of solar materials as well as the various
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interrelationships among them. Some of the long range goals 
beyond the scope of this work are :

1) What film structures and compositions are important?
2) What effects do using various combinations of 

crystalline and polycrystalline layers have on the 
diffusion of one into another?

3) What mechanism controls the diffusion between 
different materials in thin films (e.g. bulk 
diffusion, grain boundary diffusion, structural 
defects)?

4) How important are the structure and grain size of 
polycrystalline thin films?

5) How do electromagnetic fields affect the diffusion 
mechanism?

6) How does radiation affect the diffusion mechanism?
7) Ultimately, what correlations exist between the 

diffusion mechanism and the optical and electrical 
properties of these thin films?

These important questions need to be answered in order to 
understand thin film behavior for some solar applications. 
Some of the experiments necessary to address these questions 
require studying many variables at once. These data 
combined with mechanisms of interdiffusional degradation may 
provide the information necessary for predicting the service
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life of certain thin film devices. Thus, a long-range 
research program on thin film interdiffusion will not only 
yield basic scientific information, but may also result in 
valuable life-time prediction as well as life-time 
enhancement of polycrystalline thin film devices used in the 
conversion of solar energy to thermal and electrical energy.
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2.0 EXPERIMENTAL HARDWARE AND METHODOLOGY.

2.1 Overview of experimental procedure.
The experimental procedure can be divided into three 

steps: film preparation, composition-in-depth-profiling, and 
data reduction. Thin film metallic couples were prepared in 
situ in an evaporation chamber, transferred to an analysis 
chamber without exposure to the laboratory atmosphere, and 
analyzed using several surface analysis techniques. During 
analysis, material was continuously sputtered from the 
surface using an ion beam. This allowed composition as a 
function of sample depth to be recorded and stored for 
further analysis. Samples were prepared and analyzed at 
various temperatures ranging from -160°C to +300°C. Plots 
of film composition as a function of profile time were 
examined to see if diffusion could be observed and if so, 
to what extent it had taken place.

Descriptions of the surface analysis techniques used and 
their associated equipment will now be presented as well as 
detailed descriptions of the film preparation and 
composition-in-depth profiling procedures.

2.2 Description of surface analysis techniques.
There are many ways of probing the nature of a solid-
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solid interface. Each method requires some particle or 
energy input into the surface. The form of energy varies 
according to the method and the desired results. For 
example, sound can be used to study the vibrational states 
of the solid; photons can be used to study the electronic 
states of the surface species and thus the elemental 
substance ; thermal energy can be input to the sample to 
study thermionic emission and atomic motion within the 
sample (i.e. along grain boundaries or through the bulk 
crystal); or, energetic particles such as electrons, ions, 
and neutral species can be used to study other 
characteristics of the surface region. Each method yields 
different, or in some cases, similar information and each is 
used extensively in surface analysis. Table 2.2.a 
categorizes several common surface analysis techniques 
according to the input probe and the resulting output
[13]. The methods used in this study are those involving 
photon and particle probes. Specifically, these are ISS, 
AES, and X-ray Photoelectron Spectroscopy. A detailed 
description of each follows beginning with the primary 
method of Ion Scattering Spectroscopy.

2.2.1 Ion Scattering Spectroscopy (ISS).
When a monoenergetic, collimated beam of ions with
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Excitation ------ >

hv e Ions E

=1-e

X-ray fluorescence Electron microprobe

X-ray appearance or 
disappearance spec
troscopy (APS, DAPS)

Surface composition 
analysis of neutral 
and ion impact Radi
ation (S C A N IIR )

Ion induced X-rays 
( IE X )

Electron spectro Auger electron Ion neutralization 
spectroscopy (IN S )scopy for chemical spectroscopy (AES)

analysis (ESCA) or
Ionization
spectroscopy

soft X-ray photo
electron spectro
scopy (XPS)

U V  photoelectron 
spectroscopy (UPS)

Auger electrons

Io
ns

Ion microprobe or

Field ion 
mass
spectrometry

secondary ion mass
spectroscopy (S IM S)

Mass spectroscopy of 
sputtered neutrals

Ion scattering spec
troscopy (ISS)

Nuclear backscattering

Table 2.2.a. A survey of compositional analysis methods
based on physical phenomena. (Methods for which 
commercial apparatus is available are 
underlined.)
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kinetic energy from approximately 0.1 to 10 keV is incident 
upon a surface, ions are scattered in single binary 
collisions by the surface monolayer, when the incidence 
angle is not grazing. Measurement of the energy 
distribution of the scattered ions at a particular 
scattering angle constitutes ISS.

The scattering event is depicted schematically in Fig.
2.2.a. An incoming projectile of mass MQ (typically He or 
Ne) and energy EQ collides with a surface atom of mass Mg .
A detector is placed at an angle 6 with respect to the 
incoming particle's momentum vector. For the range of 
primary beam energies used, it may be assumed that the 
target atoms are stationary and are not coupled to their 
neighbors, because the thermal energy of the atom is only 
about 0.025 eV compared with the incident ion energy of 100 
eV or more, and lattice vibration cycle times of 
approximately 10“^  s are long compared to collision times 
of about IQ"15 s. The de Broglie wavelengths of the 
incoming projectiles are small compared to atomic 
dimensions, so it may be assumed that classical mechanics 
can be used to adequately describe the collision events. 
Furthermore, for most projectiles used in ISS, velocities 
are less than 0.1 times the speed of light, so that 
relativistic effects can be ignored. The problem is thus
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reduced to classical "billiard ball" scattering of the 
nuclei and is easily solved.

Operating under these assumptions, one may use the 
conservation of momentum and the conservation of kinetic 
energy to predict the energy distribution at the detector
[14]. The energy E of the scattered ion is

E = Eq ( 1 + a) ”2 [ Cose + (a^ - sin^e)!/^^ ( 2 )

where a = Mg/MQ and 9, EQ , and M0 are fixed, E is measured 
and Ms may be calculated to deduce the mass of the surface
species. Smith, who first demonstrated the use of ISS as a
surface analysis tool, showed that the energy predicted by 
the simple two body collision model holds even at higher 
temperatures and with a small initial mass, M0 , such that 
its velocity is greater than 0.1 times the speed of light
[15] .

A simplified schematic of an ion scattering experiment 
is shown in Fig. 2.2.b . The important hardware elements of 
the experiment will be described in section 2.3.4. The 
energy spectrum obtained provides information on the mass 
and number of surface atoms through the energy position and 
magnitude, respectively, of peaks in the spectrum. Mass
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identification is straightforward; peaks for higher masses 
occur at higher energies as Eq. (2) predicts. An example of 
a typical ISS spectrum generated in this study is shown in 
Fig. 2.2.c. Counts (number of ions) are on the y-axis, and 
energy on the x-axis. Typically, there is a low energy peak 
corresponding to sputtering of the target by the ion beam, 
an elastic scattering peak centered on the energy of the 
incoming ion beam, multiple scattering peaks, and peaks 
associated with doubly ionized incoming particles. In this 
case, the peak at 505 eV corresponds to Ag and the peak at 
340 eV corresponds to C u .

The determination of the number of surface atoms is not 
so straightforward, however. The number of scattered ions 
detected depends on several factors, the two most important 
being the scattering cross-section and the probability of 
the ion being neutralized before detection. Neither of 
these parameters is well understood. In addition, surface 
structure and density can affect the signal intensity. 
Shadowing factors related to the surface geometry affect the 
visibility of the target atom to the incoming ion. Thus,
ISS data does contain surface structure and bonding 
information, but single crystals are required to secure it.

ISS was used primarily for mass identification in this 
study, however quantitative analysis was also desired to the
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extent that relative quantities of the two bilayer 
constituents at the surface could be determined. This was 
done using the method of sensitivity factors which will be 
described in section 2.5.

It is the high surface selectivity which makes ISS an 
outstanding analytical tool for this study. Approximately 
0.01 to 10 % of all incoming ions reach the detector as 
scattered ions. Most are neutralized in the scattering 
process. However, almost all of the remaining ions are 
products of scattering events at the surface monolayer.
Only a very small number result from collisions with the 
second and deeper monolayers. In the analyzer, the 
scattered neutrals are also separated from the actual ion 
current and, thus, a good signal to noise ratio is achieved.

There is another property of ISS which is used to 
advantage in this study. The ion beam not only acts as the 
analytical probe, but also simultaneously etches the surface 
being analyzed. This makes ISS an excellent tool for 
composition-in-depth-profiling which will be explained in 
section 2.5.

2.2.2 Auger Electron Spectroscopy (AES).
The Auger process is illustrated schematically in Fig.

2.2.d . Consider the ionization of an atom by an incident
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Fig. 2.2.d. E n e r g y  level d i a g r a m  d e p i c t i n g  r e l a x a t i o n  by anlevel e l e c t r o n  d r o p p i n g  into the K level and e m i s s i o n  of an L 2 e l e c t r o n  as a n  A u g e r electron.
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electron with kinetic energy Ep (usually in the range 1 to 
10 keV). The core level, denoted by K, is ionized and the 
vacancy is filled by an upper level electron. The
transition energy, EK - E^^, can be released in one of two 
different ways. The energy can be released in the form of 
characteristic X-rays or it can be transferred to another 
electron such as in the level. This electron, the Auger 
electron, is subsequently ejected with an energy EA given by

EA = EK “ EL1 " EL2 ~ *A

where $A is generally the work function of the analyzer if 
the sample material is a good conductor in electrical 
contact with the spectrometer. All samples analyzed in this 
work were metallic bilayers grounded to the sample stage and 
consequently to the spectrometer.

The process just described is termed the KL^ L2 Auger 
transition. The nomenclature symbolizes the vacancy of a Is 
electron in the K shell being filled by a 2s electron from 
the shell, and the subsequent ejection of a 2p electron 
from the L2 shell. The transitions most often used in AES 
are the KLL, LMM, and the MNN transitions. The energy 
distribution of the electron current is measured and the 
number of electrons with a specific energy N(E) is plotted
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versus the electron energy. Figure 2.2.e is an AES plot 
showing the energy distribution N(E), N(E)xlOf and the 
electronic differentiation of the energy distribution 
dN(E)/dN for A g . The Auger peaks are easier to separate 
from the background noise when they are electronically 
differentiated because this removes the large background 
signal due to backscattered primary electrons and 
inelastically scattered Auger electrons. Note the low 
energy peak in the N(E) function due to ejected lattice 
electrons and the large 1 keV peak resulting from 
elastically reflected primary electrons. Although 
differentiation improves the signal-to-noise ratio, it 
obscures chemical information which can be derived from the 
shifting of peaks in the N(E) spectrum. This is not of 
concern in this study, where identification of elements is 
the primary interest and, secondarily, the quantification of 
these elements. The most useful Auger peaks for the 
elements have been catalogued and plotted for easy reference
[16] .

AES, like ISS, is an excellent tool for surface 
studies. The mean free path of the Auger electrons (20 to 
2500 eV) corresponds to an escape depth of only a few 
monolayers. In addition, state-of-the-art electron optics 
are capable of beam sizes on the order of 20 nm FWHM. This
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dN ( E ) / d E  for a Ag target w i t h  p r i m a r y  b e a m  of el e ctrons at a k i n e t i c  ene rg y of 1000 eV.
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well defined focal spot yields very high spatial resolution 
in the sample plane.

There are two major disadvantages in using an electron 
beam as a surface probe. One, the incoming electron current 
can often be greater than the total output electron current 
consisting of the Auger, secondary, and backscattered 
electrons. This results in sample charging if the material 
is an insulator and not grounded to the spectrometer. This 
can have adverse effects on the location and shape of peaks 
in the spectra. As mentioned before, this is not the case 
with the samples analyzed in this study. If good electrical 
contact is not achieved, however, sample charging can 
sometimes be minimized by using an electron beam of 2 keV or 
less. In this region, the emission of secondary electrons 
increases. The other disadvantage, and the one more 
relevant to this study, is that the electron beam can change 
the structural and/or the chemical nature of the sample 
material. In particular, the electron beam energy can be 
dissipated as heat in the impact region, particularly for 
beams with a small FWHM. This may be sufficient to promote 
atomic movement perpendicular to the sample plane and thus 
produce diffusion that would not occur in the absence of the 
beam. An extreme case is the actual melting and evaporation 
of thin metallic samples, which has been seen in the
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scanning electron microscope where 20 keV and 20 nm FWHM 
beams are used.

Peak to peak heights of differentiated AES signals offe 
some measure of quantitative analysis. The best accuracy i 
obtained by comparing spectra with those of standard 
materials. The precision of relative concentration 
measurements is better and thus comparison of spectra to 
determine compositional changes can be easily accomplished.

2.2.3 X-ray Photoelectron Spectroscopy (XPS).
The method of XPS is based on the photoelectric effect. 

When photons of sufficiently high energy are incident upon 
surface, the emission of electrons is observed. The 
resultant energy of the electrons is described by the 
equation

= hv - Eg - $

where hv is the photon energy. Eg is the binding energy of 
the electron's orbital and $ is the correction factor which 
includes the work function of the target material or 
spectrometer for grounded conductors, the recoil energy 
which is negligible for solids, and the effects of space 
charge. As in AES, the spectrometer is calibrated using
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standard materials so that this correction may be 
determined. The binding energy of the emitted electron may 
then be readily calculated after measurement of its kinetic 
energy if a monochromatic (i.e., monoenergetic) photon 
source is used. As in the two previous methods, ISS and 
AES, the energy distribution of the ejected electrons is 
measured with an energy analyzer and output as the number of 
electrons versus energy. The process of photoemission is 
illustrated schematically in Fig. 2.2.f for Al. A photon of 
energy hv is incident upon an Al surface and undergoes an 
interaction in which all of its energy is transferred to 
eject a bound electron. Ejection of electrons from the 2s 
level of the Al atoms results in a peak in the spectrum of 
that characteristic energy ; ejection of electrons from the 
2p levels (in this case split by the crystal field, but not 
resolved by the spectrometer) results in a peak at that 
characteristic energy ; and ejection of electrons from the 
conduction band results in a broad peak of only a few eV in 
binding energy. These characteristic peaks form a unique 
set for each element and, by using them, one may identify 
the atomic elements present on the target surface.

Much structural and chemical information exists in XPS 
spectra as evidenced by the crystal field splitting seen in 
the Al example just given. Chemical shifts are readily
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apparent in XPS spectra and it is just this property that 
prompted K. Siegbahn to coin the other (and initial) acronym 
ESCA, or Electron Spectroscopy for Chemical Analysis.

The capability of XPS to derive chemical and structural 
information is not needed for this work. In fact, XPS is 
not very favorable for use in composition-in-depth-profiling 
(CIDP) because of the time it takes to collect a spectrum. 
Its description is included here because it was used 
extensively to monitor the initial purity of the films 
prepared. XPS is essentially non-destructive to the surface 
being analyzed, so it was also used to search for surface 
information when problems in CIDP occurred.

As in the case of AES, a charge imbalance occurs because 
of the neutral input and negative electron ouput. This can 
cause severe shifts in peak locations and can be interpreted 
as essentially changing the work function of the target 
material. Again, this can be somewhat alleviated by 
grounding the sample to the spectrometer if the sample is a 
conductor. Another method involves flooding the sample with 
low energy electrons to neutralize the surface. This is a 
difficult and time consuming task since one must find the 
correct balance of incoming and outgoing electrons. Another 
important artifact occurs with non-monochromatic X-ray 
sources. Obviously, if X-rays of different energies impinge
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on the target, multiple spectra are produced. These are 
then effectively superimposed on one another. The source 
used for this work was a MgKa source with emission lines at 
1253.6 eV, 1262.0 eV, and 1263.8 eV. The former is the 
primary line with the latter two at 0.08 and 0.041 times th 
primary intensity, respectively. The satellite peaks 
produced by these X-rays are apparent as structure on the 
high side of the primary peaks, and can be subtracted from 
the spectrum if desired.

2.3 Description of the LHS-10 surface analysis system.
There were two principal surface analysis techniques 

used for this work: ISS and AES. As mentioned previously, 
XPS was used in a supporting role as a tool for monitoring 
the sample purity and to obtain fast information on the 
surface species when necessary. These systems will be 
explained in further detail below.

The LHS-10 surface analysis system is capable of 
providing data for four different surface analysis 
methods: AES, ISS, XPS, and SIMS. The first three have
already been described in some detail. The fourth method, 
SIMS, was not used in this work. A sample can be analyzed 
by each one of these methods without having to change its 
position. In some cases, simultaneous analyses can be
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performed using two different techniques. The overall 
system, shown in Fig. 2.3.a and schematically in Fig. 2.3.b 
consists of the sample preparation chamber, the analysis 
chamber, the sample insertion subsystem, surface analysis 
probes and analyzers, a manifold for the handling of ion 
source gases, electronic instrumentation, and a dedicated 
computer for data acquisition and control. The X-ray, 
electron, and ion guns for each of the surface analysis 
methods are attached to the analysis chamber. In addition 
to these features, the system includes :

1) A gas manifold offering a choice of eight 
isotopically pure ion source gases.

2) A residual gas analyzer on both the sample 
preparation chamber and the analysis chamber.

3) A gas proportioning system that automatically 
controls the mixture of two different gases.

4) A high pressure chamber capable of exposing the 
sample to pressures up to 40 atm.

5) An electron flood providing electrons for sample 
neutralization with energies from 0 to 500 eV.
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6) A secondary electron detector capable of low 
resolution imaging > 3 ym.

7) An isolated sample holder for absorbed current 
measurement or imaging.

Each of the three analytical subsystems used for this 
project will now be described in more detail.

2.3.1 Vacuum system.
As shown in Fig. 2.3.b , there are two main chambers on 

the LHS-10 surface analysis apparatus : the analysis chamber 
and the sample preparation chamber. The system is served by 
three individual pumps. On the analysis chamber there is a 
Leybold-Heraeus Turbovac Model TMP450 (450 1/s) 
turbomolecular pump backed by a Leybold-Heraeus D16A (67 
1/s) two stage rotary vane pump. Additional pumping can be 
provided upon demand by an in-line cryopanel and titanium 
sublimator. The achievable base pressure in the analysis 
chamber with all systems pumping is 3 x 10“  ̂ Pa.

On the preparation chamber and the gas manifold there is 
a Leybold-Heraeus TMP220 (220 1/s) turbomolecular pump 
backed by another D16A two stage rotary vane pump. The 
achievable base pressure here is 2 x 10“  ̂ Pa.

In addition to the preparation chamber and the analysis 
chamber, there is a high pressure preparation chamber
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situated between the sample loading port and the low 
pressure preparation chamber. This is pumped by a D16A 
rotary vane pump, which is also used as the roughing pump 
before entry into the low pressure chamber. A base pressure 
here of 0.3 Pa can be obtained.

2.3.2 XPS subsystem.
The LHS-10 analysis chamber is fitted with an X-ray 

source as shown in Fig. 2.3.C. The electron gun shown is a 
part of the AES subsystem described later. X-rays are 
produced by bombarding an aluminum or magnesium anode with 
up to 15 keV electrons. The radiation produced has primary 
lines at 1253.6 eV for magnesium and 1486.6 for aluminum 
with resolution of 0.8 and 0.9 eV, respectively.

The anode of the X-ray source is separated physically 
from the analysis chamber by a 5 urn thick aluminum window. 
This prevents sputtered sample atoms from being deposited 
onto the anode which would alter the spectrum source. The 
X-ray source is normally operated at energies of 12 to 13 
keV and emission currents of 20 to 30 mA yielding a power 
range of 240 to 390 W. The entire sample stage is flooded 
with X-rays, but only a 1 mm by 10 mm area is visible to the 
detector aperture. This eliminates edge effects and 
background signal from the sample holder.



T-3168 40

(0u•H
U
0)
JC
QaCO

• r H

î
x:
O)
s:
-p
noc<T3
cn 60) O)u -u

CO>i
CO

p
0  oCO

CO
E  -p  
(0 co
<D >i JÛ i—I
c c 
o <x$M-P Q)u u
0) ft} 
rH UH Q) U 313 co cCO O I—I 
> 1 1 
co cn m 33 I PJ X <u 
0) Æ
x: -p-p

MH U-I Oo Me a)<0 N  p > 1  CP i—I 
(0 (0 •H G
Q  (0

Ü
rO

CN

CP•rH(p



T-3168 41

The energy analyzer is a 180° hemispherical 
electrostatic condenser with an input lens system. The 
analyzer is capable of two operational modes. The constant 
transmission mode is used for quick survey scans where 
resolution is not a critical issue. In this case, the 
energy interval over which particles are accepted and 
counted increases with energy such that AE/E = constant. In 
general, the number of particles decreases with increasing 
energy. Thus, this option allows the signal at higher 
energies to be easily observed while decreasing the energy 
resolution. The other mode is the constant energy pass mode 
in which AE is held constant. This is used for high 
resolution peak shape analysis. For this project, the 
former was used for quick XPS survey scans where AE/E = 3. 
Since the power supplies have switchable polarity, they can 
be used for any of three surface analysis techniques, 
measuring electron energies for XPS and AES and measuring 
ion energies for ISS. The measurable energy can range from 
0 to 2 keV for either ions or electrons. Those particles 
transmitted through the analyzer are ultimately detected 
with a 17 dynode electron multiplier.

2.3.3 AES subsystem.
The Auger subsystem is also shown in Fig. 2.3.C. The
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electron gun illustrated provides a beam by generating 
electrons with a hot filament. These are then extracted and 
accelerated toward the sample at selected energies between 0  

and 10 keV. The beam is focused using an electrostatic lens 
system, and can be positioned or rastered over the sample 
surface by means of electrostatic deflection plates. The 
gun can supply currents up to 10 yA. Maximum resolution is 
achieved at currents of 100 nA or less. Beam diameters of 
about 3 ym  are possible. At higher currents, diameters 
approach 1 0 0  y m .

An AES spectrum is obtained by counting the number of 
electrons detected at a given energy. This produces a N(E) 
vs. E curve directly. The analyzer can also be modulated 
from 1 to 20 eV peak-to-peak and the emitted electron signal 
measured by a lock-in amplifier. This produces the 
differentiated spectrum dN(E)/dE vs. E which, as explained 
earlier, improves the signal to noise ratio considerably.

The energy analyzer counts electrons at a particular 
energy as it scans through an energy range. It is possible 
to tune the energy analyzer such that only electrons of a 
particular energy are transmitted and counted. The signal 
due to a particular peak in an AES spectrum can be fed into 
the z-axis (brightness) of an oscilloscope while 
synchronizing the x and y with the x and y deflection plates
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on the electron gun. In this way, a two dimensional 
elemental map can be made of the sample surface. Similarly, 
low resolution imaging can be done using either the output 
of a secondary electron detector or an absorbed current 
amplifier as the z-axis input into the oscilloscope. 
Structural and conductivity information can be obtained with 
this technique.

2.3.4 ISS subsystem.
The source used in this work is an IQ 12/63 electron 

impact, extractor type ion gun, as shown in Fig. 2.3.d . The 
differentially pumped source permits a pressure differential 
of 1 0  ̂ between the filament and the analysis chamber. The 
gun uses two electrostatic lenses for focusing and a set of 
deflection plates for positioning the beam or rastering 
across the sample. The largest area which can be covered by 
the beam is 1 0  mm by 1 0  mm.

The emission current of the beam can be chosen from 0.01 
to 10 mA. Ion energies range between 0 and 5 keV, while 
beam currents can be selected from 0 to 7 uA. The ion 
intensity around the beam axis at the sample surface 
approximates a Gaussian distribution and can range in size 
from 0.2 to 1 mm FWHM. The signal input to the analyzer can 
be gated such that ISS data is taken only when the beam is
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in the central section of the chosen raster area. In this 
manner, edge effects are minimized and information is 
obtained only at the center of the etched pit. The EA 
10/100 hemispherical detector described in section 2.3.2 was 
used. Data were taken in the AE/E = 3 mode.

The gas manifold mentioned earlier is capable of 
introducing any of the gases, ^He, ^He, ^N e ,  ^ N e ,  ^®Ar,

, or 3 ^0 2 , into the ion gun. The aperture of the 
ion gun leaks gas into the analysis chamber which 
subsequently can be detected by the Inficon IQ200 Residual 
Gas Analyzer (RGA). Using the RGA as a controller for one 
of the two Granville-Phillips 216 automatic leak valves on 
the manifold, the system can be tuned to yield the gas 
pressure corresponding to a desired beam current. In 
addition, precise proportioning of two gases can be 
maintained simultaneously to achieve controlled partial 
pressures of the selected gases in the analysis chamber.
This is used for ion beam work where the sample environment 
(surrounding gas) can effect the surface chemistry.

Ion source gases used were ^He or ^ N e  with varying beam 
currents to take advantage of the etching properties of the 
ISS technique. This will be explained further in section 
2.5. Primary ion beam energies of 1, 1.5 and 2.0 keV were 
used in this work.
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2.3.5 Data acquisition.
The LHS-10 system is equipped with an HP-1000 Series E 

computer for data acquisition and reduction. The computer 
can automatically take any number of spectra, defined as a 
sequence, at any desired time interval. The three surface 
analysis methods used in this study can each be controlled 
in this way. Data are stored by spectrum number as counts 
per second versus energy and can be accessed either by the 
system control console, which displays the spectra on a 
monitor, or by the computer using software to mathematically 
manipulate the data and/or provide hardcopy plots. The 
storage device is an HP-7906 hard disk system. The data are 
stored on removable packs which are kept in dust free 
cabinets when not in use.

2.4 Preparation of films.

2.4.1 Detailed description of preparation chamber and 
deposition apparatus.

The preparation chamber is schematically represented in 
Fig. 2.4.a. As mentioned in section 2.3.1 on vacuum 
requirements, the base pressure in the chamber is 2  x 1 0 ”  ̂

Pa. There is a glass window port on the top side of the
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chamber which allows visual observation of the sample 
orientation and masking geometry. There is a stainless 
steel masking plate attached to an insertion rod on a port 
on the operator side of the chamber. This insertion device 
is controlled manually by a vernier dial and is used to 
expose all or part of the substrate surface to the 
evaporation boats at the bottom of the chamber. There are 
two tungsten wire boats each containing a small ceramic 
crucible. In this work, several grams of 99.999 % Ag were 
placed in one crucible while the other contained a small 
amount of Cu of the same purity. The evaporation is carried 
out by resistively heating the crucible via the tungsten 
coil using a Sorensen OCR 40-125A power supply. There is a 
power supply for each coil allowing simultaneous deposition 
of the metals should this be desired. The deposition rate, 
film mass and thickness are monitored by an Inficon IC-6000 
piezoelectric quartz crystal oscillator. This device was 
calibrated prior to this work for a variety of materials 
[17]. The chosen material is programmed into the IC-6000 
and it monitors the rate of deposition and the total 
thickness based on material density and the change in 
frequency of the quartz crystal oscillator as material is 
deposited onto it.
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2.4.2 Description of the Hot/Cold sample rod.
The sample rod, which is shown as an end-view in Fig.

2.4.a, is shown in Fig. 2.3.b. The substrate is placed onto 
the sample rod at the sample loading port. This port has a 
cover which allows an atmosphere of nitrogen to surround the 
sample at atmospheric pressure. The nitrogen flows steadily 
over the sample thus minimizing atmospheric contamination. 
Once the sample is in place on the sample rod, it is held 
there by means of two screws at one end of the stage. The
sample can now be inserted into the system using a
microprocessor controlled stepper motor. A digital readout 
on the controller box shows the position of the sample 
relative to an origin. This origin is defined and 
programmed into the controller by the operator. Any number 
of positions can be programmed into the controller.
Positions used commonly are the sample loading port, 
preparation chamber, and analysis chamber. Manual operation 
can be invoked by using forward and backward controls on the
controller box to insert or retract the sample. The rod can
also be turned on axis allowing various orientations of the 
sample within the analysis and preparation chambers.

The other important feature of the sample rod used in 
this work is that it can be selectively cooled or heated and 
thus control the sample temperature. A resistive heating
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element has been integrated into the rod directly underneath 
the sample stage. This can be controlled thermostatically 
using a thermocouple, which is also integrated into the rod, 
to achieve sample stage temperatures up to 600°C. The rod 
also allows circulation of liquid nitrogen which can cool 
the stage down to about -190°C.

Three viton seals surround the rod on either side of the 
high pressure chamber providing isolation of the high vacuum 
chambers from the atmosphere. These are compressed by brass 
rings which allow the rod to slip in order to move the 
sample.

2.4.3 Substrate cleaning and deposition procedure.
Substrates are made from float glass microscope slides 

cut into 10 mm x 14 mm x 1 mm sections. Each substrate was 
placed into a chemical solvent for 30 min to remove the 
contaminants. An ultrasonic bath was used to enhance the 
process. The substrate was then rinsed several times in 
ethanol and placed into an ethanol bath for 1 0  min.
Finally, before deposition, the substrate was placed into 
the analysis chamber and a 1 0  mm x 1 0  mm area etched with 
^ A r + at 3 keV for 10 min to remove atmospheric 
contaminants. This was the cleaning procedure used for all 
samples.
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The first stage for preparing a thin film metallic 
couple is the creation of a conductive path to ground so 
that sample charging can be avoided. Two different 
approaches were tried with similar success.

In the first procedure, a thin layer of metal was 
deposited onto the substrate, after which it was removed, 
turned around on the stage and reinserted into the system 
for a brief ion etch and subsequent deposition of either Ag 
or Cu. In this way, contact was assured between the hold- 
down screws and the thin film couple. Simply depositing 
material onto the screws and substrate does not assure 
contact between the two as the screws will tend to shadow 
the substrate leaving a gap between the film and the points 
where the screws contact the substrate.

The first procedure was later abandoned for a simpler 
method in which the substrates, once placed in the high 
vacuum, never were taken from this environment. Substrates 
were pre-prepared by depositing a thin strip of conductive 
material only at the edge where the screws ultimately make 
contact. Subsequent depositions over this conductive strip 
establish the necessary grounding path without having to 
turn the substrate 180°. The procedure is illustrated in 
Fig. 2.4.b . A special sample rod with a hole where the 
sample stage would be is inserted into the system. A boat
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made from copper wire is placed into the hole and several 
cleaned substrates are stacked in domino fashion on the 
wire. Since the evaporated material is incident from below, 
only the edges of substrates in the middle of the stack are 
covered. Using this method, a supply of substrates can be 
fabricated in a single evaporation.

The deposition process is relatively simple. After the 
substrate has been prepared and is inserted into the 
preparation chamber, surface contaminants on the rod and 
sample will outgas into the chamber momentarily raising the 
pressure. After 5 to 10 min, the pressure will stabilize 
and the evaporation can proceed. At this point, the 
substrate may be cooled or heated to any desire 
temperature. Also, the sample rod is turned so that the 
substrate surface faces the evaporation boats at the bottom 
of the chamber. When the desired sample environment is 
attained, the boat containing the first layer material is 
warmed and outgassed using the appropriate power supply.
This is done gradually by periodically raising the current 
and waiting for the pressure to stabilize. During this 
time, the Inficon IC-6000 is operable and cooling water is 
being supplied to the crystal oscillator. At a certain 
point, usually around 5 V and 65-80 A, the material will 
begin to evaporate and the IC-6000 will start registering



T-3168 54

both the evaporation rate and depth of the metal film. The 
rate of deposition can be changed by increasing or 
decreasing the current into the boat. Overshooting or 
undershooting the desired thickness is almost unavoidable, 
but with modest experience, thickness goals can usually be 
attained to within + 0.1 nm as measured by the IC-6000. 
Obtaining the desired thickness is not as important as 
knowing the final thickness.

After the first layer is deposited, power is then 
supplied so the second evaporation can proceed in a similar 
fashion. It is important that the appropriate material be 
programmed into the IC-6000 in both cases so that correct 
deposition rates and thicknesses are achieved. After 
fabrication, the thin film couple is inserted into the 
analysis chamber for depth profiling.

2.5 Composition-In-Depth-Profiling (CIDP) using ISS and AES.
The measurement of thin film interdiffusion is a 

significant challenge, particularly, if it is desired to 
analyze a layer 1 0  to 1 0 0  atoms in thickness that can be 
located some 1 0 0 0  to 1 0 , 0 0 0  atomic layers below the physical 
surface. Thin films in this work were prepared with the 
Ag/Cu interface about 35 atomic layers below the surface 
monolayer. The situation is illustrated schematically in
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Fig. 2.5.a. The thin film couple can be considered 
initially to have the geometry of uniform layers with 
relatively sharp interfaces as shown in case 1. Although 
idealized, the sketches serve to focus attention on the 
nature of the problem. In reality, the interface is not 
ideally smooth, but compared to the thicknesses of the thin 
films analyzed, this description suffices. With time, the 
layers interdiffuse into one another creating a 
concentration gradient perpendicular to the deposition 
plane, as shown in case 2. As discussed in section 1.2, 
diffusion occurs fastest along grain boundaries.
Essentially, the experimental problem is to determine atomic 
composition as a function of depth. The two approaches to 
this problem that have been primarily used are shown in Fig.
2.5.b . The first approach is to use Rutherford 
Backscattering (RBS), where a beam of energetic particles, 
typically MeV He ions, is incident on the sample. The depth 
information is secured from energy loss of the particles on 
their inward and/or outward trajectories. The other 
approach is to section the sample by eroding or sputtering



Substrate

(a )  Uniform layers, Sharp interfaces

Substrate

(b) Compound Formation

Substrate

(c) Interdiffusion

Fig. 2.5.a. Idealized sketch of (a) a thin film couple A,B 
deposited onto a substrate; (b) a couple that 
has reacted to form a compound at the interface 
with a definite stoichiometry AXB and well 
defined interfaces ; and (c) a couple that has 
interdiffused where the concentration gradient 
with the fastest diffusion was along grain 
boundaries.
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MeV H e* or H *

Bockscottered
particles

Partic le  Energy Loss

electrons

on beam

S putter Sectioning

Electron 
beam beam

Surface Analysis

Sputtered 
ions

Sputtered Species Detection

Fig. 2.5.b. Schematic diagram of two approaches to obtain 
depth profiles in thin films. With particle 
energy loss techniques, the thickness of the 
layer is determined from the energy loss of the 
energetic particles. With sputter sectioning 
techniques, the surface composition can be 
directly analyzed either by surface analysis or 
detection of sputtered species.
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the sample with a beam of particles, typically keV ions. As 
the sample is sectioned, the newly exposed surface layer can 
be analyzed using ISS, AES, or SIMS. In the cases of ISS 
and AES, information is obtained on the sputtered surface.
In the case of SIMS, information on the ejected material is 
obtained. The combination of sputter sectioning and surface 
analysis is known as composition-in-depth-profiling 
(CIDP). It is only in the last two decades that CIDP has 
been used to give depth profiling information [18]. This is 
due in large part to the technological needs of the 
microelectronics industry.

In CIDP, either with ISS or AES, the surface composition 
is measured while sputtering is taking place. When using 
ISS, as for this work, CIDP has the advantage that 
sputtering can be done simultaneously during analysis by 
using the same ion species for both sputtering and 
scattering. This simplifies the experimental process 
considerably. The ionic particles used for this study were 
1 keV ^ N e + ions because they not only are heavy enough to 
sputter the surface material at an adequate rate, but also 
because they provide spectra with nicely resolved peaks for 
Cu and Ag.

One disadvantage of using CIDP for compositional 
analysis is that it is difficult to obtain quantitative
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information on the absolute concentration of surface 
species. In AES, there is a lack of information regarding 
the fundamental mechanisms in the production and escape of 
Auger electrons as well as experimental factors involving 
analyzer sensitivity. ISS poses similar problems due to the 
lack of information regarding the yield of backscattered 
ions.

Because of these unknowns, absolute concentrations are 
not generally used in analyses, but rather relative 
comparisons are made with standards. For this work, the 
concentrations of Ag and Cu are made relative to each 
other. This is done using the method of sensitivity 
factors. ISS and AES are not equally sensitive to Ag and 
Cu. It is difficult to quantify the absolute sensitivities 
due to unknowns in the apparatus (analyzer) and the methods 
themselves. Thus, relative sensitivities are used. These 
are calculated by integrating the Ag signal when it alone is 
present (i.e. at the beginning of the profile since it is 
the top layer) and the Cu signal when it alone is present 
(i.e. at the end of the profile when most if not all of the 
Ag has been sputtered away). The ratio of these two values 
gives the relative sensitivity. The material with the 
larger signal is arbitrarily assigned the value of 1 .0 , 
while the other is assigned the ratio. Thus, all profiles
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are in concentration units relative to 1 0 0  %.
There are other artifacts introduced into depth profiles 

by ion etching that are difficult to quantify. These are 
especially important in this study, because they result in 
an apparent diffusion-like profile. These artifacts are 
surface roughness, the knock-in effect, and preferential 
sputtering. Surface roughness describes the development of 
a rough topography on the surface during sputtering. It is 
caused by the nonuniform removal of material from certain 
crystallographic planes or defect regions such as grain 
boundaries. In some cases cone-like structures have been 
observed on the surface after substantial sputter profiling 
[19]. This effect has been removed from profiling studies 
by the method of deconvolution [20]. The knock-in effect 
refers to the mixing of the underlying material by the 
action of the sputtering process in addition to the self
implantation of the bombarding species into the sample 
matrix. Preferential sputtering is caused by differences in 
the sputtering yield of the surface constituents. In this 
study, 1 keV ^ N e + ions were used on the Ag/Cu films where 
the difference in sputtering yield is negligible at 2.5 and 
2.7 atoms/ion, respectively [21]. Thus, the erosion rates 
for both Ag and Cu are essentially the same and preferential 
sputtering should not be a problem. This, in part, is the
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reason behind the choice of Ag and Cu for this initial 
study.

It is thought that the cumulative effect of these 
artifacts can in some fashion be deconvoluted out of the 
profiles to reveal only that contribution due to 
interdiffusion in much the same way that surface roughness 
alone has been handled. One method of isolating these 
effects in total is to take profiles at temperatures where 
interdiffusion, either grain boundary or bulk, will not 
occur. This was done using the hot/cold rod described in 
section 2.4.2 at temperatures down to -160°C. Profiles were 
obtained that should show only the cumulative effect of the 
artifacts described above. Ultimately, profiles were taken 
at temperatures up to 300°C where diffusion should occur.
It is thought that the information at low temperatures might 
in some way be subtracted out of the high temperature 
results yielding only the interdiffusion component.

2 . 6  Data reduction.
Examples of profiles are shown in Fig. 2.6 .a and in Fig.

2.6.b. For both ISS and AES, the interval time between 
successive spectra is 2  min while the sputtering is 
continuous. Each spectrum takes approximately 1 min to 
complete. As they are taken, the spectra are sequentially
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stored on a disk for later analysis. In the case of ISS, 
ion intensity data where taken over the entire energy range 
from 0 to 1000 eV, and plotted versus the kinetic energy.
In AES, the undifferentiated spectrum was taken at only the 
two particular energy windows spanning the Ag and Cu 
signals. This was done because the signal to noise ratio 
(S/N) was rather poor using this method and the 1 min 
spectra, concentrated on the signals themselves rather than 
the entire energy range, improved the S/N ratio. In this 
way, 30 to 40 spectra could be obtained before the glass 
substrate was reached. After these spectra were stored, 
they were retrieved and input to a program that generated 
the profile plots shown in Fig. 2.6.a and Fig. 2.6.b. This 
program searches for the positions of the Ag and Cu peaks, 
respectively, and integrates them after calculating average 
background levels under each peak and subtracting them from 
the actual signals. The cycle time and sensitivity factors 
are then input into the program with the result being a plot 
of percent concentration as a function of time (or depth if 
the erosion rate is known).
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3.0 RESULTS AND DISCUSSION.
The results of various depth profiles at different 

temperatures are presented first, in which ^ N e + bombardment 
and a cycle time of 2 min were used. In the case of ISS, a 
primary ion energy of 1 keV was used throughout the study.
In the AES work, various primary electron energies from 2 to 
5 keV were used in combination with focused and unfocused 
electron beams. Typical sample geometries were 
approximately 25 nm for the bottom Cu layer with the Ag 
layer ranging from 10 to 13 nm. These values were chosen 
such that complete coverage was attained by the Ag layer and 
yet the couple was thin enough to provide short etching 
times of less than 1 h to reach the glass substrate. Spot 
checks at different points on the surface of a test sample 
with similar geometry using both ISS and AES revealed no Cu 
on the surface thus assuring the existence of an initially 
continuous Ag layer.

When making the low temperature profiles it was 
important to know the temperatures at which common high 
vacuum contaminants condense onto surfaces. These 
contaminants are primarily carbon dioxide and carbon 
monoxide. Both of these gases can condense at temperatures 
near or below those obtained at the sample surface [22]. 
However, XPS survey scans on the cold surfaces did not
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reveal any measurable contamination prior to profiling.
The profiles that provide the important useful 

information will now be presented and discussed. For 
convenience, the abscissas of the profiles are in etch time 
rather than depth.

3.1 ISS profiles of the Ag/Cu/glass system.
Figure 3.1.a is a plot of a 10.4 nm Ag layer on top of a

4.9 nm Cu layer at -130°C. (This and the following profile
are the only two which used a 3 min cycle time. It was
noted from these profiles that more data points would be 
needed and a cycle time of 2 min was used for all profiles 
thereafter.) At this temperature, diffusion of any type, 
either grain boundary or bulk, should be entirely 
negligible. Note the mixing regime between roughly 500 and 
1750 s. Under the assumption that no diffusion is 
occurring, this must be mixing due to knock-in effects and 
surface roughness described in section 2.5. Preferential 
sputtering should not be present due to the similar
sputtering yields for Ag and Cu. As aniticipated, the
sputtering process definitely produces a "diffusion-like" 
profile. These sputtering effects should not be temperature 
dependent because the thermal energy of the surface atoms is
small compared to the kinetic energy of the sputtering
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ions. Although the initial surface roughness may change at 
higher temperatures, this unknown will not change the 
conclusion of this work. As an important question outside 
the scope of this study, it should be addressed in future 
research.

Figure 3.1.b is a profile of the same system 
immediately after warm-up to a room temperature of 
approximately 24°C. (The first spectrum in this profile was 
lost even though the ion gun was on, so that 3 min were 
added onto the beginning of the profile.) Note, however, 
that the mixing regime is still approximately 250 s in width 
indicating that no appreciable diffusion is evident. The 
transition point, i.e. that point at which the 
concentrations cross over, has not changed noticeably 
either, residing at approximately 900 s. Thus, no diffusion 
in a Ag/Cu bilayer is detectable at room temperature using 
ISS. This is consistent with later results at higher 
temperatures. In an attempt to establish the onset 
temperature for ISS observed diffusion, later diffusion 
couples were subjected to temperatures as high as 300°C. It 
became readily apparent that it was not necessary to deposit 
the films on a cool substrate to prevent detectable 
diffusion from taking place at room temperature. This is an 
important result as it greatly simplified the experimental
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procedure. Diffusion was not detectable in profiles where 
the samples were exposed to room temperature for 12 h or 
more. Figures 3.1.c , 3.1.d, and 3.1.e are profiles of a 
similar Ag/Cu diffusion couple taken at -160°C, at room 
temperature after 1.5 h, and at room temperature after 21 h , 
respectively. No measurable diffusion is present. In fact, 
the two room temperature profiles present a slightly sharper 
mixing regime than the same region on the low temperature 
profile. This observation would require further study to 
elucidate the details necessary for a proper explanation.

Subsequent profiles taken after heating to temperatures 
of 75, 130, 210, and 300°C all reveal the same general 
trend : there is no substantial interdiffusion observed 
outside of the ion beam effects seen in earlier profiles.
The results of these profiles seem to support several 
possible conclusions:

1) If material is diffusing from the Cu layer into and 
through Ag layer grain boundaries, the concentrations 
are insufficient to be detected with ISS. It seems 
unlikely that diffusion is not occurring at 
temperatures in excess of 200°C. Substantial amounts 
of grain boundary diffusion have been observed using 
other techniques at these temperatures [23].
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2) If there is diffusion occurring along the grain 
boundaries, it is not extensive enough to support 
measurable amounts of surface spreading as this is 
not detected in any of the ISS profiles.

3) Finally, the sharpness of the Ag layer as compared to 
the lower Cu layer seen in all profiles indicates 
that ion beam effects are contributing in large part 
to the mixing regime and that Ag atoms are 
continuously being knocked into and mixed with the 
lower Cu layer.

The last set of ISS profiles discussed here offers more 
support to the first of the three possible conclusions 
described above. These profiles were taken over a 24 h 
period during which the vacuum system was exposed to the 
atmosphere because of a power failure. The sample was 
contaminated as a result of this problem. The standard 
procedure after a power failure is to outgas the system by 
baking out the chambers with in situ heating elements to re
establish the high vacuum environment. This takes the 
better part of a full day. In this particular case, the 
sample was left in the chamber during the power failure and 
subsequent bakeout.

Before the power failure, profiles were taken on the 
sample at 39 and 75°C after periods of 1 and 2 h of heating,
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respectively. These showed the typical results of a sharply 
defined Ag layer, similar mixing regime widths, and similar 
cross over points. After the sequence of events described, 
a survey scan of the sample using XPS revealed the presence 
of 0 and Cu atoms on the surface. A third ISS profile was 
taken and is shown in Fig. 3 .1.f . Two conclusions can be 
drawn from this profile. First of all, a thin layer of Cu 
is now detectable on the surface. This disappeared quickly 
after 300 s of etching, thus, indicating that Cu indeed had 
diffused through the grain boundaries and over the 
surface. The concentration at the surface was great enough 
to be detected with ISS, but the amount of material in the 
grain boundaries was not measurable. Secondly, there is 
surely a connection between the presence of O and Cu
diffused to the surface. It is probable that adsorbed O
promoted the diffusion of Cu. This might explain the more 
extensive mixing seen in the Cu layer than in the Ag
layer. Ag diffusion into glass has been observed on pure
Ag/glass systems [24], and if no CuOg barrier is formed at 
the Cu/glass interface, it is possible enhanced Ag diffusion 
through the Cu could be promoted by the further diffusion of 
Ag into the glass. Again, further investigation is 
necessary to develop support for these suggestions.
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3.2 AES profiles of the Ag/Cu/glass system.
Information obtained from the small amount of AES work 

done was limited. The position of the electron beam did not 
coincide with the etch pit produced by the ion gun.
Although extensive effort was spent aligning them, the beam 
somehow drifted off of its set position during the 
analysis. The electron optics are very sensitive to change 
and very difficult to adjust should this become necessary.
As a result, the profile spectra contain a considerable 
amount of noise which could not be removed. In addition, 
the spectra were taken in the undifferentiated mode due to 
the limited capability of the data acquisition software. 
Background noise is generally higher in this mode. Figure 
3.2.a is a typical AES spectrum taken during one of these 
profiles. The background noise relative to the Ag doublet 
signal at, roughly, 350 to 360 eV is shown. Even so, some 
interesting conclusions can be drawn from these AES 
profiles. Figure 3.2.b shows a profile using the standard 
sputtering process. The sample analyzed was a 13.2 nm 
Ag/25.1 nm Cu couple at 37°C. It is interesting to note 
that the geometry of the couple appears reversed when 
compared to earlier ISS profiles. The noise in the profile 
is extensive, but it appears that the Cu layer is more
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defined than the Ag layer. An electron beam energy of 5 keV 
was used for this AES profile.

Comparing this to the profile taken after 2 h at 250°C 
shown in Fig. 3.2.c, it is immediately evident that 
interfacial mixing has taken place. It is not clear whether 
this is entirely due to diffusion induced by the elevated 
temperature. Visual inspection under a microscope of these 
samples analyzed with AES, revealed interesting features. 
Figure 3.2.d is a photograph of a sample taken with a 
backlighting microscope. The photograph shows the 
rectangular shaped profile pit resulting from ion etching.
In this particular case, the etch pit was 2 mm x 2 mm on a 
14.5 nm Ag/24.8 nm Cu sample. Closer inspection of this 
photograph reveals the elliptically shaped region residing 
within the boundaries of the etch pit. This is the region 
affected by the electron beam. The elliptical nature of 
this artifact is due to the angle at which the electron beam 
is incident on the sample. It is definitely evident that 
the electron beam, perhaps in conjunction with the ion beam, 
is changing the erosion rate and probably other surface 
properties of the film. The actual size of the electron 
beam is smaller than the dimensions of this ellipse. Thus,
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the beam is affecting a larger area than defined by its 
current density. This is graphically illustrated in the 
photograph. The size of the electron beam actually 
approaches the size of the small white ellipse in the 
center. As is evident, its effect is spread over a much 
wider area. One possible explanation is that thermal energy 
dissipated into the sample under the action of the electron 
beam causes localized diffusion to take place, which would 
explain the mixing seen in the last profile. For example, 
electron beam induced diffusion during thin film depth 
profiling has been shown by Roll et. al. [25].
Theoretically, the temperature was estimated to rise up to 
260°C using an electron beam energy of 2 keV and an electron 
current of 15 yA at a beam FWHM of 80 ym. These conditions 
are comparable to those used in this work. A broader study 
is needed to expand these limited observations and secure a 
broader understanding of the variables that might influence 
beam-assisted diffusion effects.
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4.0 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK.
The conclusions which can be drawn from the ISS and AES 

analyses are :
1) The amount of interdiffusion occurring in grain 

boundaries and in the bulk material of Ag/Cu thin 
film couples is not sufficient to be detected using 
ISS at temperatures approaching 250°C. This 
conclusion has been supported by subsequent work 
performed as an extension of this study by Pitts et. 
al. [26] .

2) The presence of O on the surface of a Ag/Cu thin film 
couple can enhance Cu diffusion through the Ag layer 
on which the O has adsorbed.

3) The "diffusion-like" composition in depth at 
interfaces obtained using ISS seems to be due in 
large part to ion beam effects, primarily, the knock- 
in effect.

4) A focused, high-energy electron beam in AES appears 
to induce thin film interdiffusion in Ag/Cu/glass 
systems at much lower temperatures than in the 
absence of the beam.

The effect of O on the diffusion process and the 
artifacts introduced by the electron beam appear to hold 
exciting possibilities for future experimentation. The
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latter observation, especially, could have profound impact 
on the way electrons are used for spectroscopic or 
microscopic analysis in the future. In any event, both of 
these effects should be studied in greater detail. In 
addition, more work is necessary to determine if different 
bombarding gases will produce better sensitivity to the 
small atomic concentrations existing in grain boundaries 
during interdiffusion. This study was done using 1 keV 
^ N e + ions throughout, so there is a substantial amount of 
experimentation left to be done using different bombarding 
species and different energies. The energy dependence of 
the etch rates needs to be studied also as this could have a 
profound effect on the interfacial mixing.
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