
Published: May 03, 2011

r 2011 American Chemical Society 10155 dx.doi.org/10.1021/jp201793d | J. Phys. Chem. C 2011, 115, 10155–10163

ARTICLE

pubs.acs.org/JPCC

High-Throughput Characterization of Surface Segregation in
CuxPd1�x Alloys
Deepika Priyadarshini,†,‡ Petro Kondratyuk,†,‡ Yoosuf N. Picard,§ Bryan D. Morreale,† Andrew J. Gellman,†,‡

and James B. Miller*,†,‡

†National Energy Technology Laboratory, U.S. Department of Energy, Pittsburgh, Pennsylvania 15236, United States
‡Department of Chemical Engineering and §Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213, United States

1. INTRODUCTION

1.1. Surface Segregation in Alloys and Other Multicom-
ponent Materials. Metallic alloys often display properties that
are superior to those of their individual components, accounting
for their widespread use in applications as diverse as catalysis,
corrosion control, and separations. The composition of the alloy
surface is a key determinant of processes that take place at the
surface. However, the surface composition of an alloy often dif-
fers significantly from its bulk composition because of prefer-
ential segregation of one component to the surface.1�19 Thus,
characterization of surface segregation is critical to understand-
ing, controlling, and optimizing the properties of alloys relevant
to their various applications.
As an example, Pd alloys have been studied extensively as

membranes for separation of hydrogen from mixed gas streams
such as those encountered in coal and biomass gasification pro-
cesses.20�23 In this application, molecular hydrogen dissocia-
tively adsorbs on the membrane surface, producing hydrogen
atoms that penetrate and diffuse through the bulk of the
membrane. Recombination and desorption of molecular hydro-
gen on the opposite surface of the membrane results in hydrogen
separation with nearly perfect selectivity.24�28 In this sequence of
elementary steps, the bulk alloy composition controls the rate of
diffusion through the membrane, but the surface composition,

which differs from bulk composition, determines rate of disso-
ciative hydrogen adsorption.29�31

In practical implementation, Pd is alloyed with Cu or Ag to
improvemechanical robustness.27,32�34 Furthermore, alloying of Pd
with Cu can impart tolerance to the sulfur containing contaminants
commonly found in coal-derived gas streams.22,35�37 Contamina-
tion of the membrane surface by sulfur is one of the critical
impediments to the effective implementation of Pd based mem-
branes for hydrogen separation from coal-derived gas mixtures.
Thus, understanding surface segregation in CuxPd1�x alloys and its
impact on sulfur tolerance is important to understanding CuxPd1�x

alloy performance for hydrogen purification.
Segregation in an alloy such as CuxPd1�x is described by the

thermodynamic relationship θCu(x;T,P) between the surface
composition, θCu, and the bulk composition, x. Fundamentally,
surface segregation results from the balance between the chemical
potentials of the atoms in the bulk and those at the surface.38�40

Thus, surface segregation is a complex function of bulk composi-
tion and environmental factors such as temperature, pressure, and
the presence of adsorbed species.
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ABSTRACT: A high throughput methodology for the study of surface segregation
in alloys has been developed and applied to the CuxPd1�x system. A novel offset-
filament deposition tool was used to prepare CuxPd1�x composition spread alloy
films (CSAFs), high throughput sample libraries with continuous lateral composi-
tion variation spanning the range x = 0.05�0.95. Spatially resolved low energy ion
scattering spectroscopy (LEISS) and X-ray photoelectron spectroscopy (XPS)
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as a function of alloy composition, x. Films equilibrated by annealing at tempera-
tures g 700 K displayed preferential segregation of Cu to their top-surfaces at all
bulk compositions; segregation patterns did not, however, depend on local
structure. The Langmuir�McLean thermodynamic model was applied to segrega-
tion measurements made in the temperature range 700�900 K in order to estimate the enthalpy (ΔHseg) and entropy (ΔSseg) of
segregation as a function of bulk CuxPd1�x composition. Segregation measurements at x = 0.30 on the CSAF compare well with
results previously reported for a bulk, polycrystalline Cu0.30Pd0.70 alloy, demonstrating the utility of the CSAF as a high throughput
library for study of segregation.
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A complete description of surface segregation requires that sur-
face composition be understood as a continuous function of bulk
composition. Segregation in most alloys has, however, been exam-
ined only at a very limited number of discrete compositions.3,41�43

Surface segregation has been characterized experimentally in a
number of binary alloys.1�5,10,41�47 CuxPd1�x alloys have received
significant attention from both experimental and computational
research groups because of their importance in the hydrogen puri-
fication application.1,2,4,5,22,48 We have reported the experimental
characterization of segregation in a polycrystalline Cu0.30Pd0.70 alloy,
showing that Cu preferentially segregates to the top-surface of the
alloy over a wide temperature range, leaving a Cu-depleted subsur-
face region.1 Other researchers have reported similar results for the
Cu0.50Pd0.50(110)

5,44 and Cu0.85Pd0.15 (110)
45,46 single crystal sur-

faces. Theoretical studies of CuxPd1�x alloys suggest that segregation
patterns can varywith bulk composition12,49,50 and predict a top layer
that is Cu-rich with a second layer that is Cu-depletedwith respect to
the bulk composition.51,52 We have also shown that adsorption of
sulfur onto the Cu0.30Pd0.70 surface causes “segregation reversal”,
creating a top-surface that contains only Pd and S atoms.2 All prior
studies have focused on segregation in CuxPd1�x alloys of a single,
discrete composition, x. Here we report the first application of a high
throughput approach to the studyof surface segregation inCuxPd1�x

alloys across a wide, continuous region of the binary alloy composi-
tion space, x = 0.05�0.95.
1.2. High Throughput Characterization of Surface Segre-

gation. The traditional approach for study of segregation over a
range of alloy compositions is to prepare and carefully character-
ize a set of single composition samples. However, even for a
binary alloy, this strategy is very time-consuming because of the
large number of discrete alloy samples that must be prepared and
characterized to sample composition space with high resolution.
Because of this challenge, only simulations have, to the best of
our knowledge, been applied to the study of segregation over a
continuous range of bulk composition.53�55 Efficient experimen-
tal characterization of segregation over all possible alloy compo-
sitions requires accelerated, parallelized methods of sample
preparation and characterization.
To enable high throughput study of segregation and other

alloy properties, we have developed tools and methodologies for
deposition and characterization of composition spread alloy films
(CSAFs). CSAFs are high throughput libraries that contain all
possible compositions of a binary (or higher order) alloy deposi-
ted onto a single compact substrate.56�60 Films with lateral
composition gradients are formed by depositing alloy compo-
nents onto substrates from two or more chemically distinct
sources. Spatially resolved characterization techniques are used
to measure the film’s properties as a function of location on the
substrate surface, that is, as a function of bulk composition.
Having all possible alloy compositions present in oneCSAF library
allows study of segregation over a continuous range of composi-
tions with a composition resolution that is limited primarily by the
spatial resolution of the characterization tools. CSAFs are ideally
suited to the study of surface segregation and enable a dramatic
increase in the throughput of materials evaluation over conven-
tional studies of a series of single-composition samples.
In this paper, we describe our preparation of CuxPd1�xCSAFs

on a Mo(110) single crystal substrate using an offset filament
deposition tool. We apply electron backscatter diffraction
(EBSD) to determine the local structure (bulk phases) of the
alloy film as a function of location on the substrate, that is, bulk alloy
composition, x. We apply spatially resolved X-ray photoelectron

spectroscopy (XPS) and low energy ion scattering spectroscopy
(LEISS) to determine the near-surface composition, θCu

ns (x;T), and
top-surface composition, θCu

top(x;T), of the alloy film as functions of
bulk alloy composition, x, and temperature, T. Finally, we use a
simple thermodynamic model to extract enthalpy (ΔHseg) and en-
tropy (ΔSseg) of segregation as functions of bulk composition at
temperatures (700�900 K) where the bulk, near-surface, and top-
surface are in equilibrium.

2. EXPERIMENTAL PROCEDURES

Experiments were carried out in a stainless steel ultrahigh
vacuum chamber with a base pressure of 2 � 10�10 Torr.1 The
chamber is equipped with a monochromated X-ray source (VG
Scientific), a Heþ ion gun for LEISS (Specs IQE 12/38), and a
hemispherical electron or ion energy analyzer (Specs PHOIBOS
150MCD). In addition, the chamber has an ion gun (Physical
Electronics) which was used to sputter clean the substrate
surface prior to film deposition. The Mo(110) substrate (12 mm
diameter, Monocrystals Company) was attached to a sample
holder by spot-welding Ta wires across its back. The sample
holder was mounted on a manipulator that allows motion in four
degrees of freedom (x, y, z and θ rotation about the z-axis). The
substrate was resistively heated while in thermal contact with a
liquid nitrogen reservoir to access a temperature range of
80�1400 K. Once in the chamber, surface carbon was removed
by heating the substrate at 1300 K in an atmosphere of oxygen
(∼10�8 Torr) for several hours. After the oxidation process, the
Mo(110) substrate was cleaned by repeated cycles of 1 keV Arþ

ion sputtering at 300 K and annealing to 1300 K to remove other
impurities to <15% (atomic). Impurities were not detectable by
XPS in either the as-deposited or annealed CSAFs.
2.1. Offset Filament Tool for Deposition of CSAFs.We have

developed an offset filament tool for preparation of CSAFs by

Figure 1. Schematic diagram of the evaporation geometry used for
preparing CuxPd1�x CSAFs. The Pd and Cu evaporative line sources
(normal to the plane of the figure) are offset from the center of Mo(110)
substrate but close enough to create a gradient in flux across the substrate
surface.
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evaporation of metals at high temperatures. We provide a general
description of the tool here; design details will be documented in
a separate paper. Figure 1 is a schematic diagram of the offset
filament concept. Evaporative line sources are made by placing
the Cu or Pd evaporant wire in a slot machined into the side of a
3.2 mm diameter� 14mm longMo cylinder. These line sources,
shown normal to the plane of Figure 1, are located close to the
substrate, but offset from its centerline. The sources are posi-
tioned opposite one another but shielded from one another to
prevent cross-contamination. A type K thermocouple is spot-
welded to each source for measuring and controlling the source
temperature during deposition. A gradient film is formed on the
substrate because of the variation in incident flux across the
substrate surface; points closer to the source receive higher
evaporant flux than those far from the source. The deposition
rate is controlled by the source position relative to the substrate
and by the source temperature.
For this work, the offset filament deposition tool was configured

with Pd and Cu sources on opposite sides of a 12 mm diameter
Mo(110) substrate to create a one-dimensional, CuxPd1�xCSAF.
Mo was chosen as a substrate to minimize the potential for inter-
diffusion between substrate and film components.61,62 The CSAF
was prepared by codepositing the two components to generate a
film with a thickness of ∼100 nm. A thickness of 100 nm was
chosen to ensure film stability during heating; thinner films were
observed to dewet from the substrate when annealed at 900 K.
A related technique for depositing CuxPd1�xCSAFs, based on

magnetron cosputtering of Cu and Pd components, has recently
been reported by Westerwaal and co-workers.63 In that work,
CSAFs were prepared as model hydrogen separation materials
and examined for their hydrogenation behavior using a high-
throughput optical hydrogenography technique.
2.2. Characterization of CSAF Surface Composition and

Local Bulk Structure. X-ray photoelectron spectroscopy (XPS)
was used to characterize the near-surface (∼7 atomic layers)
composition, θCu

ns , of the CuxPd1�x CSAF. XPS measurements used
Al KR radiation from a monochromated X-ray source focused on a
small region of the sample. The X-ray spot is elliptical with a minor
axis (∼600 μm) parallel to the composition gradient of the CSAF.
The X-rays were incident at an angle of 25� from the substrate
normal. The analyzer was operated at a pass energy of 100 eV and
collected electrons photoemitted at an angle of 30� from the substrate
normal. All XPS measurements were performed at room tempera-
ture, at which the near-surface composition determined by XPS is
stableover the time scale of themeasurement (∼3min).ThePd3d5/2
and Cu 2p3/2 photoemission features at binding energies of 335 and
933 eV, respectively, were used for quantitative estimates of θCu

ns of
theCSAFs.TheMo3d5/2 signal at 228 eVwas alsomonitored during
depositionof the films.Quantitative estimates ofθCu

ns weremade from
Cu and Pd XPS signal intensities (ICu and IPd) normalized by
calibration signals obtained from pure component films, ICu

¥ and IPd
¥ .

Thus, the Cu mole fraction in the near-surface region is given by

θnsCu ¼ ICu=I¥Cu
ICu=I¥Cu
� �þ IPd=I¥Pd

� � ð1Þ

On the basis of the results of repeated measurements performed on
multiple films at similar bulk compositions, x, the values of θCu

ns

measured by XPS are reproducible to within(3%.
Low energy ion scattering spectroscopy (LEISS) was used to char-

acterize the composition of the topmost atomic layer of theCuxPd1�x

CSAF, θCu
top. LEISS experiments used Heþ ions at E0 = 750 eV

with a beamspot size of∼800μm.Heþ ionswere incident at an angle
of 40� from the substrate normal, and the scattered ions were
collected at an angle of 60� from the substrate normal. A low incident
ion current of∼50 nA with a scan time of ∼50 s per spectrum was
used to minimize the potential for sputter damage by incident Heþ.
Significantly higher currents could alter the top-surface composition.
The top-surface composition was determined by comparing the Pd
and Cu LEISS peak intensities obtained from the alloy film with
LEISS peak intensities measured from pure component films. For
quantitative estimates of the top-surface composition, the LEISS
features at E/E0 = 0.89 for Cu and E/E0 = 0.93 for Pdwere used. The
reproducibility of the values of θCu

top measured by LEISS on multiple
films at similar bulk compositions, x, is estimated to be within(5%.
Electron backscatter diffraction (EBSD) was used to deter-

mine the local distribution of crystal structures in the CuxPd1�x

CSAF. Measurements were performed in a Quanta 200 scanning
electron microscope (FEI, Inc.) equipped with an orientation
imaging microscopy (OIM) system (EDAX, Inc.). The EBSD
patterns were acquired at an operating voltage of 20 kV, with the
sample surface normal tilted 70� from the incident electron
beam. Beam size was <4 nm, lateral resolution was∼20 nm, and
sampling depth was ∼10�20 nm. Commercial OIM software
(EDAX, Inc.) was used to record and index the EBSD patterns.
Indexing was limited to B2 (an intermetallic phase derived from the
bcc structure) and fcc phases. OIM is generally insensitive to the
small lattice parameter differences between fcc-copper and fcc-
palladium. A grain size dilation correction was applied to filter noise
from the orientation and phase maps. The analysis was done at 12
different bulk compositions, x, that is, 12 positions on the substrate.
At each location, an area of∼12 μm� 12 μm was scanned with a
step size of 0.1 μm; acquisition time for each scan was ∼20 min.

3. RESULTS

3.1. Deposition of CuxPd1�x CSAFs. The first step in
quantitative preparation of the CSAFs is measurement of Cu
andPddeposition rates at various points across the substrate surface. A
pure, variable thicknessCu filmwas grownby evaporatingCuonto the
clean Mo(110) substrate from a Cu line source held at 1230 K. The
substrate was at 300 K at the start of deposition, and its temperature
increased by∼50 K during deposition. Figure 2 shows the results of
XPS characterization of Cu film growth as functions of both location
on the substrate and deposition time. At the shortest deposition time
(4 min), the Cu 2p3/2 XPS signal decreased monotonically across
the substrate face as the distance from the source filament increased.At
the same time, the Mo 3d5/2 signal, which had been constant across
the face of the clean substrate, was attenuated. As the deposition time
increased, the Cu 2p3/2 signal grew and the Mo 3d5/2 signal was
suppressed further. At the longest deposition time shown (19 min),
theCu 2p3/2 signal saturates and theMo 3d5/2 signal disappears at the
edge of the substrate nearest the source. After this deposition time, the
thickness of theCu filmnear the source had approached themean free
path of the Cu 2p3/2 andMo 3d5/2 photoelectrons, 1.08 and 1.92 nm,
respectively.64 The spatial and temporal variations in theCu 2p3/2 and
Mo 3d5/2 signals during Cu deposition clearly point to the formation
of a Cu film with a thickness decreasing monotonically with distance
from the Cu line source.
The time dependence of the Cu 2p3/2 and Mo 3d5/2 XPS

signals can be used to quantitatively determine the deposition
rates at any point on the substrate surface. Figure 3 is a plot of the
Cu 2p3/2 andMo 3d5/2 signals at the midpoint of the substrate as
functions of deposition time. The Cu film deposition rate can be
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estimated by analyzing either the Cu or the Mo data. The
expression that describes growth of the Cu 2p3/2 XPS signal is

ICu ¼ I¥Cu 1� exp
�rCut

λCu cos θ

� �� �
ð2Þ

where ICu is the Cu 2p3/2 XPS intensity, ICu
¥ is the intensity

observed from pure (infinitely thick) Cu, t is the deposition time,
λCu = 1.08 nm is the mean free path of Cu 2p3/2 photoelectrons
in Cu,64 θ is the angle at which the analyzer collects the emitted
photoelectrons, and rCu is the Cu deposition rate.

64 The best fit

of eq 2 to the data in Figure 3, shown as the solid line, corre-
sponds to a Cu deposition rate of rCu = 0.111 ( 0.015 nm/min.
The corresponding expression for attenuation of the Mo 3d5/2
signal is

IMo ¼ I¥Moexp
�rCut

λMo cos θ

� �
ð3Þ

where IMo is theMo 3d5/2 XPS intensity, IMo
¥ is the intensity from

the clean Mo substrate, and λMo = 1.92 nm is the mean free path
of Mo 3d5/2 photoelectrons in Cu.

64 The best fit of the Mo XPS
signals to this expression, shown as the solid line in Figure 3,
corresponds to a deposition rate of rCu = 0.125( 0.008 nm/min.
In a similar manner, the deposition rates for the Cu and Pd films
were estimated at several locations across the substrate.
The deposition rates can be controlled by changing evapora-

tion geometry or by changing the temperature of the evaporative
sources. Figure 4 shows the impact of source temperature on
deposition rates of both Cu and Pd at the center of the Mo(110)
substrate using the deposition geometry shown in Figure 1. The
solid line in Figure 4 represents the deposition rates for Cu and
Pd as a function of temperature estimated by fitting the Hertz
Knudsen equation to the data.65�67 The deposition rates of both
evaporants increase with temperature, as expected. To achieve
similar Pd and Cu deposition rates at the center of the substrate,
the Pd source must be held at a higher temperature than the
Cu source, consistent with the higher heat of vaporization of
Pd (362 kJ/mol vs 300.4 kJ/mol).68 The bulk composition of the
film, x, at each point across the substrate was calculated from
the local deposition rate of the film components:

x ¼ rCuFCu
rCuFCu þ rPdFPd

ð4Þ

where rCu and rPd are the deposition rates of Cu and Pd,
respectively, at any position on the substrate, and FCu and FPd
are the molar densities of Cu and Pd, respectively.
In this work, 100 nm thick CuxPd1�xCSAFs were prepared by

codepositing opposing Cu and Pd gradients onto the Mo(110)
substrate at 300 K. A thickness of 100 nm was chosen because
significantly thinner films were observed to dewet during heating.
Furthermore, 100 nm is sufficiently thick that segregation to the
CSAF surface will not significantly deplete the bulk CSAF
composition. To maximize the range of bulk compositions, x,

Figure 3. Cu 2p3/2 and Mo 3d5/2 XPS signals at the center of the
Mo(110) substrate as a function of deposition time. The solid lines
represent the exponential fits to the Cu growth and Mo decay curves.

Figure 4. Cu and Pd deposition rates measured at the center of the
Mo(110) substrate as a function of deposition source temperature. The
lines represent fits of the Hertz-Knudsen equation to the data. For
codeposition, source temperatures are typically controlled to give equal
deposition rates at the center of the substrate.

Figure 2. (a) Cu 2p3/2 and (b) Mo 3d5/2 XPS signals as functions of
position across the Mo(110) substrate following Cu deposition for 0, 4,
9, and 19 min. The Cu 2p3/2 signal growth is accompanied by
attenuation of the Mo 3d5/2 signal. The gradients in the Cu 2p3/2 and
Mo 3d5/2 signal intensities clearly indicate growth of the Cu film at
different rates across the substrate.
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in the CuxPd1�x CSAF, the Pd and Cu line sources were
operated at temperatures that deliver similar deposition rates at
the center of the substrate. Thus, films were deposited with the
Cu source operated at 1230 K and the Pd source operated at
1415 K. These conditions gave a composition range of x = 0.05�
0.95 across the CuxPd1�x CSAF. We used the 100 nm CSAF to
study segregation in CuxPd1�x as a function of bulk composition
and temperature.
As-deposited CSAFs were annealed to equilibrate their near-

surface compositions, θCu
ns , measured by XPS, and bulk composi-

tions, x. Figure 5 shows the near-surface composition of a 100 nm
CuxPd1�x CSAF at three different bulk compositions, x (i.e.,
three different locations on the substrate), as a function of
annealing time at 800 K. The first point in each series is θCu

ns of
the film at that bulk composition as prepared at 300 K. For each
bulk composition, θCu

ns achieves a steady state value after anneal-
ing for 10 min. Similar experiments show that steady state com-
positions are also reached within 10 min during annealing at 700
and 900 K. These results are consistent with those we previously
reported for a polycrystalline Cu0.30Pd0.70 sample, which showed
that annealing at temperaturesg700 K for periods of >15 min is
sufficient to equilibrate the near-surface region with the bulk.1

We note that the impact of lateral diffusion on CSAF composi-
tion is insignificant. The spatial resolution across the CSAF
that we typically select for analysis is on the order of 100 μm,
103 times larger than the thickness of the CSAF. Thus, the time
required for any arbitrary concentration change over the two
length scales differs by a factor of 106. Our XPS data confirm that
the CSAF lateral composition is stable over the time scales of our
experiments. After initial rapid equilibration of concentrations
normal to the surface, concentrations at specific locations on the
CSAF remain stable for at least one hour (only the first 30 min of
an hour-long experiment are shown in Figure 5).
3.2. Characterization of CSAF Local Structure. Prior to the

study of segregation in a CSAF, the bulk structure of the equili-
brated film must be determined for comparison to that of the
bulk phase diagram of the alloy system under study. The struc-
ture of a thin alloy film can differ from that of the bulk material and,
in principle, may influence segregation to the surface. Equally
importantly, the texture or surface orientation of the grains forming
the film can also influence segregation to the surface. Thus,

understanding the film texture as a function of local bulk composi-
tion, x, may provide insight into the nature of segregation.
The phase diagram for bulk CuPd reveals the existence of

multiple phases with fcc or B2 bulk structures.69 At temperatures
above 875 K, the alloy has a fcc structure across the entire
composition space, x = 0�1. As the temperature is lowered, a B2
phase appears at x= 0.60. The composition region over which the
B2 phase exists grows as the temperature is decreased further. At
800 K, the CuPd phase diagram has five regions: fcc for x < 0.51,
mixed fcc and B2 for 0.51 < x < 0.56, B2 for 0.56 < x < 0.65, mixed
fcc and B2 for 0.65 < x < 0.68, and then fcc again for x > 0.68. In
principle, the segregation properties of the CuxPd1�x alloy are
sensitive to the bulk phase of the alloy and this might be explored
by studies of segregation at the surface of the CuxPd1�x CSAF.
EBSD was used to characterize the structure and crystal-

lographic texture of a 100 nm thick CuxPd1�x CSAF that was
first equilibrated by annealing at 800 K and then cooled to room
temperature. EBSD images of the CuxPd1�x CSAF were ac-
quired at 12 different compositions ranging from x = 0.09 to 0.95.
Orientation maps for three of the 12 compositions are shown in
Figure 6a. The colors in the figure represent the different grain
orientations in the fcc and B2 phases; blue, red, and green cor-
respond to (111), (001), and (101) orientations, respectively, as
represented by the crystallographic triangle (inset). At both high
(x = 0.95) and low (x = 0.09) bulk Cu composition, grains are
preferentially oriented near the (111) direction (blue), which is
expected for the fcc phase. In contrast, at intermediate bulk Cu
content (x = 0.62), grains are randomly oriented. Figure 6b
shows the phase maps derived from the orientaion data. The fcc
phase (red) clealy dominates at x = 0.09 and 0.95; B2 (green)
dominates at x = 0.62.
Figure 7 compares the film structure, calculated from the phase

maps obtained at each of the 12 compositions across the film’s
surface, to the bulk structure at 800 K as reported in the
published CuPd phase diagram. We note that while the effective
temperature at which the structure of the CSAF has been frozen
in during cooling is not well-defined, it must be <800 K. None-
theless, the structures determined by EBSD reveal the presence of
the B2 region and the two-phase regions at exactly the compositions

Figure 5. Near-surface (XPS) composition of a 100 nm thick CuxPd1�x

CSAF as a function of anneal time at 800 K for three different
values of the bulk composition. Steady state compositions are reached
within 10 min, evidence that the near-surface is in equilibrium with the
bulk.

Figure 6. (a) EBSD orientation maps acquired at three bulk composi-
tions of a 100 nm thick CuxPd1�xCSAF that was first annealed at 800 K
and then cooled to room temperature. The crystallographic triangle
represents the color code for grain orientation; (111) orientation (blue),
preferred in the fcc phase, dominates at x = 0.09 and 0.95. (b) Phase
maps derived from the composition maps confirm fcc structure (red) at
high and low x, and B2 structure (green) at x = 0.62.
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expected on the basis of the CuPd phase diagram. This implies that
our calibration of the CSAF composition is quite accurate, probably
within 2%. Furthermore, this EBSDdata demonstrates that the bulk
structure of the 100 nm thick CSAF is that of the bulk CuxPd1�x

alloy, thus illustrating the potential of the CSAF platform for high-
throughput determination of phase diagrams.
3.3. Characterization of CSAF near-Surface and Top-Sur-

face Composition.A second 100 nm thick CuxPd1�xCSAF was
prepared, and its near-surface and top-surface compositions were
characterized over a range of bulk compositions (i.e., location on
the substrate) and temperatures. Figure 8a shows the CSAF near-
surface composition, θCu

ns , measured using XPS, as a function of
bulk composition, x. Near-surface composition was measured at
room temperature (∼300 K) after annealing the film at the
specified temperature (300�900 K) for 20 min. θCu

ns of the as-
prepared film (9) is less than the corresponding bulk composi-
tion at all x, indicating depletion of Cu in the near-surface region
of the film. The extent of Cu depletion is greatest near x = 0.85,
and it diminishes as x approaches both 0 and 1—at locations
physically near the Pd and Cu sources. It is likely that substrate
temperature is slightly higher near the hot sources, enabling
diffusion of the Cu component to the surface to begin during
deposition. Upon annealing at 500 K (b) and 700 K (2), the Pd
and Cu film components interdiffuse and θCu

ns increases, ap-
proaching the bulk composition, x, over the entire range of bulk
composition. Upon annealing at 800 K (not shown) and 900 K,
θCu
ns does not change significantly from its value at 700 K,

remaining slightly less than the bulk composition over the entire
composition range of the CuxPd1�x CSAF.
The composition of the topmost layer of the CSAF was measured

using LEISS. Our previous study of surface segregation in a single
composition Cu0.30Pd0.70 alloy revealed that the composition of the
top-surface is very sensitive to analysis temperature, and changes
reversibly with temperature on time scales of a few minutes, indepen-
dent of whether the sample was heated or cooled to the analysis
temperature.1 Thus, after annealing the film at 900K for 20min, LEIS
spectra were acquired at number of locations across the CSAF surface
(i.e., bulk compositions, x), over a range of temperatures from 300 to
900K. Figure 8b shows the top-surface composition,θCu

top, of a 100 nm

thick CuxPd1�x CSAF, as a function of bulk composition, x. At each
characterization temperature,θCu

top varies smoothlywith x; we observed
similar behavior for 100 nm thick CSAFs annealed at 800 K (not
shown). As shown in the Figure, θCu

top at 300 K (9) is significantly
higher than the bulk composition, x, at all bulk compositions. At 500K
(b) and 700 K (2), θCu

top increases over the entire range of bulk
compositions. The values of θCu

top then decrease slightly at 900 K (left
triangle).
To highlight the dependence of θCu

top on temperature, Figure 9
displays the top-surface composition data from Figure 8b as a
function of temperature. At each bulk composition, θCu

top exhibits
a maximum at ∼700 K. For an alloy surface at thermodynamic
equilibrium with the bulk, such maxima may reflect a change
from order driven segregation in the low temperature regime to
disorder driven segregation in the high temperature regime.38 Our
observation of Cu segregation to the topmost layer of CuxPd1�x

alloys, and its temperature dependence, is consistent with prior
experimental characterization of segregation in single composition
samples, including our own for Cu0.30Pd0.70.

1,5,45

4. DISCUSSION

Analysis of the near-surface and top-surface compositions of a
100 nm thick CuxPd1�x CSAF using spatially resolved XPS and
LEISS has enabled high throughput characterization of surface

Figure 7. Film structure, calculated from phase maps obtained from the
CSAF described in Figure 6, as a function of bulk composition, x. The
bulk CuPd phase diagram (between 700 and 900 K) appears as curved
lines;68 locations of phase boundaries at 800 K are highlighted as dotted
lines. EBSD measurements of CSAF structure match the bulk phase
diagram.

Figure 8. (a) Near-surface (XPS) and (b) top-surface (LEISS) com-
positions of a 100 nm thick CuxPd1�x CSAF as functions of bulk
composition, x, following annealing at various temperatures. The near-
surface composition was measured at 300 K using XPS after annealing at
the specified temperature for 20 min. The near-surface of the as-
prepared film is slightly Pd rich at all x; annealing induces diffusion of
Cu into the near-surface. The top-surface composition was measured
using LEISS at the temperature specified after annealing at 900 K for 20
min. The top-surface of the film is Cu-rich at all temperatures.
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segregation, spanning alloy composition space from x = 0.05 to
0.95. The components of the CuxPd1�xCSAF were codeposited
at 300 K. Annealing the film at temperatures from 700 to 900 K
causes the components to interdiffuse and allows the surface
composition to equilibrate with the bulk composition. As illu-
strated in Figures 8 and 9, the topmost layer is rich in Cu across
the entire alloy composition range and at temperatures from 300
to 900 K. This result is consistent with the fact that the surface

energy of Cu (1.83 J/m2) is lower than that of Pd (2.05 J/m2).70

The extent of Cu segregation to the topmost layer is greatest at
low bulk Cu content, x; alloy behavior approaches that of an ideal
mixture, θCu

top = x, as the bulk Cu composition approaches x = 1.
One point of possible relevance to the study of segregation in

the CuxPd1�x is that a phase transition occurs within the
composition range x = 0.05�0.95. As indicated by the dotted
lines in Figure 7, at 800 K, the bulk CuxPd1�x alloy displays fcc
structure in the ranges x = 0.00�0.51 and x = 0.68�1.00, and B2
structure in the range 0.56 < x < 0.65. The intermediate regions
contain both phases.69 At temperatures below 800 K, the B2
range is wider, and at higher temperatures the B2 range narrows
until the alloy exists only in the fcc phase for T > 875 K. Our
EBSD results show that the expected phase changes do take place
across the CSAF. However, the effect of phase changes is not
reflected in our measurements of either the top-surface or the
near-surface compositions (Figure 8), both of which vary
smoothly with film composition, x. This result indicates that
segregation is insensitive to bulk structure.

Segregation is a thermodynamic property of an alloy. In other
words, the composition of the topmost layer is a thermodynamic
function of the bulk alloy composition, temperature, and pres-
sure (weak), θCu

top(x;T,P). An important goal of this work is to
determine this function over a significant range of bulk composi-
tion. In the energy-driven temperature regime,g700 K, equilib-
rium segregation can be described by the Langmuir�McLean
formulation of the Gibbs isotherm:38,42,71�73

θtopCu

θtopPd

¼ xbulkCu

xbulkPd

exp
�ΔGseg

RT

� �

θtopCu

ð1� θtopCu Þ
¼ x

ð1� xÞ exp
�ΔGseg

RT

� �

θtopCu

ð1� θtopCu Þ
¼ x

ð1� xÞ exp
�ΔHseg

RT
þΔSseg

R

� �
ð5Þ

In this equation, ΔGseg, ΔHseg, and ΔSseg are the free energy,
enthalpy, and entropy of segregation for Cu, respectively. ΔGseg

is usually described as having contributions from the difference in
the surface free energy of the two components, strain effects
arising from different atomic sizes, and the interactions between
the two components.38,40,71

The thermodynamic quantities that describe segregation of
Cu to the topmost atomic layer of the CuxPd1�x alloy can be
determined from the temperature dependence of the top-surface
compositions, illustrated in Figure 9. Figure 10 shows ΔHseg (a)
and ΔSseg (b) as functions of bulk composition, estimated by
application of the Langmuir�McLean equation to segregation
data for T g 700 K. Consistent with the observed preferential
segregation of Cu to the top-surface, ΔHseg is negative over the
entire range of bulk compositions. At the lowest bulk Cu
contents, ΔHseg is relatively insensitive to bulk composition,
possibly due to fewer opportunities for interaction among Cu
atoms. As the bulk alloy composition approaches x = 1, both
ΔHseg andΔSseg tend toward zero, reflecting the approach of the
alloy to ideal behavior (θCu

top∼ x, Figure 8b) at the highest bulk Cu
concentrations. The values of ΔHseg and ΔSseg near x ∼ 0.3 are
consistent with those of our previous chracterization of segrega-
tion on a single composition Cu0.30Pd0.70 sample, represented by
the solid circle (b) in Figure 10a and b.1 The ability to use the
CuxPd1�x CSAF to successfully replicate segregation measure-
ments made on a bulk material illustrates the value of the CSAF

Figure 10. (a)ΔHseg and (b)ΔSseg as functions of bulk composition for
a 100 nm thick CuxPd1�x CSAF. ΔHseg and ΔSseg were determined by
applying the Langmuir�McLean isotherm to the data in Figure 7.ΔHseg

and ΔSseg determined from a Cu0.30Pd0.70 sample is represented by the
solid symbol (b).1 The approach of ΔHseg and ΔSseg toward zero as
the bulk composition approaches x = 1 is consistent with the tendency of
the alloy toward ideal behavior at x = 1.

Figure 9. Top-surface Cu compositions as functions of temperature at
different bulk CuxPd1�x CSAF compositions, x. The CSAF was
annealed at 900 K for 20min for equilibration, followed bymeasurement
of the top layer composition using LEISS over a range of temperatures.
For all x, top-surface Cu concentration exhibits a maximum at 700 K.
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sample library for high-throughput characterization of segrega-
tion behavior in alloys across composition space.

While many other researchers have reported segregation of Cu to
the surfaces of CuPd alloys in vacuum,5,44�46 few have used their data
to estimate the thermodynamic parameters ΔHseg and ΔSseg. Two
mid-1980s studies described application of Auger spectroscopy and
XPS for characterization of segregation and estimation of the ther-
modynamic parameters for polycrystalline ∼Cu90Pd10 samples.10,74
Consistent with our results, both groups reported preferential segre-
gation of Cu to the alloy surface. However, using an approach similar
to the one we describe, both groups extracted positive ΔHseg; we
estimate �2 kJ/mol in the same composition region (Figure 10a).
(In these papers,ΔHseg is reportedwith respect toPd segregation and
is negative; for comparison with our figures, which are with respect to
Cu segregation, the sign must be reversed.) The reasons for the
difference are unclear. However, we note that one of these reports
includes a calculation ofΔHseg performed by summing contributions
of component surface free energy, energy of mixing, and lattice
strain.74,75 The result of the calculation for Cu90Pd10 is �3 kJ/mol,
which compares well with our measurement.

5. CONCLUSION

A novel offset filament deposition tool was used to deposit
CSAFs for the study of surface segregation in the CuxPd1�x

system throughout a composition space continuum between
x = 0.05 and 0.95. EBSD characterization showed that the local
structure across the CuxPd1�x CSAF matched that of the
published phase diagrams for bulk CuPd. The near-surface and
bulk compositions of a 100 nm thick CuxPd1�x CSAF attain
equilibrium on annealing at temperatures in the range 700 to
900K. Preferential segregation of Cu to the top-surface of theCSAF
was observed at all bulk compositions. The Langmuir�McLean
thermodynamic model was applied to estimate the enthalpy,
ΔHseg, and entropy, ΔSseg, of segregation as a function of bulk
CuxPd1�x composition, for x = 0.05�0.95. At x ∼ 0.30, CSAF
segregation results compare well with those previously reported
for a bulk, polycrystalline Cu0.30Pd0.70 alloy. Surface composi-
tions varied smoothly with bulk CSAF bulk composition, sug-
gesting that segregation is insensitive to changes in the local
structure of the alloy. Our results demonstrate the utility of the
CSAF platform as a high throughput sample library for study of
surface segregation and structure of multicomponent materials.
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