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Abstract
The growth mode of platinum ﬁlms on the Cu(1 0 0) surface up to a coverage of 2.75 ML has been studied using
co-axial impact collision ion scattering spectroscopy (CAICISS), X-ray photoelectron spectroscopy and low energy
electron diﬀraction. CAICISS data show the formation of a Cu–Pt alloy at room temperature in the top three atomic
layers at sub-monolayer Pt coverage. As the coverage increases up to 2.75 ML the formation of a Pt overlayer is
observed in conjunction with the near surface region becoming Pt-rich, indicating the onset of layer-by-layer growth.
Subsequent annealing shows a signiﬁcant migration of Pt into the bulk Cu at a temperature of 300 C. Evidence for a
more ordered surface after annealing is also presented.
 2005 Elsevier B.V. All rights reserved.
Keywords: Low energy ion scattering (LEIS); Low energy electron diﬀraction (LEED); X-ray photoelectron spectroscopy; Platinum;
Copper; Alloys

1. Introduction
Alloys and bimetallic surfaces have received
much attention in recent years due to their importance in many modern technological processes
(e.g. heterogeneous catalysis and magnetic recording [1–3]). The deposition of one metal on a sub*
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strate of a second metallic species (e.g. Pt on
Cu(1 0 0)) allows production of alloys with controllable concentrations, and may present surfaces
with diﬀerent characteristics to those of single
crystal alloy surfaces (e.g. CuxPty(1 0 0)).
The Cu–Pt surface alloy system has been the
subject of numerous studies, ranging from Cu
deposition on Pt surfaces [4–7], to single crystal
alloy surfaces [8,9] and Pt deposition on Cu surfaces
[10–25]. The formation of Cu–Pt alloys on the
Cu(1 1 1) surface by Pt deposition and subsequent
annealing has been widely studied using many

0039-6028/$ - see front matter  2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.susc.2005.03.050

154

M. Walker et al. / Surface Science 584 (2005) 153–160

experimental and theoretical techniques [10–20].
However, similar investigations on Cu(1 0 0) have
been less common [21–25], and hence the characteristics of this system are less well understood.
One of the earliest studies of the Cu(1 0 0)/Pt
alloy was carried out by Graham et al. using Auger
electron spectroscopy (AES), low energy ion scattering (LEIS) and low energy electron diﬀraction
(LEED) [21]. In this study it was demonstrated
that at room temperature, Pt forms disordered
islands on the surface with some intermixing from
the Cu substrate, giving a weak c(2 · 2) LEED
pattern which strengthened signiﬁcantly on
annealing to 300 C. This ordering was attributed
to the formation of a pure Cu surface layer with
a Cu–Pt alloy formed beneath the surface. A tensor low energy electron diﬀraction (TLEED) study
by Al Shamaileh et al. supported this analysis by
observing pure Cu surface layers after annealing
samples with Pt coverages of 0.5 ML, 1.0 ML
and 1.5 ML at 300 C [24]. This view was also
shared by Reilly et al. who observed a c(2 · 2)
structure after annealing to 230 C [23].
Belkhou et al. used photoemission spectroscopy
(PES) and LEED to look at Pt deposition on
Cu(1 0 0) up to a coverage of 2 ML [22]. They
observed the formation of an extended surface alloy
during growth with the Pt concentration in the
top layer being approximately 50%, which is consistent with the c(2 · 2) LEED patterns reported.
They also showed that at higher coverages the
alloy was destroyed and a disordered pure Pt ﬁlm
started to grow. Annealing of the Pt ﬁlm led to the
reformation of the Cu–Pt extended surface alloy.
In this paper, the growth mode of Pt thin ﬁlms
up to a coverage of 2.75 ML and the eﬀects of subsequent annealing have been studied by co-axial
impact collision ion scattering spectroscopy (CAICISS). CAICISS is a unique surface science technique which oﬀers both chemical and structural
information with a high degree of surface speciﬁcity. Recently this technique has been used for
investigations of many adsorbate–substrate systems [27–29]. The technique relies on the fact that
the scattering of inert gas ions at relatively low
energies (2–5 keV) from a surface can be described
in terms of a simple binary collision model [30].
Analysis of the energy and ﬂux of the scattered

ions and neutral particles, as a function of incidence or azimuthal angle, oﬀers the possibility to
construct the chemical composition and atomic
structure of the surface with single-layer sensitivity. In addition, LEED has been used to monitor
the surface periodicity, whilst X-ray photoelectron
spectroscopy (XPS) was used to support the alloy
compositions determined by CAICISS and to
check for any surface contamination.

2. Experimental detail
The experiments were carried out in a UHV
chamber equipped with a retractable LEED optic
(Omicron GmbH, Germany), a dual anode X-ray
source (Vacuum Generators, UK), a 100 mm concentric hemispherical electron energy analyser
(VSW, UK, HA100), and a modular CAICISS system. The main chamber is pumped by ion and diffusion pumps, and has a nominal base pressure in
the 1010 mbar regime. The Cu(1 0 0) crystal
(Metal Crystals and Oxides, UK), cut to ±0.1 of
the (1 0 0) plane, was mechanically polished and
etched before being mounted on the end of a
manipulator capable of polar and azimuthal
rotation. Resistive sample heating to 800 C was
monitored using a chromel–alumel thermocouple
in contact with the sample. XPS spectra were
taken using the MgKa anode of the X-ray
source (hm = 1253.6 eV), with all binding energies
calibrated relative to the Cu 2p3/2 peak at
932.8 eV [26].
2.1. Sample preparation
The Cu(1 0 0) crystal was cleaned using cycles of
Ar+ bombardment at 3 keV and extended annealing at 800 C. Typically, two or three cycles were
required until no impurities were observed in the
XPS spectrum of the surface. The clean surface
exhibited a sharp (1 · 1) LEED pattern (see inset
of Fig. 2). Deposition of Pt was achieved using a
metal evaporation source consisting of a high purity Pt wire wound around a tungsten ﬁlament, with
a current of 14.5 A passing through the ﬁlament.
Pt deposition was carried out at pressures of less
than 1 · 108 mbar. The W 4d, C 1s and O 1s pho-
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toemission peaks were monitored to ensure that
the surfaces were free from contamination both
prior to and following deposition.
2.2. CAICISS
A schematic of the modular CAICISS instrument used for this investigation is shown in Fig.
1, and is described in detail elsewhere [29]. All of
the data presented in this paper were collected
using a 3 keV He+ ion beam produced from research grade helium (Air Products, UK). Data
acquisition was carried out using an EG&G Ortec
multichannel buﬀer (MCB) with dedicated
software.
The scattering geometry and the axes deﬁning
the incidence (polar) angle, a, and azimuthal angle,
/, are shown in the upper-right quadrant of Fig. 1.
Note that a is deﬁned relative to the surface plane,
so in changing this angle from 0 to 180, the scattering geometry passes from grazing incidence,
through to normal incidence (90) and back to
grazing incidence from the opposite edge of the
crystal. This data acquisition mode (polar scan)
has been automated using a stepper motor, allowing data to be collected in 1.8 steps. For this
investigation, an acquisition time of 100 s was employed at each step.
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2.3. XPS and CAICISS data analysis
Structural information has been obtained from
CAICISS spectra by measuring the Cu and Pt
backscattered intensity as a function of polar angle
after each Pt deposition and anneal treatment. A
combination of CAICISS data, LEED and XPS
was used to determine the Pt coverage in each case.
To enable accurate interpretation of the CAICISS data, the FAN simulation software developed by Niehus [32] has been used to determine
the atomic structure and composition of the ﬁve
outmost atomic layers. This package allowed
quantitative structural analysis, concentrating on
the relative intensities of the peaks within the spectrum and the angular position of the peaks relative
to the experimental data. Many iterations were
performed (typically around 20 to 30 for each data
set), modifying the layer-by-layer composition, the
interlayer spacings and the interatomic spacings
until an acceptable ﬁt was obtained.
XPS data analysis was used to determine the
total amount of Pt deposited on to the Cu(1 0 0)
surface. Fitting involved the employment of a
Gaussian–Lorentzian mixture (70%:30%) to determine the area of the Cu 2p3/2 peak prior to Pt
deposition, as well as the Pt 4f7/2 and Cu 2p3/2
peaks following each deposition stage. Quantiﬁcation methods outlined by Carley and Roberts [31]
were then used to estimate the Pt surface concentration and total coverage.

3. Results and discussion
3.1. The clean Cu(1 0 0) surface

Fig. 1. Schematic diagram of the Warwick CAICISS apparatus, explained in detail elsewhere [29]. Several components are
labelled in the central section of the ion column (upper image):
MCP, micro-channel plate detector; OAPA, oﬀ-axis port
aligner; ChP, chopping plates; ChA, chopping aperture;
BCM, beam current monitor; HSP and VSP, horizontal and
vertical steering plates; Col, collimating aperture. The axes
deﬁning the polar angle, a, and azimuthal angle, /, are shown
in the upper-right quadrant.

CAICISS data from the clean Cu(1 0 0) surface
in the h1 0 0i azimuth is shown in Fig. 2 along with
the FAN simulation results for the trial structure
with the best ﬁt in terms of peak positions. With
reference to Fig. 2, the peak at approximately
16 corresponds to surface layer scattering, the
peak at 45 corresponds to second atomic layer
scattering, whilst the peaks at 68 and 78 correspond to scattering from deeper layers. Similarly,
experimental data and simulation results in the
h1 1 0i azimuth are shown in Fig. 3. The trial
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gave a good quantitative ﬁt and agrees with previous reports on the structure of the clean Cu(1 0 0)
surface [33]. The results from the clean surface,
as well as trial simulations for the various diﬀerent
growth modes of Pt on Cu(1 0 0), indicated that
data taken in the h1 0 0i azimuth would provide
all the necessary information to determine the
growth mode and layer-by-layer composition.
3.2. Deposition and annealing of Pt on Cu(1 0 0)

Fig. 2. CAICISS peak proﬁle from the clean Cu(1 0 0) surface
in the h1 0 0i azimuth and the FAN simulation results. The inset
in the upper-left shows the inverse of the (1 · 1) LEED pattern
recorded from the surface at an energy of 120 eV.

Fig. 3. CAICISS peak proﬁle from the clean Cu(1 0 0) surface
in the h1 1 0i azimuth and the corresponding FAN simulation.

structure with the best ﬁt in both azimuths exhibited a 1.6% contraction in the outermost interlayer
spacing, D12, to 1.78 Å, relative to the bulk
Cu(1 0 0) value of 1.81 Å. The second interlayer
spacing, D23, was determined to be 1.84 Å, a
1.6% expansion relative to the bulk interlayer
spacing. The interlayer spacing in deeper layers
reverts back to the bulk value of 1.81 Å. This model

3.2.1. LEED and XPS observations
Diﬀraction patterns were observed after each Pt
deposition (with coverages of 0.55 ML, 1.00 ML,
2.35 ML and 2.75 ML, as determined by XPS),
and upon annealing for 10 min at 200 C and
300 C. The clean Cu(1 0 0) surface exhibited a
sharp (1 · 1) reconstruction. Following the ﬁrst
Pt deposition (hPt ’ 0.55 ML), the surface exhibited a weak c(2 · 2) LEED pattern as reported previously [22,23]. This pattern is characteristic of a
poorly-ordered alloy in the surface region. The
c(2 · 2) LEED pattern became progressively
weaker, with higher background intensity, as the
Pt coverage was increased. No diﬀraction spots
were visible at a coverage of 2.75 ML. No diﬀraction pattern was observed upon annealing at
200 C, suggesting that the disorder in the surface
region is not removed by brief annealing treatments at relatively low temperatures. However a
weak c(2 · 2) pattern was observed upon annealing at 300 C, indicating some degree of ordering
in the alloy structure.
Fig. 4 shows the Cu 3p and Pt 4f XPS spectra
taken at each stage of the Pt deposition process,
as well as the subsequent annealing of the sample
with a Pt concentration of 2.75 ML. Here we
observe the disappearance of the Cu 3p peak with
increasing Pt coverage, indicating that the surface
is Pt-rich. Following annealing at 300 C the intensity of the Pt 4f peaks decreased, indicating diﬀusion of some Pt away from the surface region.
3.2.2. CAICISS observations
A summary of layer-by-layer compositions,
interlayer spacings and observed LEED patterns
are given in Table 1. The Pt peak in the CAICISS
data as a function of polar (incidence) angle for
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Fig. 4. The Pt 4f (69.8 eV, 73.1 eV) and Cu 3p (76.6 eV)
photoemission peaks from clean Cu(1 0 0), Pt deposition up to a
coverage of 2.75 ML and subsequent annealing.

the surface following deposition of 0.55 ML of Pt
is shown in Fig. 5, together with simulations for
three possible Pt growth modes (layer-by-layer
growth, Pt clusters on the surface and an alloy in
the top three layers of the Cu(1 0 0) crystal). The
features at incidence angles of approximately 17,
45, 68 and 78 are most accurately reproduced
by the model containing Pt in the three outermost
layers of the crystal. This model is unique in pre-
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dicting the small peak at approximately 32, and
also most accurately predicts the surface peak at
17. The proposed model structure is detailed in
Table 1.
The Cu–Pt alloy formation continues with the
central peaks in the CAICISS spectra becoming
more pronounced with increasing Pt deposition
up to 2.75 ML, as shown in Fig. 6. The proposed
structures are summarized in Table 1. Of particular
interest is the change in the structure of the alloy
with increasing Pt coverage. In the 1.00 ML case,
a substitutional alloy was formed with the surface
layer containing 80% Pt. The remaining 20% of
the Pt penetrated into the second and third layers.
In the 2.35 ML case, the concentrations were found
to be 87% Pt in the surface layer, 85% Pt in the second layer and 50% Pt in the third layer. We notice
here that a small peak appeared at an incidence angle of 32. This feature could only be explained by a
small coverage (0.12 ML) of Pt sitting 2.2 Å
above the outermost complete atomic layer, indicating the possible onset of layer-by-layer growth.
Increasing the Pt coverage to 2.75 ML saw the
0.12 ML Pt overlayer remain unchanged, whilst
the Pt concentrations in the surface layer and the
second atomic layer changed to 100% and 90%,
respectively. An increase in the amount of Pt in layers 3, 4 and 5 was also observed.

Table 1
LEED patterns, XPS data and results of FAN simulations of CAICISS data for Pt deposition up to 2.75 ML and subsequent annealing
at 200 C and 300 C
Total Pt coverage (ML)

0.00

0.55

1.00

2.35

2.75

200 C anneal

300 C anneal

LEED pattern

(1 · 1)

c(2 · 2)

Streaky c(2 · 2)

Weak c(2 · 2)

None

None

Weak c(2 · 2)

Pt overlayer (ML)

–

0

0

0.12

0.12

0.12

0.05

Surface layer Pt %
Layer 2 Pt %
Layer 3 Pt %
Layer 4 Pt %
Layer 5 Pt %

–
–
–
–
–

45
5
5
0
0

80
10
10
0
0

87
85
50
0
0

100
90
55
5
15

100
90
55
5
15

50
33
25
25
25

Overlayer to surface distance (Å)
D12 (Å)
D23 (Å)
D34 (Å)
D45 (Å)

–
1.78
1.84
1.81
1.81

–
2.00
1.85
1.81
1.81

–
2.00
1.81
1.81
1.81

2.20
1.90
1.81
1.81
1.81

2.20
2.00
1.81
1.81
1.81

2.20
2.00
1.81
1.81
1.81

2.20
2.00
1.81
1.81
1.81

The total Pt coverages determined by XPS are accurate to ±0.05 ML. The individual layer compositions were determined by CAICISS
simulations and are accurate to ±5%.
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Fig. 5. Experimental Pt peak proﬁle from Cu(1 0 0) with a Pt
coverage of 0.55 ML and simulations of three possible growth
models (layer-by-layer, Pt clusters on the surface, and a Cu–Pt
alloy in the top three layers of the crystal). The experimental
data are well reproduced by the three-layer Cu–Pt alloy model.

We also note that during the growth process the
surface peak and second layer peak both shifted to
higher polar angles. The surface peak recorded at
16 on the clean surface was shifted to 18 after
Pt deposition of 2.75 ML. The peak corresponding
to scattering from second layer atoms shifted in a
similar manner from 44 to 45. This indicates a
change in interlayer spacing D12 during the deposition process as the larger Pt atoms are accommodated within the alloy structure.
Annealing the highest Pt coverage (2.75 ML) to
200 C yielded a negligible change in the CAICISS
spectrum. Previous studies have suggested that signiﬁcant diﬀusion of Pt atoms into the Cu(1 0 0)
substrate begins at temperatures around 300 C
[22,24,25]. The Pt CAICISS proﬁle, before and
after annealing to 300 C, is shown in Fig. 7. The
data clearly showed an increase in the intensity
of the sub-surface scattering peaks (at 65 and
78) relative to the surface peak (at 18). From this
we deduce that signiﬁcant amounts of Pt
migrated from the surface layer (100% Pt prior

Fig. 6. CAICISS Pt peak proﬁle as a function of Pt coverage.
Peaks corresponding to sub-surface Pt are present at submonolayer coverage suggesting the formation of an alloy on
deposition. These peaks increase in intensity with further Pt
deposition up to 2.75 ML.

to annealing), second layer (90% Pt prior to
annealing) and third layer (50% Pt prior to annealing) to deeper layers (i.e. the 4th and 5th layers). It
should also be noted that the peaks have become
sharper, indicating some ordering in the alloy
structure. This is in agreement with the observation of a weak c(2 · 2) LEED pattern.
Simulation results, shown in Table 1, suggest
the formation of a CuPt alloy at the surface, with
a 0.05 ML Pt overlayer sitting 2.2 Å above the surface. A Cu2Pt alloy was formed in the second
layer, 2.0 Å below the surface. Deeper into the
sample, the third, fourth and ﬁfth layers became
a Cu3Pt alloy as suggested in previous studies
[22,24], with interlayer spacings moving back towards bulk Cu(1 0 0) values. Due to the large shadow cone widths (1.4 Å) resulting from the low
energy ions used in CAICISS [30], we could not
penetrate deeper than ﬁve layers into the sample.
Annealing to 600 C led to the loss of Pt from
the CAICISS spectrum.
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CAICISS data and by the weak c(2 · 2) LEED
pattern observed.
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