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Abstract: Electrodeposition of Pb on Au has been of interest for the variety of surface phenomena
such as the UnderPotential Deposition (UPD) and surface alloying. Here, we examined the interface
between the electrodeposited Pb film on Au, using surface sensitive techniques such as X-ray
Photoelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), Energy-Filtered
Photoemission Electron Microscopy (EF-PEEM) and Work Function (WF) mapping. The initially
electrodeposited Pb overlayer (~4 ML equivalent thickness) was transferred from the electrochemical
cell to the UHV system. The deposited Pb layer was subjected to Argon sputtering cycles to remove
oxide formed due to air exposure and gradually thinned down to a monolayer level. Surface science
acquisitions showed the existence of a mixed oxide/metallic Pb overlayer at the monolayer level that
transformed to a metallic Pb upon high temperature annealing (380 ◦C for 1 h) and measured changes
of the electronic interaction that can be explained by Pb/Au surface alloy formation. The results show
the electronic interaction between metallic Pb and Au is different from the interaction of Au with the
PbO and Pb/PbO mixed layer; the oxide interface is less strained so the surface stress driven mixing
between Au is not favored. The work illustrates applications of highly surface sensitive methods in
the characterization of the surface alloy systems that can be extended to other complex and ultrathin
mixed-metallic systems (designed or spontaneously formed).

Keywords: Lead OPD; surface alloy; XPS; UPS; EF-PEEM

1. Introduction

Electrodeposition of Pb on Au is a well-known system characterized by Stranski-Krastanov
growth [1]. The electrodeposition of Pb on Au starts by the formation of the epitaxial monolayer
positive from the equilibrium potential for bulk deposition known as Underpotential Deposition
(UPD), followed by the nucleation of 3D islands in the OverPotential Deposition (OPD) region [2,3].

The UPD of Pb Monolayer (ML) on Au (111) has been considered as one of the model UPD systems
and has been widely studied in the past few decades with a range of electrochemical and surface science
techniques [2,4–11]. An incommensurate, electrocompressed closely packed hexagonal structure of
a complete Pb UPD ML has been analyzed by a range of techniques including Scanning Tunneling
Microscopy (STM), Atomic Force Microscopy (AFM), ex situ Low Energy Electron Diffraction (LEED)
and in situ x-ray diffraction [8,12–16].

The UPD of Pb on Au has been used in a wide range of applications including measurements
of surface area/roughness, surface structure characterization, chemical composition measurements,
electrocatalysis, sensing as well as a mediation of the epitaxial thin film growth. For example, Pb UPD
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on Au has been used for the determination of surface areas, surface structures and crystallographic
orientation of nanostructures such as gold nanorods [17], controlled-shape nanoparticles [17,18] and
nanoporous gold electrodes [19]. The Au surfaces modified by a Pb UPD layer have shown to
enhance the electrocatalytic activity and selectivity of oxygen reduction reactions [5,20,21], methanol
oxidation [22] and glucose oxidation reactions [23,24]. Moreover, the Pb UPD layers have been
successfully employed as mediators and manipulators of thin film growth kinetics in electrochemical
methods such as the Surfactant-Mediated Growth (SMG) [25,26] and Defect Mediated Growth
(DMG) [27,28] of epitaxial films of Ag, Co and Cu. In the recently developed Surface Limited Redox
Replacement (SLRR) method, the UPD monolayer of Pb has been exploited as a sacrificial layer for
the deposition of 2D epitaxial noble metal films, such as Pt, Ag, Au [26,29–36], nano-alloys [37–40]
and nanoporous fuel-cell electrodes [41]. The SLRR method led to the development of a special
class of highly active Pt-ML electrocatalysts for oxygen reduction reaction [42] and has become a
tool for the design of model systems for fundamental electrocatalytic studies of structure-activity
relationship [38] and catalytic stability [43]. The most recent advances include different ideas and
concepts for a so-called electroless (e-less) deposition of Pb monolayer that were integrated into a
deposition method called “electroless Atomic Layer Deposition” (e-less ALD) [44].

Pb on Au system is characterized by a large atomic size mismatch of 21%. Thus, it is an ideal
model for studies of the surface-stress evolution and the related phenomena. This is an immiscible
system, i.e., Pb and Au do not form bulk alloys. However, surface alloying has been reported in
both electrochemical [6,7,45–48] and ultrahigh vacuum [49,50] environments. Several early studies
argued that there was no evidence of surface alloy formation in this system [2,8,14,15]. However, later
investigations, by in situ STM and surface stress measurements, showed the surface transformations
that can be associated with the surface alloy formation/dissolution [6,7,46–48]. The in situ STM studies
showed roughening of the initially flat Au substrate (by vacancy and ad-islands formation) after a Pb
UPD layer dissolution [6,7,45,48]. The compressive stress evolution during monolayer formation of
the magnitude of 1.2 N/m [48] featured a very narrow tensile drop within the main Pb UPD peak,
corresponding to the formation of a high coverage Pb layer [47,48].

While most electrodeposition studies have been focused on Pb UPD, the bulk or so-called OPD
for this system has not been studied so extensively [48]. The morphology of Pb OPD on Au studied
by a combination of in situ STM [48] and ex situ AFM [3], have shown dependence on the deposition
potential and specific ion adsorption (i.e. nature of ions in the deposition solution [3]). In the ionic
liquid solution, the nucleation process of Pb leads to the formation of triangular-shaped vacancies on
the Au (111), followed by the creation of large, well-defined 3D crystals of Pb [51]. The compressive
stress evolution during 3D island creation as a result from isolated Pb island nucleation and growth
has been studied in combination with the in situ Oblique-Incidence Reflectivity Difference (OIRD) [48].
The most intriguing was the observation of the surface alloy formation during OPD deposition that
seems to be surface stress related and localized around the edge areas of 3D Pb crystals [48].

To better understand the phenomenon of surface alloy formation of Pb ML on Au, use of
state-of-the-art characterization methods is required. In our work, we present results from X-ray
Photoelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), Energy-Filtered
Photoemission Electron Microscopy (EF-PEEM) and Work Function (WF) mapping. XPS is a technique
generally used to analyze the chemical composition of both bulk samples and surface alloys [52–55].
The UPS is a method that is highly surface sensitive and has been used to characterize a broad range of
surface alloys, such as Au/Ni, Co/Cu(001) [52], Pt-bimetallic systems such as PtxM (M=Ni, Co, Fe,
Ti, V) [53,56,57]. EF-PEEM and WF mapping are methods that can provide information about surface
orientation and segregation [55,58,59]; also WF provides the information about surface activity [54].
These techniques are particularly useful due to their high surface sensitivity, ability to detect electronic
changes from chemical environments at the Pb/Au interface and imaging capabilities at the nanoscale.

Studying Pb UPD on Au surface alloying is difficult as the UPD layer stability without the
potential control can be compromised by exposure to air/oxygen [60]. Also, the bulk electrodeposited
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thicker Pb films inevitably oxidize in the air (i.e. forming of oxides). Therefore, the approach used
in our work to study Pb ML level films was based on the deposition of bulk (OPD deposition) of
equivalent 4 ML thickness films. Upon transfer from the electrochemical cell, PbO was removed
gradually from the surface by cycles of Ar-sputtering and gentle annealing until the layer was thinned
down to the desired ML level. Using a combination of XPS, UPS, EF-PEEM and WF mapping we then
explored the structure of the layer.

2. Materials and Methods

Electrochemical measurements were performed in a standard three-electrode cell with a BioLogic
VSP potentiostat (Bio-Logic Science Instruments SAS, Seyssinet-Pariset, France) and controlled by
built-in software.

A solution containing 1 mM Pb(ClO4)2 and 100mM HClO4 was prepared by mixing high purity
chemicals (PbCO3, 99.999%, Alfa Aesar, Heysham, UK and 70% HClO4, 99.999%, Sigma Aldrich,
Steinheim, Germany). Before the experiment, the solution was deaerated with nitrogen gas (Oxygen
Free Nitrogen, CAS: 7727-37-9, BOC, Manchester, UK) for 30 min. The oxygen free environment was
maintained during the experiment with nitrogen flow above the solution.

Pb and Pt wires were used as pseudo Reference (RE) and Counter (CE) Electrodes respectively.
Prior to experiments, the electrodes were prepared by cleaning in HNO3 (≥65%, Sigma Aldrich,
Steinheim, Germany) for 10 s, rinsed with Milli-Q water (Millipore/Merck, Darmstadt, Germany) and
dried with nitrogen. The Pt wire was then flame annealed by a butane torch. All the potentials will be
reported with respect to the Pb pseudo RE (0.64 V vs Standard Hydrogen Electrode)

A vacuum evaporated Au thin film (250 nm) deposited on a glass slide (with a 4 nm Ti adhesion
layer) was used as a Working Electrode (WE). Prior to experiments, the Au sample was cleaned with
H2SO4 (95.0–97.0%, Sigma Aldrich, Steinheim, Germany) for 10 min, rinsed with Milli-Q water and
dried with nitrogen. To obtain the Au (111) orientation, the sample was flame annealed for 2 min using
a butane torch and rinsed with Milli-Q water.

The sample was then immersed in the deaerated solution with the half of its exposed surface
area above the solution. The part of the substrate remained deposit-free, for the sake of comparison
between the Pb covered and bare substrate. The deposition of Pb film was done by Linear Sweep
Voltammetry (LSV) with a scan rate of 10 mV/s starting from the bare Au surface at a potential of
0.9 V to −0.1 V. The LSV potential range covered the Pb UPD ML deposition (between 0.9 V and 0.0 V)
followed by the OPD growth (from 0.0V to −0.1 V). The potential of −0.1 V was then held constant for
20 s allowing for further (excess) overpotential Pb deposition. The sample was then removed from the
cell, rinsed with Milli-Q water and dried with nitrogen gas. The equivalent thickness of the deposited
Pb film of 4 ML was calculated by integration of the deposition current normalized by a charge of
305 µC/cm2 corresponding to an ‘ideal’ ML of Pb (111).

The prepared sample was immediately transferred into the Bristol NanoESCA Facility’s Ultra
High Vacuum (UHV) chambers and heated overnight at 150 ◦C to clean the surface from physisorbed
contaminants without desorbing and altering the deposited Pb. Other surface cleaning procedures
involved 0.5 kV argon sputtering (at 45◦ to the sample normal) for 5 min and 2 min 30 s (for a total of
7 min 30 s), and a final 1 h anneal at 380 ◦C. All the surface analysis techniques were performed on both
the Au and Pb deposited sides of the sample before proceeding to the next procedure. Throughout the
experiments, the sample was kept in UHV chambers.

High resolution XPS was carried out using a monochromatic Al kα (hν = 1486.7 eV) excitation
source, with the analyzer at 45◦ to the sample normal. A Pass Energy (PE) of 6 eV was used for detailed
photoemission lines, giving an overall energy resolution of about 300 meV obtained by fitting the
Fermi edge of the polycrystalline Au sample using a sigmoid function; PE of 50 eV was used for
surveys. Angle resolved XPS acquisitions were performed using a non-monochromatic Al kα source
and a PE of 50 eV.
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The NanoESCA II EF-PEEM was used for WF mapping employing a non-monochromatic Hg
source (hν ≈ 5.2 eV) with an overall energy resolution of about 140 meV and lateral resolution of about
150 nm. UPS was performed with monochromatic He-I (hν = 21.2 eV) and He-II (hν = 40.8 eV) with an
overall energy resolution of about 140 meV. EF-PEEM was also used for chemical imaging on Pb 5d
photoemission lines using a monochromated He-II (hν = 40.8 eV) source; a lateral resolution of about
500 nm and energy resolution of 0.9 eV was used to improve the signal-to-noise ratio.

3. Results

3.1. Core-Level Spectroscopy

XPS is a surface sensitive technique that provides insight on the elemental composition and
chemical environment of a sample. The presence of Pb on the Au surface was identified and quantified
using XPS shown in Figure 1.
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Figure 1. XPS surveys of the Pb deposited on Au after 150 ◦C annealing (black), after 5 min of sputtering
(blue), after 7 min 30 s of sputtering (green) and after 380 ◦C annealing (red). The spectra are shifted
vertically for clarity.

XPS was carried out on the Pb deposited side of the sample after each heating and sputtering
treatment stage, the XPS surveys are shown in Figure 1. After the first 150 ◦C annealing step, the XP
spectrum showed the presence of Pb and Au, as well as carbon and oxygen from air contaminants and
oxidation. 5 min sputtering was used to gently clean the surface [59,61], successfully removing the
carbon contamination and significantly reducing the oxygen signal as well. However, the Pb quantity
strongly decreased (see Table 1) and the remaining oxygen was predicted to be from oxidized Pb.
Further argon sputtering for an extra 2 min 30 s did not appear to preferentially remove Pb oxide over
metallic Pb, while annealing at 380 ◦C succeeded in removing the oxygen.

Table 1. Tabulated key results obtained from XPS after each surface treatment step.

Treatment Pb 4f 7/2 Metal
BE

Pb 4f 7/2 Oxide
BE

Area Pb Oxide/Area
Pb Metal

O/Pb
(at. %)

Overlayer
Coverage

150 ◦C anneal. 136.9 eV 138.3 eV 12.0 1.7 11.4 Å (3.7 ML)
5 min sputter. 136.9 eV 138.1 eV 4.5 0.9 5.5 Å (1.8 ML)

7.5 min sputter. 136.9 eV 138.0 eV 3.5 0.8 3.0 Å (1.0 ML)
380 ◦C anneal. 136.8 eV / / / 2.5 Å (0.9 ML)

To investigate the presence of Pb oxide, detailed scans of the Pb 4f and O 1s photoemission lines
were acquired, which are shown in Figure 2. After the initial 150 ◦C annealing step, the fitted Pb 4f
peaks showed contributions from higher and lower binding energy (BE) doublets, which are from
oxidized and metallic Pb, respectively. The higher BE of the oxide doublets was due to the higher
electronegativity of oxygen with respect to Pb [62]. The O 1s peak also showed two components
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after the first annealing step, where the lower BE component was expected to be from Pb oxide, and
the higher component to be mainly from oxygen on carbon contaminants [62,63]. This was further
confirmed when 5 min of argon sputtering removed carbon, and significantly decreased the higher BE
component of the O 1s peak.Surfaces 2018, 1, x FOR PEER REVIEW  5 of 13 
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Figure 2. Detailed XP spectra of the Pb 4f (left) and O 1s (right) emission lines of the Pb deposited
on Au after different treatments, normalized by Au 4f areas. The acquired data are represented by
the dotted lines while the peak deconvolutions are drawn as thin lines. The black, blue, green and
red dotted lines represent the data after each treatment procedure, the same as in Figure 1. For Pb
4f the grey, purple and orange lines represent the fitted peaks for Pb metallic, Pb oxide and total fit
respectively. For O 1s, the light blue, purple and orange lines represent the fitted peaks for oxygen
bonded with carbon, with Pb and total fit respectively.

Table 1 lists the fitted BEs for the Pb-metal and Pb-oxide Pb 4f 7/2 peaks, and the stoichiometry of
Pb and O which were calculated by considering the Pb 4f area of oxidized Pb and the overall peak of
O; the peak areas ratios were normalized by their sensitivity factors.

The stoichiometry of O and Pb were not reliable for the first measurement after the 150 ◦C
annealing due to carbon and oxygen surface contamination. But after sputtering, the carbon
contamination was removed and the O/Pb ratio after 5 and 7 min 30 s was found to be relatively
constant at 0.9 and 0.8 respectively, indicating that the layer after sputtering was mainly composed
of PbO. The BE of the Pb 4f 7/2 oxide decreased significantly with the sputtering procedure from
138.3 eV to 138.0 eV, probably due to the formation of suboxides and damage to the surface due to Ar
implantation (see also WF histograms discussion below).

Table 1 also reports the Pb overlayer estimated thicknesses. For the thickest layers of Pb (after
150 ◦C annealing and after 5 min sputtering), the coverages have been determined using angle resolved
XPS as conducted in Ref. [64] approximating a homogeneous PbO layer. The coverage estimation
by angle resolved acquisitions on much thinner layers (after 7 min 30 s of sputtering and 380 ◦C
annealing) is not reliable due to the low signal of the overlayers and their complex morphology. Their
coverages have therefore been extrapolated from the Au 4f /Pb 4f area ratio, calibrated with the
overlayer thickness of the first two acquisitions. The monolayer coverages were obtained using the
lattice parameter of PbO [65] after annealing at 150 ◦C, 5 and 7 min 30 s of sputtering and using the
distance between atoms in bulk Pb (111) after the 380 ◦C anneal.

Comparing the ratio of Pb oxide to metallic in the Pb 4f photoemission lines after the 150 ◦C
anneal, we observed a ratio of 12.0 which then dropped to 4.5 and 3.5 after the 5 min and 7 min 30 s of
sputtering, respectively (see Table 1). The significant ratio difference after the first sputtering confirms
that not all the Pb layer was homogenously oxidized. This was indirect evidence of Stranski- Krastanov
growth, where the Pb islands, formed after the first monolayer, strongly oxidized when exposed to air
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due to their high surface areas and probably maintained only a very small core of metallic Pb. The first
mild sputtering removed about half of the Pb layer (see Table 1), and the remaining layer was still
partially oxidized but with the presence of more metallic Pb. Interestingly the oxide/metal ratio did
not change drastically upon a further 2 min 30 s sputtering. This proves, along with a similar O/Pb
stoichiometry, that the layer compositions at 1.8 ML and 1 ML of PbO are similar and that the oxides
do not form a uniform passivating layer on the top of the Pb metal. On the contrary, the oxidation
from air exposure created oxide particles all over the surface and therefore affected even the 1st Pb ML
in contact with Au [16,66], see also EF-PEEM discussion below.

The final annealing was then performed at 380 ◦C to remove the Pb oxide without also desorbing
the metal Pb [67]. From Figure 2, the Pb oxide and oxygen emission lines disappeared after the
380 ◦C anneal, but more interestingly, the metallic Pb peak increased significantly. This indicates
that the annealing did not simply desorb Pb oxide from the Au surface, but rather removed some
of the oxygen from the Pb oxide, probably facilitated by the Pb/Au interface. The calculated layer
coverage after 7 min 30 s was estimated to be about 1 ML, this value is preserved after the 380 ◦C
anneal (see Table 1), confirming the transformation of the mixed oxide-metal layer to an only metallic
homogeneous overlayer. This latter finding is confirmed by WF maps, and EF-PEEM acquisition
reported below.

3.2. Valence Band Photoemission and Photoemission Microscopy

UPS (using He-I and He-II) was also performed on the sample after every annealing and sputtering
procedure (Figure 3), allowing for a much higher surface sensitive characterization due to the lower
photoelectron energies with respect to the XPS [68]. He-II (hν = 40.8 eV) is even more surface sensitive
than He-I and allows for emission from the Pb 5d levels [69].

Surfaces 2018, 1, x FOR PEER REVIEW  6 of 13 

of sputtering, respectively (see Table 1). The significant ratio difference after the first sputtering 
confirms that not all the Pb layer was homogenously oxidized. This was indirect evidence of Stranski- 
Krastanov growth, where the Pb islands, formed after the first monolayer, strongly oxidized when 
exposed to air due to their high surface areas and probably maintained only a very small core of 
metallic Pb. The first mild sputtering removed about half of the Pb layer (see Table 1), and the 
remaining layer was still partially oxidized but with the presence of more metallic Pb. Interestingly 
the oxide/metal ratio did not change drastically upon a further 2 min 30 s sputtering. This proves, 
along with a similar O/Pb stoichiometry, that the layer compositions at 1.8 ML and 1 ML of PbO are 
similar and that the oxides do not form a uniform passivating layer on the top of the Pb metal. On 
the contrary, the oxidation from air exposure created oxide particles all over the surface and therefore 
affected even the 1st Pb ML in contact with Au [16,66], see also EF-PEEM discussion below. 

 The final annealing was then performed at 380 °C to remove the Pb oxide without also 
desorbing the metal Pb [67]. From Figure 2, the Pb oxide and oxygen emission lines disappeared after 
the 380 °C anneal, but more interestingly, the metallic Pb peak increased significantly. This indicates 
that the annealing did not simply desorb Pb oxide from the Au surface, but rather removed some of 
the oxygen from the Pb oxide, probably facilitated by the Pb/Au interface. The calculated layer 
coverage after 7 min 30 s was estimated to be about 1 ML, this value is preserved after the 380 °C 
anneal (see Table 1), confirming the transformation of the mixed oxide-metal layer to an only metallic 
homogeneous overlayer. This latter finding is confirmed by WF maps, and EF-PEEM acquisition 
reported below. 

3.2. Valence Band Photoemission and Photoemission Microscopy 

UPS (using He-I and He-II) was also performed on the sample after every annealing and 
sputtering procedure (Figure 3), allowing for a much higher surface sensitive characterization due to 
the lower photoelectron energies with respect to the XPS [68]. He-II (hν = 40.8 eV) is even more surface 
sensitive than He-I and allows for emission from the Pb 5d levels [69].  

 

 

Figure 3. UP spectra of Pb on Au after the different treatments, using (a) He-I and (b, c) He-II 
excitation. (c) shows a magnified, normalized and background subtracted region of the Au 5d bands 
after 7 min 30 s sputtering and annealing at 380 °C. UPS of the clean Au side of the sample is also 
plotted as a reference on all graphs. The spectra are indicated in black after 150 °C annealing, blue 
after 5 min of sputtering, green after 7 min 30 s of sputtering, red after 380 °C annealing and gold for 
the Au reference. 

After the first annealing step (black lines), both UP spectra showed indistinct Au 5d bands, 
located between 2 and 7 eV [70,71], but showed two broad features at about at 4.5 and 9.8 eV, as seen 
in Figure 3a,b. Two distinct photoemission lines appeared at around 19.5 eV and 22.3 eV BE for the 
He-II spectrum of the sample. These correspond to the Pb 5d lines and have distinctly higher BEs than 
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Figure 3. UP spectra of Pb on Au after the different treatments, using (a) He-I and (b,c) He-II excitation.
(c) shows a magnified, normalized and background subtracted region of the Au 5d bands after 7 min
30 s sputtering and annealing at 380 ◦C. UPS of the clean Au side of the sample is also plotted as a
reference on all graphs. The spectra are indicated in black after 150 ◦C annealing, blue after 5 min of
sputtering, green after 7 min 30 s of sputtering, red after 380 ◦C annealing and gold for the Au reference.

After the first annealing step (black lines), both UP spectra showed indistinct Au 5d bands, located
between 2 and 7 eV [70,71], but showed two broad features at about at 4.5 and 9.8 eV, as seen in
Figure 3a,b. Two distinct photoemission lines appeared at around 19.5 eV and 22.3 eV BE for the He-II
spectrum of the sample. These correspond to the Pb 5d lines and have distinctly higher BEs than the
18.0 eV and 20.6 eV of metallic Pb [69] confirming the presence of Pb oxide in agreement with the XPS
findings. The significantly higher oxide/metal ratio visible in Figure 3b with respect to the XPS was
due to the much higher surface sensitivity of He-II UPS than XPS.
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The 5 min of sputtering significantly sharpened the Au 5d band peaks in both the He-I and He-II
UP spectra, while the Pb oxide peaks decreased and the metallic Pb peaks grew in intensity, indicating
that metallic Pb was initially buried under the Pb oxide and carbon contamination. Further sputtering
of 2 min 30 s reduced both the metallic and oxide peak areas. As found with XPS, the oxide/metal
ratio visible in the Pb 5d region showed that between the 5 min and 7 min 30 s sputtering the layer
compositions were very similar. Also, the presence of both oxide and metal on the surface after 7 min
30 s of sputtering showed the presence of oxide in contact with Au, further indicating that the metal in
contact with Au oxidized during air exposure. Also confirmed by XPS, the final annealing at 380 ◦C
completely removed the O from Pb and increased the metallic Pb signal at the oxide’s expense.

Figure 3c shows an enlarged view of the He-II UP spectra of the sample after the 7 min 30 s
sputtering and 380 ◦C annealing along with undeposited Au region on the sample. The spectra
were normalized to the Fermi edge and subtracted of a Shirley background for easier comparison.
For the sample after 380 ◦C annealing, a clear shift in the Au 5d bands to higher BEs and shrinkage
were observed, confirming electronic interactions between metallic Pb and Au. On the other hand,
comparing the Au 5d bands after 7 min 30 s sputtering, the shift and shrinkage were minimal and
possibly caused by the overlapping of the broad oxide features at 4.5 eV. Interestingly He-I acquisitions
for the 380 ◦C annealed sample only showed a minimal shift in BE because the Au signal also originated
from deeper atom layers, He-II was necessary for the extreme surface sensitivity sampling, almost
exclusively at the Pb/Au interface.

To visualize the surface structure at the nanoscale, the low energy emission cutoffs from EF-PEEM
images were used to generate WF maps by performing an error function fitting at each pixel in the
field of view. Figure 4 shows the WF maps of the same position of the sample after 5 min of sputtering,
where the Pb signal was clear and without surface contamination, and after the final 380 ◦C annealing
stage. The WF was roughly 3.95 eV and 4.15 eV respectively, in agreement with the literature where Pb
oxide has a lower WF than metallic Pb [72,73], considering also that the high extractor voltage used in
the PEEM reduces WF due to the Schottky effect [58].
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Figure 4. WF maps of the Pb on Au after the 5 min sputtering (left) and 380 ◦C annealing (center) steps.
On the (right), a normalized EF-PEEM image at 19.6 eV BE for Pb after 5 min of sputtering. The arrows
are a guide to the eye highlighting some features in the image. The images were taken in the same area,
with a field of view of 17.2 µm.

The WF map after 5 min sputtering showed a surface dominated by circular domains of about
300 nm in diameter, with a few stripes of low WF. EF-PEEM and WF maps obtained on the undeposited
Au side (not reported here) also showed similar domains and stripes, indicating that they came from
the substrate structure and that Pb OPD did not induce any changes in the general surface morphology
as observed with the selected lateral resolution (150 nm).

EF-PEEM was performed using the He-II excitation on the Pb 5d5/2 emission line, providing a
direct mapping of oxidized Pb at 19.6 eV. After 5 min sputtering, although very weak, some stripes
of higher intensity can be seen on the chemical map (indicated by red arrows). These features are in
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the same position as the low WF stripes indicating that the low WF was due to Pb oxide. Notably, the
chemical map shows also that the oxide was not only localized on the stripes, but it was distributed on
all the sample’s surface. The poor lateral resolution (500 nm) and the low signal made it difficult to see
its exact position, but it could be roughly related to the zone with WF < 4.1 eV in the WF map after
5 min of sputtering reported in Figure 4.

The WF contrast on the Pb side disappeared after annealing to 380 ◦C suggesting that the
stripes were initially covered with Pb oxide but reduced to Pb after the annealing, confirming the
transformation of part of the oxide into the metal as found in the XPS analysis. This finding is further
confirmed by the fact that the chemical map at 18.0 eV (Pb 5d5/2 metallic) after annealing at 380 ◦C
(not reported here) was homogeneous. Within our lateral resolution (150 nm), we could notice that the
annealing process did not change the surface morphology.

Histograms of all the WF maps were plotted in Figure 5 to show the distribution of WF across the
surface after each treatment step.
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Figure 5. WF distributions after each treatment step plotted as a histogram after 150 ◦C annealing
(black), after 5 min of sputtering (blue), after 7 min 30 s of sputtering (green), after 380 ◦C annealing
(red) and for the Au reference (golden). All the distributions were taken from the same area other than
the Au reference, which was done on the undeposited half of the sample.

The WF varied throughout each step, where the sample at the first step (black) was carbon
contaminated, then (blue) was cleaned, but further sputtering (green) increased the damage to the
sample surface leading to surface roughening and broadening of the WF histogram; this broadening
can also be related to the formation of suboxides as discussed above in the XPS section. With the final
annealing (red), only metallic Pb remained on the surface with a very narrow WF distribution. The WF
of the Pb film remained lower than WF of the polycrystalline Au [74] throughout each step, indicating
that the OPD fully covered Au and the treatments did not expose the underlying Au, confirming the
XPS coverage calculation in Table 1.

4. Discussion

With the combination of multiple surface sensitive techniques, we were able to determine the
general structure of the Pb deposited on Au by OPD, its oxidation from exposure to atmosphere,
the transformation of the surface with sputtering and annealing, and then the changes and shifts in the
electronic bands from interaction between Au and Pb.

With XPS, we were able to determine the Pb oxidation species after sputtering to be PbO.
The amount of deposited Pb was also quantified and found to be as expected from the OPD charge.
Contaminants from the solution used in the electrochemical deposition were also not detected. XPS and
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UPS also gave an indirect insight into the nanostructure of the materials, confirming Stranski-Krastanov
growth and that air oxidation reached the 1st Pb strained ML.

Moreover, we observed that the Pb layer thickness after 7 min 30 s sputtering and the 380 ◦C
of annealing did not change. This might be an indication of type-I alloying, which agrees with the
in situ STM results published by our group [48]. In type-I alloys, the surface adatoms are found to
be diffusing on the surface and are highly mobile, due to the kinetics of alloying and repulsion [75].
Indeed, we have found that the Pb was able to migrate over to the clean Au side of the sample (over
2 mm migration) after annealing to 380 ◦C.

One particularly interesting finding is the interaction between Au and the metallic Pb from the
UPS in Figure 3c (red curve). The shift to higher BE in the Au 5d bands could be a result of differential
relaxation, exchange and correlation effects [76] due to the presence of Pb in the Au lattice [77]. Shifts
in the 5d band have also been reported for Au alloys [70] and were explained by charge transfer and
electron d-band repulsion where the band narrows [78]. Due to the alloying, the Au 5d peaks narrowed,
and the spin-orbit splitting decreased and overall shifted to higher BEs, as observed with Au alloyed
with Cd [77]. Comparing our findings to these reports we can assume we formed a Pb/Au surface
alloy after the annealing at 380 ◦C.

From our UPS investigation we also showed that, in the case of partially oxidized Pb, the interaction
with Au was negligible. The interfacial strain at the interface due to the Pb oxidation was lower
than in the case of Pb metal. The Pb oxide affected the possibility of Pb metal to form a surface alloy
surrounding it with oxide (see Figure 4) and eliminated the stress at the interface, which can explain
why the Pb metal, present after only sputtering treatments, did not interact with Au. The high diffusion
rate of Pb has been observed during annealing at high temperature. It is possible that the Pb-Au bond
is much weaker at elevated temperatures compared to that at room temperature and the fast diffusion
of Pb on the Au surface suggests almost ‘lattice gas’ behavior. In the presence of the metallic Pb, the
system relaxes by minimizing the elastic energy through surface alloying. This is typical for immiscible
and highly strained systems such as ours [79,80].

The high temperature annealing, removing the oxide and transforming it into metal, is the only
treatment after which the metal enters in direct contact with the Au surface and forms a surface alloy.
On the other hand, this treatment allows faster diffusion of Pb during which the alloy formation is not
favorable. In future papers, we will explore these and similar materials at different temperatures to
investigate the interplay between the surface alloying and surface interaction (ad-atom diffusion).
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