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Abstract

An original study is presented for the synthesis of CuiooxPdx nanoparticles directly on
silicon by Metal Assisted Chemical Etching (MACE). CuPd is chosen as a representative
bimetallic system on account of its interest and potential applications in catalysis and
electrocatalysis, among others. The proposed methodology allows precise control of the
nanoparticle bimetallic composition and structure. Thus, we demonstrate that Cu100-xPdx solid
solutions and phase-separated nanoparticles can be synthesized at will by simply changing the
deposition conditions. In-depth physical characterization of the synthesized material (structure,
morphology, composition, oxidation state and d-band center position) is carried out by XRD,
SEM-EDX and XPS. Finally, band bending simulations at the nanoscale in combination with
electrochemical measurements help to interpret some of the peculiarities of the Pd, Cu and
CuxPdi00x deposits. The new method can be easily implemented, used for various silicon
substrate geometries and extended to any bimetallic system whose metals are suitable for
MACE of silicon.
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1 INTRODUCTION

Electroless metal deposition on Silicon (Si) in HF media is a well-known process based
on a localized galvanic displacement reaction. It was first encountered and studied in the context
of Si microelectronics processes, where metal clusters were found to be deposited in HF
treatment baths due to traces of metal cations [1,2]. It was then discovered that Ag deposition
in AgNO3-HF solutions could be used to form Si nanowires [3], a method widely used since
then. The direct synthesis of monometallic nanoparticles (NPs) on Si surfaces is now very
common [4], often employed as a first step for Metal Assisted Chemical Etching (MACE) of
Siin HF + Oxidizing Agent solutions [5,6]. MACE is a well-established scalable method based
on metal catalysts (Pt, Ag, Cu, Au, etc. [7,8]) for nano- and micro-structuring of Si without
masking or lithography steps.

To describe it briefly, the reduction of a given metal cation (M"™) leading to its deposition
as M?, is coupled to the dissolution of nearby Si atoms, as long as the redox potential of M™/M
is more positive than the (onset) potential for the Si electrochemical dissolution in HF (e.g. for
Pt, Pd, Au, Ag and Cu). The redox reactions involved in the case of a divalent metal cation (as
used in this study) are as follows:

Cathodic sites: M?*()+ 2e" — M(s) Eqg. 1
Anodic sites:  Si(s) + 4HF,(1) — SiF2"(1) + 2e” + 2HF + H,(g) Eq. 2
with one H> molecule being produced, and one M atom deposited per Si atom dissolved. The
global reaction is:
Si(s) + M>" (1) + 4HF; (1) — SiF2 (1) + M(s) + 2HF + H,(g) Eg. 3

The driving force is the redox potential difference of the two half-cells involved, i.e.
E%en = E% - E%, where E% is for SiFe?/Si (-1.24 V vs. SHE) [9], and E% is for the redox couple
MZ*/M.

Si/metal NPs elements are being studied for numerous applications in microelectronics,
photovoltaics, photo/electrocatalysis, sensing, etc. In the case of photo/electrocatalysis,
bimetallic systems, rather than monometals, are currently more heavily researched due to their
better performance in terms of selectivity and efficiency. The possibility of depositing them on
Si by MACE would offer several advantages, since it is a low-cost, scalable and easy-to-
implement technique, which also provides an optimal Si/metal contact free of Si surface oxides
(due to the HF media). Surprisingly, despite these advantages over more complicated and costly
synthesis methods, bimetallic deposition by MACE has not yet been exploited.

The literature reports a limited number of works in this area. In the specific case of
bimetallic deposition by MACE of Si in aqueous HF solution, Ensafi et al. synthesized
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graphene/bimetallic Si nanostructures with Pt-M (M: Pd, Ru, Rh) as electrocatalysts for HER,
from mixtures of metal salts in 1% HF solutions. Only one concentration and deposition time
for each system was investigated [10]. There are also a number of reports on bimetallic
deposition by MACE of Si in organic media with a small amount of HF (e.g. DMSO + 1 wt%
HF). For example, Shepida et al. showed that they could obtain PtPd nanoparticles with 3
different compositions (PtsoPds1, PtesPds7, PtssPdis) depending on the Pt and Pd salt
concentrations (4:4, 4:2, 4:1 mmol L™:mmol L, respectively) in the deposition bath [11].
Metzler et al. studied the sequential or simultaneous deposition of Au and Pt or Pd on Si in an
aqueous acid solution without HF, as catalysts for light-induced HER [12]. In this case, a Si
oxide layer is formed on the surface during deposition, and no specific control of the bimetallic
compositions was attempted. Subsequently, various methods based partly on MACE and partly
on galvanic displacement have been proposed. For example, Chen et al. synthesized bimetallic
AgM nanostructures (where M = Pt, Pd, Au) for surface-enhanced Raman scattering. They used
a sequential method, first depositing Ag by MACE, then displacing galvanically Ag by Pt, Pd
or Au [13]. In light of this literature, it appears that the simultaneous deposition of two metals
by MACE has never been studied for its own sake, with the aim of controlling the structural
and electronic properties of bimetallics in a wide range of compositions and considering the
mechanisms at play when more than one metal cation is involved.

The Cu-Pd system has been the focus of much research in recent years. It has the ability
to form a variety of crystalline structures (solid solution, intermetallic and phase separated),
which have applications in catalysis, electrocatalysis and biosensing (e.g. water purification,
glucose detection, CO> reduction, etc.) [14-19]. We have recently demonstrated the interest of
CuPd nanoparticulated powders to increase the resistance to CO-poisoning for the
electrochemical reduction of CO, [19]. Considering the advantages of MACE [5,20,21], its
application to the transfer of the Cu-Pd system to Si pho/electrodes seemed very interesting.

The peculiarities of the electroless deposition of Pd or Cu alone on Si in HF solutions
have been studied. Yae et al. [4] have classified these metals into two groups, which differ in
their nucleation and nucleus growth behavior: (i) the platinum group, including Pt, Rh and Pd,
which exhibits relatively low NP densities (regardless of the deposition time) and a progressive
nucleation mode; (ii) the copper group, including Cu, Ag and Au, which exhibits high NP
densities (increasing with the deposition time) and an instantaneous nucleation mode. In the
first group, the initial nucleus is formed at the expense of the closely surrounding Si atoms. It
grows into a NP up to a certain size where the formation of new nuclei is favored. These

characteristics have been associated with the formation of a porous Si layer just below the NP,
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which eventually prevents efficient hole transfer [7,22]. The second group exhibits a much
higher level of nucleation activity (e.g. faster kinetics), with small NPs forming and being
continuously dissolved by metal ions. This second group is reported to be less sensitive to the
presence of Si oxide on the surface [4]. Finally, large NPs are formed by coalescence of the
smaller NPs.

Since the electroless deposition of bimetallics has not yet been studied, we have carried
out a study to test it and to characterize the bimetallic deposits obtained from a compositional,
structural and morphological point of view (particle size, coverage rate), while also reporting
on the modifications of the surface morphology caused by Si dissolution. We have tried to
determine to what extent it is possible to control these different parameters in order to precisely
tailor the desired bimetallic catalysts. In addition, XPS has been used to investigate whether the
electronic effects influencing the catalytic properties (d-band center) depend on the composition
of the bimetal and the deposition parameters. Finally, based on the experimental results and
band bending simulations at the micro- and nanoscale, we have tried to explain the mechanisms
and peculiarities of the deposition of bimetallic compounds of Cu and Pd, two metals that, when

alone, deposit on Si in very different ways.

2 EXPERIMENTAL

Materials. The substrates were P-type boron doped (100) c-Si polished wafers, with a
resistivity of 1-3 ohm-cm, and a thickness of 350-450 um, purchased from Lukasiewicz -
ITME.

Reagents. 30 wt% H.02, 96-97 wt% H>SO4, 40 wt% HF, 65 wt% HNOs and absolute
EtOH, all from VWR chemicals, were used as received for Si cleaning. Pd(NO3)2 (40 wt% Pd),
PdCl> (59 wt%) and Cu(SO4)-5H.0 (98 wt% Cu), respectively from Merck and Acros
Organics, were chosen as precursors for the electroless metallization. Dilution and cleaning
were performed with 18.2 Mohm-cm ultra-pure water (Millipore).

Pre-treatment of Si. Si wafers were cleaved into 1x1 cm? pieces and cleaned for 20 min
in piranha solution (3:1 v/v H2SO4/H20.) to eliminate organic residues. After copious rinsing
with ultra-pure water, the samples were immersed for 5 min in HF 1 mol L* to remove surface
oxides and get a hydrogen passivation.

Si metallization. Cu, Pd and Cuio0xPdx NPs were deposited on clean Si supports by
electroless metal deposition in HF media. Two variations were used: (1) simultaneous
deposition, by immersion of Si in a HF solution (1.5 mol L), containing the two metal

precursors at selected concentrations according to the targeted atomic composition (cf. Fig. 1);
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(2) sequential deposition, by immersion of Si, first in a HF-CuSO4 solution (1.5 mol L and
1 mmol L%, respectively), and second in a HF-Pd?* solution (1.5 mol L and 1 mmol L?,
respectively), including a thorough rinsing between the two solutions (cf. Fig. 4). After metal
deposition the samples were rinsed 3 times with ultra-pure water and dried under N2 flux. The
experiments were performed at nominal room temperature (RT) conditions (T~20-25°C),
except for those related to the influence of the Pd counterion (section 3.1.1), which were carried
out at 21.0°C (+ 1°C) with a thermostatic water bath.

All characterizations were performed immediately after sample preparation. Samples
were stored under primary vacuum if required. The 1.5 mol L in HF provides a pH equal to 1
[8], which is required to meet the solubility of Pd(NOz3). and PdCI> in aqueous media. The metal
precursor solutions were sonicated 10 min before each deposition to ensure full solubilization.

For XRD characterization, the metallization was performed on a Si powder instead of
monocrystalline Si samples, and the concentrations of metal precursors were multiplied by ten
to match the higher surface area (necessary to reach an acceptable background noise-to-signal
ratio, see below). Si powder was obtained by grinding monocrystalline Si samples by hand in a
mortar. After metallization, the obtained powder was collected by decantation, washed 5 times
with ultra-pure water and 5 times with absolute ethanol, and dried under primary vacuum.

Instrumentation and software. Scanning electron microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) were performed with a Merlin FEG microscope from
Zeiss equipped with AZtec system (EDS Advanced, HKL Advanced Nordlys Nano, Oxford
Instruments) operating at an acceleration voltage of 10 kV. The average diameter and coverage
of the NPs on the Si surfaces were determined by image processing using ImageJ software.

Structural characterization was carried out by X-Ray diffraction (XRD) using a D8
advanced Bruker diffractometer (copper K a-radiation). The software EVA and CellRef were
used for XRD data processing. The metallization was performed on Si powders rather than on
Si wafers as mentioned above. The larger surface area of the powders allows the X-Ray beam
to interact with more deposited metal, increasing the intensity of the corresponding diffraction
peaks. The concentration of the metal precursors was increased tenfold to accommodate this
larger amount of deposited metal. Figure S3 int the Supporting Information (SI) shows
representative SEM images of the synthesized powders.

The surface composition, oxidation state and valence band center were determined by X-
ray Photoelectron Spectroscopy (XPS) on a thermo VG Scientific ESCALAB 250 system fitted
with a microfocused, monochromatic Al Ka X-ray source (hv = 1486.6 e¢V; spot size 650 um,
power = 15 kV x 200 W). All XPS spectra were calibrated with the C1s peak. Additionally, a
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Shirley-type background was employe to correct the valence band spectra for the d-band center
determinations. Additional details are given in the Sl. Origin software was used for data

treatment.

3 RESULTS AND DISCUSSION

3.1 Morphology and bulk composition of the bimetallic NPs
3.1.1 Simultaneous deposition

Morphology. Si samples were metallized by immersion in 1.5 mol L™ HF solutions
containing the copper salt, the palladium salt, or a mixture of both, with the following molar
fractions: Cu?*/Pd?* (100/0), (25/75), (50/50), (75/25) and (0/100). The aim was to obtain
deposits with different Cu-Pd compositions. Figure 1 shows SEM images in plan-view of
metallized Si samples for the different metal cation fractions and three deposition times: 1, 5
and 20 min. Figure 2 shows higher magnification images together with cross section views of
Si samples metallized for 20 min in solutions containing Pd?*, Cu?* and Cu?*/Pd?* (50/50).

With single-cation solutions and 1 min deposition, Pd and Cu appear as quasi-spherical
NPs. Pd NPs are large (diameter ~ 60 nm) and isolated, while Cu NPs are small (diameter ~ 20
nm) and highly dispersed, resulting in surface coverage of about 6 and 30 %, respectively. The
development of dendrites with increasing deposition time indicates that Pd NPs grow by
reduction of Pd?* on the already formed NPs (see also Figure 2 — Pd?*, 20 min). On the other
hand, increasing the deposition time with Cu leads to an increase of the surface coverage,
followed by a coalescence of the NPs and finally a volume growth. These characteristics are in
agreement with those already described in the literature (cf. Introduction).
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Figure 1. SEM images of Si samples metallized for 1, 5 and 20 min, by simultaneous deposition in 1.5
mol L't HF with CuSO,4 and Pd(NOs); in the following molar fractions: 0.75 and 0.25 mmol L™ (75/25),
1 and 1 mmol L? (50/50), 0.25 and 0.75 mmol L (25/75), 1 mmol L* (100/0) and (0/100). Scale bar:
100 nm.
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Figure 2. SEM images of Si samples metallized with CuSO4 and Pd(NOs),. Top — Plan-views showing:
Cu NPs deposited for 1 min; the imprint of Si by Pd NPs after 1 min deposition; the granular morphology
of CusoPdso NPs obtained by simultaneous deposition (50/50, 1 min); the dendritic morphology of Pd
NPs after 20 min deposition. Bottom — Cross-section views showing: shallow etched pits of Si formed
by Cu deposition for 20 min; highly localized imprints of Si by Pd NPs with flat Si areas between them;
moderately localized Si etching with CusoPdso deposition (50/50, 20 min). Scale bar: 100 nm.

The bimetallic deposits also appear in the form of NPs, with diameters and surface
coverage that are intermediate between those obtained for Pd and Cu alone. In particular, the
average NP size increases (up to ~60-70 nm) with the Pd?* fraction up to (50/50), i.e. up
to equimolar solution of Cu?* and Pd?*, and then decreases slightly at (75/25) and (100/0). The
surface coverage decreases monotonically (from ~30 to 6%) with the increase in the Pd?*
fraction. These intermediate characteristics are somewhat predictable. However, the NP
morphology is notably different from that of pure metals: the bimetallic NPs show a higher
degree of sphericity and a granular shape formed by agglomeration of nanosized elements
(clearly seen in Figure 2 for the 50/50 Cu?*-Pd?* mixture). This NP morphology is predominant
for bimetallics with a fraction of Pd?* > 50%. For Cu®*/Pd?* (75/25), the Cu characteristics
predominate.

Another characteristic of the bimetallic deposits (with medium or high Pd content) is a
moderate localized etching of Si during metal deposition (see images for bimetallics with
Pd?* fraction > 50%). The Si etching increases with the deposition time (compare images for a
given composition at 5 and 20 min in Figure 1) and is more localized for higher Pd?* fractions.
For example, if we compare the deposits obtained in Cu?*/Pd?* (50/50) and in (25/75) after 5
min, the whole Si surface is etched for the (50/50), while only the surface close to the NPs is

etched for the (25/75). Similarly, after 20 min, although both samples show significant etching,
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the ratio of flat to etched surfaces is higher for (25/75). As for the pure metals, Pd exhibits a
very localized etching while Cu shows a shallow delocalized etching. This feature can be
observed more clearly in the cross-section images shown in Figure 2.

Influence of the Pd counterion (NOs', CI"). Silicon etching is driven by oxidizing agents,
the metal cation itself but also H202, NOs', etc. To investigate whether the particular etching
morphology is influenced by the counterion NOs™ of the Pd salt, Figure 3 compares samples in
which CuPd was deposited by using PdCl, and Pd(NOs3). as precursors. The solutions (20 mL)
are a mixture of Pd?* and Cu?*, both at 0.5 mmol L. The temperature was fixed at 21.0°C
(+ 1°C) for a rigorous comparison [23]. A similar figure comparing Pd NPs deposited alone in

the presence of NOs and CI" is given in the SI (Figure S1).
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Figure 3. SEM images of Si samples metallized with CuSO4 and Pd(NOs), or PdCl». Top: Plan-views.
Deposition time given on the Figure. Bottom: All the images correspond to 20 minutes deposition.
Cross-section and plan-views at different magnifications showing the etching pits and the granular form
of the bimetallic NPs. Scale bar: 100 nm. Initial concentration of metal precursors: 0.5 mmol L in all
cases. Volume of precursor solution: 20 mL. Temperature: 21.0 + 1°C (thermostatic bath).

Figure 3 shows that in the absence of nitrate, the etching below and around the CuPd
NPs is less intense and more delocalized. It is therefore probable that the observed craters are
related to an additional etching from the oxidizing nitrates, even at the very low concentration
used (0.5 mmol-L? in this case). Interestingly, the nature of the counterion also affects the
morphology of the deposited NPs, resulting in NPs that are fairly spherical in the case of NOs
and more dendritic in the case of CI". However, the granular aspect is also observed with CI-,
indicating that in both cases the NPs are composed of smaller nano-crystallites. These results
will be used to explain the de/localized character of Si etching in section 3.4.



Composition of the NPS. The composition of the NPs was analyzed by SEM-EDX.
Measurements were made on areas of ~245 x 245 nm? or at the level of isolated NPs (e.g. spot
mark in the inset of Figure 2 for Cu?*/Pd?* (50/50) - 1 min). The results are the same in both
cases. Table 1 compares the molar fractions of metal salts in the precursor solutions, the target
compositions and the measured EDX values.

Table 1. Molar concentration ratio of metal salt precursors, target composition, and atomic composition
of the CuinxPdx deposits with CuSO. and Pd(NOs), as precursors, at three deposition times. The

samples metallized with CuSO4 and PdCl, at the molar proportion 50/50 are also included for
comparison. EDX determinations were performed by spot analysis on 5 different NPs taken randomly.

frgthiZE?:sr:ﬂggn Target composition 1Er|::i); composmo;] r\;si.ndeposmon 2t(l)mn(jin
25/75 CuzsPdys CuszoPdo CuzsPdys Cuz4Pd7e
50/50 CusoPdso CussPdss CusgPd42 CusoPdas
75125 CuzsPdas Cur4Pdas CursPdas CugoPdao
50/ 50(PdCly) CusoPdso Cu70Cuso CugsPds; CugePdss

The atomic composition measured by EDX agrees very well with the target compositions , i.e.
the initial molar concentration ratio of the metal precursors, when CuSOs and Pd(NOz3). are
used. The only significant discrepancy is observed in the case of CuzsPd2s — 20 min (CusoPdao).
For the deposits obtained with PdCl» as Pd precursor (images of Figure 3), the compositions
are close to the initial Pd**/Cu?" molar ratio at moderate and long deposition times, but not for
1-min, for which the averaged composition is Pd70Cuso. This might suggest an enhancement of
the kinetic control for Cu deposition in absence of NOs™ (i.e. lower deposition rate). Overall,
obtaining a given bimetallic composition by means of the MACE method is straightforward.

Hereafter, the figures in section 3.1 correspond to results obtained with Pd(NO3). as Pd
precursor for the sake of simplicity. The corresponding results with PdCl» as Pd precursor are
presented in the SI (SEM, XRD).

Crystalline structure. Figure 4a shows the XRD patterns of the metallized Si samples.
They all show the characteristic diffraction peaks of a cubic face-centered structure (space
group Fm-3m, as for pure Pd and Cu [17,18]). A progressive shift of the diffraction peaks (111,
002, 022, 113, 222) is observed with increasing Pd content. A plot of the lattice parameter
obtained as a function of the Pd content (at% of Pd) shows a linear variation (Figure 4b),
following Vegard’s law [19]. Therefore, the bimetallic NPs obtained by this method are solid

solution type alloys. They will now be referred to as Cu1oo-xPdx.
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Figure 4. (a) XRD patterns of metallized Si powders obtained by simultaneous deposition. Deposition
time: 25 min. CuSO, and Pd(NOs3), concentrations were: 7.5 and 2.5 mmol L™ for Cu®*/Pd** (75/25), 10
and 10 mmol L*for (50/50), 2.5 and 7.5 mmol L for (25/75). HF concentration: 1.5 mol-L?. Si
diffraction peaks are asterisked. Bragg positions of pure Cu and Pd are indicated by double vertical lines
(red and blue, respectively). (b) Vegard plot of cell parameter a as a function of Pd fraction.

PdsoCuso synthesized from PdCl> shows diffraction peaks corresponding to a solid
solution type alloy together with a pure Pd phase (Figure S4 in the Sl). The fact that the
bimetallic NPs obtained in the presence of NOs™ are pure solid solutions may be related to the
additional heat generation during MACE in the presence of this oxidizing counterion[23],

which would favor solid solution formation.

3.12 Sequential deposition

Figure 5 shows plan-view and cross-section SEM images of metal NPs obtained by
sequential deposition, with Cu deposition first, and Pd deposition second in all cases. Three
combinations of deposition times were used: Cu?* - Pd?* (1 min - 1 min), (1 min - 5 min) and
(5 min - 5 min). The global bimetallic compositions measured by EDX are indicated on the

images.
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Figure 5. SEM images of the Cui-xPdx bimetallic NPs synthesized by sequential deposition with
1 mmol L Cu?* and 1 mmol L Pd?* in 1.5 mol L* HF solution. Scale bar: 100 nm. Global atomic
compositions measured by EDX are indicated in the images. Deposition times: Cu?* - Pd?*: 1 min -
1 min, 1 min - 5 min and 5 min - 5 min.

The global composition (measured on 245 x 245 nm?) is not directly proportional to the
deposition times of the metals (Cu?* - Pd?*): Cuso/Pdso for (1 min — 1 min), but Cugs/Pdss for
(5 min - 5 min), and Cuso/Pdeo for (1 min - 5 min). In addition, there is a significant difference
between the global composition and the local compositions measured in spot mode. Sequential
deposition results in two different types of NPs: Pd-rich NPs (large and bright in the SEM
images), with a Feret diameter of 50-100 nm and a Pd content > 85%, surrounded by Cu-rich
NPs (small and dark in the SEM images), with a Feret diameter of 20-30 nm and a Cu content
varying from 60-100%. The density of Pd-rich NPs increases from Cu?* - Pd?* (1 min - 1 min)
to (1 min-5min) as can be expected. Interestingly, the deposit seems to homogenize for
(5 min - 5 min), where Pd-rich or Cu-rich NPs can no longer be identified.
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Figure 6 shows the XRD diffractograms of metallized Si samples obtained by sequential
deposition. In contrast to simultaneous deposition, these samples show the peaks of both pure
Pd and Cu phases, indicating phase-separated bimetallic deposits. We have labelled the
sequentially deposits as Cuzoo-«/Pdx to indicate their non-uniform metal distribution with respect

to the solid solution type alloys Cui00-xPdx obtained by simultaneous deposition

L L
7/

Cu,./Pd,

WWMWMW
o

70 80 90 100
20/°

Intensity / u. a.
T

i

Figure 6. XRD patterns of metallized Si powders obtained by sequential deposition. Deposition time:
5 min /5 min (Cu?*/Pd?*). Concentrations: 10 mmol L* Cu?* and 10 mmol L Pd?* in 1.5 mol L't HF
solution. Si diffraction peaks are asterisked.

Another difference between sequential and simultaneous deposition is the degree of
surface coverage. Almost the entire Si surface is covered by Cu-rich NPs (50 at% Cu) in the
sequential mode (see Cuso/Pdso 1 min - 1 min in Figure 5), while well-isolated NPs are obtained
in the simultaneous mode (see CusoPdso 1 min, in Figure 2). This high density of Cu-rich NPs
should be responsible for the shallow etching of Si observed in the cross-section view of the
"Cu?* - Pd?* (5 min - 5 min)" sample (Figure 5), very similar to that observed for pure Cu
(Figure 2). Finally, the spherical granular shape observed for simultaneous deposition is not
found in this case. Similar results are obtained for Si samples metallized with PdCl as Pd metal
precursor (Figure S3 and S4 of the SI).

In summary, sequential deposition of Cu and Pd can be used to obtain nanoparticulate
coatings of phase-separated Cu/Pd alloys instead of a decoration with isolated NPs of Cu-Pd

solid solutions.
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3.2 Surface composition and oxidation state

The surface composition and oxidation state of the CuiooxPdx and Cuioox/Pdx deposits
were investigated by XPS. We focus on the range of compositions synthesized by using
Pd(NO3):2 as the Pd precursor (i.e. solid solutions vs. separated phases). Figure 7 shows the core
spectra of the Cu 2p, Pd 3d, Si 2p and valence band regions (Figure 7a-d, respectively) for
samples metallized by simultaneous deposition (i.e. CuiooxPdx solid solution type alloys).
Figure S5 in the SI shows the core spectra of the Cu 2p and Pd 3d regions of samples metallized

by sequential deposition (i.e. Cuico-x/Pdx phase-separated NPs).
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Figure 7. XPS spectra of Cui-xPdx/Si samples obtained by 1 min simultaneous deposition. (a) Cu 2p,
(b) Pd 3d, (c) Si 2p and (d) valence band region. Inset of (d): d-band center energy vs. Pd fraction
calculated by XPS (see Table 2).

Surface compositions. Table 2 gives the atomic composition of the Cuioo-xPdx
bimetallics quantified by XPS and by EDX-SEM for simultaneous and sequential deposition of
Cu and Pd.
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Table 2. Bimetallic composition targeted, determined by EDX-SEM and by XPS. Simultaneous
deposition for 1 min. Sequential deposition for different durations.

Simultaneous deposition Sequential deposition
Targeted XPS EDX Sequence Cu - Pd XPS EDX
CuzsPdzs  CuesPds2  Cu74Pdas 1 min—1min Cue7/Pd3s  Cuso/Pdso
CusoPdsp  CussPder  CussPdas 1 min—5 min Cuse/lPdss  Cuao/Pdeo
CuzsPdss  CuziPdzg  CuszoPd7o 5 min —5 min Cueo/Pdso  Cuses/Pdss

In the case of simultaneous deposition, the surface composition (XPS) is systematically
richer in Pd compared to the bulk composition of the alloy (SEM-EDX), probably due to some
Cu losses at the surface, since Cu is more easily oxidized than Pd. Ar-plasma etching was
performed to etch a couple of nm from this sample and the bulk composition was partially
recovered (CussPdse, see Figure S8 in the SI), confirming that the excess of Pd is only at the
surface. It is not possible to compare the bulk and surface compositions of sequential deposits
because they are not homogeneous. For example, in the case of Cu?* — Pd?* (1 min — 1 min),
the global composition is Cuso/Pdso, but the surface appears to be richer in Cu, because Cu
deposited all over the surface, while Pd formed NPs only in some places (see Figure 5).

Shifts in binding energy. The XPS spectra of Cu 2p (spin orbit doublet 2pz/2 -2p1/2) in
Figure 7a show three contributions related to (Cu® + Cu') at 931.9 and 951.7 eV, Cu'' at 934.1
and 954 eV [24-26], and satellites corresponding to shake-up transitions (in the case of pure
Cu and CuzsPda2s). As the bimetallic becomes Pd-rich, the intensity of the Cu 2p lines decreases
and their position shifts to lower binding energies (-0.8 eV for CuzsPds vs. pure Cu). The core
level of Pd 3d (Figure 7b) exhibits two well-defined doublets 3d%? - 3d*2 corresponding to Pd°
and Pd" in the bimetallics, and an asymmetric peak that includes the two valent state
contributions for pure Pd (334.4 and 339.6 eV) [24-26]. A positive shift in the binding energy
is observed as the Cu content increases (e.g. +0.2 eV from pure Pd to Cu7sPdzs), with a decrease
in the peak height. These opposite shifts in the Cu 2p and Pd 3d core lines are attributed to the
withdrawal of valence electrons from Pd 4d to half-empty Cu 4s upon bonding of the two
metals, as reported for CuPd bimetallics in different configurations, e.g. supported bimetallic
CuPd thin films [27], Cu-modified Pd NPs (unalloyed) [18], or CuPd nanoalloys [28].

The spectra of the samples metallized by sequential deposition (Figure S5 of the Sl) are
similar to those obtained by simultaneous deposition, i.e. it shows the two contributions (Cu® +

Cu') and Cu?* in the Cu 2s core spectra. The contribution of the peaks corresponding to the
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PdO and CuO oxides is higher in the bimetallics than in the pure metals. Interestingly, the peaks
in the core spectra of Pd and Cu atoms appear shifted with respect to pure metals, as observed
for the solid solution type alloys, but with a slightly smaller magnitude: maximum shift of +0.6
eV for Cu 3p*? vs. pure Cu and -0.1 eV for Pd 3d>? vs. pure Pd in “Cu?* —Pd?* (1 min — 5 min)”,
i.e. Cuss/Pdss. These shifts indicate a net charge transfer from Pd to Cu atoms in close proximity,

even if they do not share the same lattice [18,27].

Figure 7c shows the core level spectrum around the Si 2p. It evidences an oxide-free
surface for bare Si with a Si 2p%? — 2p*2 centered at 99.3 eV [24]. After metal deposition, a
shift of this peak to slightly lower binding energies is observed, as a result of the metal contact
(as in the case of Au deposition on Si [12]). A new peak corresponding to SiO; also appears in
all cases. This is probably related to the roughening of the Si surface (Si dissolution during
metal deposition), which leads to a larger amount of oxidized Si under air exposure compared
to polished bare Si [12].

Valence band spectra and d-band center. Figure 7d shows the valence band spectra
(VBS) of the Cu100-xPdx /Si samples. The inset shows the evolution of the d-band center position
with the fraction of Pd. The d-band center has been calculated from the XPS spectra as the
weighted average energy of the VBS after a Shirley-type background has been subtracted [28—
31]. The details of the calculation are given in the SI. Consistent with the shift observed in the
Pd 3d and Cu 2p core lines, a gradual shift in the position of the d-band center from pure Cu
(2.77 eV) to pure Pd (1.81 eV) is observed, in agreement with values reported by other authors
[28,29]. It should be noted that several factors such as the NP size, residual gas adsorbates or

the limits selected for VBS integration can affect this parameter [18,29,32].

The effective d-band center values obtained for the bimetallic sequential deposits are
plotted against the surface atomic compositions measured by XPS in Figure S6 of the SI. These
atomic compositions are global, since the sequential deposits do not have a homogeneous
composition the entire sample (as described in the SEM-EDX section). For the same reason,
the obtained d-band center values must be considered as averages over the area scanned by XPS
(a few hundred of um?), i.e. as apparent d-band center positions. Nevertheless, they can be
useful to describe the global properties of the bimetallic surface. The values obtained are well
between those of pure metals and are in line with those obtained for similar atomic compositions

in simultaneous deposition (indicated by crosses).

16



According to the d-band center theory, the lower the center level with respect to the Fermi
level (i.e. O of the valence band energy) of a given metal, the stronger the bond formed by the
metal to a given adsorbate (related to the occupancy of antibonding states [30]), which
ultimately leads to surface poisoning. It is well known that Pd is easily poisoned during CO2RR
by CO adsorption [33,34], and that the addition of a moderate fraction (~15-25% at%) of Cu
atoms (low CO adsorption energy compared to Pd), can partially protect Pd from CO-poisoning
while maintaining its low overpotential for CO and HCOOH formation [34-36]. We have
recently demonstrated by CV measurements that the resistance of CuPd NPs to CO poisoning
follow a volcano plot upon addition of Cu, tipping at the composition Pd3oCuzo [19], in
agreement with other studies [28]. According to the values obtained by XPS, this composition
corresponds to an alloy d-center position of ~2.1 eV, which would provide a near-optimal CO

binding energy (Wang et al. found 2.18 eV for an optimal composition of CuzoPdso [28]).

3.3 Electrochemical features of metal deposition on Si

The SEM images given in Figure 1 show that Cu alone is deposited on the entire Si
surface, whereas in the presence of Pd (> 50% at.), Cu is only found at the level of the CuPd
NPs. This raises the question: how is Cu deposition prevented between CuPd NPs?

When p-type silicon is put in contact with a noble metal in HF solution containing an
oxidizing agent a galvanic cell is formed, i.e. there are anodic and cathodic sites on the
semiconductor surface with local cell currents flowing between them [37,38]. The oxidizing
agent in our case is the noble metal ion in solution. The electroless Si dissolution occurs at
open-circuit-potential (OCP), that is, the rate of hole consumption (Si oxidation) is equal to the
rate of hole injection in the Si valence band (metal ion reduction). Thus, monitoring the OCP
during metal deposition is useful to gain insight in the mechanism of the reaction, such as the
rate-controlling reaction steps (thermodynamics, kinetics or mass transport) and their evolution
with time [39]. The OCP is the mixed redox potential resulting from the equilibration of
negative charge transfer (metal ion reduction, Eq. 1) at cathodic surface sites and positive

charge transfer (Si dissolution, Eq. 2) at anodic surface sites of the Si electrode [2,40]:

1 eq eq RT jOC
Eocp = 2 (ESiFéz_/Si T EM2+/M) + (n_p) In (]E) Eq. 4
where E;ii"sz‘/si and E;IL/M are the equilibrium redox potentials in the specific conditions

of metallization (thermodynamic terms), joc and joa the corresponding exchange current

densities (kinetic terms). ES%

M2+ is given by:
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, 0.059
EEfbe e = Bl + (—5—) Log (> Eq. 5

where EA‘}'H/M is the formal redox potential of Cu?*/Cu and Pd?*/Pd (+0.14 V and +0.75 V vs.

Ag/AgCI, respectively) and [M?*] its concentration in solution. We determined E&7 and

cu?t/cu

El‘ng/Pd experimentally as +0.02 V and +0.62 V vs. Ag/AgCl, respectively, by using a Cu or

a Pd wire in contact with the corresponding deposition solution (i.e. 1.5 mol L™ in HF and 1
mmol Lt in CuSO4or Pd(NO3)y).

Figure 8 a-c and e-f shows the OCP evolution during Cu, Pd, and CusoPdso deposition
with the different metallic salts used. Figure 8d shows the electrochemical Si dissolution curve

in 1.5 mol L™ HF together with the experimentally determined ESZZ'"/Cu and Ej;’flePd values

(i.e. before contact between the metal and Si, given by an orange and a red bar, respectively).
This last figure helps visualizing the semi-reactions involved in the galvanic cell formed (i.e.
Si dissolution and metal cation reduction) and interpreting the OCP attained when the reactions
are coupled.

The Si samples were initially immersed in the HF solution. At the beginning, the OCP is
determined by the anodic dissolution of Si and the hydrogen evolution reaction (~ -0.25 V vs.
Ag/AgCI) [39]. The dissolved metal salt is injected at t = 0 s. The OCP increases upon injection
due to the enhanced cathodic current as metal ions are reduced at the Si surface, balanced by a
higher Si dissolution current (see the inset of Figure 8d), establishing the mixed redox potential
as described in Eq. 4. In addition, there is also Hz evolution on the metal NPs in parallel to
metal cation reduction. What are the respective shares of these two components in the cathodic
current is a complex question [1,41]. In the following, we assume that the variations of OCP
after the initial shift are mainly related to the reduction of metal cations. For the solutions
containing a Pd salt, the discussion is then rigorously applicable to the case in which PdCl: is
used as metal precursor (Figure 8a and b), given the observed influence of NO3™ counterion in
the deposition rate and morphological characteristics. Nevertheless, the OCP curves do not
change significantly by the presence of NOs™ or CI, especially in the case of CuPd deposition
(Figure 8b and f), which might indicate that NOs™ affects mainly the metal deposition at the

level of the Si surface.
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Figure 8. Evolution of OCP during metallization of Si substrates in 1.5 mol L™ HF solutions with (a)
Pd?* (from PdCl,), (b) equimolar mixture of Cu?* and Pd?** (from PdCl,), (c) Cu® (e) Pd** (from
Pd(NOs),) and (f) equimolar mixture of Cu? and Pd?* (from Pd(NOs),). All the solutions are at
concentration 1 mmol L for the metal precursors. (d) Voltammogram of the p-type Si substrate in
1.5 mol L* HF showing the redox potentials determined for Cu?*/Cu and Pd?*/Pd, with Cu and Pd wires.
Inset: Focus on the onset potential region.

In the case of Pd (Figure 8a), after its initial positive increase, the OCP gradually shifts

to negative values. This is due to the depletion of Pd?* ions, which lowers Eﬁgz+/Pd, according

to Eq. 5, as well as the cathodic exchange current density joc. Pd follows a progressive mode of
nucleation and growth with well separated NPs [4]. In the case of Cu (Figure 8b), the OCP
remains constant after the first spike. It has been reported that Cu exhibits an instantaneous
nucleation mode with deposition over the entire Si surface [4]. This should hinder the access of
the (HF) electrolyte to the Si surface, limiting severely the anodic exchange current (joa) and
thus the Cu deposition rate. The Cu?* surface concentration is then relatively stable and the

OCP remains approximately constant at a slightly less negative value than before the Cu salt
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injection (-0.22 V vs. Ag/AgCl). The SEM images after Cu deposition (Figure 1) show the
fusion of Cu NPs into continuous agglomerates (or even films). This could be related to the
high surface diffusivity of Cu atoms at Cu surfaces in acidic media (1.79 101 m? s1) [42]. The
OCP of CuPd (Figure 8c) shows a similar behavior to that of Pd, with an initial positive increase
up to +0.02 V followed by a gradual decrease.

The inset of Figure 7d shows a focus in the onset potential region, where the initial OCP
values at the injection spike (t=0) for CuPd and Pd (obtained from PdCl,) and Cu are indicated.
The values are +0.01, -0.07 and -0.13, respectively, corresponding to a higher initial Si
dissolution current for CuPd than Pd and Cu. After 1 min of deposition, all the OCPs reach a
similar value (~ -0.22 V, also indicated on the inset), which corresponds to a polarization of the
Si bulk of ~0.05 V with respect to the initial OCP before injection.

Interestingly, the dendritic shape of pure Pd NPs disappears with the addition of Cu. The
absence of Cu except in CuPd NPs indicates that Pd acts as a Cu sink. We suggest that the
fundamental reason for the absence of Cu deposition between CuPd NPs is the more noble
character of Pd (E° Cu?*/Cu = +0.14 V and E° Pd*/Pd = +0.75 V vs. Ag/AgCl, respectively).
On this basis, several mechanisms can intervene: (1) oxidation of Cu nuclei by galvanic
displacement with Pd?* and NOs, (2) increase of the ohmicity of the CuPd/Si junctions (causing
anodic polarization of their surroundings) which does not favor Cu?‘reduction/deposition
between CuPd centers, (3) Cu?* mass transport (either redissolved or coming from the solution
bulk) towards CuPd centers, where CuPd NPs are protected from oxidation/dissolution by the
noble nature of Pd. Since Cu?* and Pd?* have similar diffusion coefficients (7.1 and 8.3 10-
6 cm? s, respectively [43,44]), the result of this interplay is a NP composition that depends
directly on the molar ratio of Cu?* and Pd?* in the precursors solution, as shown in Table 1.

3.4 Localization of MACE (Band bending modelling)

MACE of Si is extremely localized with Pd NPs deposited from Pd(NOs3). (cf. Figure 1
and Figure 2) and rather delocalized with Pd NPs deposited from PdClI> (Figure S1). High work
function metals are usually characterized by delocalized MACE of p-type Si due to the ohmic
character of the p-Si/metal junction. For example, Pt NPs "chemically polarized" with H.O> (in
HF-H-O> solutions) act as anodically polarized "ohmic back contacts", resulting in the anodic
polarization of the entire Si sample and thus in delocalized etching [21]. Conversely, highly
localized etching is observed for metals with lower work functions such as Ag (4.6 eV vs. 5.6
eV for Pt) [20]. Since Pd has a large work function (5.12-5.22 eV [45-48]), delocalized etching

is expected, on the contrary to what was reported by Yae et al. [49]. A comparison between Pt
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and Pd NPs deposited under the same conditions is shown in Figure S7 of the SI. It is clear that
the Si surface between the NPs is etched (rough) in the case of Pt and Pd obtained from PdCly,
whereas it remains mostly flat (with some pits) in the case of Pd obtained from Pd(NO3)2. Cross-
section images show dissolution craters under each Pd NP obtained from Pd(NOs3), (localized
etching), but not under Pt NPs, and not under Pd NPs obtained with PdCl, (except for a few
craters). The reason of this particular behavior of Pd is unknow. We hypothesize that it could
be the formation of Pd hydride, PdHx, due to the presence of hydrogen evolution during Si
etching. The work function of PdHx is 0.2 eV lower than that of Pd [45]. This property has been
used to design electronic hydrogen sensors based on the conductivity of a Si thin film (50 nm)
containing Pd NPs, which produce a chemical gating effect when forming PdHx in the presence
of hydrogen [50]. The formation of PdHx would be enhanced when NOs™ is present in the
reaction media, due to the higher amount of H> produced because of the additional Si etching
induced by this counterion.

In an attempt to explain the peculiarities observed for Pd deposition by MACE, we have
modeled the Pd/p-Si/Electrolyte interface at the nano- and micro-scales. Numerical simulations
were performed using SILVACO® ATLAS, a TCAD simulation software (see the Section 6 of
the Sl for more details). The modeled Pd/p-Si/Electrolyte (HF) structure consists of a Pd pad
on flat Si surrounded by two short-circuited electrolyte contacts with a total width of 1 um (cf.
Fig. S6 in the SI). The metal and electrolyte electrodes are separated by a gap of 1 nm to ensure
that charge transfer only occurs through the Si/Electrolyte and Si/Pd interfaces. To mimic
deposition by MACE, a positive polarization is applied between the metal and the electrolyte.
Mott-Schottky plots and KP-AFM measurements were performed to obtain the electrolyte and
metal work function values required for the simulations (cf. Section 6 of the Sl). The
localization of MACE depends on Si doping. More precisely, the porous structure of the product
is dependent on the space-charge layer, which is controlled by the Si doping and the chemical
identity of the deposited metal [23]. For the simulations this value has been kept constant to
1x10% cm (doping of the p-Si used for the experiments).

Figure 9 shows the effect of the metal work function, Wm, on the valence band (VB)
profiles of the Metal/Si and Si/Electrolyte junctions. The profiles correspond to the band
bending along a cutline (y-coordinate) going from the border of the NP (x=0.550 um) to bulk
Si (10 um in depth) and back to the adjacent border of the electrolyte (x=0.553 um), i.e. at a
lateral distance of 3 nm (see Figure 9a inset). Three W values were chosen according to the
previous discussion: 5.20 eV, a typical value for Pd (Figure 9a); 4.92 eV, the value determined
by KP-AFM measurements (Figure 9b); and 4.73 eV, the experimental value minus 0.25 eV,
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corresponding to a hypothetical PdHx (Figure 9c) generated during MACE deposition. The
latter value is also consistent with Cu, for which the KP-AFM measurement gave 4.77 eV.

The VB profiles are shown for three polarizations applied to the metal NP vs. the
Electrolyte, to account for the conditions during metal deposition: 0 V (equilibrium, solid black
lines); +0.05V (dashed green lines), similar to the polarization observed after 1 min of
deposition in the OCP curves in Figure 8a-c; +0.20 V, close to the polarization observed in the
first moments of metal deposition for Pd in Figure 8a (red solid line).

Metal NP with Wm = 5.20 eV, Figure 9(a). At equilibrium (0 V), the edge of the VB
(black dot) at the NP border is at +0.03 eV above the Fermi level (solid black lines). This
indicates that Si is degenerated, with a strong accumulation of h* under the metal NP, i.e. the
Metal/Si junction behaves as an ohmic contact, as already reported for Pt under MACE
conditions [21]. Therefore, h* can easily be injected from the NP into the Si bulk (zero energy
barrier). On the contrary, the Si/Electrolyte junction behaves like a Schottky diode, with an
energy barrier for h* diffusion from the Si bulk to the electrolyte (“at OV" arrow). Note that two
local minima of the VB are observed, near the Metal/Si and the Si/Electrolyte contacts (y ~ 0.1
and 19.9 pm). They are mainly due to the small distance between the NP and Electrolyte
boundaries (3 nm) considered in these profiles. The band bending of the junctions affect each
other laterally and results in these VB modulations [20]. The effective barrier heights are
calculated considering these minima. Indeed, at the Si/Electrolyte interface, it is the effective
barrier that must be taken into account, because the remaining potential drop at the interface
itself is thin enough for h* tunneling to the electrolyte (thermionic field emission transport
mechanism) [20]. Table S5 in the Sl gathers the effective barrier height values obtained.

When the NP is polarized (e.g. by +0.20 V vs. the electrolyte, solid red lines), the Si bulk
is polarized to the same extent due to the ohmic nature of the Metal/Si contact, i.e. the effective
barrier heights at the Si/Electrolyte (Schottky) junction is reduced from 0.170eV (0 V) to
0.06 eV ("at 0.2 V" arrow). The overall result is consistent with a delocalized etching, intense
at the border of the NP but also significant far from it, as shown in Figure S12 of the Sl by the
VB profiles connecting the center of the NP with the center of the electrolyte. The values in
Table S4 show that for Wi, = 5.20 eV, the effective barrier height in the center of the electrolyte
also decreases significantly with polarization.

Metal NP with Wm = 4.92 and 4.73 eV, Figure 9(b, c¢). At equilibrium (0 V), the VB
edges at the NP border (black dots) are below the Fermi level, at -0.25 and -0.44 eV,
respectively, and the contact with Si is no longer ohmic. Thus, the Metal/Si and Si/Electrolyte

junctions correspond to two Schottky diodes back-to-back. The effective barrier height at the
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Metal/Si junction ("at 0 V" arrow) is 0.47 eV for Wy = 4.92 eV (b) and 0.54 eV for Wn =
4.73 eV (c), which plays against the diffusion of h* from the NP to the Si bulk (cf. Table S5).
At the Electrolyte border, the VB edge is always at 0.67 eV (blue dot, irrespective of Wr and
the polarization). The effective barrier height for h* diffusion to the Electrolyte is ~0.23 eV for
W 0f 4.92 eV and ~0.33 eV for Wmn = 4.73 eV. The progressive increases in barrier height at
each border when W, decreases suggest a less delocalized etching.

When Wr, decreases, the effect of the NP polarization on the effective barrier height of
the Si/Electrolyte junction (which controls the h* diffusion and etching at the level of the
electrolyte) is also much weaker than in the case of an ohmic contact. For instance, at +0.20 V,
the effective barrier height is 35% of its initial value (at 0 V) for Wi = 5.20 eV, 54% for
W =4.92 and 77% for Wm = 4.73 eV. This is due to the reinforced Schottky character of the
metal contact when W, decreases.

These results suggest a moderately delocalized etching for the metal witha Wn =4.92 eV,
consistent with the observations on Pd deposition in the presence of CI-, and a more localized
etching for the metal with Wmn = 4.73 eV (corresponding to the hypothetical PdHx) consistent

with the observations on Pd deposition in the presence of NOz'.
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Figure 9. Valence band profiles of the modeled "NP (border)/p-Si/Electrolyte (border)" systems at
equilibrium (0 V, black solid lines) and under polarization of the NP vs. Electrolyte by +0.05 V (green
dashed line) and +0.20 V (red solid lines). x is the lateral position on the device surface (width) and y is
the position along the cutline through bulk Si, as schematized by the inset in (a). See also Section 6 of
the SI. Three work function values were chosen for the metal NP: (a) 5.20 eV (typical value for Pd), (b)
4.92 eV (Pd measured by KP-AFM) and 4.73 eV (hypothetical Pd-Hy).

To extend the information given in Figure 9, the lateral modulation of the VB energy
(x-cutline at 1 nm below the Si surface) at the level of a metal NP surrounded by the electrolyte

is shown in Figure 10, for the three selected W and polarization values. The VB level is

23



referenced to the VB energy in the Si bulk (where it is set to zero), i.e. the value represents the

energy barrier height seen for h* coming from the Si bulk.
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Figure 10. (a) Lateral modulation (x-width) of the VB energy at 1 nm below the Si surface. Other
conditions are set as in Figure 9. (b) Zoom on the metal NP region. A vertical grey line at x=0.55 pm
indicates the NP border. The valence band energy is here referred to valence band in the Si bulk
(different from Figure 9).

At 0V and 0.05V, there is no difference between the VB energies at the electrolyte
level, whatever the Wr (all curves overlap at 0 V and idem at 0.05 V). Thus, regardless of
whether the Si/Metal contact is ohmic or Schottky, the Si etching during deposition is localized
at the edges of the NP where the h* come from (h* have an energy barrier around 0.45 eV to
reach the electrolyte interface). When approaching the NP border (x = 0.55 um), the VB reaches
its value at the NP/Si interface depending on W, : no barrier for Wy = 5.20 eV, and presence
of a barrier for h* coming from the Si bulk for Wi = 4.92 eV (between 0.1 - 0.2 eV) and 4.73V
(between 0.2 - 0.4 eV). Zooming into the NP region (Figure 10b) shows that the potential drop
is more abrupt at the NP border (at x = 0.55 pm) for the metal with W = 4.73 eV, consistent
with a more localized etching. At a stronger polarization, 0.2 V, a difference in the VB energy
at the level of the electrolyte is observed for Wm = 4.73 eV, with a VB energy 0.1 eV higher (in
absolute value), i.e. an energy barrier height higher for h* in the Si bulk, with respect to Wr, of
5.20 and 4.92 eV. It is therefore logical to assume that for a Si/Schottky junction (4.73 eV), the
etching is localized next to the NP, confirming that, in the presence of NOs", Pd should have a
low Wi, value. On the contrary, the etching is rather delocalized for a Si/Schottky junction with
4.92 eV, which confirms that in the absence of NOs™ the Wr, value of Pd NPs is close to that
determined by KPFM measurements. These results support the hypothesis of PdHx formation,
being accentuated in presence of NO3". Nevertheless, further experiments would be required to

confirm it.
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We also observe that MACE of Si with Cu NPs is not localized. However, it is known
that Cu (Wm of ~4.7 eV in the literature [45-48]) forms a Schottky junction with p-type Si,
which should result in localized MACE of Si, as it is the case with Ag (~4.6 eV). Closer
examination of the Cu NPs/Si interface in the cross-section image of Figure 2 (Cu?* 20 min)
shows that the morphology of the Cu deposit may be imprinted in Si, but at a very shallow
depth. Indeed, Chemla et al. have reported that in dilute HF solutions with traces of Cu?* (less
than 10 umol L), Cu nuclei form on Si and are often surrounded by a corrosion pit [2]. We
can assume that in our case no localized etching occurs due to the instantaneous nucleation of
Cu, which results in very small Cu NPs covering the entire Si surface and thus smoothing the
surface during etching. Due to the density of Cu NPs on the surface, it is also possible that the
modulation of the VB has an influence on the etching result.

Figure 11a-c shows this phenomenon from 2D images of the VB energy variation laterally
and in depth (taken at 10 nm below the surface), for a structure with one, three and fifteen
nanoparticles. Figure 11b and c correspond to two different NP distributions with the same
surface coverage (of 30%). In all cases, a polarization of 0.05 V is applied to mimic the
deposition conditions, and W is chosen to be 4.73 eV (very close to the 4.77 eV determined
here by KP-AFM). The energy values are referenced to bulk Si (0 eV, as in Figure 10) and are
shown on a color scale: green indicates regions where there is no energy barrier for diffusion

of h* coming from the bulk, and dark blue indicates regions where the energy barrier is high.
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Figure 11. 2D VB profiles (VB energy vs. bulk) at 10 nm below the Si surface for a structure with one
(@), three (b) and fifteen (c) NPs. (d and e) Lateral modulations (x width) for the structure with fifteen
NPs at 1 and 10 nm below the Si surface. The polarization is 0.05 V in all cases and Wm = 4.73eV.
Figures (b) and (c) have the same surface coverage: three NPs of 100 nm each and fifteen NPs of 20 nm
each (see Sl (Figure S9) for more details on the modeled device).

From these images we observe a significant modification of the barrier height variation
with the number of NPs (both laterally and in-depth) in the subsurface under the NP (up to
200 nm depth). This effect is clearly visible if we compare the changes of the iso-energy barrier
height of 0.3, 0.2 and 0.1 eV (represented by yellow, wine, and red color lines, respectively)
between the 2D VB profiles shown in Figure 11a-c. Therefore, these modulation changes in
VB energy can have an impact on the h* transport coming from the Si bulk to the surface
depending on the NP surface coverage and/or distribution. However, the closer one gets to the
surface, the less pronounced this effect is. The lateral VB modulations in Figure 11d-e taken at
1 and 10 nm depth show that at the surface very close to the NP (1nm depth), the barrier height
is the same for 1, 3 or 15 NPs (Figure 11d). The small barrier between NPs is observed when
the section is taken at a depth of 10 nm (Figure 1le. Between the “under NPs” and "under
Electrolyte™ zones, it actually changes from ~ 0.2 eV for one and three NPs, to 0.08 eV for
fifteen NPs. This implies that h* coming from bulk Si, would indeed experience a lower energy
barrier at the Si/Electrolyte regions between NPs than at the outer Si/Electrolyte regions, and
thus could more easily etch between NPs (shallow delocalized etching). This observation may
support the shallow etching observed during Cu deposition. However, given the blocking nature
of the NP/Si junction for a metal with Wi, = 4.73 eV (Figure 9c), the h* injected from the NP
cannot reach the bulk. Therefore, these simulations do not justify the shallow delocalized
etching that we observe during Cu deposition. Even if the presence of a high Cu NP density
over the entire Si surface can affect the VB energy modulation, the effect is not sufficient to
justify the experimental results. For example, the etching of moderately p-doped Si substrate
with Ag NP is very localized [20,51], in contrast to what is observed with Cu. Thus, we can
conclude that the delocalized etching observed in the cross section in Figure 2 is actually an
apparent delocalized etching, most likely due to a very high surface coverage, or some another

chemically specific process not considered in our model.

Regarding CuPd, a striking observation is the presence of craters formed around the NPs
in the case of NOgs", with relatively large unetched areas around them. Between CuoPd100 and
CusoPdso, the delocalization of the etching around the NPs (i.e. the crater size) increases with
the Cu fraction. Taking into account the above simulations, we assume that the presence of Cu
makes the Si/metal junction more ohmic than with Pd alone. We have proposed that Pd is
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actually present in the form of PdHx, with a reduced work function, which tends to give a
Schottky contact with Si (rather than ohmic). The etching is thus localized under the PdHx NPs.
For CuPd/Si, the resulting more ohmic contact could lead to delocalized etching of Si under the
polarization induced by NOs". The higher the Cu content, the less hydrided Pd would be and
the more delocalized the etching. The W, value determined for PdsoCuso by KP-AFM is 4.85
eV (see the Sl), lower than the 4.92 eV measured for pure Pd, but higher than the 4.73 eV
estimated for PdHx. This may indeed justify a more ohmic contact in the case of CuPd compared
to PdHx.

Sequential deposition results in a different morphology of the metal coating. When a
small amount of Cu is deposited first (1 min), Pd forms Pd-rich NPs in the second step.
Conversely, with a large amount of Cu on the surface (5 min), Pd deposition leads to a
homogeneous distribution of Pd, resulting in a porous, film-like coating. The higher Cu
coverage in the latter case provides a homogeneous surface, while Cu NPs surrounded by Si (in
the former case) forces localized Pd deposition. Compared to Cuso/Pdso obtained after (1 min -
1 min), the lower-than-expected amount of Pd after (5 min - 5 min), Cues/Pdss, is probably due
to the fact that Cu covers most of the surface after 5 min of deposition, which reduces the Pd
deposition rate since the Si surface is less accessible to the electrolyte (limited anodic

dissolution rate).

4 Conclusion

A novel method for bimetallic NP deposition on Si based on MACE has been presented.
The Si sample is immersed in an HF solution containing both metal cations for simultaneous
electroless deposition or in two HF solutions, one with each metal cation, for sequential
deposition. CuSO4, PANO3 and PdClI, have been used as metal salt precursors.

SEM-EDX characterizations have revealed that, in the case of simultaneous deposition,
isolated CuPd NPs are preferentially formed as solid solutions, with a homogeneous
composition that can be finely controlled by the concentration ratio of Cu?* and Pd?*. Sequential
deposition results in NPs with separated Cu/Pd phases. XPS analysis has shown that the
electrocatalytic properties (i.e. d-band center) of the bimetallic NPs can be tuned by modifying
the bimetallic composition and the deposition parameters. Electrochemical responses have
evidenced similarities between the CuPd and Pd deposition mechanism (similar OCP trends)
vs. Cu. Finally, band bending simulations at selected polarization values have helped to interpret

the localization observed for the Si etching around NPs as a function of the metal work function.
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The above studies have led us to some conclusions: (1) during simultaneous deposition
Pd centers act as Cu sinks, due to its higher noble character and the diffusion gradients
generated, (2) the Si/Pd junction generated during MACE seems to be of Schottky type (Wm
lower than expected). This may be due to the formation of PdHx rather than Pd, and it is
accentuated in the presence of oxidant counterions like NOs’, (3) in the presence of Cu, the
Pd/Si junction becomes more ohmic, with delocalized etching around the NPs. These
conclusions are only a first step toward the understanding of the mechanisms involved, and
require further investigation.

The proposed method proceeds with Si dissolution, sometimes resulting in high surface
roughness or dissolution craters, which can be modulated by the choice of metals (i.e. oxidizing
power of the counterions and/or metal work functions). However, this method has many
advantages for bimetallic deposition on Si: it is simple and easily scalable, it allows a good
control of the alloy stoichiometry, as well as obtaining solid solutions or phase-separated
bimetallics at the NP scale. These are key features to control the activity and selectivity of
bimetallic systems for photo/electrocatalytic processes. Finally, it can be generalized to all
metals that can be deposited by MACE of Si (Pt, Pd, Au, Ag and Cu, among others).
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