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Abstract

The Pt electroless deposition on silicon has been investigated by Rutherford Backscattering Spectrometry
(RBS) and Electron Microscopy. Platinum nanoparticles nucleate and grow at the Si surface and the
chronoamperometric response of the process has been determined from the RBS spectra. Nucleation is quite
complex and it includes the generation of primary non- growing clusters, with size smaller than 2 nm. Larger
particles result both from dynamic coalescence of primary particles and from single ion attachment processes
and at higher immersion time they grow according to the classical diffusion limited model. The analyses with
electron microscopy, then, have highlighted the peculiar nano-porous structure of particles resulting a mixed

aggregative-diffusion limited growth.

Introduction

Metal nanoparticles are carefully investigated in many research areas thanks to their properties, remarkably
different from that of their bulk counterpart since the small size enables quantum effects and changes in the
electronic band structure. From a chemical point of view also, the large surface to volume ratio and the

increased density of unsaturated bonds make them more reactive to certain molecules. For all these reasons
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nanoparticles can be implemented in different fields and for a variety of applications, such as optoelectronics,
medicals, drug delivery, sensors and healthcare }, %, 3, .

Excitation of the plasmonic nanoparticles at their resonant wavelength produces a collective coherent
oscillation of conduction band electrons and an enhancement of the electric field at specific hotspots. At
these hotspots, the plasmon excitation can decay and excites a single electron to create a highly-energetic
electron-hole pair, the so called hot electrons, that can assist the catalytic reactions >°® otherwise hard to
accomplish. A challenging goal for the future is to develop multifunctional materials able to perform catalytic
synthesis at room temperature and under ambient conditions to prevent the degradation of the catalyst
itself. Tuning of LSPR is the most promising strategy to control the injection of hot electrons. Among the
different metal nanoparticles (NPs) those of platinum are of relevant interest. As an example, Pt NPs have
found application in metal assisted chemical etching of silicon, a beneficial strategy to produce mesoporous
silicon, a key material for several applications in optoelectronics, photovoltaic, batteries, supercapacitors and
biochemistry sensors 7, 8, °, 10, 11,

Moreover, platinum is the most widely used catalyst for many electrochemical applications, such as fuel cells
or water splitting cells??, 13,24, 15 since, among the catalytically active metals, it is the most efficient for HER
(Hydrogen Evolution Reaction) and it can remain stable in either an acidic or an alkaline electrolyte. Si
surfaces via metal NPs improves the photo-electrochemical (PEC) characteristics of Si electrodes, such as
their catalytic ability and stability , and therefore could make silicon a suitable choice for efficient conversion
of solar energy to chemical fuels 6, 17729,

It is therefore clear that the fabrication of Pt NPs with controlled sizes and shapes is an attractive goal and,
among the deposition strategies, spontaneous galvanic displacement 2°-22 takes advantage of the simplicity

of the experimental apparatus and of the large variety of nanostructures that can be fabricated. Furthermore,

particles are grown directly on a semi-conductive (Si, 3C-SiC, GaAs ) or conductive substrate (Ni, Cu) ensuring

23,24 25,26 27
) .

also electrical connection. .

In our previous works we have analyzed the electroless deposition of silver and gold on silicon substrates by

Rutherford Backscattering Spectrometry (RBS)?%?°, This technique allows the quantitative measure of the
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deposited metallic atoms, without parasitic current due to substrate reactivity to the other species present
in the solution. We have found that, for both silver and gold, clusters nucleation occurs instantaneously and
the subsequent particle growth is governed by a diffusion limited mechanism. In the present work we analyze
the Pt galvanic displacement deposition following the same approach. Coupling of the results obtained from
RBS spectra with morphological characterization indicates that the nucleation process is quite complex and
does not fit properly with the classical diffusion limited model®°, 31, The nucleation will produce (i) classical
particles that will grow by single atom attachment®! and (ii) non-growing primary clusters that will merge to
generate classical particles. High Resolution Transmission Electron Microscopy (HRTEM) analyses evidenced
the unique crystalline arrangement of each cluster, showing a very peculiar nano-porous structure.
Experimental

The starting substrates were cut from Si(100) n-type wafers (P-doped with resistivity 3-5 Q cm). Prior
deposition, each sample was sonicated at 60°C with acetone and then dipped in 3M HF. Two sets of samples
were prepared: one with etching time of 10s, another with 4min. On both the sets the Pt was electroless
deposited using a solution containing 1mM Na,PtCls and 4.8M HF. The samples were dipped in the plating
solution for different times, ranging from 10s to 16min. After deposition, each sample was rinsed in deionized
water, to promote a quick removal of the reaction products, and then dried in air. All the procedures have
been carried out at RT (20°C), with ambient lighting, in a ventilated cup.

For RBS measurements samples were analyzed using 2.0MeV He* ions scattered by target atoms at 165°. The
energy of the scattered ions was detected by a solid-state surface barrier Si detector with 15keV resolution.
The analyzed area of each sample was about 1mm?. Spectra have been analyzed by RUMP3? software, to
obtain the areal density of Pt atoms and the thickness crossed by backscattered ions. The morphology of the
particles has been investigated by Scanning Electron Microscopy (SEM) using a ZEISS SUPRATM 35 and in plan
view TEM with a Jeol JEM 2010F Microscope. For the plan view TEM the as deposited samples have been
treated according to the standard mechanical thinning procedure. The ion milling has been done with a PIPSI|
System by Gatan® with a starting beam energy of 1.5keV and a final polishing of 0.2keV but without N3

cooling.
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Results and Discussion

The deposition based on the galvanic displacement is spontaneous and it is driven by the overlap between
redox potential of the metal/metal ions couple (in the solution) and the energy Fermi level on the
semiconductor side33. The electron transfer may take place from (i) the conduction band, (ii) surface states
or, as for noble metal deposition, from (iii) the valence band to the metal ions. The Si/Pt case is outlined in
Figure 1Errore. L'origine riferimento non é stata trovata.. By considering a dopant concentration Np= 1.3 x

10> cm™ at room temperature, the extrinsic Fermi level is located 0.28eV above the mid-gap of Si.

E(SHE) /eV
E. -0.45
Er -

L HYH,

E, 0.67- Pt2+/pPt0
L Pt#/pt2

Figure 1 : A qualitative comparison between the electrochemical energy levels of Si and of the redox
systems involved in the galvanic displacement deposition of Pt on a Si substrate.

The deposition is based on the reduction of (PtCI6) % to Pt°through four electrons transfer from the valence
band of silicon (mechanism iii), with two consecutive steps*:

(PtClg)* + 2e > (PtCls)*+2CI V=0.75 V(SHE) (1)

(PtCls)>+2e—>Pt + 4CI V=0.68V/(SHE) (2)

There is a parallel reaction related to the dissolution of the oxidized silicon in the presence of fluoride species,
the mechanism is complex and is related to electron transfer from the surface states to the electrolyte.
However, it has been largely discussed in the literature and it is generally accepted that the reaction is
accompanied by hydrogen generation and incorporation®®, 3¢ as a result the silicon surface shows increased

roughness and nano-porosity at long time. Possible reactions are,38,39

’
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Si + 4HF + 4h*>SiF;+4H" (3)

SiF4+2HF>H,SiFs (4)
Or

Si+2HF+2h*>SiF,+2H, (5)
SiFy+ 2H,0 - SiO; + 2HF + H, 1 (6)
Si0; + 6HF-> H,SiFs+ 2H,0 (7)

The main difference between the two mechanisms lies in the holes number, 4 for sira2nr>H2SiF6
(4 and 2 for reaction Si+2HF+2h+->SiF2+2H+ (5, needed to etch a Si atom.
According to previous findings *°, both reactions occur and the number of holes ranges between 2 and 4.

It is commonly accepted that the limiting step for electroless deposition of noble metal on silicon is the
diffusion of metal ions through the boundary layer to the silicon/electrolyte interface and the growth is
driven by single ion attachment to the substrate or to the already generated metal nuclei **~*. According to
the classical model, the deposition rate is very fast in the early stages, since the arising particles are far apart
from each other and the corresponding diffusion regions are hemispherical (rsp). In this regime the radius of
each particle grows following Eq. 8:

r(t)sp = (2V,,Dc) 2tz

Eq. 8
Being Vm the molar volume, c and D the concentration and diffusion coefficient of the ions in the bulk

solution, respectively. At that time, nucleation of new particles is still allowed in the area outside of the
diffusion regions. Gradually, the diffusion regions around particles start to overlap and the particles evolve
from hemispherical to a planar shape (r2p). Nucleation is thus hindered and the current decreases.

The growth rate in this case is given by

/3

1
ZDCTl'l/Z 1
—_— t /e

r(t)p = 3V
m

Eq. 9:
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Eq.9
However this description has some limits since it does not take into account for the modification of the
substrate during the reaction, the presence of HF in the plating solution, that interacts both with the

4546 47 and assumes the nanoparticles are fixed on the hosting substrate.

substrate and the growing particles,
a. Electron microscopy analyses

The plan view TEM micrographs of the sample dipped for 30s and 60s in the Pt deposition solution are shown
in

Figure 2 and Figure 3 respectively. In both the samples two kinds of particles can be observed: circular, very
small (with a radius lower than 1nm) nuclei, and large agglomerates. The radii distributions for the
aforementioned particles are shown in the bar plot of the inset. The presence of very small particles, so called
‘primary clusters’, has been found to occur also upon electrodeposition or in the direct synthesis from Pt
based solutions %54, For both dipping times, the density, as calculated from the micrographs, is very high
and amounts to 2.43 x 102 cm2 and 8 x 10%° cm™?, respectively but they do not grow with time as summarized
in Table 1. Such a behavior has been previously explained by analogy with a close shell structure with magic
size or to stabilization of their outer surface by some chemical species of the solution®. The large nano-
particles instead, referred as ‘classical’, exhibit a complex flower-like porous structure with several nano-
crystalline regions. The SAED (Selected Area Electron Diffraction), reported as inset in Figure 3a, shows the
<111> Pt rings, while Figure 3c displays the Moiré fringes, arising from superimposition of crystalline

2

lattices®®. The density of large particles does not change with deposition time, it amounts to 9 x 108 cm 2, in

contrast radii grow quickly, doubling in 30s. Such a behavior as well as their peculiar poly crystalline nature,
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suggest that their growth occurs for both dynamic coalescence of primary clusters and impingement of ions

to the growing nuclei.
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Figure 2: (a), (b) and (c) TEM plan view micrograph of the sample dipped in the deposition solution for 30s
at increasing magnification showing the co presence of classical and primary PtNPs. The inset in (a) is the

radii distribution for classical particles.
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Figure 3 (a) TEM micrograph of Pt NPs on Si after 60s dipping in the plating solution, the insets are the radii
bar plot and the SAED on the grain respectively; (b) Magnification of the region enclosed by the square in

(a), showing the primary clusters and (c) TEM micrograph of another large Pt particle, showing Moirée

fringes.
classical particles primary clusters
radius [nm] NPs cm NPs cm radius [nm]
8 12
30s 156+ 1.6 9.04 x 10 2.43x10 <1
8 10
60s 33+9 9.08 x 10 8 x 10 1-2

Table 1: A summary of the size and density found from TEM analyses in plan view for dipping time of 30s

and 60s.
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The samples obtained after longer deposition times have been analyzed by SEM and the radii distribution
has been evaluated, as shown Figure 4. Values refer to classical particles since primary clusters disappear

with longer deposition times, see S2.
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Figure 4: (a) SEM micrograph of the sample immersed for 2min; (c) 4min and (e) 16min. (b), (d) and (f) show

the corresponding radii distributions as determined by SEM analysis.

The particle density does not change a lot since it amounts to 1.4x10° NPs cm™for 2min deposition time,
1.1x10° NPs cm™ for 4min deposition time and 1.3 x10° NPs cm™ after an immersion time of 16min. The
average radius increases from 41nm to 58nm by prolonging the dipping time from 2min to 16min. However

while growing, closer particles may coalesce. In Figure 5 we report the data acquired for the radii of the
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classical particles with increasing dipping time in the plating solution. In a Log Log scale the two models (Eqg.

8 and

1
ZDcnl/Z /3

1
t'/e
31,

r(t)zp =

Eg. 9) correspond to two straight lines with slopes, a, of 0.5 and 0.16 respectively, being the growth rate
faster (a=0.5) when the diffusion regions are hemispherical. As seen in Figure 5, r does not show a constant
variation with time. The slopes are reported in the same figure. The radii of particles obtained by deposition
time from 30s to 120s exhibit a growth rate in disagreement with any expected trend being a >0.5. Again,
such a behavior is consistent with the electrochemical aggregative growth mechanisms °2, °’. For longer
times, instead, primary clusters have already coalesced and the data are in agreement with the model of

planar diffusion regions, with a=0.2.
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Figure 5: The Log Log scale of r(t) as measured by electron micrographs (bars are standard deviations).

(Results are quite different from those obtained for Ag and Au following the same experimental procedure [
34, 35]. For 40s deposition time the fractional covered area for Ag was 0.28 [34], for Pt is instead very low,
less than 2% as shown in fig. 1a and as determined by RBS analysis (see fig. 5). Ag nanoparticles also formed

a wellinterconnected metal network, while those made of Pt are sparse and maintain an in-plan round shape.
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Moreover, for Pt we did not observe any competing mechanism between the 3D or Island growth modes as

that found for gold [37].)

b. RBS analyses

The RBS energy spectra associated to the helium ions backscattered from the deposited Pt atoms for different

immersion times are reported in Figure 6.
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Figure 6 (a)-(b) RBS energy spectra of 2.0 MeV He+ ions backscattered from Pt atoms deposited on the Si

substrate after immersion in the 1mM solution for the 10-960s time range;

There are a lot of works aiming to the modeling of RBS spectra with the sample surface, it is commonly
accepted that an increasing roughness results in a lowering of the maximum yield and in a more pronounced
spread of the energy distribution of backscattered ions®. Since the maximum yield resulting from a
continuous thick film is higher than that coming from a partially covered surface, so by comparing the height
of the experimental spectrum with that corresponding to a simulated continuous film it is possible to give
the fractional covered area® (see Figure S1). The coating rate is very slow, as shown in Figure 7a: after a
dipping for 10s in the solution, only 1% of the Si surface was covered with metal particles and even after
16min the covered area approaches 13%. The observed trend is indicative of a 3D Volmer-Weber growth

mode 0. The areal atomic density measured from RBS energy spectra, provides, by differentiation, the
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chronoamperometric curve for the Pt deposition on silicon. The J(t) curve is reported in Figure 7 b. For the
calculation we assumed that to reduce one Pt ion to the metallic state, four electrons are required. The
deposition current amounts to a few pA cm™. In the case of gold, with the same deposition procedure, the
current density was more than one order of magnitude higher. One reason could be the stability of (PtCly) in
the water ! as well as the two steps reaction related to Pt ions reduction.

The current density, J, for Pt exhibits a very fast increase up to about 100s, then it decreases as expected for
a diffusion limited growth. Data are modeled according to the Scharikfer Hills model % and for long times it

follows

Eqg. 10, where c is the (PtCl6)* ions concentration in the bulk of solution and D the their diffusion coefficient.

D
t) =~ nFc |—
J(t) nFe |—

Eq. 10

Fitting to the experimental data, shown in Figure 7b, allows to determine a diffusion coefficient D=2.5 x 10®

cm? st in agreement with previous findings®. The final increase in the current density has been previously

related to the occurrence of new nucleation events.
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Figure 7 : RBS results, (a) % of the Si substrate surface covered by Pt, as computed by RBS spectra and (b)

Current-Time curve for Pt electroless deposition on Si.
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The RBS spectra have been also taken into account in the evaluation of primary clusters. Since the RBS signal
is the energy distribution of the ions backscattered from the target®, ® the FWHM (Full Width at Half
Maximum) gives the thickness, t crossed by the backscattered ions according to Eq. 11:

AErwhm= - (dE/dX) t
Eq. 11

Where AErwnm is the energy spread taken at FWHM of each spectrum and dE/dx is stopping power of the
material®, ¢ for Pt is 138.2 (eV A1) 8,

The total yield of each spectrum has been split in 10 sub regions, as shown Figure 8 a, for each of them we
computed with RUMP the corresponding areal density, A;, while the thickness, t;, crossed by backscattered
ions, has been obtained from Eq. 11. If t;is both the height and the radius of a cylindrical particle with volume
Viit is possible obtain the corresponding number N; of clusters with size t; from

Eq. 12, being pp: the Pt atomic density, 6.61 x 10*2 atoms cm™>.

A;
Vippt

N;[NPs cm™?%] =
Eq. 12

With such a count, we obtained comprehensive overview on both primary and classical particles: in Figure 8
b we show the bar plot for the sample dipped for 60s in the plating solution, reporting the number of clusters
with a given ti. There are more than 10'°particles cm with t; less than 10nm, while for the remaining, about
10° it ranges between 10 and 45nm (see for comparison the measured r, 33nm, from Table 1, in good

agreement with cylindrical approximation).
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Figure 8: RBS analyses (a) an illustration of the split done on each spectrum, to calculate the thickness crossed

by backscattered ions and (b).

(Un” altra possibilita per la figura 8 & questa e ci sarebbe da aggiungere al testo: In figure 8c we report the
same data of b but for deposition time ranging from 10 to 120s. Results show that primary clusters density
grows up to 30-60s then they convert in classical particles by aggregation. The sample dipped for 120s

showed a full classical behavior.
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Figure 8 prova 2 : RBS analyses (a) an illustration of the split done on each spectrum, to calculate the thickness

crossed by backscattered ions and (b), the same as for (b) but for several deposition times.)

Conclusions
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The electroless Pt deposition on Si has been investigated with RBS analyses and electron microscopy. The
analyses pointed out a very complex nucleation mechanism that include the generation of both primary
clusters, with size below 2nm, and classical particles. The formers are stable, do not grow by direct
attachment and their presence is not predicted by the classical theory. They can move on the silicon substrate
supporting self-dynamic coalescence and once they have reached the proper size, they start to grow by direct
attachment. They can also attach to the already present classical particles that will thus grow faster than
expected. The occurrence of this mechanism is supported by the porous poly-crystalline texture of each

particles as outlined by the high-resolution TEM and the RBS analyses.
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