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Introduction

Photoelectrochemical (PEC) water-splitting systems place cata-
lysts for the water-splitting half-reactions in electrical contact

with semiconducting photoelectrodes that convert light
energy into separated positive and negative charges.[1–3] In

such systems, the interfaces between the light absorbers and

catalysts must provide a robust mechanical attachment of the
catalyst to the surface as well as a pathway for the charge to

flow from the light absorber to the catalyst.
Electroless plating is a widely used method for the deposi-

tion of metal catalysts onto photoelectrodes.[4] Kulkarni and
co-workers summarized the history of electroless deposition
methods, including optimization of plating conditions (e.g. ,

concentration, pH, temperature), particle density on the sur-
face, and proposed particle-growth mechanisms.[5]

Pt/Si interfaces show different electron transport behavior
for hydrogen production when Pt is deposited electrolessly rel-

ative to when Pt is deposited by electron-beam evaporation.[4d]

X-ray photoelectron spectroscopy (XPS) indicated the forma-

tion of Si oxide at the interface between the electrolessly de-
posited particles and the Si substrate, whereas no interfacial Si
oxide was observed for evaporated Pt.[4d] Furthermore, weak

adhesion of some metals films and nanoparticles (NPs) to Si
surfaces with SiO2 layers was observed.[6]

The present understanding of interfaces between Pt-NPs
and Si substrates is primarily derived from macroscopic mea-

surements, as opposed to methods that provide information

about the electrical and electrochemical properties of individu-
al NPs.[7, 8]

We describe herein the electrical and mechanical properties
of individual electrolessly deposited Pt-NPs on Si(111) surfaces

as measured using atomic-force microscopy (AFM). The electri-
cal and mechanical properties were measured both in air and

The interfacial properties of electrolessly deposited Pt nanopar-
ticles (Pt-NPs) on p-Si and p+-Si electrodes were investigated

on the nanometer scale using a combination of scanning
probe methods. Atomic force microscopy (AFM) showed
highly dispersed Pt-NPs with diameters of 20–150 nm on the Si

surface. Conductive AFM measurements showed that only ap-
proximately half of the particles exhibited measurable contact

currents, with a factor of 103 difference in current observed be-
tween particles at a given bias. Local current–voltage measure-

ments revealed a rectifying junction with a resistance +10 MW

at the Pt-NP/p-Si interface, whereas the Pt-NP/p+-Si samples
formed an ohmic junction with a local resistance +1 MW. The

particles were strongly attached to the sample surface in air.
However, in an electrolyte, the adhesion of the particles to the

surface was substantially lower, and most of the particles had
tip-contact currents that varied by a factor of approximately

10. Scanning electrochemical microscopy (SECM) showed
smaller but more uniform electrochemical currents for the par-
ticles relative to the currents observed by conductive AFM. In
accord with the conductive AFM measurements, the SECM
measurements showed conductance through the substrate for

only a minority of the particles. These results suggest that the
electrochemical performance of the electrolessly deposited Pt

nanoparticles on Si can be ascribed to: 1) The high resistance

of the contact between the particles and the substrate, 2) the
low (<50 %) fraction of particles that support high currents,

and 3) the low adhesion of the particles to the surface when in
contact with the electrolyte.
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in contact with an electrolyte. The surface topography and
conductivity of electrolessly deposited Pt-NPs were simultane-

ously imaged by AFM. The force needed to move the particles
on the surface was measured, and the area under the particles

was examined. Furthermore, the conductance of the particles
in contact with an electrolyte was mapped using AFM-based

scanning electrochemical microscopy (SECM).

Results and Discussion

Topography and conductivity of Pt/p-Si in air

Figures 1 and S1 (Supporting Information) show the AFM top-
ography and conductivity data for a Pt-NP/p-Si electrode pre-

pared using electroless Pt deposition. Figure 1 A shows a typi-
cal scan of the Pt/p-Si sample. Analysis of multiple scans indi-

cated that the width of the particles varied between approxi-
mately 20–150 nm, whereas the height of the particles was be-

tween approximately 20–250 nm. Figure 1 B and C show
contact currents measured at sample biases of 0.3 and @0.3 V,

respectively. The magnitudes of the currents were asymmetric

with respect to the sign of the applied voltage. For example,
at 0.3 V, the contact currents varied from the detection limit of

<1 pA to 103 pA (Figure S1), whereas at @0.3 V, the reverse
current ranged from ,1 to 10 pA. No apparent correlation was

observed between the contact currents at the two voltages
(Figure 1 D, solid blue line at 0.3 V vs. dotted red line at

@0.3 V), and little apparent correlation was observed between

the current and the surface height (dashed green line). Only

approximately half of the particles exhibited contact currents
that were above the detection limit. For example, the topo-

graphic line profile shown in Figure 1 crossed ten nanoparti-
cles, but only five particles exhibited measurable currents

(>2 pA) when the sample was biased at 0.3 V.
The current–voltage (I–V) data measured for individual parti-

cles showed rectifying behavior; however, the I–V behavior
under forward bias varied substantially between particles. For

particles located at positions 1, 2, and 3 (Figure 1 B), the cur-

rents started rising at approximately 0, 0.1, and 0.3 V, respec-
tively. No nanoparticle was present at location 4, and negligi-

ble current (@1.8 to @1.4 pA) was measured at this location.
The I–V data of particles 1–3 (Figure 1 B) were fitted to the

thermionic emission equation [Eq. (1)] considering a series re-
sistance in the circuit :
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in which I(V) is the current at voltage V relative to the equilibri-
um voltage; A is the junction contact area; A* is the effective

Richardson’s constant (1.2 V 106 Am@2 K@2) ;[9] T is the absolute
temperature, q is the unsigned charge of an electron, kB is

Boltzmann’s constant; fB is the barrier height, n is the ideality

factor, and R is the resistance of the sample. Fitted results are
plotted as solid lines in Figure 1 E, and the fitted values of fB,
n, and R are listed in Table 1. The particles had barrier heights
of approximately 0.55 V with resistances of 12–60 MW.

Figures 1 E and S2 show the I–V characteristics of a Pt thin
film/p-Si (Pt-TF/p-Si) sample prepared using electron-beam
evaporation. The data were spatially uniform, indicating that

the deposition resulted in a homogenous metal thin film.

A linear response was observed within the range of the volt-
age scan (Figure S2), with a resistance of 3 MW for the mea-

sured contact area. A much larger current was observed for
the Pt-TF/p-Si sample than for the samples prepared using

electroless Pt deposition.
The results presented in Figure 1 were qualitatively similar

for several replicate samples. For example, Figure S3 shows re-

sults from a different sample that was prepared following
nominally the same procedures as that for the sample dis-
played in Figure 1. Both the 2D images as well as the 3D topo-
graphic images showed a highly dispersed distribution of parti-

cle sizes and a range of currents that spanned thousands of
pA.

Figure 1. Topography, conductivity, and I–V spectroscopy of Pt nanoparticles
electrolessly deposited onto a p-Si substrate and measured in air. (A) Surface
topography, (B) and (C) contact currents shown for sample biases of 0.3 and
@0.3 V, respectively. (D) Cross-sectional analysis of the surface topography
(dashed green line), contact current at 0.3 V (solid blue line), and @0.3 V
(dotted red line) sample biases for the portion of the sample indicated by
the dashed yellow line in (A), (B), and (C). The left and right ordinates are
the contact current and surface topography, respectively. (E) Point-specific I–
V characteristics for the locations corresponding to the labels in (B). The ver-
tical blue curve is an I–V measurement from a Pt thin film deposited onto p-
Si by electron-beam evaporation. The solid lines for curves 1–3 in E are fits
to equation 1, whereas the blue solid line is a fit to Ohm’s law. The fitted
curves match well with the experimental curves. Nanoparticles were present
at positions 1, 2, and 3, but no nanoparticle was present at location 4.

Table 1. Results from fitting the I–V data for particles 1–3 to the ther-
mionic emission equation with a series resistor [Eq. (1)] . Parameters are
described in the text. The I–V data of the Pt thin film/p-Si was fitted to
Ohm’s law. N/A = not available.

Particle fB [eV] n R [MW]

1 0.53 1.5 49
2 0.52 2.6 12
3 0.57 1.4 63
thin film N/A N/A 3
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Topography and conductivity of Pt/ p++-Si in air

Conductivity imaging and local I–V spectroscopy by PeakForce
Tunneling AFM (PF-TUNA) was also performed on Pt/p+-Si

electrodes made from either electrolessly deposited Pt nano-
particles or by electron-beam deposition of a Pt thin film. The

size and height distributions for the particles from analysis of
multiple scans were approximately 20–150 nm and 30–300 nm,
respectively, on a Pt-NP/p+-Si sample (Figure 2 A), similar to
those observed for the Pt-NP/p-Si sample. As shown in Fig-
ure 2 B, only approximately one third of the particles showed
conductive contrast on a 5 nA scale. The contact currents
ranged from approximately 10 pA (for a particle not evident in
the topographic image) to approximately 50 nA (a factor of
103 larger than for Pt-NP/p-Si). Figure 2 C shows I–V data for

the locations labeled in Figure 2 A. Particles 1 and 2 showed

relatively ohmic behavior in this measurement window, with
resistances of 1.5 and 26 MW, respectively, between @50 and

50 mV. A Pt-TF/p+-Si sample showed location-independent
ohmic I–V data with a resistance of 2 kW.

Adhesion for Pt-NP/p++-Si in air

A TESPA probe (Bruker) was used to evaluate the adhesion of
the particles to the substrate. The probe had a nominal spring

constant of 40 N m@1, approximately 20 times higher than that
of the SECM probe (2.2 N m@1) used below. During the pushing
process, a particle was first locally detected using conventional
tapping mode. The tip oscillation was stopped and then the
tip was held 10 nm above the surface while moving from left

to right across a particle by more than 1 mm. Particles subject-
ed to pushing had heights of >150 nm.

Figure 3 A and B present the surface topography for an area
of the sample before and after the particle-pushing process for
samples in contact with air. From the comparison, only parti-
cle 2 was moved by the force from the tip. Particle 2 was the

tallest particle (&275 nm) for which pushing was attempted,
and after particle 2 was moved, a small hole (200 nm width
and 50 nm depth) was observed on the top left adjacent to

the particle. For particles that remained in position, contact by
the cantilever during the pushing attempt resulted in bending

Figure 2. Topography, conductivity, and I–V spectroscopy of Pt nanoparticles electrolessly deposited onto a degenerately doped p+-Si substrate and captured
by PF-TUNA in air. (A) Surface topography and (B) contact currents for a sample bias of 0.1 V. (C) Point-specific I–V characteristics at locations corresponding
to the labels on (A); Nanoparticles were present at location 1 and 2 whereas no particle was present at location 3. An I–V plot for a sample with a thin film of
Pt prepared by electron-beam evaporation on p+-Si is also shown (black solid line).

Figure 3. (A) Surface topography for a sample area imaged by classic tapping mode in air before the pushing process. The yellow arrows and numerical
labels indicate the four particles subjected to pushing from left to right by the probe tip. (B) Surface topography of the same area in (A) imaged by classic
tapping mode in air after the pushing process; and (C) line profiles of the four particles indicated in (A). From left to right are particle 1 (red line), 2 (blue
line), 3 (pink line), and 4 (green line). Zoomed-in views of particle 2 (D) before and (E) after pushing.
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