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Abstract — The mechanisms of Au deposition on InP porous substrates during a pulsed electroplating
process are investigated by means of Topography imaging and Current Mapping measurements. The
obtained results confirm the formation of Schottky barriers at the interface of the semiconductor substrate
with Au nanoparticles with diameters around 20 nm, and corroborate the hypothesis that the mechanism of
Au nanoparticles self-assembling into monolayers is governed by the formation of such Schottky barriers.
The analysis of current-voltage curves suggest also the deposition of a dielectric film over the larger Au
particles produced with long duration pulsed electroplating from DODUCO solutions.

Index Terms — Semiconductor substrate, electroplating, Atomic force topography, Current mapping.

I. INTRODUCTION

Nanoparticles (NPs), including metallic ones, are
important building blocks of a variety of nanodevices and
smart materials. Techniques for assembling and organizing
nanoparticles into controlled architecture starting from
arrays and monolayers to complex 3D architectures are
under development.

The colloidal approach in assembling complex
nanoparticle structures via their immobilization on solid
substrates for the construction of functional interfaces and
their application in a variety of electronic, optical and
sensor components has been previously reviewed [1]. Sol—
gel processes, hydrothermal and homogenous precipitation,
reverse micelles method, chemical reduction technique, and
radio-frequency co-sputtering techniques are also widely
used for the synthesis of nanometric metal particles (see,
for instance, review [2] and refs therein).

Among other technologies, for conducting supports,
electrodeposition is especially attractive, since it provides
electrical connection of NPs arrays to the substrate, and it
does not need stabilizing surfactants, which impacts the NP
surface chemistry [2,3]. Apart from that, the size, shape,
composition, and spatial distribution of NPs are easily
controlled by tuning the deposition parameters and
electrolyte composition. The method is simple, fast, and
inexpensive, highly stable and reproducible.
Electrodeposition has been applied for deposition of metal
nanoparticles on a variety of substrates and templates, such
as silicon [3], stainless steel [4], indium tin oxide (ITO)
coated glass [2], porous silicon [5], nanoporous anodic
alumina oxide (AAO) [2], wide-band gap metal oxide
nanostructured substrates [6,7], and a variety of carbonic
materials, such as glassy carbon electrode [2], highly
oriented pyrolytic graphite (HOPG) [8], carbon sphere
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surfaces [9], carbon nanotubes (CNT) [10,11], graphite
nanofibers (GNFs), carbon nanohorns, and carbon
nanocoils [12], graphene and graphene oxide [13,14].

The mechanisms of metal nanoparticles self-assembling
into nanoparticle layers and films during electrodeposition
are quite complex. Particularly, it was proposed to
functionalize the surface of metal nanoparticles with
multiple redox species, biferrocene (BFc) or anthraquinone
(AQ) thiol derivatives, in order to control the deposition
mechanism [15].

The possibility to cover the surface of InP and GaP
porous structures by a self-assembled monolayer of
electrochemically deposited nanoscale Au nanodots have
been recently demonstrated by applying pulsed
electroplating [16]. The mechanism of self-assembling was
suggested to be governed by the formation of Schottky
barriers at the interface between the porous semiconductor
surface and the Au dots. It was found in a previous research
that the value of the Schottky barrier height depends on the
size of the metallic dots [17]. For instance, the surface
barrier height at a Pt dot rapidly increases toward the value
of the Mott-Schottky limit of 1.1 eV as the Pt dot diameter
decreases to approx. 23 nm. Therefore, it was supposed that
the metal deposition conditions on porous semiconductor
templates change with changing the diameters of metal
nanoparticles, which leads to a kind of hopping process:
metal deposition “jumps” from one local area to other ones
as soon as one or more dots reach the threshold value of the
diameter. This process continues until the entire surface
exposed to the electrolyte is covered by a monolayer of
metallic nanoparticles.

The goal of this paper is to investigate by means of
Current Mapping in an Atomic Force Microscope (AFM)
the evolution of Schottky barriers at the interface between
the porous semiconductor surface and the Au nanoparticles
deposited by pulsed electroplating.
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II. DESCRIPTION OF TECHNOLOGICAL PROCEDURES

Crystalline 500-pm thick n-InP(100) substrates with the
free electron concentration of 1.3x10" cm™ supplied by
CrysTec GmbH were subjected to anodic etching in 500 ml
of 5% HCI aqueous solution at 25°C to fabricate porous
layers as described elsewhere [18].

Electroplating of Au was realized at 25°C in a common
two-electrode plating cell with commercially available gold
or silver baths (DODUCO) where the porous sample served
as working electrode, while a platinum wire was used as
counter electrode. A pulsed voltage with pulse duration of
100 ps and a cathodic voltage of -16 V was applied
between the two electrodes to electrochemically reduce the
metal species on the surface of the samples being in contact
with the electrolyte. After each pulse, a delay time up to
one second was kept. The solution was magnetically stirred
to provide appropriate conditions for the recovery of the
ion concentration in the electrolyte.

Both types of pores perpendicular and parallel to the
substrate surface can be produced in the InP substrate. The
ohmic contact is deposited on the opposite surface of the
substrate with respect to the surface exposed to the
electrolyte for production of pores perpendicular to the
substrate surface. In such a case, the current oriented pores
grow from the surface exposed to electrolyte in the
direction of the ohmic contact.

For producing pores parallel to the substrate surface, a
part of the front surface of the substrate is covered by a
photoresist (region 2 in Fig. 1), and another part is exposed
to the electrolyte in the electrochemical etching process
(region 1). In this case, the pores grow from the surface
exposed to the electrolyte initially in a direction
perpendicular to the surface. However, with the further
propagation of pores, they are deflected in a direction
parallel to the surface and grow under the regions covered
by the photoresist as shown in Fig. 1b. An interesting
feature of porous structures obtained by this method is the
production of buried porous layers. Actually, the buried
pores grew under a 60-nm thick surface layer of virgin InP,
which remains intact during the electrochemical treatment.
This surface layer formed under the photoresist is
transparent for electrons in a SEM instrument, and it can be
removed chemically after the anodic etching. Metal
nanoparticles can be deposited inside pores as described
above. As one can see from Fig. lc, the inner surface of
pores is covered by a dens monolayer of Au dots with
average size of 20 nm after electroplating by applying ten
cathodic voltage pulses of 100 us width as described
above. The density of Au nanoparticles can be controlled
by adjusting the voltage pulse width in the range of 1+100

us.

Fig. 1. (a) Cross section SEM view of a porous InP structure produced by anodic etching through windows produced by
photolithography; (b) top view of the produced structure with a piece of the photoresist layer (region 3); (c) view of pores
filled with a monolayer of Au dots with a piece of the surface layer being removed (region 4).

III. TOPOGRAPHY IMAGING AND CURRENT MAPPING

Topography imaging and Point Contact Microsocpy
(PCM) [19] measurements were performed in ambient
atmosphere in contact mode using a silicon/Pt-coated
cantilever with the spring constant of 0.11 N/m and 22 kHz
resonance frequency. Simultaneous images of the sample
topography and local current mapping using PCM were
obtained, allowing to correlate localized current with
sample features. A bias voltage Vi, of 5V was applied
between the tip and sample surface. The measurements
were carried on using a Solver Next (NT-MDT) AFM
equipment. The samples were analyzed choosing two
different scan areas: 10 um % 10 ym and 5 pm x 5 pm.

The schematic representation of the circuit used for
PCM implementation and current-voltage curve measuring
is presented in Fig. 2.
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Fig. 2. Schematic representation of the circuit used for
PCM implementation and current-voltage curve measuring.

In order to assess the potential barrier built up at the
metal-semiconductor interface, a layer of Au nanoparticles
of different thickness was electroplated on the surface of an
InP sample with a buried porous structure. Fig. 3 illustrates
the topography and current mapping images of such a
layer. One can see that the morphology of the layer is non-
uniform on different regions of the substrate. Most
probably, the non-uniformity is due to the initial state of
the substrate. Nevertheless, the reproducibility of the
measurement is proved by the presence of the same
features in both images (10 x 10 pm and 5 x 5 pm).
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The analysis of Current Mapping images suggests the  densities) correspond to a thin layer (a monolayer of Au
variation of the Au nanoparticle layer thickness over the  nanoparticles with the size of around 20 nm) as described
substrate surface. The regions with red color (high current  in the technology procedures section.

Fig. 3. Topography (a, ¢) and current mapping images (b, d) on 10 x 10 pm and 5 x 5 pm scan sizes; Images (c) and (d)
correspond to a zoom-in scan in the 10x10 pm image.

Fig. 4. I-V curves (right) acquired in the indicated spots on the topography, image (left), and current mapping image (up),
of the sample, with a 10 x 10 um scan size.
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The regions with blue color in the Current Mapping
images correspond to thicker Au layers formed from larger
Au particles. Larger Au particles (with the size around 100-
300 nm) are also deposited onto the regions with thin
nanoparticles layers, indicated by blue circles in a red
background.

The formation of Schottky barriers is indicated by the
analysis of I-V curves in Fig. 4. Measurements in the point
1 in Fig. 4 with high value of the current demonstrate an I-
V curve typical for Schottky diodes, which confirms
deposition of a monolayer of Au nanoparticles. As
discussed in the introduction section, the mechanism of
self-assembling of metal nanoparticles in a monolayer is
governed by the formation of Schottky barriers. The
breakdown of the Schottky barrier at a voltage of 5 V at the
cantilever tip leads to current flow in these regions, which
produces a red color in the current mapping image.

The I-V curve in the point 2 with a yellow color in Fig. 4
suggests also the formation of a Schottky barrier, but with a
higher breakdown voltage. One can suggest that a thin
dielectric film is deposited on the metal nanoparticle layer,
which leads to a lower current density in this point.

The I-V curves measured in regions with a thicker metal
layer (point 3) or at a larger metal particle (point 4) in Fig.
4, with blue color, suggest that a thicker dielectric film is
deposited over the metallic nanoparticle in these regions of
the sample. This dielectric film prevents the current flow in
these regions at an applied voltage of 5 V, which is not
enough for the breakdown of the dielectric film.

These observations are also corroborated by the
measurements performed with a 5 x 5 um scan size (Fig. 5)
in the region of a large metal particle (pointl), a thick metal
layer (point 2), and a thin (monolayer) of Au nanoparticles
(point 3).

Fig. 5. I-V curves (right) acquired in the indicated spots on the topography, image (left), and current mapping, image (up),

of the sample, with a 5 x 5 pm scan size.

Fig. 6. (a) SEM images (left) and corresponding color-
composite (380+525) nm CL images (right) of a ZnO
sample with deposited Au nanoparticles.

The deposition of a dielectric film over metallic Au
particles at long duration of pulsed electroplating is also
confirmed by cathodoluminescence (CL) measurements on
large Au particles (with diameter around 200 nm)
electrodeposited on a ZnO substrate, illustrated in Fig. 6.
One can see from the composite CL image, excited by a 10
kV, 10 nA electron beam, that the UV (380 nm)
luminescence comes from the ZnO substrate, while an
intense green (525 nm) luminescence is emitted by Au
particles. The green luminescence can be produced neither
by virgin Au particles, nor by the Au oxidation processes.
Most likely, the green Iluminescence comes from a
dielectric film deposited over the Au particles from the
DODUCO solution.
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IV. CONCLUSION
The results of this study demonstrate the formation of
Schottky barriers at the interface of Au nanoparticles
monolayer with the semiconductor substrate and suggest
the deposition of a dielectric film over the larger Au
particles produced with long duration pulsed
electroplating.
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