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Abstract

Electrophoretic deposition of palladium nanoparticles prepared by the reverse micelle technique onto InP
substrates is addressed. We demonstrate that the substrate pre-deposition treatment and the deposition conditions
can extensively influence the morphology of the deposited palladium nanoparticle films. Schottky diodes based on
these films show notably high values of the barrier height and of the rectification ratio giving evidence of a small
degree of the Fermi level pinning. Moreover, electrical characteristics of these diodes are exceptionally sensitive to
the exposure to gas mixtures with small hydrogen content.

Introduction

Metal nanoparticles (MNPs) form a bridge between bulk
materials and atomic or molecular structures. Bulk
metals show constant size-independent physical proper-
ties, while the properties of MNPs are driven by their
size, shape, and inter-particle distance. Surface proper-
ties are crucial because the number of surface atoms
becomes significant as the MNP reaches the nanoscale
limit [1]. III-V semiconductors have established their
position in electronic devices thanks to their unique
properties. As compared to silicon, they offer higher
operating speeds, lower power consumption, or higher
light emission efficiency. However, to fully exploit their
properties, there is one key point remaining to be
solved. III-V semiconductor structures suffer from a
high density of surface/interface states causing so called
Fermi level pinning (FLP) [2]. The mechanism responsi-
ble for the FLP at the metal-semiconductor interface
has been a subject of a long-term discussion. We con-
sider the disorder-induced gap state model stating that
large energy deposition processes cause large disorder at
the interface and thus a strong FLP [3]. The FLP leads
to low Schottky barrier heights (SBH) on n-type III-Vs,
which are metal independent when prepared by stan-
dard evaporation techniques [4]. Substantial improve-
ments were reached by (i) incorporation of a thin native
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oxide [5], (ii) low-energy electrochemical deposition
[6,7], and (iii) electroless plating [8].

In this article, we report on the preparation of
Schottky barriers on InP substrates with increased SBHs
by the electrophoretic deposition of palladium nanopar-
ticles (NPs). We also demonstrate their application in
hydrogen sensors. Regarding the group VIII transition
metals, palladium and platinum are the two most pre-
ferred catalytic metals that have an outstanding capabil-
ity of absorbing hydrogen [9]. Hydrogen molecules are
adsorbed at the metal surface and partly dissociated into
atoms. These atoms can diffuse through the metal to
the interface with a semiconductor changing the SBH
and accordingly the electrical properties of the structure.
The hydrogen detection sensitivity and the Schottky bar-
rier quality can be improved by reducing the metal grain
size [10-12].

Experimental

Pd NPs dispersed in isooctane solution were prepared
by the reverse micelle technique [13]. Two reverse
micelle solutions with identical molar ratio of water to
AOT (sodium di-2-ethylhexylsulfosuccinate) were pre-
pared. The first one was an aqueous solution of Pd
(NH3)4Cl,, the second was an aqueous solution of
hydrazine. Equal volumes of these solutions were mixed
leading to the reduction of Pd(NH3),Cl, by hydrazine
within the reverse micelles. As a result, Pd NPs with the
diameters of 7 to 10 nm embedded in reverse micelles
of AOT dispersed in isooctane were obtained.
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The electrophoretic deposition from the colloid solu-
tion took place in a cell with two parallel electrodes.
The upper electrode was made from high-purity gra-
phite, the lower electrode was formed by an epi-ready
InP substrate of n-type conductivity with the back-
ground concentration of about 6 x 10" cm™. The sub-
strates were cleaved from epi-ready wafers and all
handling and depositions were conducted in a clean
room facility. A back side ohmic contact to the InP sub-
strate was formed by either rubbing liquid gallium with
a tin rod or by vacuum evaporation of AuGeNi alloy.
The distance between the electrodes was maintained at
1.5 mm. Pulsed DC voltage with a duty cycle of 50%
and frequency of 10 kHz was applied for a selected per-
iod of time to deposit a Pd nanolayer. The pulsed vol-
tage regime favors the deposition of individual
nanoparticles over the deposition of nanoparticle clus-
ters [14,15]. The deposition process was described in
detail in [16]. Some of the substrates with deposited
nanolayers were further annealed at 400°C in a vacuum
of 10 torr.

Layers of NPs were observed in JEOL JSM 7500F
scanning electron microscope and by atomic force
microscopy (AFM). Selected layers were contacted by
the spots of a graphite colloid paint. These structures
were further characterized by the measurement of cur-
rent-voltage characteristics and their detection toward
hydrogen was tested in a cell with a through-flow gas
system.

Results and discussion

We discuss the influence of (i) the final substrate surface
treatment, (ii) the properties of the deposited colloid
solution, (iii) the elecrophoretic deposition conditions
(time, electrode polarity, applied voltage), and (iv) the
post-deposition treatment of the layers (annealing at ele-
vated temperatures) on the morphology of the deposited
layers, their electrical properties, and their sensitivity
toward hydrogen.

Surface morphology

First, the influence of the applied voltage during the
electrophoretic deposition on the morphology of the
deposited nanolayers was investigated. When a positive
potential is applied to the InP substrate, very few Pd
NPs are deposited. On the contrary, when a negative
potential is applied to the substrate, a full coverage of
the surface may be reached (Figure 1f). It can be con-
cluded that the reverse micelles with Pd NPs in the
solution are positively charged. From now on, all the
samples discussed in this article were prepared with a
negative potential applied to the substrate. The influence
of the magnitude of the applied voltage for the layers
deposited for 1 h at 30 to 100 V is demonstrated in
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Figure 1a, b, c. The higher the voltage, the higher the
surface coverage and the smaller the size of deposited
clusters. This can be described as follows. Sarkar et al.
[17] found a striking analogy between the atomic film
nucleation and growth by molecular beam epitaxy and
electrophoretic deposition of silica microparticles. Let us
assume that the electric field-in analogy with the super-
saturation in epitaxial growth-is a driving force for the
deposition process of Pd NPs. In epitaxial growth,
higher supersaturation leads to a higher number of criti-
cal nuclei with a smaller size. Analogously, higher
applied voltages and accordingly higher electric fields
result in the deposition of a high density of individual
Pd NPs.

Second, different surface treatments of InP substrates
were performed. Conventional procedures for cleaning
the substrates of III-V semiconductors consist in reflux-
ing the substrate in a sequence of organic solvents such
as trichloroethylene, acetone, methanol, and isopropyl
alcohol to remove the contamination from heavy hydro-
carbons, particles and heavy-atom contaminants [18].
The surface of epi-ready InP was (i) multiply rinsed in
isooctane, (ii) treated in boiling methanol for 3 min, or
(iii) treated in boiling isopropyl alcohol for 3 min. Dif-
ferent surface treatments significantly influenced the
morphology of Pd nanolayers. While on the substrates
treated in isooctane and isopropyl alcohol large clusters
of Pd NPs were deposited, individual Pd NPs were
observed on the substrates treated in methanol, which is
in accordance with the conclusions of das Neves and de
Paoli [19] that a single rinse in methanol can substitute
a multiple rinse in different organic solvents, while a
single rinse in isopropyl alcohol is insufficient for the
preparation of a clean substrate surface.

Third, deposition times were varied to reach a differ-
ent surface coverage. As expected, higher deposition
times resulted in higher surface coverage (Figure 1c, d,
e, f). Even at relatively long deposition times, the surface
was not covered completely (Figure 1e). A full coverage
was achieved by a multiple deposition (Figure 1f). This
indicates that the colloid solution gradually depletes of
Pd NPs. Moreover, at high deposition times (without
changing the colloid solution), not only the Pd NPs are
deposited, but also increased amounts of the surfactant
(AOT) are observed on the surface by SEM.

Finally, some of the layers were annealed for 1 h at
400°C. This temperature was a compromise to remove
AQOT and not to cause damage to the InP substrate,
which starts to decompose above 360°C. Luwang et al.
investigated thermal properties of SnO,/AOT NPs in
argon and air. They assigned exotermic peaks at 340°C
to the decomposition of AOT [20]. Park et al. studied
CdS/AQOT and CdS/ZnS/AOT NPs in nitrogen and air
and observed weight reduction due to the AOT
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Figure 1 SEM micrographs of Pd NPs deposited at different voltages and deposition times: (a) InP-Pd-06, 30 V, 1 h; (b) InP-Pd-05, 60
V, 1 h; (c) InP-Pd-04, 100 V, 1 h; (d) InP-Pd-07, 60 V, 4 h; (e) InP-Pd-09 100 V, 18 h; and (f) InP-Pd-25, 100 V, 3 x 10 h. Magnification
60.000. The white scale bar corresponds to 100 nm. All substrates were treated in methanol before the deposition process.

removal from 220 to 380°C. The Fourier transform
infrared spectroscopy showed that bands related to
AQOT were smaller on the samples subjected to 2-h
treatment at 570°C compared to untreated samples;
however, did not disappear completely [21]. Concern-
ing the observation in SEM, after annealing, it was
easier to observe individual Pd NPs, their round shape
was truly visible, and no charging effects were experi-
enced implying that remnants of the surfactant were
partially removed. Also, adhesion of the layers was
greatly enhanced. Non-annealed layers are susceptible
to surface damage; improper handling leads to their
partial removal. Besides, AFM observation is intricate
as the AFM tip pushes the NPs toward the borders of
the scanned area.

Electrical properties and hydrogen detection

Two sets of samples were contacted by the graphite col-
loid paint to measure current-voltage (I-V) characteris-
tics of the InP/Pd NPs/graphite structures and to
characterize its capability of detecting hydrogen. Gra-
phite can be deposited at room temperature and causes
minimum disturbance to the semiconductor surface; it

was reported to form good Schottky contacts on differ-
ent semiconductors [22,23].

The first set included structures from Figure 1a, b, c,
d. The high values of SBH of 0.84-0.87 eV-in compari-
son with thermally evaporated Pd reaching 0.45 eV
only-indicated a very low degree of Fermi level pinning.
The value of SBH did not substantially vary with the
deposition conditions. The influence of post-deposition
annealing was more significant. Figure 2 shows I-V
curves of the sample InP-Pd-07 from Figure 1d before
and after annealing. Both the SBH and the rectification
ratio R (defined as a ratio of the forward and reverse
current at a given voltage) are considerably decreased
after annealing. This decrease is tentatively assigned to
the damage of the uncovered parts of the InP substrate
and must be further investigated in detail. First experi-
ments with hydrogen detection testing were performed
with a mixture of H,/N, containing 20% of H, (Figure
3). A rapid current increase characterized by the sensing
response S = 7.4 x 10° is observed for the sample InP-
Pd-07. S = (I - Ly)/Li, where Iy is a saturation current
under the exposure to hydrogen and [, is the same for
air. After annealing, the sensing response significantly
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Figure 2 Current-voltage characteristics of the sample InP-Pd-
07 showing the influence of post-deposition annealing on the
forward and reverse characteristics.

drops to 0.29 x 10% The same structure was later tested
for 0.1% of H, showing S = 1.8 x 10%

The second set included samples that are summarized
in Table 1. Their I-V curves are shown in Figure 4. All
samples were prepared on methanol-treated substrates
at 100 V and tested for low percentage H,/N, mixture
of 0.1%. The deposition time was varied to change the
surface coverage. All the investigated parameters reach
its optimum values when the surface is partly covered
by individual Pd NPs (1-hour deposition in Figure 1c).
An outstanding value of the sensing response of 4.8 x
10° was achieved. This value is at least by two orders of
magnitude higher than for any other Schottky diode-
based sensor on III-V semiconductors. When shorter
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Figure 3 Current transient characteristics for hydrogen
detection showing the influence of annealing and the
concentration of the testing gas mixture on the current of the
diode which was reverse biased with the voltage of 0.5 V.

Page 4 of 5

Table 1 Summary of the deposition conditions and
electrical characteristics of the samples prepared on
methanol-treated substrates

Sample Time (h) Voltage (V) Rat 1.5V ¢, (eV) S at 0.1%H,
InP-Pd-27 0.5 100 1.8E7 093 5.0E4
INP-Pd-21 1 100 4.8E7 095 4.8E5
InP-Pd-22 2 100 0.7E7 0.88 1.6E4
InP-Pd-09 18 100 1.0E4 0.74 49E2

R is the rectification ratio, @, is the Schottky barrier height, and S is the
sensing response

deposition times below 30 min are applied, the sensing
response quickly decreases. Longer deposition times and
full surface coverage bring results similar to those pub-
lished by other groups for 0.1% H,/N, mixtures [11,12].

The mechanism of the detection is not discussed in
detail and can be shortly described as follows. The
hydrogen molecules are absorbed and dissociated at Pd
surface; atomic hydrogen rapidly diffuses to the Pd/InP
interface, where the dipole layer develops. Subsequently,
the Schottky barrier height decreases and the electric
current increases [12] (Figure 5).

Conclusions

Preparation of Pd NPs by the reverse micelle technique
and their electrophoretic deposition onto InP substrates
were discussed. We were able to vary the surface mor-
phology of the films formed by Pd NPs from several
individual NPs on the surface to its full coverage. Vari-
ety of morphologies was achieved by changing the sub-
strate pre-deposition treatment and the deposition
conditions. Schottky diodes based on these films showed
notably high values of the barrier height up to 0.95 eV
and of the rectification ratio up to 4.8 x 107 giving
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Figure 4 Current-voltage characteristics of the diodes made on
samples from Table 1. The influence of the surface coverage on
the forward and reverse characteristics is depicted.
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Figure 5 Current transient characteristics of the diodes made
on samples from Table 1, which were exposed to 0.1% H,/N,
mixture. The influence of the surface coverage on the current of
the diode which was reverse biased with the voltage of 0.1 V is
shown.

evidence of a small degree of the Fermi level pinning.
Moreover, electrical characteristics of these diodes were
exceptionally sensitive to the exposure to gas mixtures
with small hydrogen content. An outstanding value of
the sensing response of 4.8 x 10° was achieved for the
0.1% H,/N, mixture pointing to the bright prospects of
these structures in extremely sensitive hydrogen sensors.

Abbreviations
AFM: atomic force microscopy; FLP: Fermi level pinning; NPs: nanoparticles;
SBH: Schottky barrier height.
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