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ABSTRACT

This work reports filling of blind-hole, high aspect
ratio (AR) nano trenches by NiP electroless deposition
(ELD) enabled under supercritical carbon dioxide
(SC-CO»). SC-CO; ELD effectively filled blind trenches
with AR < 1:60 (diameter: 83 nm, depth: 5 pm), which was
twice higher compared to that achieved by conventional
ELD under similar experimental conditions. No
pre-deposition of seed layers or surface pre-treatment to
increase wettability was performed, and trench filling was
achieved only through application of SC-CO,. Moreover, P
content in the nanowires was found to vary according to
nano trench aspect ratio.
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INTRODUCTION
Background

1D nanostructures have received much attention for
various fields in recent years due to their peculiar
characteristics; thus fast fabrication of 1D nanostructures is
of paramount importance. Templated deposition is a
popular fabrication method for 1D nanostructures because
it’s fast, cheap and ecofriendly. Due to its advantageous
properties, anodized aluminum oxide (AAQ) templates are
a common choice for 1D fabrication, and abundant
literature is available on the subject [1, 2].

Furthermore, electroless deposition (ELD) is
relatively non-restrictive method for fabrication of 1D
nanostructures, achieving uniform deposits on peculiar
shapes and even non-conductive substrates. On the other
hand, Ni is fairly popular fabrication material, as suggested
by the abundant literature available. Ni ELD usually
requires a reducing agent, thus the final product consists of
NiP alloy.

Finally, properties of supercritical fluids (SCF) have
been shown to provide advantages in many applications
[3~5] and more specifically in deposition techniques [0
~8]. Under proper emulsification conditions, SCFs actively
enhance electrolyte bath permeability and diffusivity, even
towards secluded structures, which is particularly
important for deposition processes.

For all the above reasons, a technique combining
SC-CO; ELD applied to AAO templates of various aspect
ratios was studied in work in order to determine the
limitations of the proposed fabrication process.
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Description of the new method

In this work, SC-CO, ELD (SC-ELD) was applied to
fill blind-hole nano-trenches of increasingly higher aspect
ratios, in order to produce 1D nanowire structures. To our
knowledge, this is the first report of nanowire filling into
blind-hole trenches only relying on ELD enhanced by
SC-CO; and no pre-deposition of conductive seed layers.
Nanowires by conventional ELD were also prepared for
comparison. Template blind-hole nano-trench depth was
fixed at 5 pm and trench diameters, with respective aspect
ratio (AR), were 200 nm (1:25), 150 nm (1:33), 100 nm
(1:50), 83 nm (1:60) and 76 nm (1:65).

Due to the low reactivity of AAO templates, they must
undergo catalyzation before any ELD process.
Catalyzation steps and relevant chemicals are listed in table
1. Main components were tin chloride, palladium chloride
and hydrogen chloride. Catalyzation process worked well
when processing by conventional ELD, yielding
homogeneous metal coatings. However, when undergoing
SC-ELD the template surfaces turned black instead of the
usual silver color. This carbonization phenomena was
observed by Sano et al. [9]. They suggest using a
catalyzation process consisted of submerging templates in
a CioH1404Pd solution (2 g/L) at 80°C; after 15 min of
catalyzation, SC-ELD was performed effectively.

Components of electrolyte bath used in this work are
listed in table 2. Electrolyte bath was mixed in-house; pH
was adjusted to 5 +0.5.

Table 1: Catalyzation steps for conventional ELD used in
this work.

Component Quantity Time | Temp.

SnCl,/HCI solution SnCly: 0.3 wt.% | 5 min RT
HCI: 2.5 wt.% (25°C)

PdCl1,/HCI solution PdCl,: 0.1 wt.% 5 min RT
HCI: 0.1 wt.% (25°C)

Table 2: Components of electrolyte bath used in this work.

Component Quantity Purpose
NiSO; 20 g/L Ni* ion source
NaPO,H» 25 g/L Reducing agent and P
ion source
Pb(NO3)» 2 ppm Stabilizer
Deionized water 1L Dissolve reactants

ELD equipment is illustrated in figure 1; ELD
mechanism is illustrated in figure 2. The ELD mechanism
can be described according to the following reactions:

H,PO; +H,0 — H,PO; +2H" +2¢~ (1)

1764 Transducers 2019 - EUROSENSORS XXXIII

Berlin, GERMANY, 23-27 June 2019



NiZ* +2¢” > Nil )
2H" +2¢” - H, T (3)
H,PO; +e” — Pl +20H" )

However, it is important to mention that hydrogen
evolution, hydride ion, and metal hydroxide reactions
occur simultaneously [10]. Deposition was performed
under open atmosphere (0.1 MPa) for conventional ELD
and at 15 MPa for SC-ELD, both at a temperature of 70°C.
Deposition time was about 120 min for conventional ELD
and was extended to about 480 min for SC-ELD. Time for
SC-ELD was considerably longer because lower
electrolyte pH reduces nucleation rates [7]. Moreover,
coatings produced by ELD contain amorphous structures,
samples underwent heat treatment (450°C/1 h) in an
annealing furnace to obtain crystalline structures for
subsequent analyses.

Figure. 1: Schematics of ELD equipment used: (a) CO; gas
tank, (b) cooling tank, (c) high pressure pump, (d)
compressor, (e) heating jacket, (f) reaction chamber, (g)
magnetic agitator, (h) plating sample, (i) elevator
mechanism, (P) pressure gauge, (V) pressure valves.
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Flgure 2: Metal crystalliztion under ELD process (a)
Trench sidewall with Pd precursor after catalyzation, (b)

initial metal crystallization of Ni over Pd precursor, (c)
envelop of the trench sidewall, (d) growth towards center
of structure.

RESULTS AND DISCUSSION

Cross-sections of AAO templates were observed by
SEM to determine ELD efficacy as shown in figure 3.
Although both ELD processes successfully filled
nano-trenches up to AR < 1:33, conventional ELD became
impractical for templates with AR of 1:50 and above. On
the other hand, SC-ELD worked well for AR up to 1:60;
however, became impractical for templates with AR of
1:65.

—
300 nm

300 nm

Figure. 3: Cross-sectzon SEM of nanowires with varying
ARs. (a) 1:25 produced by conventinal ELD, (b) 1:25
produced by SC-ELD, (c) 1:33 produced by conventional
ELD, (d) 1:33 produced by SC-ELD, (e) 1:50 produced by
conventional ELD, (f) 1:50 produced by SC-ELD, (g) 1:60
produced by conventional ELD, (h) 1:60 produced by
SC-ELD, (i) 1:65 produced by conventional ELD, (j) 1:65
produced by SC-ELD.

Processes based on CO; as a solvent have lower
dielectric constant due to the low polarity of the CO;
molecule, which coincidentally enhanced trench
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penetration and mass transport [11], even as AR increased
by reduced diameter of the nano-trench. Additionally,
dissolution of SC-CO; into electrolyte bath reduced pH,
which coupled with the inherent low polarity of SC-CO,,
results in higher P content in the nanowires [7]. Moreover,
the SC-CO; enhanced electrolyte can penetrate into the
nano-trenches easily, but once inside, it is difficult to
continuously flow out. Therefore the produced reactants
(particularly P) cannot flow out from the structure as
easily, resulting in the higher P content measured as AR
increased. This was verified by both energy dispersive
spectroscopy (EDS); results of EDS analysis are shown in
figure 4.

Figure 5 shows diffraction behavior of nanowires with
varying ARs as measured by x-ray diffraction (XRD).
After heat treatment, all nanowires displayed peaks in Ni
(111) and Ni3P (220) phases determined from ICDD cards
#01-070-0989 and  #01-074-1384, respectively.
Furthermore, when comparing nanowires of similar ARs,
intensity of the Ni (111) peak was relatively higher in
nanowires produced by SC-ELD than those produced by
conventional ELD. From the EDS results we know that
process based on SC-CO; will have a higher P content;
additionally, Keong et al. [12] reported that increasing P
content increased Ni (111) peak as measured from the
microstructure, which is consistent with our results.
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Figure 4: EDS spectra of Ni nanowires with varying aspect
ratios: (a) 1:25 produced by conventional ELD, (b) 1:25
produced by SC-ELD, (c) 1:33 produced by conventional
ELD, (d) 1:33 produced by SC-ELD, (e) 1:50 produced by
SC-ELD, (f) 1:60 produced by SC-ELD.
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Figure 5: Results of XRD analysis performed in this work.
Al and O phases due to AAO templates were omitted for
convenience.(a) 1:25 produced by conventional ELD, (b)
1:25 produced by SC-ELD, (c) 1:33 produced by
conventional ELD, (d) 1:33 produced by SC-ELD, (e) 1:50
produced by SC-ELD, (f) 1:60 produced by SC-ELD.

CONCLUSIONS

In this work, fabrication of high AR nanowires from
blind-hole templates without pre-deposition steps or
surface treatment by enhanced SC-ELP was successfully
demonstrated. The AR limitations of the SC-ELP were
found to be about twice as high as those encountered in
conventional ELP.

As trench diameter decreased, the electrolyte bath
cannot penetrate as easily. Thus, conventional ELP
performed well for the case of smaller AR (< 33:1).
However, SC-ELP still worked well up to encounter with
AR > 60:1. For cases with higher AR, inclusion of
surfactants can be considered.

Furthermore, nanowires produced by SC-ELP
displayed relatively higher Ni (111) intensity peaks than
those produced by conventional ELP. Intensity of Ni (111)
phase should increase with increasing P content, due to
CO, dissolving in electrolyte bath which actively
decreased electrolyte pH.
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