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Maskless patterning of metal nanoparticles and
silicon nanostructures by a droplet deposition and
etching process

Chia-Wen Tsao (2 * and Ping-Chin Shen

This paper introduces a droplet-based method to deposit metal nanoparticles (named: droplet
deposition) and etch silicon surfaces creating silicon nanostructures (named: droplet etching). The
droplet deposition and etching process is a simple and cost-effective method that only requires a
pipette tip for silver and gold nanoparticle coating and fabrication of silicon nanostructures. Besides, it
also eliminates the need for mask designs or other fabrication facilities, simplifying the nanoparticle and
silicon nanostructure patterning process. For the noble metal nanoparticle coating by droplet deposition,
we investigate the influence of various process parameters such as metal ion concentration, hydrofluoric
acid concentration, deposition time, and temperature effects on the resulting nanoparticle plating. And
for silicon nanostructure creation, we use the droplet etching technique that selectively etches the
silicon in regions where metal nanoparticles have been deposited while other regions remain unaffected
and well-preserved. Finally, we demonstrate the capability of hand-writing geometric patterning,
transferring pre-defined patterns by shadow masking and mass production for droplet deposition and

rsc.li/materials-advances

1. Introduction

Over the past few decades, the nano-texturing of silicon sur-
faces has gained significant attention due to its extensive
applicability in a variety of fields."” This involves coating metal
nanoparticles or creating porous/wire-shaped nanostructures
on silicon surfaces. The deposition of the nanoparticle layers
typically employs dry deposition facilities like e-beam,* thermal
evaporators,” or sputtering apparatus.® And generation of sili-
con nanostructures can be generally achieved via top-down
methods like anisotropic wet chemical etching,” laser-assisted
etching,® plasma etching,” reactive ion etching,'® deep reactive
ion etching,"" or bottom-up methods, like chemical vapor
deposition (CVD),"*"* physical vapor deposition (PVD)* or
laser ablation synthesis'®> approaches.

While these deposition and etching facilities offer precise
control over thickness and uniformity, they are usually costly to
acquire and maintain, thereby limiting accessibility for use.
As a solution, researchers have proposed the use of simple
processes such as electroless plating'® or the metal-assisted
chemical etching (MACE)"” process to create metal nanoparticles
or silicon nanostructures. Owing to their straightforward and
efficient fabrication setups that don’t necessitate the preparation
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etching using a multi-channel (8-channel) pipette.

and setup of a galvanic etching cell to generate nanostructured
silicon surfaces,'® both electroless plating and MACE have
emerged as appealing methods for nanoparticle deposition®
or silicon nanostructure fabrication in various fields including
micro-electrical mechanical systems,'®*® biosensors,>"** solar
cells,*?* energy storage,”>*® mass spectrometry,””*® etc.

Both electroless plating and the etching process typically
involve immersing the entire silicon substrate in the plating
electrolyte or etching solution. To pattern the metal or silicon
nanostructure layer by electroless plating or etching, selective
masking techniques can be applied to protect specific areas from
coating, resulting in a patterned region on the silicon surface.
This is usually done by a standard photolithography,> electron
beam lithography,* or soft lithography®® process. Nevertheless,
these lithography-based techniques typically require lithography
facilities or masks to generate the patterns, which can be costly
and time-consuming. Alternative maskless techniques for pattern
generation, such as using self-assembly,**** a magnetic field,>* or
direct laser machining® are being developed to address these
limitations. While these techniques offer some advantages, they
still require additional steps or specialized equipment. Therefore,
there is a need to develop a simple, low-cost method for generat-
ing metal nanoparticles or nanostructures.

In this paper, we present a new electroless plating method to
deposit silver and gold nanoparticles on a silicon substrate
using droplets. Notably, this approach simplifies the process of

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-5370-1033
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00380a&domain=pdf&date_stamp=2023-12-02
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00380a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004024

Open Access Article. Published on 18 November 2023. Downloaded on 3/14/2026 6:51:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

generating metal nanoparticle patterns on a silicon surface without
mask design or other additional steps. To create silicon nano-
structures, we utilize this droplet method to locally etch the silicon
via an etching process, whereby the etchant selectively etches the
metal nanoparticle coated region while leaving other areas pro-
tected. In addition to its mask-free advantage, this droplet-based
method is more cost-effective, requiring only a small amount of
noble metal deposition reagent (a few microliters) and generating
less hazardous waste during the process compared to commonly
used fully immersive electroless plating methods.

2. Experiment
2.1 Materials and reagents

Hydrofluoric acid (concentration 49%), hydrogen peroxide
(concentration 31%), acetone (concentration 100%), and iso-
propanol (concentration 99.8%) were purchased from BASF
Corp (BASF Taiwan, Taipei, Taiwan). Ethanol (concentration
99.5%), methanol (concentration 99.9%), and water (HPLC
grade) were purchased from J. T. Baker Chemical Company
(Phillipsburg, NJ, USA). Silver nitrate (ACS, 99.9+%, metals
basis) and sodium tetrachloroaurate(m) dihydrate (99.99%,
metal basis, AU 49-50%) were purchased from Alfa Aesar (MA
USA). A boron-doped P-Type wafer (4 inch, single side polished,
test grade, resistivity: 1-10 Ohm-cm) was obtained from
Advanced Furnace Systems Corp. (Tainan, Taiwan). Prior to
metal deposition, the silicon wafer was cut into 1 x 1 cm” and
cleaned with acetone and isopropyl alcohol, followed by rinsing
with DI water using an ultrasonic bath to remove the silicon
particles and surface contaminants. Gold and silver nanoparti-
cle deposition solutions were prepared by dissolving 28.7 mg
tetrachloroaurate(m) dihydrate and 12.3 mg silver nitrate in
26.1 mL HPLC water, respectively, in 3 minutes in an ultrasonic
bath, and mixed with 10 mL HF (49%) solution as a deposition
reagent. Polydimethylsiloxane (PDMS, SYLGARD™ 184) was
purchased from Dow Corning Inc. (Atlanta, GA, USA). SU-8
3050 and SU-8 developer were purchased from MicroChem
Corp. (Westborough, MA, USA).

2.2 Contact angle measurements

An automatic contact angle measurement system (OCA 15EC,
DataPhysics Instruments, Filderstadt, Germany) was used to
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Fig. 1 Schematic illustration of the droplet deposition process.
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measure the surface hydrophobicity. In each test, 2 uL water
was auto-pipetted onto the silicon surface, and the droplet
image was captured and analyzed to calculate the contact angle.

2.3 Scanning electron microscope (SEM) image analysis

The SEM images were taken using a Hitachi FESEM (S-4300,
Krefeld, Germany) at the Optical Sciences Center at National
Central University, Taiwan. All samples were cut into 0.5 x
0.5 cm? wafers, and attached to the SEM holder to take the top
and cross-section images.

3. Results and discussion

3.1 Metal nanoparticle plating and silicon nanostructure
preparation by droplet deposition

The droplet deposition method is a straightforward process
that involves using a pipette to extract a small amount of
deposition or etchant solution onto the silicon substrate for
the droplet deposition or droplet etching process. We first
illustrate the droplet deposition process, shown in Fig. 1. The
process begins with a bare silicon wafer and directly pipetting
the deposition solution droplet onto the silicon surface. The
droplet is left to stay for a couple of minutes, allowing for the
electroless plating of noble metal nanoparticles such as Au and
Ag onto the silicon surface. Subsequently, the whole substrate
is subjected to immersion cleaning in a water beaker to remove
the deposited droplets from the silicon surface. It is noted that
the quality of the deposition can be directly influenced by the
droplet removal process, given that the deposition solution is
hydrophilic to the silicon surface at an angle of approximately
35 degrees. In our tests, we attempted to remove the droplet
directly by rinsing with water or by drying via N, gun blowing;
but these methods resulted in deposition solution residues
leaving deposition marks on the surface. As a result, we opted
for the immersion cleaning approach for 5 minutes to rinse
the deposition solution from the silicon wafer thoroughly.
Finally, the coated substrate is removed from the water beaker,
and then N, blow-dried to complete the nanoparticle
plating process.

Due to direct contact between the droplet and the silicon
surface, the nanoparticle plating patterns become intrinsically
correlated with the contact region between the droplet and the

Metal®)

Nanoparticle
coated region

o~ Silicon

Cleaning

Complete deposition

Mater. Adv., 2023, 4, 6730-6740 | 6731


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00380a

Open Access Article. Published on 18 November 2023. Downloaded on 3/14/2026 6:51:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

silicon wafer. This contact enables selective deposition of
nanoparticles onto the contact region, which determines the
pattern of nanoparticle plating. To ensure high-quality nano-
particle plating patterns, precise control over the deposition
conditions is essential. In the following discussion, we explore
the impact of various parameters, including metal ion concen-
tration, temperature, hydrofluoric acid concentration, deposi-
tion time, and temperature effects, in order to determine the
optimal deposition conditions.

3.1.1 The effect of metal ion concentration on metal nano-
particle plating. The concentration of metal ions in the plating
solution is one of the most critical factors in the droplet-based
deposition process as it determines the amount of metal
nanoparticles deposited onto the silicon substrate. To investigate
the impact of metal ion concentration on deposition, we tested
silver and gold plating solutions at varying concentrations,
including 1 mM, 2 mM, 4 mM, and 8 mM. The concentration
of HF was maintained at a fixed concentration of 8 M with 1 pL
droplet volume operating at room temperature.

The SEM images in Fig. 2 demonstrate the Ag (a)-(d) and Au
(e)-(h) droplet deposition results at varying metal ion concentra-
tions of 1 mM (a), (e), 2 mM (b), (), 4 mM (c), (g) and 8 mM (d),
(h). As the concentration of metal ions increases, the size and
coverage rate of deposited metal nanoparticles also increase.
The Ag and Au nanoparticle morphology changes with increased
concentration. The silver deposition exhibits a three-dimensional
dendritic or net-like morphology, while gold deposition tends to
grow in a two-dimensional film morphology. Due to the stronger
interaction between gold and silicon and heteroepitaxial
growth, gold clusters follow the Stranski-Krastanov growth
mode. In this mode, gold initially forms two-dimensional planar
monolayers.**?” On the other hand, silver forms small clusters on
the surface following the Volmer-Weber growth mode. Due to the
agglomeration of silver clusters and strong anisotropic growth,
silver follows a diffusion-limited aggregation model to grow and
forms three-dimensional dendritic structures.*®*°
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Au deposition
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2 mM
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The particle size distribution and deposition coverage are
summarized in Fig. 3. It clearly shows that both the size and
surface coverage of deposited metal nanoparticles grow pro-
portionally with increasing ion concentrations. At a low metal
ion concentration of 1 mM, the majority of metal nanoparticles
are found to be distributed within a 0-1 x 10~ um® range. At a
high metal ion concentration of 8 mM, there is noticeable
growth in large metal particles of both silver and gold, with
sizes exceeding 5 x 10~® pum’. Correspondingly, the surface
coverage shows an increase from 23.4% to 41% for silver and
from 34.5% to 80.1% for gold. This difference is attributed to
the distinct surface morphology between Ag and Au, illustrated
in Fig. 2. Notably, gold nanoparticles exhibit a tendency to grow
laterally under increased ion concentrations, leading to higher
deposition coverages compared to silver deposition.

Additionally, the effects of metal ion concentration on
deposition times were investigated. The experiments were con-
ducted using three distinct deposition durations of 30, 60, and
90 seconds under conditions of 8 M HF and 4 mM ion
concentrations. As displayed in Fig. 4, we observe growth in
particle size with time for Ag droplet deposition. Gold exhibits
more minor differences in deposition at three different time
intervals than silver. This is presumably due to the high
deposition coverage of gold; the number of active deposition
sites available for metal ion attachment is relatively limited.
This leads to a decrease in the deposition rate and shows little
effect on Au droplet deposition conditions.

3.1.2 The effect of HF concentration on metal nanoparticle
plating. To determine the optimal HF conditions for droplet
deposition, we experimented with different HF concentrations
for 4 M to 12 M. Fig. 5 shows the SEM images of silver and gold
nanoparticles coated on the silicon surface by the droplet
deposition with 4 M (a), (d), 8 M (b), (e), and 12 M (c), (f) HF
concentrations. It can be observed from the figure that as the
concentration of hydrofluoric acid increased, silver and gold
showed difference. For silver nanoparticles, an increase in HF

Ion concentrations

Fig. 2 x50k and x10k (right-bottom) SEM images of silver (Ag) and gold (Au) nanoparticles by droplet deposition with 1 mM, 2 mM, 4 mM, and 8 mM ion
concentrations. The HF concentration was 8 M, and the deposition time was 60 seconds.
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Fig. 3 Particle size distribution percentage (black color y-axis label) and coverage percentage (blue color y-axis label) for Ag and Au nanoparticle
deposition with various metal ion concentrations. The particle size distribution % is defined as the ratio of the number of metal particles in each size
segment to the total number of metal particles, and the coverage percentage is defined as the ratio of metal coverage area to the total area.

Ag deposition

Au deposition

30 seconds

60 seconds

90 seconds

Fig. 4 x50k and x10k (right-bottom) SEM images of silver (Ag) and gold (Au) nanoparticles by droplet deposition with 30, 60, and 90 seconds. The ion

concentration was 4 mM, and the HF concentration was 8 M.

concentration induces growth into larger particles. In this
process, HF serves as an etchant that dissolves the silicon
substrate and releases electrons for deposition. Thereby, by
increasing the concentration of hydrofluoric acid in the
solution, the silicon etching rate can be increased, resulting
in a higher concentration of electrons available for deposition
into a bigger nanoparticle.”® For gold droplet deposition, as it
tends to grow towards a two-dimensional thin film in the lateral
direction, an increase in HF concentration does not lead to
larger particles but increases the coverage rate percentage from
31.2% to 41.3%. Considering the objective of achieving optimal
deposition uniformity, we selected an 8 M HF concentration for
the deposition conditions in subsequent tests.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.1.3 Effect of temperature on droplet deposition. The
droplet deposition method involves plating nanoparticles onto
the silicon surface using only a few microliters of the deposi-
tion solution. Consequently, the droplet becomes prone to
evaporation or temperature variations. To explore the thermal
influence on droplet deposition, we carried out experiments at
60 °C and compared these results with those observed in a
room temperature environment (20 °C) with 30 to 90 seconds
deposition time. As illustrated in Fig. 6(a), it can be observed
that under both silver and gold deposition conditions, the
droplet positioned at the center does not significantly evaporate
until 90 seconds. Conversely, at an elevated temperature of
60 °C, the deposition droplets begin to evaporate as early as

Mater. Adv., 2023, 4, 6730-6740 | 6733
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(a) x50k and x 10k (right-bottom) SEM images of silver (Ag) and gold (Au) nanoparticles by droplet deposition with 4, 8, and 12 M concentrations.

Fig. 5
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The ion concentration was 2 mM, and the HF concentration was 8 M. Deposition time is 60 seconds. (b) Particle size distribution percentage (black color
y-axis label) and coverage percentage (blue color y-axis label) for Ag and Au nanoparticle deposition with various metal ion concentrations. The particle
size distribution % is defined as the ratio of the number of metal particles in each size segment to the total number of metal particles, and the coverage

percentage is defined as the ratio of metal coverage area to the total area.

30 seconds, leaving a small electroless deposition solution near
the center by 90 seconds.

Referring to the SEM image depicted in Fig. 6(b), it can be
discerned that under room temperature conditions, silver and gold
are more uniformly deposited onto the silicon surface within the
droplet contact area compared to that under the higher tempera-
ture conditions, with the exception of the droplet edge. Conversely,
at 60 °C, the deposition droplet evaporates and concentrates
towards the center at this elevated temperature, resulting in a

6734 | Mater. Adv., 2023, 4, 6730-6740

higher nanoparticle density at the droplet contact region, while the
dried areas exhibit only a minimal nanoparticle presence on the
surface. Furthermore, we observed an expansion of the edge
etching region in the droplet deposition method as the deposition
temperature increased. This phenomenon can be attributed to the
reduction in droplet size due to evaporation, causing the dry region
to be exposed to hydrofluoric acid etching before complete evapora-
tion. We speculate that droplet evaporation has an adverse effect on
droplet deposition, making it more challenging for metal ions to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ag and Au nanoparticle distribution on the silicon surface at room temperature and 60 °C by the droplet deposition method.

reach the edge region for deposition, resulting in non-uniform
metal deposition under high temperature conditions. Therefore, it
is important to control the droplet evaporation/condensation on
the silicon surface if uniform droplet deposition is required. We
suggested minimizing the possibility of droplet evaporation by
lowering the deposition temperature or increasing the environ-
mental humidity.

3.2 Nanostructured silicon surface fabrication by droplet etching

Following the deposition of noble metal nanoparticles, we
employed MACE to create silicon nanostructures by the droplet

© 2023 The Author(s). Published by the Royal Society of Chemistry

etching approach. This process differs from the conventional
MACE practice, where noble metal-coated silicon substrates are
fully immersed in the etching solution. This droplet etching
method offers an advantage for the local etching of Ag/Au-
coated regions without causing damage to the uncoated region.
The droplet etching is demonstrated in Fig. 7. It begins with
the deposition of the HF/H,0,/C,H;OH (volume ratio 5:1:5)
etching solution onto the coated region and staying for a few
minutes. Following this, the entire substrate is rinsed with
methanol, and subsequently dried using an N, gun to fabricate
the nanostructure pattern on the silicon surface.

Mater. Adv,, 2023, 4, 6730-6740 | 6735


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00380a

Open Access Article. Published on 18 November 2023. Downloaded on 3/14/2026 6:51:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Etching
solution

Coated region
-

Fig. 7 Schematic illustration of the droplet etching process.

Droplet deposition

From the SEM images presented in Fig. 8, circular-shape
silicon nanostructure patterns are generated by the droplet
etching process. The Ag-coated substrate shows 0.1-0.8 pm
diameter and 0.6-2.7 um height pore-shape surface morphology.
The Au-coated substrate shows 0.1-0.6 pm diameter and 1.6-
1.7 pm height wire-shape surface morphology. For 1 minute
etching time, as displayed in Fig. 8(a), the silicon nanostructure
morphology, size, and length created by the droplet etching
process are similar to those created using the conventional
MACE process where the silicon substrate was fully immersed
in the etching solution for a short etching time. An important
distinguishing feature of the droplet etching process is its ability
to confine etching to the Ag/Au-coated regions. This effectively
leaves the silicon surface outside the droplet etching region
unscathed and protected, ensuring the preservation of the base
material’s integrity. In contrast, full immersion MACE etching
often results in the formation of numerous tiny pits dispersed
across substrate areas that are not targeted for etching, as shown
in Fig. 8(a). This demonstrates the advantages over the standard
MACE process. It effectively prevents silicon surfaces outside the
metal deposition area from being damaged by HF etching,
making it particularly valuable for applications requiring a high
degree of surface flatness, such as silicon bonding. Furthermore,
the droplet etching process offers the advantage of selective
etching in the desired metal deposition areas without the need
for intricate masking techniques to protect the surface from
being etched or damaged, which is typically associated with
conventional MACE processes.

When extending the etching time to 20 minutes, as demon-
strated in Fig. 8(b), distinct morphological differences become
apparent between droplet etching and immersion etching.
Although both the Ag- and Au-coated substrates present similar
pore and wire-shaped surface morphologies, the immersion
method tends to yield larger surface features compared to the
droplet etching process. For Ag-coated substrates the pore
shape surface was measured to have 0.9-2.1 pm diameter and
3-15 um height. And for Au coated substrates, the pore shape
surface was measured to have 0.8-1.5 pm diameter and 18-
44 pm height. Since the droplet etching employs significantly
less solution than the immersion method (1 pL compared
to ~200 mL), it is plausible that, with the progression of the
reaction, the overall HF and H,O, concentrations decrease over

6736 | Mater. Adv, 2023, 4, 6730-6740
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a long reaction time which decreases the etching rate in a small
volume. Therefore, we observed surface morphology difference
for more extended etching time conditions.

3.3 Maskless patterning of metal nanoparticles and porous
silicon by the droplet deposition method

3.3.1 Correlation between the droplet volume and pattern
size. Precise control of the droplet-silicon wafer contact region
is essential to ensure high-quality nanoparticle plating as well
as consequent silicon nanostructure patterns for this droplet
deposition and etching approach. In the droplet deposition
process, when a droplet comes into contact with a bare silicon
surface, it spreads out due to its hydrophilic nature (contact
angle: ~35 degrees) which forms a circular shape pattern on
the silicon surface. Thus, the size of the pattern is highly
correlated with the volume of the droplet. Fig. 9 illustrates
the relationship between droplet volumes ranging from 0.2 to
8 pL and the corresponding deposition areas. For a 0.2 uL
droplet, the deposition size was measured to be 1726 + 176 um.
As the deposition volume increases, the droplet size corre-
spondingly expands, reaching 5531 + 403 pm. This trend
underscores the importance of controlling the droplet volume
in achieving the desired pattern sizes. Consequently, through
manipulating droplet volumes, we can regulate and customize
pattern dimensions effectively for different applications.

3.3.2 Pattern generation and multi-channel deposition by
the droplet deposition and etching process. In addition to
droplet volume-based size control as discussed previously, this
droplet-based technique also offers the ability to manually
deposit or ‘hand-write’ a variety of nanoparticle geometries,
such as 2 x 3 array patterns, straight lines, triangles, squares,
circles, or even text directly onto silicon surfaces. Fig. 10(a)
demonstrates the resulting silicon nanostructure geometries
generated by the droplet deposition and etching process.
Alternatively, we can employ a shadow mask layer to transfer
pre-designed patterns onto the silicon surface by restricting the
deposited droplets. As depicted in Fig. 10(b), the PDMS mask-
ing layer can be created through straightforward cutting or by
casting from an SU-8 micromold. Following the fabrication of
the mask layer, the PDMS mask layer is affixed onto the silicon
substrate. Subsequently, droplet deposition is performed onto
the mask layer to transfer the predetermined pattern onto the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Etching for (a) 1 minute and (b) 20 minutes. The silver and gold
concentration, deposition time: 90 seconds, room temp.

silicon surface. Post the droplet deposition phase, the for-
mation of silicon nanostructure patterns can be generated
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nanoparticle coating for this droplet etching test is 8 M HF 2 mM ion

through droplet-based MACE etching procedures which is
displayed in the Fig. 10(b) bottom image.

Mater. Adv., 2023, 4, 6730-6740 | 6737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00380a

Open Access Article. Published on 18 November 2023. Downloaded on 3/14/2026 6:51:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

6000
{
5000
g =
S 4000 @
e
Q
£ 3000 1 1pL
bS] . - 4 pL 8 puL
=
02 pL
8 2L
g - i
bl
0.5 pL
04
T T T T T T T
0 051 2 4 6 8
Droplet volume (pL)

Fig. 9 Correlation between droplet volume and resultant pattern size on
the silicon surface by droplet deposition. The deposition conditions for this
experiment: 8 M HF concentration, 2 mM metal ion concentration, room
temperature environment, and 90 seconds deposition time.

Another advantage of the droplet deposition method is its
compatibility with commercially available droplet deposition
systems or pipettes. In our earlier discussions, we utilized a
single-channel pipette to examine the influence of various
droplet deposition process parameters. However, when larger-
scale depositions are required, multi-channel pipette tips can
be used to pattern droplet arrays with high throughput. In
addition, these tips are not confined to depositing a one-type
deposition solution. Instead, each pipette tip can act as an
individual deposition site, depositing various conditions on the
substrate in a single run. As shown in Fig. 10(c), we demon-
strate high-throughput microdroplet deposition using an
8-channel pipette (CAPP C200-8). In this test, the eight droplets
contained four different types of deposition solutions (two
droplets for 4 mM Ag, 4 mM Au, 1 mM Ag, and 1 mM Au).
This allows the deposition of distinct coating reagents on the
surface silicon in a single pipette run. These multi-channel
approaches presented the flexibility and the scalability of the
droplet deposition method marking the droplet deposition/
etching method as a potential tool in nanotechnology research.

4. Conclusions

In this research, we have successfully demonstrated a novel
methodology for maskless patterning of noble metal nano-
particles and silicon nanostructure fabrication via the droplet
deposition and etching process. For the droplet deposition, we
investigated various deposition parameters for silver and gold
nanoparticle deposition. The results showed that metal ion
concentration has a profound impact on nanoparticle deposi-
tion; both silver deposition and gold deposition show increasing
nanoparticle size and coverage rate with increasing metal ion
concentration. Given the droplet’s small volume, deposition
at room temperature was found to be preferable to ensure
a uniform nanoparticle distribution. In contrast, at elevated
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Fig. 10 Demonstration of the droplet deposition and droplet MACE
etching by (a) hand-writing, (b) using PDMS as a masking layer, and
(c) high-throughput patterning (8 patterns) generation with an 8-channel
pipette tip.

temperatures above 60 °C, evaporation occurred, leading to a
concentrated nanoparticle coating.

After nanoparticle deposition, we utilized the droplet
etching method to locally etch silicon, creating silicon nano-
structure patterns. This localized etching process ensures the
protection of uncoated regions, showing another significant
advantage of this method. In this study, we selected Ag and Au
as noble metals in the proposed droplet-based MACE process to
produce high aspect ratio porous silicon microstructures. Other
metals such as Pt,*" Cu*® and Ni** can also applied in this
droplet-based approach to generate porous-shape (Pt) and pit
or inverted pyramid shape (Cu and Ni) morphologies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Finally, we use hand-writing and shadow mask methods to
create various geometries and patterns on the silicon surface,
and also demonstrated that the droplet deposition and etching
method is fully compatible with commercially available droplet
deposition or pipette systems, including both single-channel
and multi-channel (8-channel) pipettes, as demonstrated in
this paper. In the future, for industrial-level applications or
higher fabrication throughput demands, automated 96/384-
well/droplet high throughput electronic pipette systems can
be used for more precise, controllable, and mass-produced
droplet deposition, creating metal nanoparticles on silicon
surfaces or porous silicon patterns for various applications.
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