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23 This protocol details a novel nano-manufacturing technique that can be used to make
24 controllable and customizable nanoparticle films over large areas based on the self-assembly of
25  dewetting of capped metal films.
26
27  ABSTRACT:
28 Recent scientific advances in the utilization of metallic nanoparticle for enhanced energy
29  conversion efficiency, improved optical device performance, and high-density data storage have
30 demonstrated the potential benefit of their use in industrial applications. These applications
31 require precise control over nanoparticle size, spacing, and sometimes shape. These
32  requirements have resulted in the use of time and cost intensive processing steps to produce
33  nanoparticles, thus making the transition to industrial application unrealistic. This protocol will
34  resolve this issue by providing a scalable and affordable method for the large-area production of
35 nanoparticle films with improved nanoparticle control compared to the current techniques. In
36 this article, the process will be demonstrated with gold, but other metals can also be used.
37
38 INTRODUCTION:
39 Large-area nanoparticle film fabrication is critically important for the adoption of recent
40 technological advances in solar energy conversion and high-density data storage with the use of
41  plasmonic nanoparticles'™. Interestingly, it is the magnetic properties of some of these plasmonic
42  nanoparticles, which provide these nanoparticles with the ability to manipulate and control light
43  at the nanoscale. This controllability of light provides the possibility to enhance light entrapment
44  of theincident light at the nanoscale and increase the absorptivity of the surface. Based on these
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same properties and having the ability to have nanoparticles in either a magnetized and a non-
magnetized state, scientists are also defining a new platform for high-density digital data storage.
In each of these applications, it is critical that a large area and affordable nanofabrication
technique is developed that allows for the control of nanoparticle size, spacing, and shape.

The available techniques to produce nanoparticles are mostly based on nanoscale lithography,
which have significant scalability and cost issues. There have been multiple different studies that
have attempted to address the scalability problem of these techniques, but to date, no process
exists that provides the level of control needed for nanoparticle fabrication and is cost and time
effective enough for adoption in industrial applications®!!. Some recent research efforts
improved the controllability of pulsed laser induced dewetting (PLiD) and templated solid-state
dewetting!?>4, but they still have significant required lithography steps and thus the scalability
problem.

In this manuscript, we present the protocol of a nanofabrication method that will address this
scalability and cost issue that has plagued the adoption and use of nanoparticle films in
widespread industrial applications. This processing method allows the control over the produced
nanoparticle size and spacing by manipulating the surface energies which dictate the self-
assembly of the nanoparticles formed. Here, we demonstrate the use of this technique using a
thin gold film to produce gold nanoparticles, but we have recently published a slightly different
version of this method using a nickel film and thus this technique can be used with any desired
metal. The goal of this method is to produce nanoparticle films while minimizing the cost and
complexity of the process and thus we have modified our previous approach, which used atomic
layer deposition and nanosecond laser irradiation on a Ni-alumina system and replaced them
with physical vapor deposition and a hot plate. The result of our work on a Ni-alumina system
also showed an acceptable level of control on the morphology of the surface after the
dewetting®>.

PROTOCOL:

NOTE: The large-area fabrication of controllable and customizable gold nanoparticle films is
achieved by following the detailed protocol. The protocol follows three major areas that are (1)
substrate preparation, (2) dewetting and etching, and (3) characterization.

1. Substrate Preparation

1.1.  Clean the substrate (100 nm SiO; on Si) using an acetone rinse followed by an isopropyl
alcohol rinse and then dry using a stream of N3 gas.

1.2.  Loadthe substrate into the thermal evaporator system and evacuate to reach the desired
pressure for the deposition of the metal film. Ensure that the chamber is evacuated to a pressure

on the order of 10 Torr for the removal of air and water vapor in the chamber.

1.3.  Using the thermal evaporator, deposit the gold film at the desired thickness (5 nm in this
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case). The gold source material was obtained in the form of 0.5 mm diameter wire of gold
(99.99% pure). Note that the thickness control for all the deposition stages is performed by the
calibration of the machine, considering all important parameters and post measurement of the
thickness. At both deposition stages, the argon pressure is a couple of millitorrs (1-5 mTorr), and
the range is given as different pressures are chosen to calibrate for the deposition rate.

1.4. Vent and remove the substrate with deposited metal film from the thermal evaporator
system.

NOTE: The protocol can be paused here.

1.5. Load the substrate with deposited metal film into the direct current (DC) magnetron
sputter deposition system and evacuate to reach the desired pressure for deposition of the
capping film (Table of Materials).

1.5.1. To locate the sample in the machine, put the sample in the load lock and the device
transfers the sample to the main deposition chamber to ensure a sufficient level of vacuum. Note
that the deposition of the alumina capping layer tales place in the next step and this step is
explaining the process of placing the sample in the apparatus and how the sample is transferred
to the main deposition chamber.

1.6.  Deposit the capping layer of the desired material and thickness. Note that the deposition
of the alumina follows a similar procedure and condition of the gold layer deposition, variable
thickness alumina in this case. The alumina source material was obtained in the form of a 50.8

mm diameter, 6.35 mm thick sputter target of aluminum oxide (99.5% pure).

1.7.  Vent the DC magnetron sputter deposition chamber and remove the prepared sample.
(Table of Materials).

NOTE: The protocol can be paused here.
2. Dewetting and Etching

2.1.  Place the prepared sample onto a pre-heated hot plate. For the 5 nm gold film capped
with alumina, heat the sample at 300 °C and allow the sample to dewet for 1 h.

NOTE: The protocol can be paused here.

2.2. Etch the alumina while leaving the gold and underlying SiO,/Si substrate with a
3:1:1=H,0:NH40H:H,0; (in wt%) solution at 80 °C for 1 h. Note that the process is performed in
a hood and all precautions for dealing with corrosive and environmental hazardous material

should be taken.

NOTE: The protocol can be paused here.
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3. Characterization

3.1. Prepare the sample to be vacuum compatible by rinsing with acetone and isopropyl
alcohol followed by drying with N».

3.2. Image the nanoparticle films using scanning electron microscopy (SEM) under high
vacuum and at high magnification (50,000X magnification in this case to resolve the minimum
sized nanoparticles).

NOTE: The protocol can be paused here.

3.3. Perform image analysis to obtain information of nanoparticle size and spacing
distributions. The image analysis is done using a MATLAB-based code that thresholds the
grayscale image, performs noise reduction and particle filling routines?>.

REPRESENTATIVE RESULTS:

The protocol described here has been used for multiple metals and has shown the ability to
produce nanoparticles on a substrate over large-area, with controllable size and spacing. Figure
1 shows the protocol with representative results showing the ability to control the fabricated
nanoparticle size and spacing. When following this protocol, the result, which is the fabricated
nanoparticle film with size and spacing distributions, will be dependent upon the choice of metal,
the choice of substrate, the choice of capping layer material, the metal thickness, and the capping
layer thickness. By adjusting any one of these parameters, a shift and change in these
distributions would be expected. As an example, the 5 nm gold film on SiO, with a Al;Os capping
layer of thicknesses of 0 nm, 5 nm, 10 nm, and 20 nm result in average nanoparticle radii of 14.2
nm, 18.4 nm, 17.3 nm, and 15.6 nm, respectively, an average nanoparticle spacing of 36.9 nm,
56.9 nm, 51.3 nm, and 47.2 nm, respectively.

FIGURE AND TABLE LEGENDS:
Figure 1: Graphical image of the protocol and representative results. The histograms presented
are the pith (Top left) and Radii (Bottom left) distribution of the particle.

Figure 2: The SEM image of No-capping layer (a) and samples with 5 (b), 10 (c) and 20 nm (d)
capping layer. The change in particle sizes and distributions are apparent comparing the images.

DISCUSSION:

The protocol is a feasible and easy process for a nano-manufacturing process for producing
nanoparticles on a substrate over large areas with controllable characteristics. The dewetting
phenomenon, which leads to the production of particles, is based on the tendency of the
dewetted layer to achieve minimum surface energy. The control over the size and shape of the
particles is targeted with the deposition of a second surface on the main layer to tune the surface
energies, and the final equilibrium between the adhesion and the energy required to bend the
capping layer on the particles determines different dewetting regimes, which lead to different
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surface morphologies. This protocol has been designed and demonstrated based on equipment
and processes that are typically accessible to anyone with basic microfabrication equipment and
process capabilities. In the demonstrated approach, additional control over the final nanoparticle
distribution can be achieved by changing the metal film thickness, the cap layer thickness, the
substrate material, and the cap layer material. Between these process variables, a wide range of
nanoparticle size and spacing can be achieved.

Adding additional steps or substituting techniques used in the current protocol can provide
additional modification of the process resulting in more control over the nanoparticle
distributions, including wider range of nanoparticle size and spacing, narrowing of the
nanoparticle distributions, or the ability to produce multimodal nanoparticle films. This protocol
was designed and demonstrated with an emphasis on accessibility and low cost. If more range is
desired, the use of a rapid thermal annealing system or laser irradiation will change the heating
rate and provide more nanoparticle control. If a multimodal nanoparticle distribution is desired,
intermediate steps of lithography (electron beam lithography or photolithography) can be added
before metal deposition or before cap layer deposition. The lithography step(s) will result in a
variable thickness metal or cap layer across the surface and thus a different nanoparticle
distribution.

Another modification that can be made easily is in the desired metal, depending on the specific
application of the nanoparticle film. Here, the demonstration used gold because of the plasmonic
properties, but similarly, a metallic nanoparticle or other plasmonic nanoparticle, or even a core-
shell nanoparticle could be desired. This is achieved by changing the metal film material. This
change will affect the resulting nanoparticle distribution because of the differences in surface
energies, but the same trends would be expected. Note that the thickness of the capping layer
provides control over the resulting nanoparticle size and spacing. For new material systems, an
understanding of the extent of control will be needed.

This protocol was designed to eliminate the issue of large-area substrate-based nanoparticle
fabrication for applications ranging from solar energy conversion to high-density data storage.
These applications require a large-area of nanoparticles with well-defined and controlled
nanoparticles. The techniques that are used in research labs to study the impact that
nanoparticles have in these applications involved expensive equipment and time intensive
processes, making them unfeasible for industrial applications. This protocol has demonstrated
the level of control needed based on affordable and fast processing steps.

This protocol has the potential to be a revolutionary technique for the production of any
nanoparticle films that require substrate-based processing. This demonstration was only done
with a single material system, but more research will be done in the short term to explore the
full capabilities of control and customization that is provided by this protocol.
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represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall held JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

Line 84 a redundant 10~ was removed
Line 152 and was changed to an

Line 169 on was missing after based and

2. Step 1.3: How to deposit the gold film? Please add more details. Please ensure that all text is
written in imperative tense.

The sample was placed in the thermal evaporation system and the deposition of the gold is
taking place in the apparatus. The issue is addressed in the first sentence of 1.3.

3. 1.6: How to deposit the gold film? Please add more details. Please ensure that all text is
written in imperative tense.

Direct current magnetron sputter is a different apparatus from thermal evaporation system and
the DC magnetron sputter system is used to deposit the alumina capping layer.

More descriptive and explanatory statements were added to the end of the section. “Note that
the deposition of the alumina capping layer tales place in the next step and this step is explaining the
process of placing the sample in the apparatus and how the sample is transferred to the main deposition
chamber.”

4. 2.1: Please ensure that all text is written in imperative tense.

The problem is addressed in section 2.1. and the rest of the text.

5. Figure 2: Please add a short description of the figure in addition to the figure title in Figure
Legend.

6. Please upload each Figure individually to your Editorial Manager account as a .png or a .tiff
file.
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