
 
 

Delft University of Technology

Dry Aerosol Direct Writing for Selective Nanoparticle Deposition

Aghajani, S.

DOI
10.4233/uuid:cc6cd71d-d46c-4db6-8f55-38ca841391f9
Publication date
2023
Document Version
Final published version
Citation (APA)
Aghajani, S. (2023). Dry Aerosol Direct Writing for Selective Nanoparticle Deposition.
https://doi.org/10.4233/uuid:cc6cd71d-d46c-4db6-8f55-38ca841391f9

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:cc6cd71d-d46c-4db6-8f55-38ca841391f9
https://doi.org/10.4233/uuid:cc6cd71d-d46c-4db6-8f55-38ca841391f9


ISBN  978-94-6384-408-6





Dry Aerosol Direct Writing for Selective
Nanoparticle Deposition





Dry Aerosol Direct Writing for Selective
Nanoparticle Deposition

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology,

by the authority of the Rector Magnificus Prof.dr.ir. T.H.J.J. van der Hagen,
chair of the Board for Doctorates,

to be defended publicly on,
Wednesday 08 February 2023 at 15:00 o’clock.

by

Saleh AGHAJANI

Master of Science in Materials Engineering & Nanotechnology,
Politecnico di Milano, Italy,

born in Tehran, Iran.



This dissertation has been approved by the promotors:

Promotor: Dr. ir. M. Tichem
Copromotor: Dr. A. Accardo

Composition of the doctoral commitee:

Rector Magnificus, Chairman
Dr. ir. M. Tichem, Delft University of Technology
Dr. A. Accardo, Delft University of Technology

Independant members:
Prof. dr. U. Staufer, Delft University of Technology
Prof. dr. S. Conoci, University of Messina, Italy
Prof. dr. J.G.E. Gardeniers, University of Twente, Netherlands
Prof. dr. ir. J. Westerweel, Delft University of Technology
Prof. dr. G.Q. Zhang, Delft University of Technology, Reserve member

Keywords Nanoparticle, Dry Aerosol Direct-Writing, Aerodynamic focusing,
Surface-Enhanced Raman Scattering (SERS), Thermal-treatment

Printed by: ProefschriftMaken, The Netherlands

Front & Back: Artistic visualization of nanoparticle focusing by a sheath gas nozzle

Cover design: Mahdis Jahangiri

Copyright © 2022 by S. Aghajani

ISBN 978-94-6384-408-6

An electronic version of this dissertation is available at
http://repository.tudelft.nl





v

Summary
Microprocessors, long-lasting batteries, and sensors are a number of examples of nanotech-
nology revolutionising our daily lives. Nanotechnology is the study, development, and manu-
facturing of structures and devices which derive unique and novel properties from nanoscale
phenomena. To realise such structures and devices, a set of processes summarised under the
term ’nanomanufacturing’ (NM) is required to fabricate at the nanoscale. NM includes a wide
range of strategies and methods where nanoparticles (NPs) serve as one of the building blocks.
Therefore, NP manipulation is essential to addressing the desired applications. Because of their
flexibility and efficiency, direct writing (DW) methods have received considerable attention in
many studies. With nanoparticle direct writing, patterns and features can be created locally on
a surface without the need for lithography processes. Inkjet printing (IJP) and aerosol jet print-
ing (AJP) are widely used DW NP deposition methods for creating patterns with a resolution of
less than 100 µm. Both these methods deposit NP from the liquid phase and employ a variety
of chemical agents, which can lead to contamination, affecting the properties of the film. Addi-
tionally, due to liquid-substrate interaction, high-resolution NP deposition using wet techniques
necessitates proper surface modification. Compared to NP liquid-phase-based approaches, dry
methods do not involve any chemical agent, thus reducing the possibility of contamination. To
use dry-synthesised NPs in a direct-writing method, particles in a gas flow should be focused
and deposited on a substrate. The main challenge in fabricating high-resolution patterns em-
ploying dry-synthesised NPs is the deposition of fine NPs (<100 nm) from the gas flow onto a
defined location or region on the substrate due to their extremely small size and lower relaxation
time (time required for a particle to adjust its velocity to a new condition).

This dissertation presents a novel, simple, and solvent-free method for selective NP depo-
sition on various substrates, enabling the DW of NPs. The particle generator is based on the
spark ablation method (SAM), which generates metal NPs featuring sizes <20 nm. Chapter 2
discusses aerosol physics as the foundation of the proposed NP deposition process by examin-
ing the forces acting on a particle suspended in a gaseous flow. It is demonstrated that the most
important force acting on a particle in a flow is the Stokes drag force, while other forces are
negligible. On this basis, particle trajectory calculation is performed (Chapter 3) for nozzle
optimisation at low computational cost.

After introducing the overall context of this work inChapter 1 and aerosol physics inChap-
ter 2, the performance of two aerodynamic focusing strategies, based on a converging nozzle
(CN) and a sheath-gas nozzle (SGN) design, for writing high-resolution and sharp patterns is
investigated numerically and experimentally in Chapter 3. In an SGN, a secondary flow acts
as a moving wall and confines the aerosol flow to the flow’s centric region, resulting in an ad-
ditional aerodynamic focusing compared to a CN. Numerical analysis revealed that, unlike the
CN, the SGN can better collimate particles within the nozzle while being less sensitive to design
parameters. Moreover, it is found that the collection efficiency (CE) and focusing ratio (FR)
both improved using the SGN, and smaller particles were collected on the substrate. The ex-
perimental results showed that the SGN can write narrower lines than the CN, down to 27% of



Summary

the nozzle diameter due to the confinement of the main flow in the centric region. Insensitivity
to design parameters simplifies the manufacturing of nozzles capable of printing patterns with
feature sizes smaller than 100 µm. In addition, this dissertation assesses the morphological and
optical properties of patterns deposited via dry aerosol direct-writing (dADW) and the level of
control that can be exerted over these properties through post-deposition thermal treatment.
The morphology, microstructure, and nanostructure of as-deposited Cu and Au NPs are investi-
gated inChapters 4 and 5 respectively, and it is discovered that both have a similar morphology
with dense and randomly shaped microstructures formed by primary NPs and agglomerates of
various sizes, resulting in a high-porosity three-dimensional (3D) structure with nanometric
features. It is shown that different morphologies and nanostructures can be formed depending
on the material, time, and temperature of the thermal treatment process. This is significant
because the nanostructure and morphology influence the optical properties of the NP film as
well as the local enhancement of the electromagnetic field. Finally, an investigation is carried
out on how the suggested additive nanomanufacturing method performs in the context of the
fabrication of surface-enhanced Raman scattering (SERS) devices. This investigation is reported
in Chapters 4 and 5 for copper and gold NP films, respectively, by assessing the detection of a
low concentration reference dye (Rhodamine B (RhB)). On the as-deposited patterns, the detec-
tion limit for Au and Cu NP patterns is as low as 1 nM and 1 µM, respectively. Furthermore, it
is discovered that post-deposition thermal treatment is highly effective for increasing the SERS
signal of CuNPs films by a factor of ten. On the other hand, heat treatment is less effective for
AuNPs in terms of SERS signal enhancement, but it is effective in terms of tuning of optical
properties, which enable resonance Raman scattering, as reported in Chapter 5.

In conclusion, this work proves the capability of dry aerosol direct writing for the selec-
tive deposition of very fine nanoparticles in high-resolution patterns with widths smaller than
100 µm. Furthermore, because the morphology and optical properties can be easily controlled
and tuned using simple and low-temperature thermal treatment, the dADW method can fabri-
cate a wide range of functionalities, including patterns for surface-enhanced Raman scattering
applications.
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Samenvatting
Microprocessors, batterijen die lang meegaan en biosensoren zijn een aantal voorbeelden waar
nanotechnologie een revolutie teweegbrengt in ons dagelijks leven. Nanotechnologie is de stu-
die, ontwikkeling en productie van nanostructuren en componenten die unieke en nieuwe ei-
genschappen ontlenen aan nanoschaal-gerelateerde eigenschappen. Om dergelijke structuren
en componenten te realiseren zijn nanomanufacturing (NM) processen vereist. NM omvat een
breed scala aan strategieën en methoden, en nanoparticles (NPs) dienen als bouwstenen in veel
van deze methoden, en als gevolgis het kunnen maniupleren van NPs van essentieel belang.
Vanwege hun flexibiliteit en efficiëntie hebben met name direct-write (DW)-methoden veel
aandacht gekregen in onderzoek. Met direct schrijven van nanodeeltjes kunnen patronen en
structuren lokaal op het oppervlak worden gecreëerd zonder dat lithografische processen nodig
zijn. Inkjet printen (IJP) en aerosol jet printen (AJP) zijn veelgebruikte DW depositiemethoden
voor NPs, waarmee patronen gemaakt kunnen met een resolutie van minder dan 100 µm. Beide
methoden zijn gebaseerd op natte technieken voor NP-synthese waarbij gebruik gemaakt wordt
van een verscheidenheid aan chemische middelen, die tot verontreiniging kunnen leiden en de
eigenschappen van de film kunnen veranderen. Bovendien, als gevolg van vloeistof-substraat
interactie, is vaak oppervlaktemodificatie nodig om NP depositie te kunnen doen met hoge
resolutie. In tegenstelling tot natte NP synthese zijn er bij droge synthesemethoden geen che-
mische middelen aanwezig, waardoor de kans op contaminatie wordt verkleind. Om NPs die in
een droge methodiek gesynthetiseerd zijn in een DW depositiemethode te gebruiken, moeten
de NPs in een gasstroom worden gefocust en op een substraat worden gedeponeerd. De belang-
rijkste uitdaging bij het fabriceren van patronen met hoge resolutie met behulp van de droog
gesynthetiseerde NPs de afzetting van fijne NPs (<100 nm) op een gedefinieerde locatie of regio
op het substraat vanwege hun kleine afmetingen en lagere relaxatietijd.

Dit proefschrift presenteert een nieuwe, eenvoudige, en oplosmiddelvrije methode voor se-
lectieve depositie van NPs op verschillende type substraten, waardoor de DW van nanodeeltje
mogelijk wordt. De deeltjesgenerator is gebaseerd op de vonkablatiemethode (Spark Ablation
Method, SAM), die verschillende metalen nanodeeltjes kan genereren, afhankelijk van het mate-
riaal van de electroden. Hoofdstuk 2 bespreekt aërosol-fysica, die de basis vormt van het voor-
gestelde nanodeeltje-depositiesysteem, en introduceert de krachten die werken op een deeltje
dat in een gasstroom is gesuspendeerd. De belangrijkste kracht die werkt op een deeltje in een
stroming is de Stokes-wrijvingskracht, terwijl de andere krachten verwaarloosbaar klein zijn in
vergelijking daarmee. Dit inzicht wordt gebruikt voor het efficient bereknen van de baan van
de deeltjes in Hoofdstuk 3 ter optimalisatie van het nozzleontwerp.

De prestaties van twee aerodynamische focuseringsstrategieën, een convergerende nozzle
(CN) en een sheath-gas nozzle (SGN), voor het schrijven van scherpe patronen met een hoge re-
solutie, worden onderzocht inHoofdstuk 3. Numerieke analyse toont aan dat, in tegenstelling
tot CN, SGN deeltjes beter kan collimeren terwijl de prestaties minder gevoelig is voor de ont-
werpparameters. Bovendien verbeteren zowel de verzamelefficiëntie (Collection Efficiency, CE)
als de focusverhouding (Focusing Ratio, FR) met behulp van SGN en kunnen ook kleinere deel-
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tjes op het substraat worden verzameld. De experimentele resultaten tonen aan dat met SGN
smallere lijnen, tot 27% van de nozzle diameter, geschreven kunnen worden dan met CN, dank-
zij het vernauwen van de hoofdstroom in het centrale gebied van de nozzle veroorzaakt door
een secundaire (sheath gas) stroom. Het combineren van deze parameters vereenvoudigt de pro-
ductie van de spuitmonden die patronen kunnen printen met kenmerkgroottes kleiner dan 100
μm. Daarnaast evalueert dit proefschrift de morfologische en optische eigenschappen van patro-
nen die via dADW zijn gedeponeerd en de mate van controle die over deze eigenschappen kan
worden uitgeoefend door thermische behandeling na de depositie. De morfologie, microstruc-
tuur en nanostructuur van gedeponeerde Cu en Au NP’s worden respectievelijk onderzocht in
de Hoofdstukken 4 en 5. Beide NP films hebben een vergelijkbare morfologie met dichte en
willekeurig gevormde microstructuren, gevormd door primaire NP’s en agglomeraten van ver-
schillende groottes, resulterend in een driedimensionale (3D) structuur met hoge porositeit met
nanometrische kenmerken. Er wordt aangetoond dat verschillende morfologieën en nanostruc-
turen kunnen worden gevormd afhankelijk van het materiaal, de tijd, en de temperatuur van
het thermische behandelingsproces. Dit is belangrijk omdat de nanostructuur en morfologie de
optische eigenschappen van de NP-film beïnvloeden, evenals de lokale versterking van het elek-
tromagnetische veld. Ten slotte wordt onderzocht hoe de voorgestelde ANM-methode presteert
in de context van de fabricage van structuren voor surface-enhanced Raman scattering (SERS).
Deze doelstelling wordt geëvalueerd in Hoofdstukken 4 en 5 respectievelijk voor koper- en
gouden NP-films door de detectie van een lage concentratie referentiekleurstof (Rhodamine B
(RhB)) te beoordelen. De detectie limiet van de gedeponeerde Au- en Cu NP-patronen is 1 nM
en 1 µM, respectievelijk. Verder is aangetoond dat thermische behandeling na de depositie zeer
effectief is in het verhogen van het SERS-signaal van CuNPs-films, tot een factor tien. Aan de
andere kant is warmtebehandeling minder effectief voor SERS-signaalversterking in geval van
de AuNP’s, maar het is wel effectief voor het modificeren van de optische eigenschappen, die
de resonantie Raman-verstrooiing mogelijk maken, zoals aangetoond in Hoofdstuk 5.

Dit werk bewijst de potentie van droog aërosol direct write voor de selectieve afzetting van
zeer fijne nanodeeltjes voor het maken van patronen met hoge resolutie met breedtes kleiner
dan 100 µm. Bovendien, omdat de morfologie en optische eigenschappen gemakkelijk kunnen
worden gemodificeerd met behulp van een eenvoudige thermische behandeling op een lage tem-
peratuur, kan de dADW-methode een breed scala aan functionaliteiten integreren, waaronder
oppervlakteversterkte Raman-verstrooiing.

viii
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1 Introduction

1.1 Nanoscience & Nanotechnology: There is plenty of room
at the bottom

Since its inception by Richard Feynman in 1959, nanoscience and nanotechnology have grown
in importance as a field of research and development, revolutionising materials and products
and their manufacturing [1]. Nanoscience is the study and development of materials with di-
mensions ranging from 0.1 to 100 nm to provide a fundamental understanding of phenomena
and materials at the nanoscale [2]. At the same time, nanotechnology is the study and develop-
ment of nanostructures, devices, and systems which derive unique and novel properties from
nanoscale phenomena [2]. The 0.1 to 100 nm range originates from the fact that at this scale, sur-
face effects become dominant over bulk effects [1]. Chemical properties, catalysis and interfacial
interactions, for example, enhance due to the high surface-to-volume ratio [3–5]. In addition to
surface-to-volume ratio, quantum mechanics becomes the primary approach for describing the
many phenomena at the nanoscale, such as absorption and fluorescence [6], photonic [7] and
electronic bandgap [8], thermoelectric effect [9], and magnetic property [10].

In this thesis, I aim to contribute to the field of nanotechnology by focusing on nanomanu-
facturing and functionality development, with a particular emphasis onmetal nanoparticles and
their optical properties. The aimed optical phenomenon in metals originates from localised sur-
face plasmon resonance (LSPR) present at the surface of nanoscale features caused by collective
oscillations of the electron cloud at the metal-dielectric interface in the presence of incident
light [11–14]. Amplification of the electromagnetic (EM) field and selective photon absorp-
tion originates from light-matter interaction in this confined region. Surface-enhanced infrared
absorption [15], surface-enhanced Raman scattering (SERS) [16–18], surface-enhanced fluores-
cence [6, 19], refractive index change-based sensing [20], and many more functionalities and
applications have been developed based on this EM enhancement.

1.2 Nanomanufacturing (NM)
In order to exploit the unique physical, mechanical, optical, electronic, and magnetic properties
at the nanoscale, a process called nanomanufacturing (NM) is required to fabricate nanoscale
structures and devices [21, 22]. Nanomanufacturing techniques are commonly classified as ei-
ther top-down, which means starting from larger structures and etching down to reach the de-
sired size, or bottom-up, involving the construction of structures atom by atom (Figure 1.1) [1, 2].
Bottom-up approaches are best suited for short-range order structuring (few nm up to several
µm), whereas top-down approaches are best suited for producing structures with long-range
order [21]. Lithographic patterning with UV and EUV sources is the most common top-down
fabrication approach. In today’s microelectronic chip manufacturing, optical lithography has
become amature field, with current techniques achieving dimensions of less than 10 nanometres
[23].

By using lithography methods, it is possible to fabricate high precision 2D and 3D nanos-
tructures with precise control over shape, interspacing, and location. A pattern size of about
<5 nm can be achieved using scanning beam techniques like electron-beam lithography. In this
case, an electron beam is used to create a pattern on the surface. Although these methods are
enormously precise, they rely on complex and expensive equipment. It is now possible to print
in extremely small dimensions using mechanical printing techniques such as nanoimprinting

2
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1

Figure 1.1: Schematic view of top-down and bottom-up nanomanufacturing

lithography, stamping, andmolding to reach 20-50 nm feature size. To create a pattern, a “stamp”
is first made using a high-resolution technique such as electron-beam lithography, which is sub-
sequently applied to create patterns on a surface. Aside from using a broader range of materials,
it is possible to perform these techniques in a laboratory with far less expensive equipment than
is required for conventional lithography. However, they need lithography methods for stamp
production, which are costly and have a limited lifetime. Furthermore, imprint techniques are
multistep and rely on wet processing methods, raising the risk of chemical contamination and
handling many toxic substances.

The bottom-up approach entails building nanostructures and devices starting with a single
atom or molecule. The bottom-up methods are based on self-assembly, which is inspired by na-
ture and employs nanoscale chemical or physical forces to assemble basic units into larger struc-
tures. The processes of self-assembly range from the condensation of atomic vapours on surfaces
to the coalescence of atoms in liquids to produce size-selective nanoparticles or structures of
semiconductors, magnetic, and other materials. Self-assembly can be used for on-surface nanos-
tructure fabrication, such as fabrication of quantum dots by epitaxial-strain-induced method
[24]. But, self-assembly methods commonly create nanoparticles in gas or liquid phases. When
using liquid-mediated growth, the level of control over the nanoparticles’ size and shape is
higher compared to gas-phase mediated methods. Controlling the surfactants and other chemi-
cal agents allows for a wide range of sizes and shapes, including spheres, rods, cubes, pyramids,
and star-shaped particles of diverse materials [25]. However, due to the presence of various
chemical agents, liquid-mediated methods may introduce impurity into the process.

In contrast to the liquid synthesis method, the gas-mediated process does not require chem-
ical agents. During the gas-mediated synthesis process, the bulk material is heated to vaporise
or atomise, following which the atoms are carried away by an inert carrier gas such as helium
nitrogen or argon [26]. Coalescence and condensation of the vaporised material cause the tem-
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perature of the evaporated material to drop, resulting in extremely small particle generation.
Several methods for heating the substrate include Joule heating, which uses a high amount of
energy due to the uniform temperature increase, plasma discharge, and laser vaporisation.

Due to the nature of self-assembly methods, particles are in a gas or liquid medium and
must immobilise on the substrate for use in various applications, which can be accomplished
in multiple ways. For liquid-mediated particles, again self-assembly is the primary cause of the
deposition process in which particles acquire a particular spatial distribution with respect to one
other and the boundaries of themedium, resulting in thermodynamic equilibrium and a decrease
in the system’s free energy. Drop-casting and the Langmuir-Blodgett technique are typical
self-assembly-based processes used for deposition over a wide area. In self-assembly methods,
achieving optimal surface coverage is also dependent on surface modification, which can be
related to the surface’s wettability or a functional layer in the Langmuir-Blodgett approach. In
the case of particles formed using gas-mediated methods, alternative approaches are established
for particle immobilisation on the surface generally by providing an external force to guide them
to deposit on the surface. External forces include electrostatic, diffusive, optical, thermophoresis,
electrophoresis and aerodynamic forces. The deposition processes which rely on the majority of
previous forces are either material or substrate-dependent, or they lead to wide-area deposition,
whereas for many applications, localised deposition is required.

1.3 Additive nanomanufacturing (ANM)
Additive manufacturing (AM) is the process of fabricating a part by depositing material point-
by-point or layer-by-layer from a computer-aided design file. AM is widely used at a macro-
scopic scale for prototyping and low-volume production in dentistry and medical care, auto-
motive, aerospace, fashion, high-tech precision industry, and entertainment. These industries
have harvested the benefits of AM’s design freedom and faster time-to-market manufacturing
and have expanded it to include polymer, metal, and ceramic materials. Several studies have
been performed over many years to extend AM into the nanoscale domain or to use nanoscale
building blocks to include AM benefits in nanotechnology. Additive nanomanufacturing (ANM)
approaches are AMmethods that have a resolution of less than 100 µm or use <100 nm particles
as building blocks [27, 28]. Generally, ANM methods require less expensive equipment than
lithographic methods, making them suitable for rapid prototyping in nanotechnology [27]. The
objective of ANM is to construct patterns or structures with high accuracy, high resolution,
and at low cost, using materials ranging from biomaterials to ceramics and metals [28]. There
are various methods categorised in ANM with diverse resolutions, such as dip-pen lithography
[29, 30], inkjet printing [31–34], laser writing [35, 36], optical tweezer [37, 38], scanning tun-
nel microscopy [39, 40], AerosolJet printing [41–45], and capillary assisted particle assembly
[46, 47].

Direct writing (DW) methods are an important category in ANM that allow the deposition
of functional or structural patterns from various materials without the use of masks or subse-
quent etching processes in a data-driven manner. DW methods are capable of achieving 100
µm resolution down to the molecular level in metals, insulators, and organic materials [30–
32, 34, 48–54]. DWmethods can be broadly classified into four types: flow-based, energy beam-
based, tip-based, and droplet-based [48]. Flow-based DW employs a microdispensing system
equipped with a needle or orifice to deposit features as small as 25 µm at speeds of up to 300
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1 mm/s [49, 50]. These methods use liquid resin or solution-based inks and are less sensitive to
ink viscosity. The second type of DW is energy beam-based, in which a laser is used to trans-
form and/or propel material onto a substrate [35], or a laser is used to induce polymerisation
and build 3D micro and nanostructures [51, 52]. Matrix-assisted pulsed laser evaporation DW
(MAPLE-DW) [55] and laser-guided DW (LG-DW) [35, 56] and are examples of energy-based
DW which use a laser to radiate a transparent substrate to induce material transfer.

In MAPLE-DW, the desired material is dissolved in a matrix solvent and pre-coated on sup-
port, forming a ribbon, and a laser causes rapid evaporation of the surrounding matrix and
ejection of the portion, which is then transported to the desired location with a resolution of
30 µm [55]. Inks with the proper viscosity and UV absorption are needed for this process. LG-
DW uses a weekly focused continuous laser to target an object in a suspension and propel it to
a growth surface using optical forces instead of a print ribbon and pulsed laser [56]. Although
a wide range of techniques and resolutions can be achieved using transfer/propel energy-based
methods, 3D printing is complex with these techniques. On the other hand, laser-based poly-
merisation methods are capable of easily building 3D structures from the ground up. For 2.5D
and 3D nano andmicrostructures, two-photon polymerisation (2PP) is the most commonly used
direct laser writing technique, which uses femtosecond pulses of laser light to control the photo-
polymerisation of a photoresist resin in a controlled region called a voxel [51, 52]. Ceramic and
metallic material fabrication via 2PP has yet to be fully realised, despite advances in resin tech-
nology that allow 3D polymeric features to be written at typically 10 to 500 nm/s with nanoscale
resolution.

Tip-based DWs include dip-pen lithography (DPN) [30] and its variant, the nano fountain
pen (NFP) [53], and capillary-based liquid micro droplet deposition [47]. The DPN is a nanofab-
rication process based on scanning probe microscopy that combines direct-write compatibility
with high-resolution atomic force microscopy (AFM) [30]. This technique allows the manipula-
tion of individual nanoparticles, all the way down to molecules and atoms to achieve patterns
and structures on a substrate with the highest possible resolution. NFP uses a hollow tip in
contact with the substrate to dispense liquid or ink, transporting molecules to the surface via
mass diffusion [53]. In the capillary-based liquid microdroplet deposition, a meniscus forms
due to the application of pressure into a capillary, which causes deposition of particles on the
substrate in the region as small as 10% of capillary’s inner diameter and has dimensions as small
as 32 nm for a 300 nm diameter capillary if the liquid meniscus touches the substrate. Tip-based
DWs are inherently slow processes although they maintain accuracy and resolution.

The fourth category is droplet-based DW, which includes Inkjet printing (IJP) [31, 32, 34, 54]
and aerosol-jet printing (AJP) [41, 42, 45], with IJP being the most commonly used direct writing
method. In these methods, a droplet containing resin or nanoparticles deposit on the substrate,
forming patterns on the substrate [32, 33]. Droplets in IJP have a typical size of 50-100 µm and
are formed due to thermal, piezoelectric, hydrodynamic, electrostatic, or acoustic actuation. The
formed droplets are ejected from the nozzle, and move towards the substrate with a 5-10 m/s
velocity. The final resolution is defined by the size of the droplets and the droplet-substrate inter-
action, which is determined by the droplet’s surface tension and the wettability of the substrate
[33, 34]. Furthermore, when patterns are created using nanoparticles as building blocks, the
droplet-substrate interaction becomes more critical as particles move to the droplet’s periph-
ery, causing the coffee-stain effect. Common piezoelectric actuation drop-on-demand (DOD)
IJPs can achieve a minimum resolution of 20 µm, and electrohydrodynamic printing (E-jet) can

5



1

1 Introduction

achieve a resolution of less than 10 µm. Significantly, since IJP depends on the printing ink’s
viscosity, only a narrow range of viscosities can be used, and a degree of volatility is necessary
for the ink to dry properly after it is deposited [33]. However, too much volatility can easily clog
nozzles. AJP, on the other hand, can handle a broader range of viscosity due to the difference
in the droplet generation mechanism it employs compared to IJP. Droplets with sizes less than
5 µm are formed in AJP using an ultrasonic or pneumatic atomiser from a precursor liquid ink.
A carrier gas (an inert gas such as argon or nitrogen) transports droplets to an aerodynamic fo-
cusing nozzle, where droplets gain kinetic energy through aerodynamic forces and are focused
to form localised patterns on the substrate [41], [45]. AJP can achieve 10 µm resolution by con-
trolling the size of droplets going to the nozzle in the range of 1-3 µm and removing smaller
droplets via a virtual impactor. The liquid-substrate interaction, similar to IJP, is essential for
high-resolution patterning; additionally, AJP suffers from overspray (deposition of droplets in a
sparse form around the pattern), which cause reducing the sharpness of the patterns [41]. Fur-
thermore, both IJP and AJP rely on liquid-mediated particle production processes, with particles
generated employing a variety of chemical agents ranging from reducing agents to ligands.

1.4 dry Aerosol Direct Writing (dADW) for ANM

In this dissertation, I present a dry direct writing nanoparticle deposition method using a gas-
mediated particle generator. The nanoparticle generator is based on the spark ablation method
(SAM), which allows for the low-cost synthesis of very fine nanoparticles as an alternative to
conventional liquid-mediated methods [57–59]. In SAM, a high voltage is applied between two
(semi)conducting electrodes, resulting in a spark and raising the local temperature to a level
high enough to cause the electrode to evaporate [57]. At atmospheric pressure, a non-reactive
carrier gas transports the atomic cloud from the generation site (Figure 1.2). The atoms conden-
sate rapidly and consolidate into primary particles of 0-20 nm, which later may agglomerate
to generate larger particles [57, 59]. The benefit of SAM is that it generates a wide range of
metallic nanoparticles such as Au, Cu, Ag, Pt, Al, and Ni and allows the synthesis of alloys NPs
by either employing different materials as electrodes or alloyed electrodes [58, 59]. By injecting
the appropriate additional gas into the carrier gas, ceramics (metal oxide, nitride, or sulphide)
can also be formed. As a result, SAM has been a valuable and cost-effective method for pro-
ducing ultrapure and very small particles of various materials without using solvents or other
potentially harmful substances.

To fully realise the benefits of SAM as a dry particle generator in nanotechnology, particles
must immobilise on the surface, and in many cases, on specific regions of the substrate. As a
result, the primary goal of this dissertation is to employ the advantages of the SAM particle
generator in a system allowing direct writing of nanoparticles to fabricate patterns. The main
challenge for fabricating high-resolution patterns is the size of the SAM generated particles.
At this size regime (< 100 nm), particles behave like flow and tend to follow the streamline
instead of leaving the streamline to deposit on a substrate [41, 60–63]. Additionally, direct writ-
ing necessitates that NPs deposit in a focused regime on the substrate, allowing sharp pattern
fabrication. Various strategies for achieving focused deposition are surveyed in Chapter 3, in-
cluding aerodynamic [63–67], electrostatic [36], and electro/thermos phoresis [68, 69] focusing,
with aerodynamic focusing outperforming others.
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1

Figure 1.2: Schematic of spark ablation method (SAM)

Given the fact that SAM-generated particles are polydispersed, aerodynamic focusing meth-
ods such as aerodynamic lenses or varying section nozzles [70, 71] are less efficient than sheath
gas nozzles (SGN) that rely on a secondary flow to focus the nanoparticles. SGN has been used
and studied for AJP and proven to be an efficient nozzle system for high-resolution printing
while working in a subsonic flow regime and focuses droplets above 1 µm [41, 45, 72]. To ex-
tend the implementation of SGN in the proposed dry aerosol direct writing (dADW) method,
the effect of various parameters such as SGN design parameters and process parameters on
the resolution and sharpness of patterns are investigated considering the size of particles and
flow regime of dADW. Furthermore, to assess the performance of dADW as an alternative ANM
method in printing patterns for specific applications, I focused on the optical properties of metal
nanoparticles that enable the fabrication of surface-enhanced Raman scattering sensors.

1.5 Case study: Surface-Enhanced Raman Scattering (SERS)
Raman Spectroscopy is a non-destructive, label-free, and ultrasensitive vibrational spectroscopic
technique that provides a wide range of information regarding the chemical structure of vari-
ous species and their phase [73–76]. In Raman Spectroscopy, a monochromatic high-intensity
laser light interacts with the substance under investigation; the majority of light scatters with
the same wavelength due to Rayleigh scattering (elastic scattering), providing no information;
however, a minority of the light scatters with different wavelengths depending on the chemi-
cal structure of the analytes and due to photon-phonon interaction, which is known as Raman
scattering (inelastic scattering) (Figure 1.3) [73, 76, 77]. Although Raman scattering provides
valuable information, the process has very low efficiency, and Raman scattering is a rare event,

7



1

1 Introduction

i.e. approximately one photon out of 107 photons leads to scattering. When dealing with low-
concentration analytes, the low efficiency of Raman spectroscopy becomes considerably more
critical because the number of molecules available to interact with light is likewise drastically
reduced when compared to bulk substances [77–79].

Various strategies can be used to compensate for this signal inefficiency, such as increasing
the intensity of incident light, using optical lenses to focus the light and increase photon den-
sity, or using surface enhancement strategies. The first two strategies have limits due to the
physical restrictions of lasers and lenses, whereas the surface-enhancement approach can even
reach a single molecule detection level. In surface-enhancement strategies, the Raman signal of
the analytes is enhanced due to the presence of metallic nanometric structures on the surface.
There are two mechanisms involved in this signal amplification: long-range electromagnetic
(EM) enhancement and short-range chemical enhancement (CE) [80, 81]. The CE mechanism
can increase the signal up to one or two orders of magnitude, which is a minor effect com-
pared to the EM mechanism. CE is defined as the interaction of chemisorbed molecules with a
metallic nanostructured surface and is attributed to two effects: 1) charge-transfer between the
surface and molecule causes the formation of an intermediate with a higher Raman scattering
cross-section compared to an unabsorbed molecule, 2) charge transfer mechanisms between
molecules and metal surfaces can yield Raman excitation photons when the lowest unoccupied
molecular orbital (LUMO) and the highest-occupied molecular orbital (HOMO) of the molecules
fall symmetrically around the Fermi level of the metal [82].

Figure 1.3: Schematic of Raman spectroscopy

The primary mechanism involved in surface enhancement is electromagnetic amplification
due to metallic nanostructures, which can reach enhancement up to 6-8 orders of magnitude
[83]. The presence of this mechanism is due to the formation of localised surface plasmon
resonances (LSPR), which is the result of the collective oscillation of electrons on the surface
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1 of a metallic nanostructures feature when illuminated by an electromagnetic wave [83–86]. As
a result of the electromagnetic amplification surrounding metallic nanostructures (called hot
spots), a molecule will be subjected to a significantly higher incidence intensity. The same
magnification process is repeated for scattered Raman, resulting in a significant improvement
in the Raman signal. The surface-enhanced Raman scattering (SERS) signal is highest when both
the incident light and the scattered signal of molecules resonate with the plasmon frequency,
resulting in a very high enhancement [76, 87]. Therefore, the EM enhancement depends on
LSPRs efficiency, which can be tailored by material type, size, shape, distribution, and spacing
of nanostructures.

1.6 Aim of this research
This thesis aims to develop a unique approach based on the spark ablation method (SAM) for
selective direct writing of metallic nanoparticles on a substrate and investigate the level of con-
trol over the morphology, optical characteristics, and performance of the deposited pattern as
a SERS substrate. Several research objectives are established to achieve this overall objective:

1. Evaluating the effect of process and nozzle design parameters on the resolution of patterns
consisting of <100nm diameter nanoparticles.

2. Investigating the effect and level of control over the morphology and optical properties
of nanoparticle film using post-deposition thermal treatment.

3. Exploring the performance of nanoparticle patterns as SERS-active substrates

1.7 Thesis outline
The research questions summarised above are addressed in the following chapters of this disser-
tation. Except for Chapter 6 each chapter is based on a published journal paper. The physics
of a particle carried in a gas flow, and theoretical and experimental specifications of dry aerosol
direct writing (dADW) are discussed in Chapter 2. Chapter 3 focuses on dADW and opti-
misation of the deposition performance using aerodynamic focusing through numerical and
experimental investigation. Two aerodynamic nozzle concepts, a converging nozzle (CN) and
a sheath gas nozzle (SGN), are numerically investigated to evaluate the effect of design and
operating parameters on printed pattern resolution compared to experimental results.

Chapters 4 and 5 are devoted to the investigation of patterns for their optical and mor-
phological properties, as well as their performance as a surface-enhanced Raman scattering
spectroscopy (SERS) for copper (Cu) and gold (Au) nanoparticles, respectively. The effect of
post-deposition thermal treatment on the micro-and nanostructure of patterns, and as a result,
on the optical property and performance of both Cu and Au as SERS substrates are also explored
in these chapters. In addition, the effect of post-deposition thermal treatment on the photolu-
minescence response of the pattern of gold nanoparticles under various time and temperature
conditions is investigated in Chapter 5 of this thesis. Finally, in Chapter 6, the thesis’s con-
clusions are summarised, and an outlook on future research is provided.
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This chapter discusses the physics of a particle in a flow while taking into account all forces
acting on it, as well as the method and system that is used throughout the experimental work.

The contents of this chapter is based on published journal papers:

• Section 2.1 in: Aghajani, S., Accardo, A., & Tichem, M. (2020). Aerosol Direct Writing and Thermal Tuning
of Copper Nanoparticle Patterns as Surface-Enhanced Raman Scattering Sensors. ACS Applied Nano Materials,
3(6), 5665–5675. DOI:10.1021/acsanm.0c00887

• Section 2.2 in: Aghajani, S., Accardo, A., & Tichem, M. (2022). Process and nozzle design for high-
resolution dry aerosol direct writing (dADW) of sub-100 nm nanoparticles. Additive Manufacturing, 54, 102729.
DOI:10.1016/J.ADDMA.2022.102729
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2.1 Aerosol physics
The behaviour of particles in a gas flow is extensively studied in aerosol physics [1–6]. These
studies primarily focus on uncharged spherical particles suspended in a medium serving as a
carrier fluid with various force fields acting on them (Figure 2.1). Newton’s Second Law can be
used to calculate the trajectory of a particle in a shear flow as follows:

( 43)𝜋𝑟
3𝑝𝜌𝑝 (

�̂�𝑣𝑝
�̂�𝑡 ) = ∑𝐹 (2.1)

Figure 2.1: Particle in the flow and forces acting on it

Where 𝑟𝑝 , and 𝜌𝑝 are the particle radius and density, respectively, 𝑣𝑝 is the particle’s velocity
and∑𝐹 represents all the forces acting on a particle. Depending on the conditions,∑𝐹 contains
a number of force components:

∑𝐹 = 𝐹𝐷 +𝐹𝐺 +𝐹𝐵𝑎 +𝐹𝑉𝑚 +𝐹Pr +𝐹𝐵 +𝐹𝑀𝑎 +𝐹𝑆𝑎 (2.2)

Where 𝐹𝐷 is the steady flow viscous Stokes drag force, 𝐹𝐺 is gravitational force, 𝐹𝐵𝑎 is the
non-steady viscous drag ( Basset force), 𝐹𝑉𝑚 is the virtual mass force originating from the iner-
tia of media surrounding the moving particle, 𝐹Pr is the pressure gradient force evolving from
a gradient of media pressure across the particle’s surface, 𝐹𝐵 is the buoyancy force, 𝐹𝑀𝑎 is the
Magnus force originating from a rotating particle in a gas flow, and 𝐹𝑆𝑎 is the Saffman lift force
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originating from a gradient in the velocity field to which the particle is exposed [1–4]. In ad-
dition, there is randomness in the particle motion due to the Brownian motion force [5]. The
Stokes drag force is the primary force acting on a particle in a flow, and it is determined by the
particle radius (𝑟𝑝), the relative velocity of the fluid to the particle velocity (𝑣𝑓 − 𝑣𝑝), and the
medium dynamic viscosity (𝜇𝑓 ) [6, 7],

𝐹𝐷 = 6𝜋𝑟𝑝𝜇𝑓 (𝑣𝑓 −𝑣𝑝) (2.3)

The Stokes drag force is often the dominant force; all other forces are only considered in the
study if their ratio to the Stokes force is significant. The assumption for calculating the Stokes
drag force 𝐹𝐷 (equation 2.3) is a zero velocity of the flow at the particle’s surface. However,
this assumption does not hold for small particle r𝑝 < 250 nm and rarefied flows, since in this
condition, the mean free path of molecules becomes comparable to the size of particles due
to the low density of the flow [5, 8–10]. To include these effects in the Stokes drag force, the
Cunningham slip correction factor (𝐶𝑠) must be applied as follows [9, 11, 12]:

𝐹𝐷,𝑐 = 𝐹𝐷
𝐶𝑠

𝐶𝑠 = 1+𝐾𝑛(𝐶1 +𝐶2𝑒−
𝐶3
𝐾𝑛 )

𝐾𝑛 = 𝜆
2𝑟𝑝

𝜆 = ( 𝜇𝑓𝑃 )√
𝜋𝑅𝑇
2𝑀

(2.4)

Where 𝐹𝐷,𝑐 is the modified drag force due to Cunningham slip correction factor, 𝐾𝑛 is Knud-
sen number which is depend on 𝑟𝑝 and mean free path (𝜆) of the molecules. The mean free path
is depend on temperature (𝑇 ), pressure (𝑝), and dynamic viscosity (𝜇𝑓 ) of the gas. Based on
equation 2.4, increasing the temperature or decreasing the pressure increases the mean free
path of the molecules and thus the Cunningham slip correction factor. Inserting equation 2.4
into equations 2.1 and 2.2 and considering the effect of all forces negligible except Stokes drag
force, this yields to:

𝜏𝑠,𝑐 (
�̂�𝑣𝑝
�̂�𝑡 )+𝑣𝑝 = 𝑣𝑓

𝜏𝑠,𝑐 =
2𝑟2𝑝𝜌𝑝𝐶𝑠
9𝜇𝑓

(2.5)

In this equation, a quantity is known as relaxation time 𝜏 [s] appears, which is affected by
particle size (∝ 𝑟2𝑝 ) and density as well as gas properties such as dynamic viscosity, pressure, and
temperature (due to Cunningham slip correction factor). The relaxation time is the time it takes
for a particle to adjust its velocity to a new condition or set of forces. This value is very small
for nanoparticles (about 2 µs for a gold nanoparticle with a radius of 100 nm at room pressure),
indicating that particles in this size range adapt quickly to new situations and that a particle can
be expected to maintain its trajectory for this period of time. The ratio of this value to the flow’s
characteristic time (V𝑓 /L), where L represents the length that a particle is expected to preserve
its trajectory, yields a dimensionless number known as the Stokes number (St).

Low Stokes numbers (St<1) indicate that particles adapt sooner to new flow conditions than
expected length; therefore, particle follows the streamlines , whereas, if a particle’s behaviour
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is described by a large Stokes number (St>1), its inertia is dominant, and the particle will leave
the streamline and keep its initial trajectory (Figure 2.2). Furthermore, when a particle flow
is directed towards a substrate that is perpendicular to the gas flow for deposition, the Stokes
number governs the behaviour. The gas flow will be deflected, and 90 ° bends in the streamlines
will form; depending on the particle’s inertia, the particle will either follow the streamline and
leave the system undeposited, or they will leave the streamline and impact on the surface (Fig-
ure 2.2). This is the main principle behind developing impactors, which provide binary particle
size selection based on inertia. High Stokes number means high inertia, which can be obtained
through either high velocity or high mass (density or size); clearly, reducing particle size makes
it increasingly difficult to make particles leave the streamlines. Due to the effect of the Cun-
ningham slip factor on the relaxation time, the strategy for depositing very small particles onto
substrates via impaction is to increase their velocity while decreasing the downstream pres-
sure. This explains why aerosol jet printing in an ambient environment is limited to, relatively
speaking, larger particles (1-2 µm droplets) [13–15].

Figure 2.2: Effect of Stokes number on the trajectory of particles

Table 2.1 shows the forces mentioned in equation 2.2, their influencing parameters, and their
ratio to the drag force. The gravitational force 𝐹𝐺 depends on the size of particles to the power
of three, which is negligible for nanoparticles. For the ratio of Bassett force 𝐹𝐵𝑎 to Stokes force,
it can be seen that it depends on 𝜏𝑠/𝑡 and 𝜌𝑓 /𝜌𝑝 , which is only relevant in case of high acceler-
ations in the flow (swift change in the flow situation compared to the relaxation time) or a high
ratio of medium to particle density. For metallic nanoparticles in a carrier gas of argon, which is
the configuration present in the proposed dADW method in this thesis, the ratio of densities is
very small (about ∼0.0004 for gold and argon), and due to the small-sized nanoparticles, the re-
laxation time is also very small; hence we are focusing on the steady-state situation which leads
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to negligible Bassett force (𝐹𝐵𝑎 ≈ 0). For the virtual mass force 𝐹𝑉𝑚 , the body and the medium
cannot occupy the same space simultaneously, and hence in the case of extremely high acceler-
ations, the inertia of the medium to be pushed away needs to be considered. Our study focused
on the steady-state flow, which means flow velocity is not time-dependant (𝑑𝑣𝑓 /𝑑𝑡 = 0), and
the ratio of densities is very small; therefore, neglecting virtual mass has not much loss over the
accuracy of our study.

Table 2.1: The forces acting on a particle in the flow and their relation to the Stokes drag force,
[references mentioned in the table]

Name of the Force The ratio to the Stokes drag force

𝐹𝐺 = 4
3𝜋𝑟

3𝑝𝜌𝑝𝑔
||𝐹𝐺 ||
||𝐹𝐷 ||

≅ 𝜏𝑠 𝑔
||𝜈𝑓 −𝜈𝑝 ||

𝜏𝑠 =
2𝑟2𝑝𝜌𝑝
9𝜇𝑓

𝐹𝐵𝑎 = 6𝑟2𝑝 √𝜋𝜇𝑓 𝜌𝑓 ∫
𝑡
−∞(

𝑑𝑣𝑝
𝑑𝑡 −

𝑑𝑣𝑓
𝑑𝑡 −𝑣𝑝 .∇𝑣𝑓
√𝑡−𝜏 )𝑑𝜏

[16]

||𝐹𝐵𝑎 ||
||𝐹𝐷 ||

≅
√

18𝜌𝑓 𝜏𝑠
𝜋𝜌𝑝 𝑡

𝜏𝑠 =
2𝑟2𝑝𝜌𝑝
9𝜇𝑓

𝐹𝑉𝑚 = −𝐶𝑀 ( 43𝜋𝑟
3𝑝𝜌𝑓 )(

𝑑𝑣𝑓
𝑑𝑡 − 𝑑𝑣𝑝

𝑑𝑡 )
[2, 17]

||𝐹𝑉𝑚 ||
||𝐹𝐷 ||

= −𝐶𝑀 (𝜏𝑠
𝜌𝑓
𝜌𝑝
)(

( 𝑑𝑣𝑓
𝑑𝑡 − 𝑑𝑣𝑝

𝑑𝑡 )
(𝑣𝑓 −𝑣𝑝)

)

𝐹Pr = ( 43𝜋𝑟
3𝑝𝜌𝑓 )(

𝐷𝑣𝑓
𝐷𝑡 )𝐷𝑣𝑓

𝐷𝑡 = 𝑑𝑣𝑓
𝑑𝑡 −[((𝑣𝑝 −𝑣𝑓 )) .∇⃗]𝑣𝑓

[18]

||𝐹Pr ||
||𝐹𝐷 ||

= (𝜏𝑠
𝜌𝑓
𝜌𝑝
)( (𝐷𝑣𝑓

𝑑𝑡 )
(𝑣𝑓 −𝑣𝑝)

)

𝐹𝐵 = (𝑉𝑝)(𝜌𝑓 −𝜌𝑝)⃖⃗𝑔
[19]

||𝐹𝐵 ||
||𝐹𝐷 ||

≅ 2𝜋𝑟2𝑝 (𝜌𝑓 −𝜌𝑝)
9(𝑣𝑓 −𝑣𝑝)

⃖⃗𝑔
𝐹𝑀𝑎 = −𝜋𝑟3𝑝𝜌𝑓 ( 12𝜔 −Ω⃗)×(𝑣𝑓 −𝑣𝑝)

[18]

||𝐹𝑀𝑎 ||
||𝐹𝐷 ||

= 𝑟2𝑝𝜌𝑓
6𝜇𝑓

|| 12𝜔 −Ω⃗||

𝐹𝑆𝑎 = 1.615𝑟2𝑝 ||𝑣𝑓 −𝑣𝑝 || √𝜇𝑓 𝜌𝑓
𝜕(𝑣𝑓 −𝑣𝑝)

𝜕𝑟 .𝑠𝑔𝑛( 𝜕(𝑣𝑓 −𝑣𝑝)
𝜕𝑟 )

[1, 3, 20]

||𝐹𝑆𝑎 ||
||𝐹𝐷 ||

≅ 1.615
6𝜋 𝑟𝑝 √

𝜌𝑓
𝜇𝑓 √

𝜕(𝑣𝑓 −𝑣𝑝)
𝜕𝑟

The pressure gradient force 𝐹Pr is related to the gradient of the pressure around a particle
which is very small for submicron particles; moreover, its ratio to the Stokes force depends on
the relaxation time and ratio of densities; for submicron particles, the force can be neglected.
The buoyancy force 𝐹𝐵 originates from a solid object which is (partially) immersed in a liquid or
gaseous medium and is equal to the weight of the amount of medium displaced, i.e. is directly
related to the volume of the (immersed part of the) object and the density of the medium. The
Buoyancy force is only significant for the particle’s trajectory if the particle is large; therefore,
this force can be neglected in our study. The Magnus force 𝐹𝑀𝑎 is only significant for larger
particles and only when they rotate (spin) with high angular velocity, and its ratio to the Stokes
force depends on the particle size, which makes it a negligible force compared to the 𝐹𝐷 fine
nanoparticles. Finally, the Saffman force depends on the shear rate and magnitude of the rela-
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tive velocity of the particle to the flow velocity, and comparative to the stokes force is essential
that either the size of particles is large or the shear rate is high. However, in this study, as the
maximum size of particles considered in our study is 100 nm, the Saffman force is negligible
compared to the Stokes force. Brownian motion, resulting from the random impact of medium
molecules on the particle, is significant if the thermal energy is high compared to other effects.
In the high-velocity fields, we focus on, this is not the case. Hence, we conclude that the be-
haviour of particles in a flow, and ignoring particle-particle interactions, can sufficiently be
described by considering the Stokes force only.

2.2 dry Aerosol Direct Writing (dADW) setup
For experimental verification of the dryAerosol DirectWriting (dADW) process, throughout the
entire thesis a setup has been used for the spatially-selective deposition of metal nanoparticles
(MNPs), consisting of a commercial particle generator (VSParticle G1) and a deposition unit
as illustrated schematically in Figure 2.3.a. The particle generator exploits the Spark Ablation
Method (SAM) (Figure 2.3.b). In SAM, the discharge of electrons (sparks) between two electrodes
generates a locally high temperature (typically 20,000 K [21]) at the spark location [22, 23]. The
introduced energy leads to local evaporation of the electrode material.

Figure 2.3: Schematic representation of a) the aerosol direct writing system and its components:
b) Spark ablation method working principle; c) NPs and agglomerates of NPs focusing in a long
converging nozzle, and axisymmetric view of the nozzle and its configuration; d) example of
deposited NP pattern.

The vapor is carried away by an inert gas (Argon), controlled by a Bronkhorst HighTech El-
Flow Prestige (inlet volumetric flow rate between 150 to 20,000 sccm), and is quenched very
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shortly after its evaporation by passing through an orifice in the system, which causes the metal
vapor to cool down and coalesce into primary spherical NPs [24] (109 to 1012 cm−3 particles, a
polydispersed mixture with particle sizes between 1 and 20 nm [22]). After that, the NPs start
to form agglomerates of diverse shape and size (tens to hundreds of nanometers), by particle-
particle interaction and impaction. The parameters to control particle size and amount are the
frequency of the electrical field, the current, and the Argon gas flow.

The deposition unit consists of a vacuum chamber, a dry pump, a focusing nozzle, and a stage.
The stage controller consists of two SmarAct SLC-1750-M-E-HV positioners for patterning of
a substrate with in-plane motions (X, Y) of the stage and one SmarAct SLC-1750-O20-D-HV
positioner for out-of-plane motion (Z) of the stage to precisely control the distance of the nozzle
to the substrate. The experimental setup includingArgon flask, SAMparticle generator, pressure
sensors, and vacuum chamber is shown in Figure 2.4.

Figure 2.4: The experimental setup for dry aerosol direct writing (dADW)
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Process and nozzle design for

high-resolution dADW
One of the essential requirements to create nanoparticle (NP)-based applications and functions
is the ability to control their deposition in specific locations. Many methods have been pro-
posed, with wet direct writing (DW) techniques such as inkjet printing being the most em-
ployed. These methods generally depend on off-line and solvent-based NP synthesis leading
to contamination and impurity in the final NP film as well as inhomogeneity in the deposition
caused by solution-substrate interactions. This dissertation introduces a dry aerosol direct writ-
ing (dADW) method, which combines spark ablation-based and solvent-free NP synthesis with
spatially selective deposition using aerodynamic focusing in a vacuum chamber. The challenge
is to print high-resolution lines and spots of nanoparticles with a diameter < 100 nm. We study
two aerodynamic nozzle concepts, a converging nozzle (CN) and a sheath gas nozzle (SGN), and
investigate numerically how their design, as well as operating parameters, relate to the depo-
sition process performance. This is quantified by three criteria: contraction factor, focusing
ratio, and collection efficiency. We also compared our numerical results to experimental assays
by manufacturing two SGNs and three CNs and evaluating the performance of each nozzle in
terms of resolution, sharpness and thickness of the line. Using one of the SGN designs with an
outlet diameter of 248 µm and an aerosol to total flow rate ratio of 0.17, we achieved a high-
resolution line with a width of 67 µm, i.e., equal to 27% of the nozzle diameter, when printing
<100 nm Au NPs. The presented additive manufacturing method enables, therefore, the cre-
ation of high-resolution and sharp patterns of metallic nanoparticles, which can be employed
in a wide range of applications, ranging from interconnects to optical and gas sensors.

The contents of this chapter have been published in:

• Aghajani, S., Accardo, A., & Tichem, M. (2022). Process and nozzle design for high-resolution dry
aerosol direct writing (dADW) of sub-100 nm nanoparticles. Additive Manufacturing, 54, 102729.
DOI:10.1016/J.ADDMA.2022.102729

Section 3.4 contains unpublished material.
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3.1 Introduction
Nanoparticles (NPs) are the foundation
of many devices and applications with
complex properties and functionalities
[1–6]. This includes optical coatings [7],
catalysis [6], biosensors [8, 9], electrical
interconnects [10] and many more. As
a result, NP manipulation is required for
a wide range of scientific and industrial
applications. Localised NP patterning, in
particular, has received considerable at-
tention in many studies due to its flexibility and compatibility, including microelectronics
[11, 12], optics [13–15] and sensing [16, 17]. Several techniques have been proposed to enable
localised NP deposition, with direct writing (DW) methods being one of the most prominent.
Nanoparticle direct writing is a class of additivemanufacturing techniques that uses a controlled
deposition of nanoparticles to produce patterns and features on the surface without the need
for lithography processes. Techniques such as inkjet printing (IJP) [18–21] and aerosol-jet print-
ing (AJP) [3, 22–25] are widely-used examples of nanoparticle DW deposition techniques. In
both methods, droplets of liquid containing nanoparticles stabilised by surfactants [25–27] are
deposited on the substrate [19, 23] to create desired patterns. However, the use of chemical
agents in the synthesis of NPs and for stabilisation of the suspension during printing may lead
to contamination and affect the properties of the NP film.

In contrast to solvent-based NP deposition methods, in dry techniques, no chemical agents
are present during particle synthesis and deposition, which reduces the possibility of particle
contamination and impurity. Methods such as cold spray [28, 29], Aerosol deposition [30], and
Aerodynamically Focused Nanoparticle (AFN) [16, 31] have been used for dry particle deposi-
tion. Methods such as cold spray and aerosol deposition, on the other hand, are used primarily
for microparticles and do not take into account the focusing of particles on the substrate, while
other approaches, such as AFN, rely on off-line particle synthesis.

In our previous work [8, 32], we used a dry Aerosol Direct Writing (dADW) technique to
selectively generate patterns of NPs on substrates. In our method, particles are generated in-
line using a spark ablation process [33]. They are subsequently transported using an inert gas
(Ar) to a vacuum chamber for deposition immediately after formation as primary particles and
agglomerates of primary particles. Spark ablation can produce extremely small primary parti-
cles with a size distribution in the 20 nm range and smaller [34, 35]. The focused deposition of
these nanoparticles, i.e., those with an aerodynamic diameter of less than 100 nm, is challeng-
ing due to their low inertia and tendency to follow streamlines through which they leave the
deposition chamber without being deposited. There are several strategies for focusing particles,
including aerodynamic [16, 36–40], electrostatic [41], and electro/thermo-phoretic [42, 43] fo-
cusing. Given the working principle of dADW, and due to the charge neutrality of NPs, the
electrostatic and electro/thermophoresis focusing methods are not optimal for particle focusing
in dADW. On the other hand, because of the presence of carrier gas and the simple operating
concept of aerodynamic focusing nozzles, this method surpasses others. Various aerodynamic
focusing nozzles have been proposed as aerosol collimation strategies. The simplest aerody-
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namic focusing nozzle is converging nozzle (CN) (Figure 3.1.a), which has a single converging
section, forcing the aerosol flow to be focused as well as accelerated. The CN requires a pressure
difference: the upstream (𝑃𝑢) and downstream pressure of the nozzle (𝑃𝑑 ), and the ratio of these
two pressures (𝑃𝑢/𝑃𝑑 ) defines the flow regime downstream of the nozzle, which is subsonic
(𝑀𝑎 < 1), sonic (𝑀𝑎 = 1) or supersonic (𝑀𝑎 > 1). If the pressure ratio of 𝑃𝑢/𝑃𝑑 reaches a critical

point equal to (𝛾 +1/𝛾)
𝛾/𝛾−1 (where 𝛾 stands for the heat capacity ratio, which is 1.66 for argon

gas [44]), a so-called choked flow is achieved, and the flow velocity at the throat becomes sonic
(𝑀𝑎 = 1). Until this point, increasing the pressure ratio (𝑃𝑢/𝑃𝑑 ) leads to an increase in the flow
rate, but the flow rate reaches its maximum at the critical point and stays constant for higher
pressure ratios. Further increase in the pressure ratio (𝑃𝑢/𝑃𝑑 ) causes a supersonic regime down-
stream of the nozzle, characterised by a robust expansion zone after the nozzle outlet causing
the gas to gain higher velocities (𝑀𝑎 > 1). Placing an impaction plate in front of this expan-
sion zone causes the formation of a bow shock, which is a stagnation plane close to the plate
with a sudden difference in gas pressure and velocity. The expansion zone propels particles
to achieve higher velocities and, as a result, a higher Stokes number; however, the stagnation
plane and sharp deflection in the streamline in front of the impaction plate cause defocusing or
even prevent deposition of smaller particles. The micro-capillary design is a variation on the
simple converging nozzle. In this design, the Saffman force is significant and helpful in bringing
particles of sufficient size 0.5-5 µm closer to the central axis [45].

Figure 3.1: Aerodynamic focusing nozzles: a) converging nozzle, b) converging-diverging noz-
zle, c) converging-diverging-converging nozzle, d) aerodynamic lenses, and e) sheath-gas nozzle

Adding a diverging section after a converging nozzle leads to a Converging-Diverging Noz-
zle (CDN), also known as a De Laval nozzle (Figure 3.1.b). This design is used in a variety of
applications, including thrusters and cold spray printing [8]. In the ideal design, which resem-
bles an asymmetric hourglass shape, the flow enters the nozzle in the subsonic regime. The
converging section causes choked flow at the throat (Ma=1), and as the flow expands after the
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throat, supersonic velocities (Ma > 1) are attained. It is common to see this type of nozzle used
in cold spray deposition, which is primarily effective for particles larger than 1 µm in size, and
where collimation is less of a concern and the main purpose is to create a dense layer [28]. A fur-
ther extension of the concept results in a Converging-Diverging-Converging Nozzle (CDCN), a
two-throat system (Figure 3.1.c). This concept, which operates in a subsonic regime, has resulted
in well-collimated aerosols with micron-size droplets [32] or particles.

Aerodynamic Lenses (AL) (Figure 3.1.d) have a single diameter tube with one or more abrupt
restrictions, known as orifices, followed by a converging section in the outlet. Because of the
particles’ inertia, such restrictions cause the particles to concentrate in the central region, i.e.
the flow’s central axis. As a result, one or more ALs in a tube will cause the particles to exit
the nozzle in a more confined region around the nozzle axis [8, 22, 46]. The flow regime in this
method is generally laminar, and the level of particle focusing depends on particle size [46]. The
design of the restrictions depends on the particle size, flow rate and upstream-pressure, which
makes this focusing method very particle-size dependant [46, 47]. Sheath-gas nozzles (SGN)
focus the particles in the central region of the flow by introduction a secondary gas flow (Figure
3.1.e) [22]. The second flow acts as a virtual tube and confines the main flow in the centric
region; moreover, the sheath gas flow acts as a moving virtual wall, particularly after the nozzle
throat, preventing defocusing of the main flow after the nozzle.

Based on the aerosol physics of a particle travelling through a gas medium (See Section 2.1)
and the working principles of various aerodynamic focusing nozzles, sheath gas nozzles out-
perform the other aerodynamic nozzle systems. They are less sensitive to the size of particles
in contrast to CDCN and AL, the confinement of the aerosol flow in the centric region of the
nozzle leads to a more uniform and higher velocity for NPs, and the sheath-gas flow, acting as
a moving wall surrounding the aerosol flow, reduces defocusing of the aerosol flow also after
leaving the nozzle. Aerosol-jet printing (AJP) employs a similar approach for focusing droplets;
however, SGN in AJPs operates at ambient pressure and in a subsonic flow regime, and droplets
have sizes >1 µm [3, 22, 48]. The purpose of this chapter is to deepen the knowledge, evaluate
and validate the performance of the sheath-gas nozzle (SGN) for the additive manufacturing of
fine nanoparticles of below 100 nm and compare it to the conventional converging nozzle (CN)
through numerical and empirical approaches. We identified the critical nozzle design parame-
ters and the operating process parameters resulting in narrow lines for both types of nozzles,
including half-angle of converging section, nozzle outlet radius, inner aerosol radius for SGN,
downstream pressure, working distance and aerosol to total flow rate ratio for SGN. In order
to support this analysis, we created finite element models in COMSOL Multiphysics [49] and
related the design and process parameters to three figures of merit: the contraction factor, the
focusing ratio, and the collection efficiency. Finally, we 3D printed two SGNs and three CNs
and carried out experiments to evaluate the performance of each nozzle in terms of sharpness,
resolution, and thickness. The morphology of lines in different parts of lines printed with both
SGN and CN were investigated.

3.2 Materials and methods
3.2.1 Finite element modelling
We used COMSOLMultiphysics 5.5 to create finite element models that relate nozzle design and
operating parameters to the deposition line width. This is accomplished in two steps. First, the
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gas flow profile throughout the system is determined, which includes the inlet(s), nozzle, and
impaction plate placed in a vacuum chamber. Secondly, particles are introduced into the inlet
at discrete radial entrance positions, and particle trajectories are computed. The stationary
Reynolds-averaged Navier–Stokes (RANS) equations are used to determine the flow field in
combination with a k–εmodel to describe the turbulence. Sutherland’s law is used to determine
the dynamic viscosity and gas conductivity (See Section A.1).

Because of the symmetry of the system around the axial line of the nozzle, an axisymmetric
2D simulation, as shown in Figure 3.2.a is used to reduce the computational cost of the simula-
tion. A general design of a sheath gas and deposition systems system is depicted in Figure 3.2.a.
The two up-stream boundaries are defined in COMSOL as an aerosol and sheath gas inlet with:
a characteristic-based flow condition, a defined averaged gas flow velocity in the form of Mach
number, a pressure (P𝑢) of 1 bar and a temperature of 293 K. The outlet pressure is defined
as downstream pressure (P𝑑 ) with hybrid flow conditions. The boundary conditions that are
applied to other walls are regarded as non-slip. The variable design parameters are the nozzle
throat (exit diameter), the half-angle of the converging section, and the diameter of the aerosol
nozzle when it meets the sheath gas. The variable process parameters are the working distance
(distance between the nozzle throat and the impaction plate), the ratio of aerosol gas flow to
total flow, and the downstream pressure. Table 3.1 summarises the parameter value ranges that
were tested for both CNs and SGNs. As for the particles, a number of discrete diameter values
of 5, 10, 20, 50, and 100 nm are tested. The trajectory of particles is calculated for gold with a
density of 19300 kg/m3. The boundary condition in the FE model for the axial symmetry line is
pass-through, allowing particles to cross the boundary unrestrained. The model assumes that
after a particle reaches the impaction plate, it ’freezes’ and sticks to the surface at that position.

Figure 3.2: Steps of COMSOL simulation, a) axisymmetric geometry considering inlet of aerosol
and sheath gas, and impaction plate, b) course mesh for initial rough flow calculation with step-
wise increase of inlet pressure, c) accurate simulation of the flow using adaptive mesh refine-
ment and d) calculation of particle trajectory using the accurate flow simulation results.

To overcome the convergence problem in the flow profile calculation caused by the high-
pressure ratio between the upstream and downstream position in the nozzle, the calculation is
run for a coarse mesh and with a stepwise increase of upstream pressure, as shown in Figure
3.2.b until it reaches 1 bar. The second step improves the modelling using this flow field as
an initial value for the second calculation with two levels of adaptive mesh refinement. The
adaptive mesh refinement takes the previous mesh and refines it in areas where it is needed,
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such as around the bow shock, to achieve a highly accurate flow regime in that position (Figure
3.2.c).

These flow fields are then used to calculate particle trajectories by assuming a one-way
interaction of particles in the flow, as the particle concentration is low and has no effect on the
flow field (Figure 3.2.d). The particles enter the aerosol inlet at the same velocity as the flow and
are distributed uniformly along the radius. The Stokes drag force is the primary force acting on
a particle in this system (as explained in Section 2.1), with extra time steps for wall interactions
and rarefaction effects for the Cunningham slip correction factor explained in the Section 2.1.
The modelling results of the trajectory include the particle position on the impaction plate (if
deposited), and the radial and axial velocity of a particle along its path is then used in MATLAB
for data process and visualisation.

Table 3.1: Parameters and value ranges considered in the modelling

Design parameters Operating parameters
Converging nozzle Half-angle (𝜃 ∘) 1, 2.5, 5, 10, 15, 30 Working distance (µm) 200, 300, 400, 600, 800, 1000, 1200

Nozzle throat diameter (µm) 400, 600, 800 Downstream pressure P𝑑 (Pa) 10, 100, 500, 1000, 2000, 5000
Sheath gas nozzle Half-angle (𝜃 ∘) 1, 2.5, 5, 10, 15, 30 Working distance (µm) 200, 300, 400, 600, 800, 1000, 1200

Radius of aerosol nozzle (mm) 1, 1.5, 2, 3 Downstream pressure P𝑑 (Pa) 10, 100, 500, 1000, 2000, 5000
The ratio of aerosol flow rate to the total flow rate 2/8, 3/8, 4/8, 5/8, 6/8, 7/8

3.2.2 dADW and nozzle manufacturing
The experimental setup which is used for nozzle performance studies (Figure 2.4) is explained
in Section 2.2. The electrodes are used in this study are made of a 99.99% pure gold. In this
study, the SAM voltage and current are set to V = 1.1 kV and I = 8 mA, respectively, resulting
in a stable particle generation process. Both converging and sheath gas nozzles are designed in
SolidWorks Figure 3.3 and 3D printed using ”3DM Tough” and a digital light projection Envi-
siontec Micro Plus Hires setup. After printing and chemical removing the unexposed regions
via sonication for 5 minutes in an IPA bath, the nozzles were UV cured for 6 minutes to improve
the mechanical properties. To ensure a leak-free connection of the nozzles to the aerosol stream,
the aerosol inlet of the nozzles is printed with a smaller diameter and mechanically drilled to
10 mm diameter for precise fitting. The nozzle’s sheath gas inlet is drilled to an M5 hole and
threaded to connect to a stainless-steel joint and clean argon gas (Figure 3.3.b). Two nozzles with
converging half-angles of 10 ∘ and actual outlet diameters of 484 and 248 µm are manufactured
for the experimental investigation of the sheath gas nozzle. Three nozzles with manufactured
outlet diameters of 166.5, 238.0, and 339.0 µm were used for the converging nozzle. Silicon sub-
strates were used for deposition, which were first cleaned with acetone and isopropanol and
then placed in an oxygen plasma chamber for 30 minutes before printing to remove any impuri-
ties from the substrate. The clean substrate is mounted on a holder perpendicular to the nozzle’s
central axis in the vacuum chamber. A SmarAct SLC-1750-O20-D-HV precision positioner con-
trols the distance between the nozzle and the substrate. Using the in-plane SLC-1750-M-E-HV
positioner, patterns were created by moving the stage relative to the nozzle. The nozzle’s up-
stream pressure (Pu) is always set to 1 bar at room temperature, and the vacuum pressure (P𝑑 )
varies for each nozzle.
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Figure 3.3: a) The sheath gas nozzle designed in SolidWorks, b) connection of the 3D printed
nozzle with the aerosol and sheath gas inlets in the setup (Figure 2.4).

3.2.3 White-light interferometry
White-light interferometry with a Contour GT-K 3D optical profilometer (Bruker Corporation,
Billerica, MA, USA) and integration of three measurements for each line were used to determine
line width and thickness. The white-light interferometry data were post-processed in MATLAB
to remove the background and calculate the thickness and width of the line at 640 cross-sections
for the entire length of the line. Because of the Gaussian profile in the cross-section [19], the
reported thickness is defined as the average thickness along the cross-section, as shown in the
Figure A.1.

3.2.4 Morphology characterization
SEM measurements were carried out with a field-emission high-resolution Helios G4 setup de-
tecting secondary electrons through-the-lens detector (TLD). Optical images were captured us-
ing a Keyence digital microscope (VHX-6000) with a magnification range of 20× to 2000×. The
HDR (high dynamic range) function improved the resolution and contrast between substrate
regions with and without deposited AuNPs by allowing the capture of multiple images at vary-
ing shutter speeds. The boundary of the line was chosen as the region where there was a clear
difference in the contrast.

3.3 Results and discussion
3.3.1 Numerical results
The simulation results for both converging and sheath gas nozzles are presented in this section.
To express the performance of the deposition processes, we use three main figures of merit: the
contraction factor (CF), the focusing ratio (FR), and the collection efficiency (CE). The contrac-
tion factor (CF) indicates particle collimation within the nozzle system and is defined based on
the particle’s radial position relative to the local nozzle radius at the entrance and exit of the
nozzle, respectively:

𝐶𝐹 = 𝑅𝑖−𝐼𝑛𝑙𝑡𝑒𝑡/𝑅𝑎𝑑𝑖𝑢𝑠𝐼 𝑛𝑙𝑒𝑡
𝑅𝑖−𝑇ℎ𝑟𝑜𝑎𝑡/𝑅𝑎𝑑𝑖𝑢𝑠𝑇ℎ𝑟𝑜𝑎𝑡

(3.1)
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R𝑖−𝐼𝑛𝑙𝑒𝑡 and R𝑖−𝑇ℎ𝑟𝑜𝑎𝑡 are the radial position of the i-th particle in the inlet and nozzle throat,
respectively, while Radius𝐼 𝑛𝑙𝑒𝑡 and Radius𝑇ℎ𝑟𝑜𝑎𝑡 are inlet radius and nozzle throat radius, respec-
tively. A CF>1 indicates that particles are effectively pushed towards the central axis, beyond
the effect expected from a decrease in nozzle diameter. The focusing ratio (FR) is defined as the
line width (or deposition spot size diameter) divided by the nozzle throat diameter. FR<1 indi-
cates that the deposit’s lateral width or spot radius is smaller than the nozzle throat diameter,
and FR>1 means a divergence in the deposition width. The collection efficiency (CE) indicates
how many particles have been deposited on the substrate. This is calculated by dividing the
number of particles that ended up on the substrate by the total number of particles introduced
into the flow. A higher CE with lower FR indicates better performance of the nozzle.

3.3.1.1 Flow simulation
In the first set of results, the flow field after the nozzle and in front of the impaction plate is
discussed, and a comparison is made between the accuracy of different meshes in the calcu-
lation of the flow profile when using adaptive mesh refinement. The flow field, including the
axial flow velocity, the radial flow velocity, the pressure gradient in the nozzle throat and in the
area between nozzle throat and impaction plate, is shown in Figure 3.4 for an outlet pressure
(P𝑑 ) of 100 Pa and pressure ratio P𝑢/P𝑑=1000. An imaginary plane, known as a Mach-disk or
bow-shock, is formed when high-pressure ratio flows impinge on impaction plates necessitates
mesh refinement [50–52]. A coarse mesh was used in the first set of results, and the Mach-disk
is not visible. Refining the mesh in the area around the Mach disc results in a clear presenta-
tion of the disc, with a very sharp change in axial velocity, radial velocity and pressure. The
effect of this plane is more evident for the axial velocity and the pressure; the axial velocity de-
creases from ∼450 to ∼100 m/s, and the pressure increases from ∼150 to ∼600 mbar. This abrupt
change in velocity and pressure affect the relaxation time and the Stokes number, particularly
for smaller particles, lowering their deposition probability. As a result, there are two regions
after the nozzle: the first starts at the nozzle throat and continues until the Mach-disk, which is
an expansion zone that causes particles to accelerate to higher velocities; the second one starts
at the Mach-disk and continues until the impaction plate, which is a stagnation zone that causes
particles to decelerate.

3.3.1.2 Converging nozzle (CN)
We first review the simulation results for the converging nozzle (CN). Table A.1 summarises the
modelled configurations and the value range for each design and operational parameter. The
contraction factor (CF) for the CN is ≈ 1 for each modelled situation, i.e., the focusing of particles
in the nozzle is due to the decrease in radius only, which is understandable given the considered
dominant force (Stokes drag force only). The operational parameters (working distance and
downstream pressure) have hardly any effect on the CF; as for the design parameters, the half-
angle of the converging section has a more noticeable effect than the nozzle throat diameter
but is still negligible. Details of the effects of design and operating parameters on the CF are
discussed in the Section A.3.1.1, Figure A.2-A.4.

The effects of design and operating parameters on the focusing ratio (FR) and collection
efficiency (CE) of gold nanoparticles for the converging nozzle are shown in Figure 3.5. The CE
for all parameters (Figure 3.5. b, d, f and h) shows that nanoparticles of 5 nm are either not
deposited or partially deposited depending on the design and operational parameters; particles
of all other sizes are deposited.
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Figure 3.4: Effect ofmeshing on the final result of axial flow velocity, radial velocity, and pressure
for coarse, first-level, and second-level mesh refinement. The outlet pressure is set to 100 Pa,
the nozzle diameter is 400 µm, and the working distance is 400 µm.

Figure 3.5. a, c, e, and g show that FR is highly dependent on particle size, with larger par-
ticles having a lower FR than smaller ones, implying that higher inertia leads to better particle
focusing on the substrate. As the inertia of the particles increases, the Stokes number of the
particles increases as well, resulting in the particles’ trajectory from the nozzle to the impaction
plate being preserved. Increasing the nozzle half-angle results in a smaller value for FR, and the
best FR is achieved with larger particles (Figure 3.5.a). For the smallest particles considered (5
nm diameter), the simulation suggests a threshold value for the half-angle to have 100% CE (Fig-
ure 3.5.b). For the nozzle throat diameter, there is again a threshold value that determines the
deposition for the smallest particles (Figure 3.5.c), and the effect on FR depends on the particle
size (Figure 3.5.d), implying that the deposition width is determined by the nozzle throat diam-
eter and has a constant relationship. The downstream pressure has little effect on FR within
the chosen value range (Figure 3.5.e) and particularly affects the CE for the smallest particles
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(Figure 3.5.f). Increasing the downstream pressure affects the relaxation number of particles
through the gas mean free path and the Cunningham slip correction factor equations 2.4 and
2.5), which mainly affects smaller-sized particles (5 nm). Also, an increase in downstream pres-
sure results in a weaker expansion zone with lower flow velocity, and hence particle velocity,
after the nozzle exit, see also Figure A.5. e. When the axial and radial velocity of particles hitting
the substrate are considered (Figure A.5), it is clear that smaller particles hit the substrate with a
relatively low axial velocity and a high radial velocity, reducing perhaps their deposition prob-
ability in reality. The effect of the nozzle to substrate distance (working distance, WD) on both

Figure 3.5: The focusing ratio and collection efficiency for gold nanoparticles of different sizes
in the presence of a CN, varying a, b) the half-angle of the converging nozzle, c, d) the nozzle
throat diameter, e, f) the downstream pressure, and g, h) the working distance.

CE and FR is more complex; see Figure 3.5.g and 3.5.h. There is a threshold value for the WD
to guarantee particle deposition, in line with impactor theories (Figure 3.5.h) [53]. For larger
particle sizes, the FR stays constant with increasing WD, but for smaller particles, FR increases
with increasing WD (Figure 3.5. g). This can be understood by analysing the flow field after the
nozzle exit (Figure A.6). For small WD (WD/D=0.5, WD =200 µm), the gas cannot fully expand,
causing the gas energy to primarily lead to high radial flow velocity rather than axial velocity,
which leads to rejection of particle deposition, particularly for <10 nm particles. Figure A.5. g
shows that for lowWD, 10 nm nanoparticles impinge on the substrate at such low velocity that
their chance of deposition is perhaps negligible. Increasing the WD above 300 µm leads to com-
plete gas expansion, and a further increase ofWD leads to a larger high-velocity zone before the
bow-shock. This increased expansion zone allows particles to accelerate to high velocities and,
as a result, high Stokes numbers, enabling them to overcome the deceleration in the stagnation
zone so that even very small particles will deposit on the substrate, but on broader regions.
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3.3.1.3 Sheath gas nozzle (SGN)
Table A.2 contains the configuration and specific geometrical and operational details for each
study and the range of each parameter to investigate SGN nozzles. Two additional parameters
are investigated for this nozzle system: the aerosol nozzle radius and the aerosol flow rate
to total flow rate ratio. The computational results for the sheath gas nozzle are depicted and
discussed in Section A.3.1.2, considering the effect of design and operating parameters on the
CF (Figure A.7). Unlike the converging nozzle, the CF reaches values above 1, demonstrating
the effectiveness of this nozzle in forcing particles towards the centric regions beyond what
can be expected from the geometrical convergence. The results show that design parameters of
convergence half-angle and inlet nozzle radius or process parameters of downstream pressure
and working distance do not affect CF. The most significant insight from Figure A.7 is the effect
of aerosol to total flow rate ratio on CF, which shows that the CF is roughly equal to the square
root of total flow rate to aerosol flow rate ratio (√�̇�𝑇𝑜𝑡𝑎𝑙/�̇�𝐴𝑒𝑟𝑜𝑠𝑜𝑙 ).

Figure 3.6 depicts the effects of design and operation parameters on the FR and CE of (gold)
nanoparticles. The inner nozzle radius has a minor effect on the FR and CE (Figure 3.6. a
and b) and the particles’ axial and radial velocities during deposition (Figure A.11. a and b).
Increasing the half-angle of the converging section reduces the width of the deposition spot
and leads to better focusing (Figure 3.6.c) but has no effect on the axial and radial velocities
of nanoparticles during deposition (Figure A.11. c and d). It is also clear that the collection
efficiency is independent of the half-angle (Figure 3.6.d) and is primarily determined by the
inertia of the nanoparticles; thus, low inertia particles have a low deposition probability (5 nm
nanoparticles). The FR and the CE are independent of downstream pressure in the chosen range
(Figure 3.6. e and f); moreover, this parameter has a negligible effect on the axial and radial
velocity of the particles during deposition (Figure A.11. e and f). The distance of the nozzle to
the substrate (WD) has a significant impact on the FR of nanoparticles (Figure 3.6.g). Increasing
the WD improves the probability of smaller nanoparticles to be collected (Figure 3.6.h) and
increases their axial velocity without affecting their radial velocity (Figure A.11. g and h). The
ratio of aerosol flow to total flow is the most critical parameter affecting the focusing ratio—the
confinement of aerosol flow by sheath gas results in a decrease in nanoparticle deposition width.
The further reduction of aerosol flow causes FR<1 (Figures 3.6.i), especially for smaller inertia
nanoparticles, which was impossible to achieve with a converging nozzle. Figures 3.6.j indicates
that the flow rate ratio does not affect the CE of particles of different sizes.

In conclusion, sheath gas nozzles are preferable to converging nozzles for the effective trap-
ping of small particles due to: 1) the ability to achieve a narrower line width with a larger
nozzle diameter, which is advantageous for both nozzle manufacturing and printed line reso-
lution; 2) better performance in trapping of smaller size nanoparticles; 3) a lower sensitivity
to downstream pressure, which allows the system to operate with a less demanding vacuum
environment; and 4) a lower sensitivity to design parameters. Higher sheath gas flow rates in
an SGN result in better CF for all particle diameter ranges and better FR, resulting in smaller
line width. The nozzle throat diameter is the second most important parameter, as the final
deposition feature resolution for both converging and sheath gas nozzles depends on the outer
diameter of the nozzle. In order to examine the effect of material density on CF, FR, and CE, the
same study was repeated for copper NPs and results are presented in section A.3.2.1 and A.3.2.2
in Figures A.12 – A.19. These results show that the density of particles has only a minimal effect
on CF for both converging and sheath gas nozzles, but it has a significant effect on both CE and
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FR. Lower material density results in lower inertia, which has the same effect as smaller size in
terms of the overall effect. The model confirms that the line width will be higher, and CE will be
lower for lower density nanoparticles compared to similar-sized particles with higher densities.

Figure 3.6: Focusing ratio and collection efficiency for gold nanoparticles of different sizes for
SGN a, b) for Aerosol throat diameter, c, d) for the half-angle of the converging section, e, f) for
downstream pressure, g, h) for the distance between nozzle and the impaction plate (working
distance), and i, j) for the ratio of aerosol flow rate to the total flow rate.

3.3.2 Experimental results
This section presents the experimental results for both converging and sheath gas nozzles. We
first assess each nozzle’s performance in terms of line morphology and dimensions, and then
we investigate the effect of operating parameters such as working distance and aerosol flow to
total flow rate ratio on the width and thickness of the line printed with each nozzle. Moreover,
we investigate the overspray problem in the line, which is caused by the deposition of particles
on a broader region with lower density, which decreases the line’s resolution and sharpness.

3.3.2.1 Characterization of the line printed with converging nozzle
Figure 3.7.a-f depicts SEM images of a line of gold nanoparticles (AuNPs) deposited on a silicon
substrate with a converging nozzle (throat diameter of 339 µm) and the typical morphology
and density of the AuNPs. Figure 3.7.b,c show the morphology of the line in the centric region,
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which is characterised by the presence of high porosity randomly formed 3D microstructures
with nanometric features. A closer examination of the microstructures in Figure 3.7.d reveals
that they are 3D porous structures formed by a nanometric network of AuNPs. When moving
towards the line’s outer region, first, we observe a region of lower density of particles, followed
by a splash area with random and low-density deposition of nanoparticles and agglomerates of
nanoparticles. Figure 3.7.e shows that larger particles are deposited closer to the centre of the
line (left side of the image), while further away from the line, smaller particles are deposited,
which is consistent with simulation results showing that particles of smaller size deposit over a
broader region.

Figure 3.7.g shows an optical microscopy image of three regions of the deposited line: 1- the
centric region, which features a clear texture and colour and contains dense packing of nanopar-
ticles; 2- the boundary region, which has a different texture but high surface coverage and less
dense packing, and 3- the splash zone, which has sparse deposition, and characterised by a low
density of particles spread within a broader region, which decreases the resolution. As shown
in the image, the width of the centric region is 283 µm, and the width of the line, including the
boundary region, is 394 µm. Line width measurements from the optical microscope and white
light interferometry (WLI) are in good agreement (see Figure 3.7.h. The splash zone is not ev-
ident in the WLI data but is visible in the SEM and optical images (Figure 3.7.g,i). This is due
to lower coverage in this zone, and the thickness is in the order of noise of the WLI measure-
ment. The greyscale intensity graph for the SEM image of the line in Figure 3.7.i was created
by integrating the entire image, so the splash zone has a low intensity. When the greyscale
data is compared to the WLI results, it is clear that the width estimated using the WLI findings
considers the line’s boundary but not the splash area.

Figure A.20. a1-d1 illustrates SEM images of the border between the boundary and splash
zones of a line printed by a nozzle with a diameter of 339.0 µm and four WDs of L/D equal to
1.18, 1.33, 1.62, and 2.95. The border is clearly visible for larger WDs (Figure A.20. b1-d1) due
to differences in the contrast of the two zones caused by differences in either surface coverage
or thickness of the deposited layer, and slightly visible for L/D=1.18 due to a decrease in sur-
face coverage (Figure A.20. a1). Furthermore, the images in Figure A.20.a1-d1 reveal that for
lower WDs (1.18 and 1.33) in both the boundary and splash zones, the smaller particles are not
deposited because there is a clear contrast between the deposited AuNPs and the black back-
ground as the substrate. However, increasing the WD (1.62 and 2.95) results in the deposition
of finer nanoparticles, resulting in the formation of a grey background in Figure A.20. c1 and
d1. Higher magnification SEM images of Figure A.20. a2-d2 in the splash zone clearly show the
presence of finer AuNPs for higher WDs. The same trends were observed in numerical results
in Figure 3.5.h, indicating that increasing the distance between the substrate and the nozzle
increases the probability of depositing finer nanoparticles. The splash zone far from the line’s
edge shown in Figure A.20. a3-d3, indicating that increasing the WD causes a higher likeliness
of trapping finer nanoparticles, in line with modelling results.

3.3.2.2 Characterization of the line printed with sheath gas nozzle
Figure 3.8 shows high-magnification SEM images of lines printed with an SGN.TheAuNPs were
deposited on a silicon substrate employing a sheath gas nozzle with an outlet diameter of 248
µm, an aerosol to the total flow rate of 0.31, and a working distance of 250 µm. In Figures 3.8.a–
c, high magnification SEM images of typical morphology and density of AuNPs in the centric
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Figure 3.7: a) SEM image of a line printed with a CN of 339 µm and WD of 450 µm, b-d) high
magnification images of the morphology of the printed line in the centric region, e) SEM image
of the boundary and splash area, f) HR-SEM of particles deposited in the splash area, g) optical
microscopy image of the line, h) profile of the line measured with white light interferometry, i)
SEM image of the line and greyscale intensity diagram of the line.

region are shown. The morphology of the lines printed with the SGN is comparable to lines
written with the CN.

However, it becomes apparent when comparing the SGN printed lines in Figures 3.8.d-f with
the CN printed lines in Figures 3.7.a and Figure A.20. a1-d1 that the main effect of the SGN is
on the line’s boundary and splash zone. By comparing the SGN lines’ boundary in Figure 3.8.g-i
with the CN lines in Figure A.20. a1-d1, the splash area is barely visible, and the lines have
a distinct edge. When the splash area in Figures 3.8.j-l is examined in greater detail, only a
very small splash area appears to exist next to the edge of the line, indicating that the particles
barely deposit in this area. The splash zone in the SEM images of the CN printed lines (Figure
A.20. a1-d1) has a length of more than 40 µm after the boundary region and extends to a larger
area, whereas the splash zone in the SGN printed lines has a length of only a few micrometres
after the boundary region. This demonstrates that utilising SGN improves the sharpness of the
printed line, which is significantly essential when printing lines with a small spacing between
them.
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Figure 3.8: a-c) high magnification SEM images of the morphology of the centric region of the
printed line with an SGN of 248 µm outlet diameter and aerosol to total flow rate (a/T) = 0.31
and WD = 250 µm. The lines and boundaries of the line printed with 248 µm SGN nozzle and
process parameters of d) a/T = 0.17 and WD = 700 µm, and boundary and splash area in g) and
j), e) a/T = 0.1 and WD = 400 µm, and boundary and splash area in h) and k), f) a/T = 0.31 and
WD = 400 µm, and boundary and splash area in i) and l).

3.3.2.3 Effect of working distance on the CN printed line dimensions
Figure 3.9. a,b shows how theworking distance (WD) affects the thickness andwidth of the lines
printed with three converging nozzles with diameters of 166.5, 238.0, and 339.0 µm respectively
and a stage speed of 0.44 m/s. By increasing the WD, the thickness of the lines decreases while
the width of the lines increases. This is in agreement with the modelling results (Figure 3.5 and
Figure A.6). The variation in width increases as the WD increases, as shown in Figure 3.9.b;
however, these variations are not visible in the optical microscopy images, as shown in Figure
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A.21. Nonetheless, as the WD increases, the thickness decreases and its amplitude approaches
that of noise in the white light interferometry results. As a result, the edge in the boundary is
not a defined region, as it appears as a hue in Figure A.21.

Figure 3.9: Effect of working distance on a) thickness and b) width of the AuNPs line printed
with three converging nozzles of C-Nozzle 1-3 with a diameter of 166.5, 238 and 339 µm. c)
Thickness and d) normalised width to normalised working distance with corresponding nozzle
diameter. The stage speed is set to 0.44 mm/s.

Figure 3.9.c depicts the thickness as it relates to the normalised working distance to the cor-
responding nozzle diameters (WD/D). As shown in the graph, for the same WD/D, the thickest
line is deposited by the smallest nozzle, and this may be due to variations in the concentration of
nanoparticles in the carrier gas. The power of the SAM set up (current=8mA and voltage=1.1kV)
is constant for all measurements; thus, the amount of material atomised and ablated from the
electrodes is constant; however, the argon gas flow rate varies for different nozzles due to stag-
nation upstream of the nozzle and changes with respect to the nozzle diameters. For nozzles
with diameters of 166.5, 238.0, and 339.0 µm, the flow rate of argon is 0.59, 0.99, and 1.39 lpm,
respectively. As a result, lower flow rates result in higher particle concentration and number
deposited in the narrower region, resulting in higher thicknesses for smaller diameter nozzles.
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When comparing the normalised width and normalised working distance to the corresponding
nozzle diameters in Figure 3.9, it is possible to see that the smallest nozzle has a lower normalised
width, but the other two nozzles follow the same trends. One explanation for a narrower line
using a smaller nozzle is that the smallest nozzle has a higher degree of agglomeration. The
nucleation and growth of primary nanoparticles in the SAM particle generator are symmetrical
at an early stage after atomisation and formation of the elemental cloud, which is caused by
the high energy of the atoms and results in the formation of spherical polydispersed primary
nanoparticles with size distributions less than 20 nm [34, 35]. Following this stage and energy
reduction by both the nucleation-growth mechanisms and the reduction of temperature in the
gas flow, the growth mechanism shifts to the agglomeration mechanism. In this mechanism,
particles begin to form arbitrary shapes as a result of impaction with one another. In addition,
as previously stated, the concentration of nanoparticles is higher due to the lower flow rate of
argon, which primarily increases the probability of particle interaction and, consequently, the
likelihood of agglomeration.

Furthermore, a lower flow rate results in a lower average flow velocity in the connection
tube and a long time for particles to travel from the generation site to the deposition chamber
compared to higher flow rates. As a result, even with a constant agglomeration rate for all
nozzles, longer transportation times result in a different agglomeration size distribution. The
minimum width of the lines obtained for a converging nozzle is 168 µm and generated using
the nozzle with the smallest diameter (166.5 µm), with an FR of approximately 1. Considering
the numerical results, it is expected that this FR occurred for larger particles distribution of 50
to 100 nm.

3.3.2.4 Effect of flow ratio and working distance on the SGN printed line
dimensions

The aerosol to total flow ratio results for two sheath gas nozzles with exit diameters of 248 and
484 µm, respectively, are summarised in Figure 3.10. Using theWLI technique, we measured the
width and thickness of lines for 648 cross-sections and three different working distances. The
stage speed for deposition of AuNPs with a 248 µm nozzle is 0.11 mm/s, and 0.22 mm/s with a
484 µm nozzle. The dADW flow rate is a function of the nozzle diameter, which influences the
concentration of nanoparticles in the stream and, most likely, the particle size distribution due
to agglomeration during transportation, as previously stated. Although the outlet diameter of
each sheath gas nozzle remains constant throughout the experiment, the aerosol flow rate will
change due to changes in the aerosol to total flow ratio, resulting in changes in nanoparticle
concentration. A waste channel between the spark discharge generator and the nozzle is em-
ployed to maintain a constant nanoparticle concentration. As a result, the total flow rate is 0.42
lpm for a 248 µm nozzle and 1.7 lpm for a 484 µm nozzle. However, it should be noted that the
particle generator’s power is fixed; as a result, the particle concentration differs between the
two nozzle experiments.

As shown in Figures 3.10.a-d, the average thickness and width of the deposited line increase
with decreasing sheath gas for all working distances. On the other hand, the relationship be-
tween the width and thickness and the flow rate ratio is unique for each nozzle, rather than
following any general pattern. This could be due to a difference in nanoparticle concentration
between the nozzles, with a smaller diameter nozzle having a higher concentration and, there-
fore, larger particles sizes due to agglomeration. Figure 10 shows that lines up to ∼300 and ∼600
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µm in width were printed using nozzles of 248 and 484 µm in diameter and an aerosol to flow
rate of 0.5. With a low aerosol to total flow ratio of 0.17, lines can be produced as narrow as
67 µm. This means that by using an SGN, it is possible to deposit AuNPs in lines with widths
equal to approximately 27% of the nozzle throat diameter and at a distance equal to 1.2 times the
nozzle throat diameter. Further, the width and thickness of the line are strongly related to the
working distance (WD) as they all increase simultaneously due to higher collection efficiency
at higher WDs. As shown in Figure 3.10, a width of 170 µm, as the narrowest line achieved with
a CN, was deposited using a 248 µm SGN and at working distances of 400 and 500 µm while
similar line width was printed with a CN of 166.5 µm diameter and a working distance of 200
µm.

Figure 3.10: Effect of aerosol to total flow rate ratio on a, c) thickness, b, d) width for lines
printed with nozzles of a, b) 248 µm and c, d) 484 µm diameter.
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3.4 Sheath gas nozzle (SGN) modular design ¹
The results of this chapter demonstrated that SGNs are efficient in terms of resolution and line
sharpness. Furthermore, it demonstrated that the resolution of the line is affected by the nozzle’s
outlet diameter and the aerosol-to-total-flow ratio. As a result, two strategies can be used to
reduce the width of the printed line: 1- Reduce the aerosol to total flow ratio, i.e. increase the
sheath flow; 2- Reduce the outlet diameter. The first has a limited range, which means that
with a fixed nozzle diameter, the minimum resolution is a percentage of the nozzle diameter;
for example, with a nozzle diameter of 248 µm and an aerosol to a total flow rate ratio of 0.16,
the width of 61 µm is equal to 27% of the nozzle diameter achieved. To achieve a lower line
width, effectively <50 µm, a SGN with a smaller nozzle diameter is required.

The nozzles used in this study were all manufactured using 3D printing, which has a finite
resolution, especially when printing long channels. As a result, manufacturing a SGN nozzle
with a diameter < 100 µm is challenging and can be accomplished using a high-resolution 3D
printing technique like the 2-photon polymerization (2PP) method or using commercial nozzles
like dispensing tips. 2PP is able to manufacture channels as small as 1 µm, but the overall
size of the SGN cannot be printed due to 2PP limitations, necessitating the printing of a larger
structure with another 3D printer that requires a lower resolution. However, using twomethods
for printing different parts of SGN requires material matching in each printing to ensure sealed
and leakage-free printing, which necessitates a thorough investigation.

To avoid the complexities of multiple 3D printing, we used commercial dispensing tips tips
of various diameters for the high-resolution section (converging section with nozzle outlet),
and 3D printing for the other parts. As shown in Figure 3.11. a and cross-sectional view of
assembled nozzle in Figure 3.11. b, this nozzle has a modular design and comprises four 3D
printed sections, two O-rings for sealing. The main body (1) (Figure 3.11.a) has a primary inlet
of 10 mm for aerosol flow and a 6 mm inlet for sheath gas. The second component, the aerosol
converging nozzle (3), is used to collimate aerosol flow from a 10 mm inlet to a 2 mm outlet.
The third component, the Luer-lock connection (4), is the essential part of the design. Firstly
because the aerosol flow and sheath gas meet in this part and collimate in a converging nozzle
to a 1 mm diameter outlet. Secondly, this part has the Luer-lock connection for the commercial
dispensing nozzle. The final component is a cap (6), which connects to the main body. Two O-
rings are used to prevent aerosol or sheath gas leakage, one in the main body (1) and one in the
luer-lock connection (4). The commercial dispensing tip with a luer-lock connection connects
to the (4), and enable this modular nozzle to collimate the aerosol flow in various diameters.

Figures 3.11.c and d show the same modular SGN with two different dispensing nozzles,
434 µm and 227 µm in inner diameter. Figure 3.11.e demonstrates the preliminary result of the
modular SGN with dispensing nozzle of 78 µm inner diameter. The width of the line deposited
with the 78 µmnozzle and an aerosol to total flow ratio of 0.18 is 21.3 µm, which is approximately
27% of the outlet diameter of the dispensing nozzle. Although this modular design is in the first
stage and requires extensive testing with various dispensing nozzle sizes and aerosol to total
flow ratios, the ease of changing the dispensing nozzle and printing with a wide range of widths,
20-1000 µm, make it a practical design for dADW.

¹The content of this section is unpublished.
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Figure 3.11: a) Schematic view of components of modular SGN, b) modular SGN with syringe of
434 µm diameter, c) modular SGN with syringe of 227 µm diameter, d) width of the line printed
with modular SGN with 78 µm diameter and a/T=0.18 (the substrate contains contaminations).

3.5 Conclusions
In this study, we evaluate the performance of dry aerosol direct-writing (dADW) as a simple
and solvent-free method for additive manufacturing high-resolution micrometric patterns of
<100 nm-sized nanoparticles through aerodynamic focusing. We investigate, via numerical and
experimental approaches, the effect of design and operating parameters on the resulting resolu-
tion of sub-100 nm gold nanoparticles lines deposited via a converging nozzle (CN) and sheath
gas nozzle (SGN). We assessed three main parameters: the contraction factor (CF), the focus-
ing ratio (FR), and the collection efficiency (CE) to analyse the numerical data. As a result, we
discovered that, firstly, CNs are unable to deposit very fine nanoparticles (less than 10 nm) or
are only partially capable of depositing in a very wide region. Secondly, they are unable to effi-
ciently collimate the particles in the flow and achieve high CF; thirdly, the width of the line is
related to both the nozzle diameter and the working distance (WD), and finally are sensitive to
the design parameters. This means that when using a WD equal to the diameter of the nozzle,
the narrowest line one can expect to print with a CN is in the order of the diameter size of the
nozzle throat. Therefore, printing patterns with widths less than 100 µmwould necessitates pre-
cise nozzle manufacturing and precise nozzle positioning with respect to the substrate. SGNs,
on the other hand, firstly are extremely efficient in collimating a beam of particles and achiev-
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ing high CF due to the presence of a secondary flow, which acts as a virtual tube surrounding
the aerosol flow. Secondly, they show very low sensitivity to design parameters for CF and FR,
resulting in simplifying the nozzle’s design and manufacturing. Thirdly, SGN enables particle
deposition in a region smaller than the diameter of the nozzle throat when using a WD equal
to the diameter of the nozzle. The combination of low sensitivity to design parameters and the
ability to achieve a narrower line while using larger nozzle sizes and greater WDs simplify the
design and manufacturing of SGNs.

Although modelling was carried out in order to understand the effect of parameters that we
were able to control in the dADW machine or manufacturing of the nozzle, there are a number
of variables that were not taken into consideration in the numerical study, which resulted in
a difference between the simulation and experimental results. A freeze boundary condition is
assumed for the impaction plate in ourmodels, whichmay differ from reality. In this assumption,
particles are considered deposited as soon as they come into contact with the substrate at any
impaction velocity, with no consideration given to bouncing of particles from the surface or
detachment of particles from the substrate as a result of low interaction between particles and
the substrate. Therefore, the particle collection efficiency estimated in simulation is expected
to be higher than in experiments. Furthermore, as particles hit the substrate with a lower axial
velocity in the outer region of the line, it is reasonable to expect that the line width will be larger
in the numerical results. In our modelling, another simplifying assumption is related to the
neglection of surface roughness and surface energy and their possible effect on the deposition
width and the collection efficiency, which may need to be considered in future studies.

Another source of discrepancy between simulation and experimental data is the assumption
of spherical particles in the simulations. While this assumption holds true for primary nanopar-
ticles because their growth is symmetrical, it does not hold true for agglomerated particles,
which are formed by the aggregation of several primary nanoparticles resulting in arbitrary
shapes and sizes. It is important to note that, as previously stated in the text, the size distribu-
tion of particles in the aerosol flow varies for different nozzles due to agglomeration, the effect
of variation in the concentration of nanoparticles, and longer transportation time. Finally, man-
ufacturing the nozzle using a stereolithography 3D printer produces a final part composed of
layers of 25 µm thickness that are adhered to one another and generate an interior micrometric
roughness, which is not considered in the simulation, which may affect the results.

According to the experimental results, lines printed with both CNs and SGNs have a Gaus-
sian cross-section with a varying thickness from 10s of nanometres to 100s of nanometres de-
pending on process parameters such as stage velocity and contain randomly formed 3D mi-
crostructures with high porosity and nanometric features. The splash area, defined as an outer
area with sparse deposition of finer nanoparticles, is the main difference between CN and SGN
lines, and its presence reduces the achievable resolution of the line, moreover, reduce the sharp-
ness of the line. CNs have a very large splash area that extends to the width of the line, reducing
the CN’s performance in both resolutions and collecting NPs in desired regions. The splash area
in a line generated using SGNs, on the other hand, is limited to a few micrometres after the
boundary, which increases the sharpness of the line. Notably, the experimental results confirm
that increasing WD increases line width, as shown in both SGN and CN modelling.

Furthermore, we test the effect of the aerosol to total flow ratio on the width of the SGN-
printed line. The results show that decreasing the aerosol flow rate reduces the width of the
line and concentrates the nanoparticles in a region smaller than the nozzle’s diameter. The
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smallest line printed with CNs has a minimum size equal to the nozzle size. Alternatively, the
same line width was printed using an SGN with a greater outlet diameter and greater WDs. The
narrowest line generated by a single part 3D print SGN was 67 µm, with a nozzle diameter of
248 µm and a WD of 400 µm, i.e., width is about 27% of the nozzle diameter. This demonstrates
that dADW can print high-resolution patterns of nanoparticles with width ranging from 67
µm to 600 µm and thickness ranging from 20 nm up to 400 nm. Due to the solvent-free, room
temperature and atmospheric pressure, and in-line particle generation, dADW can be utilised to
fabricate nanostructured patterns for optical sensors, gas sensors, and interconnects. Moreover,
this method enables the generation and deposition of various metal NPs in the form of patterns
on a variety of substrates such as paper, silicon and polymer [8, 32].
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dADW and thermal tuning of Cu

nanoparticle patterns as SERS sensors
Surface-Enhanced Raman Scattering (SERS) substrates are of great interest for detecting low-
concentrated analytes. However, issues such as multi-step processing, cost, and possible pres-
ence of hazardous substances in the fabrication still represent a significant drawback. In this
work, an innovative direct writing method is introduced for solvent-free and spatially-selective
deposition of fine metal copper nanoparticles (CuNPs), with size distribution below 20 nm, gen-
erated in-line through a Spark Ablation Method (SAM). The deposited CuNPs’ morphology
and composition were characterized by scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM), and energy-dispersive X-ray spectroscopy (EDS). The resulting CuNP patterns
feature porous 3D micro-domains with nanometric structures serving as hot-spots for Raman
signal enhancement. Low-temperature post-treatment (below 200 ∘C) of the deposited CuNPs
significantly evolves its morphology and leads to sintering of NPs into a semi-crystalline struc-
ture with sharp geometric features, which resulted in a more than tenfold increase of the en-
hancement factor (up to 2.1×105) compared to non-heat-treated samples. The proposed method
allows creating SERS substrates constituted by sharp 3D metallic nanopatterns selectively de-
posited onto specific regions-, which paves the way for new printed, highly sensitive SERS-
based sensors.

The contents of this chapter have been published in:

• Aghajani, S., Accardo, A., & Tichem, M. (2020). Aerosol Direct Writing and Thermal Tuning of Copper Nanopar-
ticle Patterns as Surface-Enhanced Raman Scattering Sensors. ACS Applied Nano Materials, 3(6), 5665–5675.
DOI:10.1021/acsanm.0c00887
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4.1 Introduction
Surface-Enhanced Raman Scattering (SERS)
spectroscopy is a rapid, label-free, and
straightforward technique employed in
many applications ranging from low
concentration and even single-molecule
detection [1, 2] to DNA studies [3], due
to its ability to provide a variety of infor-
mation on chemical and structural fea-
tures of different species. SERS is widely
used in many fields such as biology [4],
material science [5], food analysis [6],
and medicine [7] and is based on the am-
plification of the Raman signal by sev-
eral orders of magnitudes taking place
on metallic nanostructured surfaces and
enabling ultrasensitive fingerprinting of
molecules.

In the amplification of the Raman signal, two primary mechanisms must be taken into ac-
count: chemical enhancement and electromagnetic enhancement [8]. The chemical enhance-
ment is highly molecule-specific [9] and is primarily related to charge transfer mechanisms be-
tween the molecule and the metal. The other enhancement mechanism, which has the highest
impact on the total enhancement, is the electromagnetic (EM) one [10]. The EM enhancement
of the Raman signal is due to Localized Surface Plasmon Resonance (LSPR) taking place at the
surface of metal particles featuring nanometric roughness [5]. These excitations are due to col-
lective oscillations of the electron cloud in the presence of incident light at the interface between
a metal and a dielectric. Surface plasmons are localized because of their confinements within
the surface of a nanoparticle (NP) or on edges and corners of a metallic nanostructure. The
results of this confinement are 1) selective photon absorption depending on the size and shape
of the nanostructure; 2) amplification of the EM field [11]. The regions of a surface with the
ability to enhance the Raman signal are referred to as hot-spots [12].

Noble metals, such as silver [13, 14] and gold [15, 16], structured with feature sizes of few
nanometers to hundreds of nanometers, and having LSPR in the visible regions of the spectrum,
are widely employed as SERS-active substrates. Alternatively, copper, a less expensive mate-
rial, is another metal employed in SERS-active substrates; it generally leads to lower Raman
enhancement compared to substrates made of gold or silver. The low SERS effect of a Cu SERS
substrate can be compensated by using a 3D structure instead of a 2D configuration to increase
the number of hot-spots. The presence of a 3D structure also increases the number of adsorbed
probe molecules around the hot-spots due to the higher surface area. Different strategies have
been developed for manufacturing SERS-active substrates such as chemical reduction [17, 18],
self-assembly [19, 20], screen printing [21] electrochemical deposition [22, 23], dealloying or
decomposition [24], thermal decomposition [25], and nanosphere lithography (NSL) [26]. All
these methods are characterized by either multi-step processes, high temperature, high level of
vacuum, presence of hazardous chemicals, or expensive instruments. Furthermore, these meth-
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ods create SERS-active regions all over the surface; however, for the integration of SERS into a
sensor or a microfluidic device, it would be desirable to have SERS-active patterns in a specific
location. To fabricate local SERS-active patterns, methods such as electron beam lithography
(EBL) [27] and photolithography [28] can be employed to create nanopatterns in the desired
location with high control over the shape, size, and spacing of hot-spots; however they are ex-
pensive, time-consuming and limited to typical semiconductor material systems. In this work,
we report an innovative approach allowing selective direct writing of copper nanoparticle pat-
terns via dry Aerosol Direct Writing (dADW), and heat treatment of the deposited film to tune
and significantly improve the SERS signal enhancement.

In dADW, an in-line Spark Ablation Method (SAM) is used to generate metal or alloy NPs
[29, 30], which are deposited in well-defined regions of the substrate using an aerodynamically
focusing system. The deposited pattern is composed of 3D nanoparticles’ microstructures fea-
turing a height of hundreds of nanometers with high porosity and nanometric roughness. We
also report how the tuning of process parameters, such as the deposition speed and nozzle to
substrate distance, has a direct influence on the width of the pattern and the density of the
nanoparticles. Furthermore, we show that the morphology of the deposited film is significantly
affected by a low-temperature thermal post-treatment (below 200 ∘C), converting the porous
structure into multi-faceted micro-domains with sharp corners and edges. A low concentration
analyte, Rhodamine (RhB), is used to study the tunability of the SERS signal enhancement in
relation to the evolution of the CuNP filmmorphology. Compared to untreated samples, a SERS
signal enhancement of more than one order of magnitude was achieved.

4.2 Materials and Methods
4.2.1 Sample preparation
The dADW setup (explained in Section 2.2) was used for the deposition of copper nanoparticles
(CuNPs) for fabrication of SERS-active substrates using copper electrodes (99.99% purity). The
focusing nozzle consists of a converging section with a 10 mm diameter inlet (D𝑖) and half angle
of 45∘ (𝛼) followed by a 20 mm converging capillary nozzle (L𝑐 ) with a 2 mm diameter inlet (D𝑐 )
and half angle of 2∘ (𝛽) ending in a 400 µm diameter throat (D𝑁 ) representing the outlet of the
focusing nozzle (Figure 3.1.c). The nozzle is designed in SOLIDWORKS and manufactured using
an EnvisiontechMicro plus high resolution stereolithographic 3D printer with 25 µm resolution,
and post-processed by UV-curing for 3 minutes.

Concerning the fabrication of patterned active-SERS substrates, 1-inch sized silicon sub-
strates, cleaned with acetone and isopropanol, are mounted on the stage in the vacuum cham-
ber. For each nozzle-to-substrate distance, three samples were prepared by printing CuNP on
a clean silicon substrate with a flux of 930 sccm, 1 Bar upstream pressure, vacuum pressure of
270±1% Pa, deposition writing speed of 50 µm s−1 and SAM voltage and current setting of V=1.2
kV, I=8 mA respectively. Concerning the thermal post-treatment, the silicon substrates with
CuNPs patterns were placed in a Binder VD23 vacuum oven with a vacuum pressure of 0.01
mbar.

4.2.2 Morphology characterization
Themorphology of the patterned areawas characterized by scanning electronmicroscopy (SEM),
atomic force microscopy (AFM) and optical microscopy (OM).The SEMmeasurements were per-
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formed with the following SEM microscopes: Jeol JSM-6010LA, field-emission high-resolution
Jeol JSM-6500F, and FEI NovaNano, all with a secondary electron detector. The elemental analy-
sis of deposited patterns was performed through an energy-dispersive X-ray spectrometer inte-
grated into the SEM Jeol JSM-6010LA setup at a magnification of 2500 and acceleration voltage
of 15 kV. For each configuration of heat treatment (no heat-treatment, 1 hour @100 ∘C, 1 hour
@200 ∘C, 2 hours @200 ∘C), four EDS analyses were performed randomly in the centric regions
and two in the boundary zones. The optical pictures were recordedwith a Keyence digital Micro-
scope VHX-6000 able to magnify from 20X to 2000X. The HDR (High Dynamic Range) function,
allowing to capture multiple images at varying shutter speeds, improved the resolution and the
contrast between substrate regions with and without deposited CuNPs. The boundary of the
line was therefore chosen as the region where there was a clear difference in the contrast. For
each distance between the nozzle and the substrate, the width of three lines printed on three
silicon substrates was measured.

The AFM measurements were performed by a JPK Nanowizard 4 coupled to a Zeiss micro-
scope in QI𝑇𝑀 mode. Silicon tips TESPA-HAR with the resonant frequency of 320 kHz, force
constant of 42 N m−1, a high aspect ratio of at least 5:1, and a curvature radius of 10 nm were
used. The high aspect ratio of the tip enables the imaging of surfaces with high differences in
height, reducing possible tip-sample convolution artifacts. Three scan areas of 3.0×3.0 (µm2),
1.5×1.5 (µm2) and 0.5×0.5 (µm2) were used to study the morphology of the samples. All AFM
measurements were performed in air at room temperature and were leveled with linear sub-
traction of background data for both horizontal and vertical lines by using GWYDDION 2.55
software.

4.2.3 SERS measurements
Concerning SERS studies, a Rhodamine B (RhB) solutionwith a concentration of 1.0×10−6 Mwas
prepared out of RhB powder, purchased from Sigma Aldrich, and deionized water. To ensure
a homogeneous distribution of the probe molecule on the nanostructured surface, an immer-
sion method was used. The samples were immersed in the RhB solution for 12 hours to ensure
sufficient molecule adsorption on the samples. After that, the samples were removed from the
solution, washed thoroughly with deionized water to remove the excess of RhB and dried with
a Nitrogen stream. Compared to droplet-on-substrate deposition protocols, our approach pre-
vented “coffee-stain effects” that could lead to the accumulation of the probe-molecules at the
edge of a drying droplet deposited on the substrate [31]. Concerning Raman spectroscopy mea-
surements, a Horiba LabRAM HR setup, equipped with an Argon ion laser operating at 488 nm,
514 nm and 633 nm, a CCD camera, and a 50X (NA=0.5) objective was used. All SERS spectra
were acquired with the laser operating at 514 nm at a power of 20 µW, with an acquisition time
of 30 seconds and an average laser beam spot size of about 2 µm measured on bare silicon, un-
less mentioned otherwise. The spectra were collected over the range of 500 cm−1 to 1700 cm−1
with a spectral resolution of ∼0.3 cm−1. The spectral data were recorded using LabSpec6 soft-
ware, and baseline correction was performed to remove the fluorescent background. To assess
the level of reproducibility of SERS signal on the fabricated patterns, the Raman signal of RhB
on CuNPs deposited patterns with and without heat-treatment was measured at 18 different
locations within the patterns.
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4.3 Results and discussion
4.3.1 Effect of process parameters on dADW printed lines
Figure 2.3.c shows the schematic of a designed focusing nozzle, which enables the experimental
setup to deposit CuNPs selectively on the substrate. The focusing nozzle accelerates the carrier
gas and propels the particles due to the pressure difference between the upstream (Pu) and
downstream (Pd) of the nozzle. The ratio of the upstream to downstream pressure (vacuum
pressure) of the nozzle defines the mode of flow at the outlet of the nozzle: subsonic, sonic, or
hypersonic.

A pressure ratio (Pd/Pu) lower than 0.49 (Pd/Pu=(2/γ+1)
γ/γ−1, with γ= 1.66 for argon, [32])

causes a sonic flow mode. Further decrease in the pressure ratio leads to a strong expansion of
the gas outside of the nozzle and enables the gas to reach higher velocities. When this expansion
of gas impinges onto a plate, a stagnation plane is created in front of the plate by the so-called
bow-shock. Across the bow shock, a sharp difference in pressure and velocity of gas appears
with a zero velocity on the plate. The nanoparticles’ velocity is affected significantly by any
change in the flow because of their low inertia; therefore, they can reach higher velocity outside
the nozzle in the expansion zone of the gas. This allows them to leave the streamline and
deposit on the target substrate. The highest pressure ratio between upstream and downstream
of the nozzle takes place when a stagnation point at atmospheric pressure (105 Pa) and clean
room temperature (293 K) is reached, and the vacuum pump works at its highest power. In this
configuration, the flow rate controller is set at 930 sccm, the vacuum pressure is equal to 270
Pa±2%, and the pressure ratio is (377−1)< Pd/Pu<(363−1).

The other parameter affecting the expansion of the gas after the nozzle and further deposi-
tion of the NPs on the substrate is the distance between the nozzle and the substrate. A small
distance causes a weaker gas expansion and lower gas and particle velocity. On the other hand,
a high distance leads to a fully expanded gas and high particle velocity, but also a higher dis-
tance of bow shock to the substrate. This further increases the traveling path of particles to
reach the substrate and, consequently, reduces the chance of deposition. Figure 4.1.a1-a8 shows
the optical microscopy images of the variation in the width of the deposited line according to
different distances between the nozzle and the substrate.

Figure 4.1.b shows that the width of the lines depends on two factors: the distance between
the nozzle and the substrate and the diameter of the nozzle. Increasing the distance of the nozzle
to the substrate from 200 µm (0.5×D𝑁 ) to 1600 µm (4.0×D𝑁 ) leads to an increase in the width of
the line from 265 µm ± 2% (∼0.65×D𝑁 ) to 505 µm ± 2% (∼1.25×D𝑁 ). Increasing the width of the
line also leads to a decreasing density of the particles and less uniform deposition; however, this
can be compensated by increasing deposition time. The results show that, by controlling the
distance of the nozzle to substrate and the time of deposition, it is possible to create patternswith
various widths in the range of the diameter of the nozzle. In further studies, we will consider
the fabrication of nozzles with smaller diameters. Although all the SERS experiments in this
work were performed on Si surfaces, the direct writing methodology has also been validated on
other kinds of substrates (Figure B.1).
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Figure 4.1: Optical microscopy of the variation of the width lines at a nozzle-to-substrate dis-
tance of a1) 200 µm, a2) 300 µm, a3) 400 µm, a4) 600 µm, a5) 800 µm, a6) 1000 µm, a7) 1200 µm,
a8) 1600 µm. b) Relationship between the width of the deposited line and the ratio between
the nozzle-to-substrate distance and the nozzle diameter (L/D𝑁 ). For each distance between the
nozzle and the substrate, the width of 3 lines printed on three silicon substrates was measured
by using HDR images. All lines were printed on silicon substrates with a flux of 930 sccm, 1 Bar
upstream pressure, the vacuum pressure of 270±1% Pa, deposition writing speed =50 µm s−1,
nozzle throat of 400 µm, and SAM voltage/current setting of V=1.2 kV, I=8 mA.

58



4 dADW and thermal tuning of Cu nanoparticle patterns as SERS sensors

4

4.3.2 Effect of Thermal treatment on the Morphology of printed lines
Figure B.2.a and Figure 4.2.a show a film of copper nanoparticles (CuNPs) deposited on a silicon
substrate and the typical morphology of the film in low-magnification SEM images. The ag-
glomerates of NPs with different shapes and sizes, together with primary NPs in various sizes,
formed a dense layer on the substrate that contains valleys and hills in a three-dimensional
(3D) configuration (Figure 4.2.b). A closer look at the structure of the film is provided in Figure
B.2.d,e with a high-resolution SEM and by AFM images depicted in Figure 4.3.a,b. We observe
that the 3D structure is composed of a random network of very fine NPs featuring a sponge-like
morphology characterized by high porosity and surface area. Apart from NPs and agglomerates
of NPs deposited on the substrate, Figure 4.2.a indicates the presence of microparticles with size
ranging from hundreds of nanometers to few micrometers. Microparticles result from the solid-
ification of larger units of molten metal occasionally ejected from the surface of the electrode
into spherical particles[32], such as the microparticle shown in Figure B.2.f. The number of
these microparticles in regions close to the center of the line (Figure B.2.a) is higher than in
regions closer to the boundary of the line (Figure B.2.b) since microparticles have higher mass
and consequently higher inertia compared to NPs.

Figure 4.2: a, b) SEM images of the morphology of CuNPs, agglomerates, and Cu microparticles
deposited on the silicon substrate. c, d): Transformation of the CuNPs deposited on a silicon
substrate to crystalline form after thermal treatment in the vacuum oven for 1 hour at 100 ∘C. e,
f): After thermal treatment in the vacuum oven for 1 hour at 200 ∘C. g, h) Crystal growth after
thermal treatment in the vacuum oven for 2 hours at 200 ∘C. All CuNPs deposited with SAM
voltage/current setting of V=1.2 kV, I=8 mA.

The evolution of the surface morphology by different thermal post-treatments is shown in
Figure 4.2.c–h and Figure 4.3.c–h. The melting temperature of nanoparticles (T𝑁𝑃 ) and their
sintering temperature are a function of the nanoparticle’s size (D𝑁𝑃 ) and decrease drastically
from the bulk melting temperature (T𝐵𝑢𝑙𝑘 ) following the law (T𝑁𝑃 -T𝐵𝑢𝑙𝑘 )/T𝐵𝑢𝑙𝑘=f(-1/D𝑁𝑃 ) [33–
35]. The dependence of the melting temperature of nanoparticles on their size is particularly
important for particles with a size below 20 nm [35]. The SEM images (Figure 4.2.c,d) and
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AFM images (Figure 4.3.c,d) show that the 3D sponge-like structure, composed by individual
CuNPs, start to sinter at a temperature of 100 ∘C and transform into a compacted structure with
micrometric 3D domains containing particulate shapes of tens of nanometers and lower porosity
compared to non-heat treated samples.

Figure 4.3: AFM morphology of 0.5×0.5 (µm2) and 1.5×1.5 (µm2) areas of a, b) samples without
heat-treatment, c, d) samples heat-treated at 100 ∘C and 1 hour, e, f) samples heat-treated at 200
∘C and 1 hour, g, h) Samples heat-treated at 200 ∘C and 2 hours. AFM morphology of i) 3.0×3.0
(µm2) area of the thermal post-treated sample at 200 ∘C and 2 hours in the vacuum oven and j)
its 3D view. All CuNPs deposited with SAM voltage/current setting of V=1.2 kV, I=8 mA

The surface morphology of deposited CuNPs and heat-treated in a vacuum oven for 1 hour
at 200 ∘C is depicted in Figure 4.2.e,f. The AFM images of Figure 4.3.e,f show that the thermally
treated sample at 200 ∘C features a morphology similar to the ones treated at 100 ∘C but with
larger particulate sizes. Figure B.3.d and Figure 4.2.f show that the 3D micrometric domains
contain corners and edges with a size ranging from tens of nanometers to a maximum of two
hundred nanometers.

Increasing the sintering time to 2 hours provokes further fusing of CuNPs into larger shapes
and ordered structures, as shown in Figure 4.2.g,h and Figure 4.3.g,h. The previously formed
compacted 3D structures, after 1 hour treatment at 200 ∘C undergo further re-ordering, leading
to multi-facet 3D aggregates with size between hundreds of nanometers until a maximum of
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2 micrometers, as shown in Figure 4.3.i,j. The frequency of the presence of these cubic copper
aggregates decreases by moving from the center of the line towards the boundaries, as shown in
Figure B.4.a (the right side of both pictures are closer to the center of the line). In the boundary
regions, CuNPs turned into aggregates with micrometric size; however, they have a less ordered
shape compared to cubic aggregates present in the centric regions (Figure B.4.b-d). This differ-
ence in the microstructure of the thermal treated CuNPs at different positions of the line may
be related to the differences in the amount of material present in the centric regions compared
to the boundary of the line. This lack of material in the boundary region limits the formation
of larger and more-ordered aggregates. The other possible explanation might be related to the
presence of copper with different oxidation states at the surface in different regions of the line.

To quantify the presence of oxidations states, we performed an elemental analysis of the
fabricated samples by using energy-dispersive X-ray spectrometry (EDS, Table B.1, Figure B.5),
on two regions: in the centric regions of the line with higher CuNPs coverage over the deposited
area and in the boundary regions featuring lower CuNPs coverage. The EDS results reported
in Table B.1 show the presence of copper, oxygen, silicon, and carbon. The presence of silicon
in the elemental analysis is due to the penetration of the X-ray into the film until the silicon
substrate. Its presence is, therefore, lower in the inner regions compared to the boundary ones
due to the higher coverage of CuNPs and higher thickness of the film. The EDS analysis of
a silicon substrate without CuNPs is shown in Figure B.5.a and highlights the only presence
of silicon without any trace of carbon. Therefore, we attribute the presence of carbon in the
CuNPs deposited substrates to the reaction of copper nanoparticles with CO2 in the air. It
should be noted that oxidation of copper occurs very shortly after it is exposed to air because of
the chemical reactivity of CuNPs [36] and the relatively low thickness of CuNPs film. Figure 4.4
shows the ratio of copper to oxygen in the CuNPs deposition at the boundary of the deposition
area andwithin inner regions of the line [37]. The samplewithout heat-treatment shows that the
centric regions oxidized uniformly, leading to the formation of copper(II) oxide (CuO); however,
the boundary has a higher oxygen ratio compare to inner regions.

Figure 4.4: The elemental ratio of copper to oxygen in different samples, A: inside the line, B:
boundary of the line
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To evaluate the effect of heat-treatment on the elemental compositions of the samples, the
EDS characterization was also performed on heat-treated samples. As shown in Figure 4.4,
the centric regions for almost all samples have a higher ratio of copper to oxygen compared
to boundary regions. This ratio starts to increase in the centric regions with an increase of
time or temperature of the thermal treatment, which is an indication of the transformation of
the CuO to Cu2O. Unlike bulk copper oxide (CuO), which reduces directly to copper, the CuO
nanoparticles firstly completely reduce to Cu2O by (4CuO(s)→2Cu2O(s)+O2(g)) and then to Cu
(2Cu2O(s)→4Cu(s)+O2(g)) [38, 39], which is a reaction that requires a temperature higher than
200 ∘C. [40] The Cu2O is a stable compound of copper with cubic crystalline structure [41];
therefore, the gradual increase in the ratio of copper to oxygen in the centric regions from 1 to
2 leads to a transformation of the nanostructure from spherical shape to larger cubical shape.
The higher ratio of oxygen to copper in the boundary regions might relate to the presence of
finer nanoparticles with a higher surface area.

4.3.3 Performance of dADW printed lines as SERS substrate
According to the morphology characterization results mentioned above, the film of CuNPs fea-
tures high-roughness and a sponge-like 3D morphology containing nanostructures with a size
distribution between 0 and 20 nm. To evaluate the SERS performance, a series of Raman experi-
ments were performed by using low concentration Rhodamine B (RhB) as a probe molecule. The
schematic of a typical deposited CuNPs line on a silicon substrate is shown in Figure 4.5.a. For
each experiment, the width of a line is divided into six regions, and in each region, three Raman
acquisitions on three different points are performed. The Raman points are specific regions in
the cross-section of the deposited line, which are chosen because of their clearly distinct mor-
phology. In this configuration, the Raman signal of RhB was measured at 18 different points to
assess the level of reproducibility of the SERS signal on the fabricated patterns. Rhodamine B
(RhB) with a concentration of 1.0×10−6 Mwas adsorbed on the CuNPs deposition and showed a
distinguishable Raman signal under laser excitation at 514 nm. The SERS effect is higher when
the laser excitation promotes the LSPR on the metal nanostructure. However, the laser excita-
tion options of Raman equipment have limited options, and, for complex nanostructures, LSPR
occurs at multiple wavelengths due to the presence of higher-order multipole plasmonic modes
[42]. In this study, a combination of theoretical calculation based on Mie Theorem for very
fine spherical copper nanoparticles [43] and a series of experiments on complex nanostructures
were employed to find the best laser excitation, which is 514 nm. The procedure is explained in
detail in the Section B.4.

The characteristic Raman spectrum of RhB is shown in Figure 4.5.b with its most important
peaks: 621 cm−1 (for xanthene ring puckering), 1199 cm−1 and 1279 cm−1 (for C-C bridge band
stretching and aromatic C-H bending), 1358 cm−1 (for aromatic C-C bending), 1505 cm−1 and
1528 cm−1 (for aromatic C-H bending), and 1648 cm−1 (for aromatic C-C bending and C=C
stretching). In Figure 4.5.b, at 520.7 cm−1, the silicon peak is also shown, and it is present in
the SERS spectrum of RhB if the CuNPs deposited line is not thick enough to cover the silicon
substrate completely. For SERS characterization, the five peaks of RhB (1279 cm−1, 1358 cm−1,
1505 cm−1, 1528 cm−1 and 1648 cm−1) were considered.
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Figure 4.5: a) Schematic view of the typical Raman acquisition map over a deposited line (the
green circles are the acquisition points). b) Raman spectrumRhodamine B. Ramanmeasurement
conditions: Argon ion laser operating at 514 nm and power of 20 µW; acquisition time = 30 s;
objective lens = 50X (NA=0.5).

The first set of experiments are related to the adsorption of RhB on the patterns of CuNPs de-
posited on a silicon substrate with SAM setting of 1.2kV and 8.0mA and fixed nozzle-to-substrate
distance of 400 µm (L/D𝑁 = 1). Figure 4.6.a, c report 18 Raman spectra of RhB on CuNPs de-
posited on the silicon substrate with twowriting speeds of 10 µm s−1 and 2 µm s−1 in the spectral
range of 1200 to 1700 cm−1.

The values on the oblique axes in Figure 4.6.a,c relates to regions shown in Figure 4.5.a and
contains three Raman acquisitions for each region. The distribution of the five main characteris-
tic peaks of RhB for the 6 Raman points is shown in Figure 4.6.b and d. The spectra acquired on
NPs patterns fabricated at both writing speed show that 1.0×10−6 M RhB is detectable, and all
characteristic peaks of RhB are observable with the highest peaks at 1648 cm−1. Furthermore,
Figure 4.6.b and d showed that the highest intensities for each peak of RhB occur in the region
far from the center and closer to the boundary. We tentatively attribute this to the lower surface
area and lower LSPR in the centric regions, which contain a higher number of microparticles.

The effect of thermal post-treatment with different time and temperatures on the enhance-
ment of the Raman signal of 1.0×10−6 M RhB is shown in Figure 4.7. Comparing the Raman
spectrum of 1.0×10−6 M RhB adsorbed on non-heat-treated CuNPs to the heat-treated ones for
1 hour at 100 ∘C (respectively, Figure 4.6.a and Figure 4.7.a), it is clear how the SERS intensity is
amplified on average by a factor 4. Thermal treatment of CuNPs at 100 ∘C triggers the sintering
of the fine nanoparticles into larger structures, although the temperature or the heating time
are not sufficient for inducing a significant coalescence of the NPs.

The SERS intensity is further improved by increasing the temperature of the vacuum oven
from 100 ∘C to 200 ∘C (Figure 4.7.b), which averagely enhanced the signal intensity by a factor 10
compared to the non-heat-treated CuNPs. Thermal treatment of CuNPs at 200 ∘C for 1 hour leads
to the formation of aggregates with larger nano-feature size, as shown in Figure 4.2.e,f, and this
induces a red-shift in the LSPR [44–46] of copper structures, therefore, a better amplification of
electromagnetic wave and consequently Raman signal.
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Figure 4.6: a, c) Raman spectra of 1.0×10−6 M RhB on CuNPs patterns obtained at writing speed
of 10 µm s−1 and 2 µm s−1 respectively for 18 points in 6 regions. b, d) Averaged intensities of
main peaks of RhB for each of the 6 Raman regions corresponding to Raman spectra of a) and c),
respectively. Raman measurement conditions: Argon ion laser operating at 514 nm and power
of 20 µW; acquisition time = 30 s; objective lens = 50X (NA=0.5).

The prolongation of the heat-treatment at 200 ∘C from 1 hour to 2 hours, leads to a significant
decrease of the SERS intensity in the centric region of the line and an increase in the boundary
regions (Figure 4.7.c). As mentioned above, the morphology of the thermal-treated CuNPs in
the centric regions treated at 200 ∘C for 2 hours, is characterized by the presence of large cubic
aggregates with a feature size of several hundreds of nanometers and less effectiveness as a
hot-spot for the enhancement of the SERS signal.

The other hindering point of over-sintered CuNPs relates to a decrease in the surface area
of the microstructure due to fusing NPs hence lower area for adsorption of RhB molecules. As
shown for the SERS signal of RhB on CuNPs without heat-treatment, the highest intensities for
heat-treated samples takes place as well at the boundary of the deposited line. This phenomenon
can be explained by the presence of a higher number of edges and corners in the structures closer
to the boundaries of the heat-treated CuNP films.
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Figure 4.7: Raman spectra of 1.0×10-6 M RhB on CuNPs patterns obtained at writing speed of 2
µm s-1 and a) 1-hour thermal treatment of 100 ∘C b) 1-hour thermal treatment of 200∘C c) 2 hours
thermal treatment of 200 ∘C in a vacuum oven (18 points in 6 regions). d), e) and f): Averaged
intensities of main peaks of RhB for each of the 6 Raman regions corresponding to the Raman
spectra of a), b), and c), respectively. Ramanmeasurement conditions: Argon ion laser operating
at 514 nm and power of 20 µW; acquisition time = 30 s; objective lens = 50X (NA=0.5).

The enhancement factor (EF), a quantitative parameter to compare the efficiency of active
SERS substrates, was calculated based on the intensity of the 1648 cm−1 peak, which is the most
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intense spectral feature of RhB, by using the following equation [47–50]:

EF = ISERS
I0

× C0
CSERS

(4.1)

Where I𝑆𝐸𝑅𝑆 and I0 are the intensities of the 1648 cm−1 peak for C𝑆𝐸𝑅𝑆=1.0×10−6 M and
C0=1.0×10−3 M of RhB, respectively. For calculating the EF, a reference sample was prepared by
immersing a bare silicon substrate in a 1.0×10−3 M (1 mM [51]) RhB solution for 12 hours, and I0
measured three times and averaged to a value of ∼7.317 (a.u.) (Figure B.9). Figure 4.8 shows the
evolution of the EF, taking into account 18 Raman points on different regions of the patterns for
samples with and without thermal post-treatment. The highest EF is 2.1×105, and the highest
averaged EF is 1.6×105 for the heat-treated samples at 200 ∘C for 1 hour; moreover, these samples
show the best reproducibility and lowest standard deviation compared to other samples. This
value is comparable to other reported copper-based SERS-active substrates [18, 52, 53] and is
close to the EF of gold SERS substrates [50, 54] and silver SERS substrates [55]. These results
indicate that the SERS features of CuNPs, selectively deposited on a substrate by aerosol direct
writing, can be significantly enhanced via thermal post-treatment up to a level comparable with
one of other noble metals.

Figure 4.8: The average enhancement factor (EF) for A) non-heat-treated sample B) thermal
post-treatment at 100 ∘C for 1 hour C) thermal post-treatment at 200 ∘C for 1 hour D) thermal
post-treatment at 200 ∘C for 2 hours. All CuNPswere depositedwith SAMvoltage/current setting
of V=1.2 kV, I=8 mA, and writing speed of 2 µm s−1. Raman measurement conditions: Argon
ion laser operating at 514 nm and power of 20 µW; acquisition time = 30 s; objective lens = 50X
(NA=0.5).
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4.4 Conclusions
In this work, we proposed a novel, simple, and solvent-free direct writing method for the se-
lective deposition of micrometric metal (copper) nanoparticles’ patterns, and we demonstrated
their application as SERS sensors. By varying the parameters of the writing process and by
introducing a thermal post-treatment, we were able to tune the morphology of the deposited
patterns and significantly enhance the Raman signal of a reference dye (Rhodamine B). The
selectively deposited films were composed by a collection of dense spherical primary particles
with various sizes. The smallest line-width that we achieved was equal to 265 µm and largely
depends on the size of the 3D printed nozzle. Narrower patterns can be achieved in future
through high-resolution laser-assisted 3D printing (laser stereolithography [56] or two-photon
polymerization [57]) of nozzles featuring smaller orifices. The deposited patterns of copper
NPs with sponge-like structures allowed the detection of 1.0×10−6 M concentration of RhB. A
low-temperature thermal post-treatment at 100 ∘C for 1 hour triggered a transformation of the
microstructures by fusing nanoparticles into larger nanostructures. This transformation of the
filmmorphology caused an enhancement of the Raman signal of RhB.The highest enhancement
of the Raman signal of RhB was achieved with a thermal treatment at 200 ∘C for 1 hour (EF ≈
2.1×105). Increasing the time of thermal treatment from 1 hour to 2 hours at 200 ∘C, resulted in a
decrease of the Raman signal intensity and a further change of the morphology into micropar-
ticulate structures induced by the fusion of the nanoparticles. A great advantage of this method
is the ability to selectively deposit metal and alloy NPs patterns with a 3D microstructure on
different kinds of substrates (Si, glass, paper). This feature could allow in the future to inte-
grate metallic nanofeatures within specific regions of microfluidic devices. At the same time,
the easy tunability of the nanometallic morphology through process parameters, the possibility
to extend the method to other more performing materials (e.g., Au and Ag), and its integrability
with other fabrication methods, paves the way for the realization of new SERS sensors.
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Tunable photoluminescence and SERS
behaviour of Au nanoparticle patterns
The ability to tune the localised surface plasmon resonance (LSPR) behaviour of metal nanos-
tructures has great importance for many optical sensor applications such as metal (plasmon)
enhanced fluorescence spectroscopy and surface-enhanced Raman scattering (SERS). In this
study, we used dry Aerosol Direct Writing (dADW) to selectively deposit fine gold nanopar-
ticles (AuNPs) patterns. A low-temperature thermal post-treatment (below 200 ∘C) provides
enough energy to merge and transform AuNPs into larger features significantly different from
non-thermally treated samples. The optical behaviour of non-treated and thermally treated
AuNP films was investigated by photoluminescence (PL) spectroscopy. The PL measurements
showed a red-shift, compared to bulk gold, using 488 nm and 514 nm laser excitation, and a
blue-shift using 633 nm laser excitation. The thermal post-treatment leads to a further blue-
shift compared to non-treated samples in the presence of both 514 and 633 nm laser. Finally,
the AuNPs patterns were employed as a SERS-active substrate to detect low-concentrated (10−8
M) Rhodamine B. This method’s ability to selectively deposit 3D gold nanostructures and tune
their optical behaviour through a low-temperature thermal treatment allows optimisation of
the optical response and enhancement of the Raman signal for specific bio-analytes.

The contents of this chapter have been published in:

• Aghajani, S., Accardo, A., & Tichem, M. (2021). Tunable photoluminescence and SERS behaviour of additively
manufactured Au nanoparticle patterns. RSC Advances, 11(28), 16849–16859. DOI:10.1039/D1RA02266K
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5.1 Introduction

Metal nanoparticles (MNPs) and metal
nanostructures (MNSs) are used for de-
tection purposes in optical biosensors
due to their unique optical behaviours
[1–5]. Biosensors based on MNPs and
MNSs allow simple, rapid, straightfor-
ward, and label-free detection of ana-
lytes and biomarkers in very low concen-
trations with high selectivity and sensi-
tivity [6–9] due to the electromagnetic
field enhancement of the structures [8,
10]. The electromagnetic enhancement comes from the coherent oscillation of electron clouds,
excited by incident light at the metal/dielectric interface. These collective oscillations are ei-
ther confined on the surface of the metallic structure and referred to as surface plasmon res-
onance (SPR) or confined in nanometric features and referred to as localised surface plasmon
resonance (LSPR) [11, 12]. This effect has been used in detection methods such as surface-
enhanced infrared absorption spectroscopy (SEIRAS) [13], metal (plasmon) enhanced fluores-
cence (MEF/PEF) [14–16], surface-enhanced Raman scattering (SERS) spectroscopy [17–20], and
surface-enhanced resonance Raman scattering (SERRS) spectroscopy [21–23]. SERS and SERRS
are used in many applications because they can provide unique Raman spectroscopy finger-
prints of low concentrated analytes down to micro and nanomolar [7, 24].

For an ideal SERS-active substrate, a high enhancement of SERS signal, low limit-of-detection
(LOD), high reproducibility of the SERS response, and low manufacturing cost are needed. This
requires tailoring the size, shape, and density of nanostructures and selecting optimal material.
The typical material for the fabrication of a SERS substrate is gold because of its visible range
LSPRs and high chemical stability. Different methods are proposed for the fabrication of SERS-
active substrates, such as electron beam lithography [25] and photolithography [3]. However,
the complexity and multi-step processing nature of these methods increase the time and cost of
fabrication of SERS-substrates. To overcome the complexity of the previous methods, different
strategies have been developed to manufacture SERS substrates, such as nanosphere lithogra-
phy (NSL)[26–28], Langmuir-Blodgett technique [29], chemical reduction [30], self-assembly
[31], and electrochemical deposition [32]. However, all these methods use either wet processes,
which involve the presence of different liquids and hazardous chemicals and high risk of contam-
ination, or high temperature and expensive instruments. Moreover, for SERS bio-application,
the active surface ideally needs to be integrated into a microfluidic device, which requires the
ability to manufacture SERS-active regions on the substrate selectively. In this work, we used
our recently reported dry aerosol direct writing method (dADW) [20] to create patterns of gold
nanoparticles on a silicon substrate and study the effect of post-deposition thermal treatment on
the morphology and photoluminescence of the deposited AuNPs patterns and the performance
of these patterns as SERS-active substrates. The dADWmethod allows direct, spatially selective,
one-step processing and robust deposition of metal or alloy NPs (with a particle size distribu-
tion of 0-20 nm) on a wide variety of substrates, including Si, polymers, paper, and glass. The
technique allows fine control over the density of NPs and the resolution of the patterns through
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process parameters, such as the deposition speed and nozzle to substrate distance. The absence
of any chemical for particle generation or stabilisation of NPs and the presence of argon as car-
rier gas prevents the introduction of impurities. The deposited AuNPs patterns, typically char-
acterised by hills and valleys with hundreds of nanometers differences in height, form a porous
3D microstructure with nanometric features. We report the effect of low-temperature (below
200∘C) post-deposition thermal treatment resulting in a conversion of the nanoscale-roughness
porous microstructure into larger nanostructure with smooth surfaces. Furthermore, we show
that the evolution of morphology affects the AuNPs film’s photoluminescence, especially when
subjected to laser excitation of 514 nm and 632 nm, leading to a blue-shift in the peak com-
pared to the non-treated deposited Au patterns. The deposited AuNPs demonstrated high SERS
sensitivity in detecting Rhodamine B (RhB) as a probe molecule, with a 10−8 M and a 10−7 M
detection limit under, respectively, laser excitation of 514 nm and 633 nm.

5.2 Materials and Methods
5.2.1 Sample preparation
To fabricate SERS-active substrates, dADW setup (explained in Section 2.2 ) was used to deposit
AuNPs in the form of patterns on a silicon substrate. For electrodes pure gold (99.99% pure)
were used to generate gold nanoparticles. A 3D printed converging nozzle with 400 µm outlet
diameter aerodynamically focuses the AuNPs and deposits them on the substrate by impaction.
All substrates were first cleaned with acetone and isopropanol and, immediately before the
deposition, placed in an oxygen plasma chamber for 30 minutes to remove any impurity on
the substrate and to increase the adhesion of AuNPs upon deposition. This cleaned substrate is
then mounted on the stage in the vacuum chamber perpendicular to the nozzle. The substrate’s
distance to the nozzle is controlled with an out-of-plane precise SmarAct SLC-1750-O20-D-HV
positioner, while the in-plane deposition pattern is controlled with two SmarAct SLC-1750-M-
E-HV positioners. Following the same configuration of process parameters for earlier copper
nanoparticle deposition [20], all samples were prepared with a fixed nozzle to substrate distance
of 400 µm, a flux of 1050 sccm of argon gas, 1 bar upstream pressure, a vacuum pressure of 275
± 2% Pa, deposition speed of 80 µm s−1, SAM voltage and the current setting of V = 0.9 kV and
I = 5 mA respectively. For thermal post-treatment, AuNPs patterned on silicon substrates were
placed in a Binder VD23 Vacuum oven with a vacuum pressure of 0.01 mbar, with 8 different
thermal treatment programs in terms of temperature and time, see Table 5.1. For each sample,
two silicon substrates with two lines of AuNPs patterns were made.

5.2.2 Morphology Characterisation
To study the deposited patterns’ morphology, white light interferometry, scanning electron mi-
croscopy (SEM), and atomic force microscopy (AFM) were used. The white-light interferometry
was performed with a Contour GT-K 3D optical profilometer (Bruker Corporation, Billerica,
MA, USA) with ∼10-50 nm resolution and an objective of 20X. Line profiles were obtained by
integrating three measurements at each location. The white-light interferometry data were
post-processed with GWYDDION 2.55 software to remove the effect of the background. The
SEM measurements were performed with a field-emission high-resolution Helios G4, all with
a secondary electron through-the-lens (TLD) detector. A JPK Nanowizard 4 coupled to a Zeiss
microscope in QI mode was used for AFM measurements. High-resolution silicon AFM tips
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Table 5.1: Samples with different temperature and time for thermal post-treatment

Sample Temperature(∘C) Time (min)
S 1 - -
S 2 100 15
S 3 100 30
S 4 100 120
S 5 120 15
S 6 120 30
S 7 150 5
S 8 150 15
S 9 200 5

of SAA-SPI-SS were used from Bruker with the nominal resonant frequency of 55 kHz, force
constant of 0.25 N m−1, an aspect ratio of at least 5:1 in the last 100 nm, and a nominal curva-
ture radius of 1 nm. The combination of the low radius probe and the tip’s high aspect ratio
enables high-resolution imaging of surfaces with substantial height differences, thus decreas-
ing the possible convolution effect to the minimum. All AFM measurements were performed
at room temperature with two scan areas of 1.0 × 1.0 and 0.25 × 0.25 µm2. GWYDDION 2.55
software was used for the post-processing of AFM measurements data.

5.2.3 SERS and photoluminescence measurements
Photoluminescence and Raman spectroscopymeasurementswere performed on aHoriba LabRAM
HR setup, equipped with an argon-ion laser operating at 488 and 514 nm, and a helium-neon
laser operating at 633 nm, a liquid-nitrogen cooled CCD camera, and objectives of 50X (NA =
0.5) and 10X (NA = 0.25). The photoluminescence (PL) studies were performed using an objec-
tive of 10X and acquisition time of 20 s, with the previously mentioned lasers over 30 random
locations within the AuNPs deposited patterns, including centric and boundary regions of the
patterns. The two optical filters in the excitation laser path and the scattered response path
from the sample remove any wavelength below the desired excitation lasers. The spectrums
were collected over the range of 450-750 nm for the 488 nm excitation laser, 500-750 nm for the
514 nm excitation laser, and 600-1000 nm for the 633 nm excitation laser.

For SERS studies, different Rhodamine B (RhB) concentrations were prepared out of RhB
powder, purchased from Sigma-Aldrich, diluted in deionised water. For a homogeneous and
monolayer distribution of the probe molecule on the nanostructured surface, at first, the silicon
substrate containing AuNPs patterns was immersed in the RhB solution for 12 hours to have
sufficient molecules adsorbed the samples. Then, samples were removed from the solution and
washed with deionised water to remove an excess of RhB and dried with nitrogen. Two laser
excitations of 514 nm and 633 nm focused with an objective of 50Xwere used for the SERS study,
and spectrums were acquired with an acquisition time of 10 s and integration of 2. Similar to PL
studies, data were recorded using LabSpec6 software, and baseline subtraction was performed to
remove the background. The SERS signal of RhB was recorded over the spectral range 500-1700
cm−1 with a spectral resolution of 0.6 cm−1. The Raman signal of RhB on AuNPs deposited pat-
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terns with and without heat treatment was measured at 160 different random locations within
the patterns to assess the SERS signal’s reproducibility.

5.3 Results and Discussion
5.3.1 Morphology of deposited film
Figure 5.1 shows a white light interferometry image of a line of deposited AuNPs on a silicon
substrate. The colour indicates the height of the deposited features, and, at specific locations,
sudden peaks can be observed. This can also be seen in the 3D image of the line in Figure 5.1.b
and the cross-sectional profile in Figure 5.1.c1-c5. Peaks are related to agglomerates of primary
nanoparticles or microparticles. Primary nanoparticles carried in argon gas from the generation
site to the deposition site start to agglomerate by impaction or columbic forces, creating larger
particles with random sizes and shapes. These agglomerates of AuNPs are characterised by
higher mass and inertia; therefore, they will deposit mainly in the central region, as confirmed
in Figure 5.1.a. Next to agglomerates of AuNPs, gold microparticles also exist in the flow related
to molten gold ejection from electrodes [33, 34]. These microparticles are more than 500 nm
diameter in size with a spherical shape, as shown in Figure C.1. a-c, they will deposit as well
more often in the centric region due to their higher inertia [20].

Figure 5.1: a) White-light interferometry image of a line of AuNPs deposited on a silicon sub-
strate, b) 3D view of the line, c1-c5) profile of the line at five sections showed in a) with a
Gaussian fit. The AuNPs were deposited with SAM voltage/current setting of V = 0.9 kV and I
= 5 mA, the nozzle to substrate distance of 400 µm and deposition speed of 120 µm s−1

In dADW, particles are carried to the deposition chamber via the argon gas, and their final
localisation on the substrate depends on their mass and velocity when leaving the nozzle system.
The velocity depends on the NP’s position relative to the nozzle’s centreline since the gas’s
velocity profile has a maximum at the centreline and has zero velocity on the nozzle’s wall.
Therefore, particles closer to the centreline have higher velocity and higher inertia; hence they
will more likely deposit on the substrate. Likewise, particles further away from the centreline
and closer to the nozzle wall reach lower velocity due to a lower flow velocity; they will less
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likely deposit, particularly if their mass is small. Consequently, most particles in the centric
region of the flow ended up on the substrate and formed the centric region of the patterned line
(a yellowish region in Figure 5.1.a).

Figure 5.2: (a1, a2) SEM images of the morphology of AuNPs deposited on a silicon substrate and
transformation of the morphology (b-i) after thermal post-treatment in a vacuum environment.
All AuNPs deposited with SAM voltage/current setting of V = 0.9 kV and I = 5 mA.

Concerning particles far from the centric region of the flow, the majority of them follow
the flow and do not deposit, while a minority of them deposit on the substrate but in a broader
region (a white-bluish region in Figure 5.1.a). Therefore, the centric region of the line has a
higher density of particles than the boundary of the deposited line and causes a Gaussian-like
height distribution in the cross-sectional profile, as shown in Figure 5.1-c1 to c5. See Figures
C.2.a1 and a2 for comparison between centric region and boundaries.

Figure 5.2.a1 shows a deposited film of AuNPs on a silicon substrate and the film’s character-
istic morphology in a high-magnification SEM image. The film consists of dense and randomly
shaped microstructures formed by aggregation of primary NPs with various sizes and agglom-
erates, resulting in a high-porosity three-dimensional (3D) structure with nanometric features.
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Thesemicrostructures have valleys and peaks with hundreds of nanometers difference in height,
as indicated in AFM Figure 5.3.a and Figure C.3.a.

Figure 5.3: AFMmorphology of 1.0×1.0 (µm2) areas of a) non-heat treated samples (b) 15minutes
at 100 ∘C, (c) 30 minutes at 100 ∘C, (d) 120 minutes at 100 ∘C, (e) 15 minutes at 120 ∘C, (f) 30 minutes
at 120 ∘C, (g) 5 minutes at 150 ∘C, (h) 15 minutes at 150 ∘C, (i) 5 minutes at 200 ∘C.

The transformation of the deposited film’s surface morphology by different thermal post-
treatment is summarised in SEM images in Figure 5.2.b-i, AFM images in Figure 5.3.b-i and
Figure C.3.b-i. Comparing SEM images in Figure 5.2.a2-f2 and AFM images in Figure 5.3.a-f, it
is possible to see that temperature as high as 120 ∘C is not enough for inducing the coalescence
of AuNPs and a significant change in the morphology of the AuNPs film, even by increasing the
time of thermal treatment. Increasing the temperature to 150 ∘C, AuNPs start tomerge, and larger
structures are formed as depicted by SEM (Figure 5.2.g1- g2) and AFM (Figure 5.3.g and Figure
C.3.g). The further increase of thermal treatment time at 150 ∘C from 5 to 15 minutes promotes
the coalescence of AuNPs and the formation of a morphology containing larger nanostructures
and voids (Figure 5.2. h1- h2, Figure 5.3. h and Figure C.3.h). A similar microstructure is formed
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in the samples thermally treated at 200 ∘C for 5 minutes, as shown in Figure 5.2.i1- i2 and Figure
5.3.i. Looking at the high-magnification SEM images of Figure 5.2. h2 and i2, it is observable
that small particles merged to form larger structures, but their boundary is still visible and not
entirely reshaped.

The temperatures used for the thermal post-treatment are much lower than the bulk melting
temperature of gold (1064∘C) but high enough to trigger the coalescence of AuNPs, and the
consequent evolution of the film’s morphology. Nanoparticles have lower melting temperatures
than their bulk counterpart, primarily due to a higher surface-to-volume ratio [35, 36]. This
effect becomes more evident when particles’ size becomes smaller than 20 nm [35]. Moreover,
the impaction deposition on a substrate as a result of dADW forms a dense, highly compacted
AuNP film, which can play a positive role in the coalescence of neighbouring particles in the
early stage of sintering [37].

5.3.2 Photoluminescence experiment of the deposited film
To study the effect of thermal post-treatment on the optical behaviour of AuNPs film, Photo-
luminescence (PL) spectroscopy with three laser excitations was employed. 30 PL spectrums
were randomly measured in the cross-section of the line for each non-treated and heat-treated
samples, along with the PL spectrum of bulk gold in response to laser excitations of 488 nm,
514 nm, and 633 nm (Figure C.4,C.6, and C.8). The PL spectrum of each sample under different
laser excitations shows that there are variations in the intensities. To compare the shape of the
PL spectrums and their peak position, each spectrum was normalised with its peak intensity;
therefore, all spectrums have a maximum unity (Figure C.5, C.7, and C.9). Figure C.5, Figure
C.7, and Figure C.9 show the normalised PL spectrums for all samples under different laser exci-
tation, and it can be seen that the normalised PL spectrums of all 30 points for each sample are
approximately similar. This similarity in each sample’s shape and peak position indicates that
the optical property in the line’s cross-section is consistent; however, the AuNPs density and
particle distribution are different in the line’s cross-section. Therefore variation in the intensity
of the non-normalised PL spectrum can be regarded as the difference in the density of AuNPs
in the centric region of the line compared to the boundary region as depicted in Figure C.2.

Figure 5.4 shows the averaged PL spectrum for each sample, using 30 normalised PL spec-
trums, along with one for bulk gold under different laser excitations. As shown in Figure 5.4.a
and Figure C.5.a-i for laser excitation of 488 nm, spectrums of AuNPs deposited samples have
similar shapes, consisting of a broad peak centred around 600-605 nm (2.049-2.066 eV) (Table
5.2). Comparing these results with the PL spectrum of bulk gold (Figure C.5.j), the spectral dis-
tribution broadened, and the intensity red-shifted about 110 nm (455 meV), as recorded in Table
5.2. This red-shift in the PL spectrum of AuNPs compared to bulk gold can be attributed to the
localised surface plasmon resonance in the AuNPs film’s nanostructure. Additionally, the sim-
ilarity in the shape and peak position of PL spectrums of thermally treated samples compares
to non-thermally treated samples indicates that the AuNPs have a weak plasmonic response
under 488 nm laser excitation. This weak plasmonic response is also consistent with extinc-
tion spectrums of gold nanoparticles with different sizes calculated based on the Mie theorem
[38, 39].
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Figure 5.4: The average and normalized photoluminescence response spectrums of non-
thermally treated and heat-treated samples compare to bulk gold at excitation laser of a) 488
nm b) 514 nm c) 633 nm. PL measurement conditions: grating of 600 gr cm−1, objective lens =
10× (NA = 0.25); for 488 nm laser: acquisition time = 20 s, integration time = 1; for 514 nm laser:
acquisition time = 10 s, integration time = 2; 633 nm laser: acquisition time = 10 s, integration
time = 1. For all lasers, 30 measurements (3 in length × 10 in cross-section) were performed,
and the spectrums were normalized by the highest peak. All AuNPs deposited with SAM volt-
age/current setting of V = 0.9 kV and I = 5 mA.

Figure 5.4.b shows that the thermal post-treatment significantly affects the PL responses
of AuNPs deposited film under 514 nm laser excitation. The PL spectrum of the sample with-
out heat-treatment (Figure C.7.a) has a broad spectrum with maximum luminescence intensity
around 577 nm (2.148 eV), which red-shifted about 60 nm (250 meV) compared to bulk gold (Fig-
ure C.7.j and Table 5.2). Thermal-treatments of 100 ∘Cwith a duration of up to 2 hours and 120 ∘C
for 30 minutes (Figure C.7.b-f) have no significant effect on the PL spectrum’s shape and peak
position. However, a further increase in the thermal treatment’s temperature or time leads to
a significant blue-shift in the luminescence’s peak and narrowing the PL spectrum compared
to the non-treated AuNPs sample. The PL peaks’ position of samples with heat treatment of 5
minutes and 15 minutes at 150 ∘C and 5 minutes at 200 ∘C are 555 nm (2.23 eV), 539 nm (2.3 eV),
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and 535 nm (2.317 eV), respectively (Figure C.7.g-i and Table 5.2). Considering the PL spectrums
of heat-treated samples, it is observable that heat-treatment causes optical behaviour to move
towards the bulk behaviour.

Table 5.2: Position of PL spectrum’s peak under laser excitation of 488 nm, 514 nm, and 633 nm
for bulk gold, heat-treated samples, and non-thermally treated sample

Sample

Peak position under
laser excitation of

488 nm
(nm) - (eV)

Peak position under
laser excitation of

514 nm
(nm) - (eV)

Peak position under
laser excitation of

633 nm
(nm) - (eV)

No heat treatment 600 - 2.066 577 - 2.148 668 - 1.856
15 minutes at 100 ∘C 601 - 2.063 571 - 2.171 683 - 1.815
30 minutes at 100 ∘C 601 - 2.063 569 - 2.179 679 - 1.825
2 hours at 100 ∘C 602 - 2.059 571 - 2.171 677 - 1.831

15 minutes at 120 ∘C 603 - 2.056 573 - 2.163 680 - 1.823
30 minutes at 120 ∘C 601 - 2.063 573 - 2.163 677 - 1.831
5 minutes at 150 ∘C 601 - 2.063 555 - 2.234 666 - 1.861
15 minutes at 150 ∘C 603 - 2.056 539 - 2.300 665 - 1.864

As shown in Figure 5.4.c and recorded in Table 5.2, the luminescence spectrum of bulk gold
under 633 nm laser excitation has a broad peak at about 800 nm (1.549 eV). Figure 5.4.c and Figure
C.9.a-i show a significant blue-shift of an average 130 nm (300 meV) and narrowing in the PL
spectrum distribution of the AuNPs deposited film, with or without heat-treatment, compared
to bulk gold. Additionally, heat-treatment of over 150 ∘C leads to PL spectrums with a peak
centred around 666 nm (1.861 eV) and a narrower spectrum compared to other heat-treated and
non-thermally treated samples. In contrast to the heat-treatment effect on the PL spectrum of
AuNPs under 514 nm laser excitation, in 633 nm, heat-treatment causes a more pronounced
peak in the PL spectrum far from the bulk spectrum.

5.3.3 SERS experiments on Rhodamine B
To evaluate the AuNPs film’s efficiency as a SERS-active substrate, a series of Raman measure-
ments were performed on different Rhodamine B (RhB) concentrations as a probe molecule.
Rhodamine B’s characteristic Raman peaks lie in the range of 550-1700 cm−1, namely 621 cm−1
(for xanthene ring deformation), 1199 cm−1 and 1279 cm−1 (for C−C bridge band stretching and
aromatic C−H bending), 1358 cm−1 (for aromatic C−C bending) and 1648 cm−1 (for aromatic
C−C bending and C=C stretching), which were considered in this study for SERS characterisa-
tion. TheRaman spectral range can be converted fromwavenumber into an absolutewavelength
using equation 1 as a laser excitation wavelength function. For 488 nm laser excitation, the RhB
spectral range lies in the range of 501.5-532.5 nm; for 514 nm laser excitation, the RhB spectral
range is 529.5-564 nm, and for 633 laser excitation, the RhB spectral range is 655.8-709.5 nm.
Regarding the relative position of PL peak of AuNPs film and Raman spectral range of RhB, 514
nm and 633 nm laser excitations were chosen for the Raman experiment. A total of 160 Raman
measurements (20 points in the cross-section of line and eight different cross-sections) were
performed on AuNPs film for different concentrations of RhB.
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𝜆 [𝑛𝑚] = 107
107

𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛[𝑛𝑚] −𝑅𝑎𝑚𝑎𝑛𝑆ℎ𝑖𝑓 𝑡 [𝑐𝑚−1]
(5.1)

The first sets of experiments are related to RhB detectability, the limit-of-detection (LOD),
and the SERS signal’s reproducibility on the AuNPs patterns deposited on a silicon substrate.
Figure 5.5.a and b reports the Raman spectrum of RhB with concentrations of 1.0 × 10−3, 1.0 ×
10−5, 1.0 × 10−6, 1.0 × 10−7, and 1.0 × 10−8 M, averaged over 160 measured spots under laser ex-
citation of 514 nm and 633 nm, respectively. Comparing the SERS signal of RhB under different
laser excitations shows that different characteristic peaks of RhB have different enhancement.
This selective enhancement may be related to the relative position of LSPRs in the AuNPs films
to the Raman spectral range of RhB.

Considering the 621 cm−1, as the weakest characteristic peaks of RhB under excitation of
514 nm, appeared evidently from 1.0 × 10−3 to 1.0 × 10−7 M of RhB. At the concentration of 1.0
× 10−8 M, the 621 cm−1 peak is not observable, but the peak of 1648 cm−1 as the strongest peak
is present; hence the LOD can be considered as 1.0 × 10−8 M. Using 633 nm laser excitation,
all characteristic peaks are distinctively present in concentration as low as 1.0 × 10−7 M. But
reducing the concentration to 1.0 × 10−8 M, the background data make the characteristic peaks
of RhB less evident.

Figure 5.5.c, d shows the correlation of the main characteristic peaks of RhBwith the concen-
tration of the RhB. Comparing the main characteristic peaks of RhB under the laser excitation
wavelength of 514 nm and 633 nm, all characteristic peaks decreased about 2 cm−1 in the pres-
ence of the 633 nm laser, as depicted in Figure 5.5.c and d. This might be related to the shift
in the peaks due to the enhanced resonance Raman scattering [40, 41] effect for 514 nm laser
excitation as RhB has a sharp peak at 552 nm in UV-Vis absorption [42, 43], which is close to
the 514 nm excitation laser. It can be seen from Figure 5.5.c, d that for each characteristic peak
and concentration, there is a distribution of intensities, which shows the level of reproducibility
of the SERS signal for RhB. The SERS signal distribution for similar concentration and corre-
sponding characteristic peak shows that the 633 nm laser excitation leads to a broader intensity
than 514nm, yet both lasers have a good reproducibility level. Moreover, the results indicate
that the Raman intensity of each characteristic peak increases with the concentration of RhB.
A relatively good linear relationship was obtained between intensity and log[concentration] in
the range of 10−3 M to 10−7 M for all characteristic peaks, with R2 in the range of 0.95-0.98.

Interestingly, the slopes of the lines at Figure 5.5.c, d under the samewavelength are different
for different characteristic peaks, indicating that the SERS enhancement has a different effect on
different vibrational modes. Under the wavelength of 514 nm, the Raman characteristic peaks
of RhB have higher enhancement by increasing their wavenumber, i.e., 621 cm−1 has the lowest
enhancement and 1648 cm−1 has the highest enhancement. Additionally, the slope of 1648
cm−1 is 1354 and 6 times higher than the slope of 621 cm−1, which shows that the 1648 cm−1
vibrational mode has a higher enhancement at a lower concentration than 621 cm−1. However,
under excitation of 633 nm, the slope of the line has a narrower range between 320 at 1197 cm−1
646 for 619 cm−1 and 691 for 1646 cm−1.
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Figure 5.5: Averaged Raman spectrums of 160 measurements on the RhB with concentrations of
1.0 × 10−3, 1.0 × 10−5, 1.0 × 10−6, 1.0 × 10−7, and 1.0 × 10−8 M RhB adsorbed on AuNPs patterns
(a) under laser excitation of 514 nm and, (b) under laser excitation of 633 nm, (the inset in a
and b is related to the concentration of 1.0 × 10−7 and 1.0 × 10−8 M RhB). Raman intensities
and distribution of 160 main characteristic peaks of RhB at different concentrations under laser
excitation of c) of 514 nm and d) 633 nm. Raman measurement conditions for 514 nm argon-ion
laser and 633 nm He-Ne laser; acquisition time = 10 s, integration = 2; objective lens = 50× (NA
= 0.5).

The second set of experiments is related to the effect of different thermal post-treatments
on the SERS performance and enhancement of AuNP films using 1.0 × 10−6 M RhB under laser
excitation of 514 and 633 nm. Figure 5.6. a and b show that all characteristic peaks of RhB are
distinguishably present for both laser excitations and all heat-treatments. The distributions of
160 intensities for each characteristic peak and laser excitations of 514 nm and 633 nm depicted
in Figure 5.6. c and d show that all characteristic peaks of thermally treated samples follow
approximately the same trends. For example, all characteristic peaks of samples heat-treated at
150 ∘C for 15 minutes have almost the same distribution level and compared to corresponding
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peaks in other samples have the same relations. Considering the results in Figure 5.6, it can be
seen that samples with no heat-treatment and heat-treatment of 2 hours at 100 ∘C have better
performance than other heat-treatments for the detection of low-concentrated RhB under both
laser excitations, with slightly a narrower distribution of 2 hours at 100∘C.

Figure 5.6: Averaged Raman spectrums of 160 measurements on the RhB with concentrations
of 1.0 × 10−6, RhB adsorbed on AuNPs samples without heat-treatment and heat-treatment of 2
hours at 100 ∘C, 15 minutes at 120 ∘C, 30 minutes at 120 ∘C, 15 minutes at 150 ∘C, 5 minutes at 200 ∘C
(a) under laser excitation of 514 nm and, (b) under laser excitation of 633 nm. Raman intensities
and distribution of 160 main characteristic peaks of RhB on different samples c) under laser
excitation of 514 nm and d) under laser excitation of 633 nm. Raman measurement conditions
for 514 nm argon-ion laser and 633 nm He-Ne laser; acquisition time = 10 s, integration = 2;
objective lens = 50× (NA = 0.5).

Increasing the thermal treatment temperature to 120 ∘C leads to more uniform intensity dis-
tributions for the 514 nm laser, and for the 633 nm laser, this happens at the thermal treatment of
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150 ∘C and 15min. At the same time, both heat-treatments have the lowest intensities in their cor-
responding laser excitation. The SERS performance results indicate that heat-treatment leads to
a different effect on AuNP films than copper nanoparticles film and does not enhance the SERS
signal of RhB [20] as it did for copper SERS substrate.

Comparing the SERS results of different samples in Figure 5.6.c, d indicates that, surprisingly,
samples have different intensity distributions for each laser. In Figure 5.6.c, samples with heat
treatments of 2 hours at 100 ∘C and 15minutes at 120 ∘C have the lowest distributions and samples
of 15 minutes at 150 ∘C and 5 minutes at 200 ∘C have the highest distribution in the intensities
of the characteristic peaks. However, an opposite trend is observable for laser excitation of 633
nm in Figure 5.6.d, which may be related to the relative position of AuNPs’ LSPR to the laser
excitation wavelength. Therefore, using the same sample may result in different distribution
under 514 nm or 633 nm laser excitations.

5.4 Conclusions
The results of this work demonstrate: 1) the potential of the dry aerosol direct writing (dADW)
method to deposit very fine gold nanoparticles with a size distribution of 0-20 nm on selected
regions on a substrate; 2) the ability to tune the optical behaviour of the deposited film through
low-temperature thermal treatment; 3) the suitability of the depositedmetal nanoparticles (MNPs)
patterns as SERS sensors. The advantage of directly coupling the nanoparticle generator unit
with the deposition chamber enables solvent-free additivemanufacturing of selectively deposited
metal nanoparticles and alloys on wide ranges of substrates, without any need for surface func-
tionalisation or conditioning chemicals in usual wet nanoparticle suspensions.

We demonstrated that AuNPs patterns created byADWon a silicon substrate have aGaussian-
shaped height distribution containing randomly formedmicrostructures of hundreds of nanome-
tres’ heights. Thesemicrostructures are formed by impaction of primaryAuNPs or agglomerates
of AuNPs on the substrate, caused by the kinetic energy they gained in the converging nozzle,
and formed a high-porosity three-dimensional (3D) structure with nanometric features.

We also reported that a low-temperature thermal post-treatment affects the AuNPs patterns’
morphology and their optical properties. SEM and AFM imaging revealed that temperatures
much lower than the bulk melting point of gold are high enough to alter the microstructure of
AuNPs, due to the extremely fine sizes of AuNPs and densely packed nanostructure. The results
indicated that at temperatures as low as 150 ∘C and up to 200 ∘C, AuNP films’ microstructure
significantly evolves to form a nanostructure containing voids and networks of bridges. Con-
cerning the optical properties of the manufactured films, photoluminescence (PL) measurement
under three laser excitations of 488 nm, 514 nm, and 633 nm shows that the AuNPs patterns have
significantly different optical behaviour than bulk gold. Moreover, thermally treated samples’
optical behaviour alters with changing the time or temperature of thermal treatment, especially
for temperatures higher than 150 ∘C and under laser excitation of 514 nm and 633 nm.

Finally, we explored AuNPs patterns’ efficiency as a SERS-active substrate to detect low-
concentrated Rhodamine B (RhB) as a probe molecule. We demonstrated that limit-of-detection
(LOD) as low as 1.0 × 10−8 M could be achieved using a 514 nm laser excitation and 1.0 ×
10−7 with a 633 nm laser. The stronger enhancement of RhB under laser excitation of 514 nm
indicates that surface-enhanced resonance Raman scattering is involved in this process. We
observed linear relation between the logarithmic concentration of RhB and the intensity of dif-
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ferent characteristic peaks of RhB in the range of 1.0 × 10−7 to 1.0 × 10−3 with high coefficients
of determination for all characteristic peaks. Moreover, we demonstrated the uniformity of the
Raman signal of RhB in 160 random positions on the AuNPs patterns. Although a high level of
uniformity of SERS signal is achieved in this study, it should be mentioned that this distribution
in SERS signals is related to the distribution of hot-spots on the substrate and the defocusing of
the laser beam on the substrate.

Although the heat-treatment of AuNPs did not lead to a significant enhancement of the
Raman signal as happened in our previous copper nanopatterns 20, the ability to control the
optical behaviour of AuNPs with a simple heat-treatment leads to the fabrication of SERS-active
substrates enabling the resonance Raman scattering of analytes with different UV-Vis peaks.
This simple tunability of themorphology and, consequently, the metallic nanostructure’s optical
behaviour through a low-temperature thermal treatment could allow in the future to fabricate
patterns with desired optical behaviour. Furthermore, the ability of dADW to selectively deposit
nanoparticles of different metals and alloys on wide ranges of substrates (Si, glass, paper, and
polymer) and integrability with other manufacturing techniques facilitate the fabrication of new
on-chip SERS sensors.
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6.1 Conclusions
This dissertation proposes a novel, simple, solvent-free direct writing method for the selective
deposition of nanoparticles within micrometric patterns. Furthermore, it evaluates the morpho-
logical and optical properties of the deposited patterns, as well as the degree of control of these
properties via post-deposition thermal treatment. Additionally, it investigates the performance
of the proposed manufacturing method for the development of surface-enhanced Raman scat-
tering (SERS) devices. This chapter summarizes the achieved findings addressing the primary
research objectives, which were defined in Chapter 1.

1. Evaluating the effect of process and nozzle design parameters on the resolution of patterns
consisting of <100nm diameter nanoparticles

In the context of particles in a flow and using aerosol physics, it is proved that the most
important force for < 100 nm nanoparticles is the steady flow Stokes drag force, while other
forces are negligible in comparison. The performance of two aerodynamic focusing strategies,
converging nozzle (CN) and sheath-gas nozzle (SGN), for writing high-resolution and sharp pat-
terns is investigated. The effect of various design and process parameters on the performance
of each nozzle is evaluated numerically. The computational cost of nozzle evaluation and op-
timization is greatly reduced by not taking into account minor forces in the particle trajectory
calculation. Numerical analysis revealed that, unlike the CN, the SGN can collimate particles
within the nozzle while being less sensitive to design parameters. Moreover, it is found that
the collection efficiency (CE) and focusing ratio (FR) both improved in presence of the SGN and
smaller particles (< 10 nm) are collected on the substrate. The results showed that SGN could
write narrower lines than CN with equal nozzle diameters, and even with larger working dis-
tances, down to 27% of nozzle diameter due to the confinement of the main flow in the centric
region caused by a secondary flow. Combining these parameters simplifies the manufacturing
of nozzles capable of printing patterns with feature sizes smaller than 100 µm. Furthermore, ex-
perimental results revealed that lines printed with CN have a large splash zone, compromising
the sharpness of the lines, whereas SGN printed lines have a clear boundary and high sharpness.
In light of these investigations, it is, therefore, possible to conclude that dADW using SGN for
aerosol flow focusing is capable of fabricating patterns with a wide range of line widths and high
sharpness. Moreover, the use of modular SGN with commercial dispensing tips, as introduced
in Section 3.4, enables the dADW of fabricating high-resolution patterns with a wide range of
widths (20-1000 µm). In conclusion, this study shows that dADW can compete with commercial
solution-based nanoparticle deposition methods such as AerosolJet printing and Inkjet printing
in printing high-resolution narrow lines while avoiding the disadvantages of wet methods such
as the presence of chemical agents.

2. Investigating the effect and level of control over the morphology and optical properties
of nanoparticle film using post-deposition thermal treatment

As-deposited Cu and Au NP films have similar morphology, microstructure, and nanostruc-
ture, with dense and randomly shaped microstructures formed by primary NPs and agglom-
erates. These structures feature various sizes, resulting in a high-porosity three-dimensional
(3D) architecture composed by nanometric features. The morphology similarities are due to the
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deposition mechanism, which is a kinetic deposition and is not material dependent. These mi-
crostructures display valleys and peaks with height differences of hundreds of nanometres. To
address the second goal of this dissertation, the level of control and evolution of NP morphol-
ogy through post-deposition low-temperature thermal treatment is investigated. The nature of
the obtained morphology was discovered to be dependent on the material, oxidation level, time,
and temperature of the thermal treatment. It is also shown that heat treatment of copper causes
first the reduction of cupric oxide (CuO) to cuprous oxide (Cu2O), followed by the coalescence of
nanoparticles to form larger structures. This reduction of CuNPs prior to coalescence requires
more time for micro and nanostructural alteration compared AuNPs, and the resulting structure
has a fundamentally different form where the treatment of copper nanoparticles results in the
formation of multi-facet, crystalline-like microstructures with sharp edges and corners.

Unlike Cu, Au nanoparticles are chemically stable and do not oxidize during or after depo-
sition; thus, during post-deposition thermal treatment, they only go through a coalescence pro-
cess, which takes up to 5 min compared to 120 min for copper. It is also found that the thermal
treatment of AuNPs leads to significantly different microstructures compared to CuNPs. The
resulting AuNPs microstructure is composed of larger structures, voids and networks of bridges,
similar to the morphology of gold nanofoam achieved through wet methods such as solution-
based reduction synthesis [1] or selective etching of Ag in Ag-Au alloys [2]. Furthermore, it
is demonstrated that the evolution of the AuNPs film morphology directly affects the optical
properties of the patterns. It has been discovered that the optical behaviour of AuNPs patterns
differs significantly from that of bulk gold and that this property can be controlled and tuned
using post-deposition thermal treatment. The optical behaviour of thermally treated samples
changes as the time or temperature of thermal treatment is changed, especially at temperatures
above 150 ∘C. Because of the ease with which the morphology and optical properties can be con-
trolled and tuned via simple and low-temperature thermal treatment, the dADW method can
be used to enable a wide range of functionalities such as surface-enhanced Raman scattering.

3. Exploring the performance of nanoparticle patterns as SERS-active substrates

The performance of Cu and Au NPs patterns as a SERS-active substrate is investigated to
address the dADW’s ability to fabricate patterns enabling specific functionality. It has been
discovered that as-deposited CuNPs patterns are able to detect a reference dye (Rhodamine
B (RhB)) at concentrations as low as 1 µM, whereas AuNPs can detect RhB at concentrations
as low as 10 nM. This difference is attributed to the intrinsic gold’s plasmonic enhancement
higher than the enhancement of copper and to gold’s chemical stability, as copper oxidizes
and compromises plasmonic enhancement. Furthermore, it has been discovered that the SERS
enhancement of CuNPs patterns is strongly dependent on thermal treatment and improves by a
factor of ten due to structural enlargement and the formation of sharp corners and edges, which
significantly impact local electromagnetic enhancement. However, unlike CuNPs patterns, heat-
treated AuNPs did not significantly enhance the Raman signal but improved the uniformity of
the Raman signal across the pattern. The ability to control the optical behaviour of AuNPs led to
the development of SERS substrates, which enabled the resonance Raman scattering of analytes
with different UV-Vis peaks. The selective deposition of metal NPs on various substrates, the
ease with which the morphology and optical properties can be controlled, and the compatibility
with other fabrication methods can pave the way for the realization of SERS sensors integrated
into a microfluidic device.
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6.2 Recommendations
This dissertation presents a novel and simplemethod for selective deposition of very fine nanopar-
ticles in a dry regime on a wide range of substrates. Furthermore, it demonstrated the effect
of post-processing on material and optical properties, as well as the fabrication of applications
such as SERS. This work lays the basis for dADW nanoparticle deposition and application de-
velopment, but there is still room for advancement in dADW and related applications:

• As explained inChapter 3, the number of particles that reach the nozzle is determined by
the volumetric flow rate that can pass through the nozzle, which is a function of the nozzle
diameter and the ratio of upstream to downstream pressure. The average flow velocity
and particle velocity depend on the volumetric flow rate, which defines the time particles
need to travel from the generation site to the deposition site. Moreover, as discussed in
Chapter 3, the agglomeration of particles varies when the travel time changes. Changing
the ratio of aerosol to the total flow rate in an existing dADW system using SGN causes
changes in the number of particles reaching the nozzle and the particle agglomeration
state, resulting in changes in pattern porosity and density, and resolution. More research
is needed to decouple particle numbers from volumetric flow rate and to have a constant or
tuneable particle density featuring the same agglomeration state regardless of volumetric
flow rate.

• The particle size delivered by SAM ranges from 0 to 20 nm for primary particles. However,
due to their stronger plasmonic behaviour, larger particle sizes are required for many ap-
plications, such as those related to plasmonics in the visible range (e.g. SERS). Because of
the energy and temperature of the system, nucleation and coalescence are isotropic in the
early phase of particle formation, but as temperature decreases, isotropic growth ceases,
and the particles grow by agglomeration and form arbitrary sizes and shapes. Previous
research in the aerosol field has shown that a tube furnace with a temperature as high as
1000 ∘C in part of the particle trajectory can extend the particle distribution over 20 nm.
This element can extend the isotropic growth of particles or provide enough energy for
agglomerates to evolve to spherical shapes by sintering [3, 4]. Adding a tube furnace or
other instrumentation that allows for the extension of isotropic growth and sintering will
extend this approach to the creation and deposition of bigger particles.

• In this dissertation, we focused on post-deposition low-temperature thermal treatment
for controlling and tuning the morphology and optical properties of the NPs patterns.
Although the effectiveness of thermal treatment aided in the manufacture of functional
patterns with dADW, vacuum ovens use a significant amount of energy and heat a vast
area. In comparison to vacuum ovens, a laser sintering technology that can be integrated
within the deposition chamber and impose local sintering during deposition requires less
energy since it does not need to heat up the whole system. The localizability of laser
sintering allows for sintering to be imposed in the desired location rather than over the
entire area. This is significant in light of the results of Chapter 5, which demonstrated
that different sintering times and temperatures have different optical properties, which
can all be generated in one pattern using local sintering.

• This dissertation focused on mono-metal nanoparticles such as copper and gold for mi-
cropatterning purposes and further applications such as surface-enhanced Raman scat-
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tering. SAM is able to generates other mono-metal materials such as nickel, aluminium,
and platinum and bi-metal or alloy nanoparticles. Therefore, it is suggested to explore
further the creation of bi-metal or alloy nanoparticle patterns using dADW, which can
have novel features and applications, such as gas sensing, bio-sensing and catalysis.
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This chapter provides supplementary information for chapter 3, including experimental mea-
surements such as white light interferometry, scanning electronmicroscopy, optical microscopy,
and numerical results.

The contents of this chapter have been published as supplementary information in:

• Aghajani, S., Accardo, A., & Tichem, M. (2022). Process and nozzle design for high-resolution dry
aerosol direct writing (dADW) of sub-100 nm nanoparticles. Additive Manufacturing, 54, 102729.
DOI:10.1016/J.ADDMA.2022.102729
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A.1 Modelling
The governing equation for flow profile calculations are as follows:

∇.(𝜌𝑓 𝑉𝑓 ) = 0
𝜌𝑓 (𝑉𝑓 ⋅ ∇)𝑉𝑓 = ∇ ⋅ [−𝑝𝐼 + (𝜇𝑓 +𝜇𝑇 )(∇𝑉𝑓 +(∇𝑉𝑓 )

𝑇 )− ( 23 )(𝜇𝑓 +𝜇𝑇 )(∇ ⋅𝑉𝑓 ) 𝐼 − (
2
3 )𝜌𝑓 𝑘𝐼 ]

𝜌𝑓𝐶𝑝𝑉𝑓 ⋅ ∇𝑇 −𝑘𝑡∇2𝑇 = 𝑄
(A.1)

Where 𝜌𝑓 , 𝑉𝑓 , p, 𝜇𝑓 , 𝜇𝑇 , 𝐶𝑃 , 𝑘𝑡 , T, and Q are the gas density, gas velocity, pressure, dynamic
viscosity, turbulent dynamic viscosity, heat capacity at constant pressure, thermal conductivity,
gas temperature, and heat source, respectively. The turbulent model is simulated using the
Reynolds-averaged Navier–Stokes (RANS) model, including the k–ε model. The following are
the k–equations for turbulent kinetic energy (k) and the ε-equations for turbulent dissipation
rate (ε):

𝜌𝑓 (𝑉𝑓 ⋅ ∇)𝑘 = ∇ ⋅ [(𝜇𝑓 + 𝜇𝑇
𝜎𝜀
)∇𝑘]+𝑝𝑘 −𝜌𝑓 𝜀

𝜌𝑓 (𝑉𝑓 ⋅ ∇)𝜀 = ∇ ⋅ [(𝜇𝑓 + 𝜇𝑇
𝜎𝜀
)∇𝜀]+𝐶𝜀1𝜀 ( 𝜀

𝑘 )𝑝𝑘 −𝐶𝜀2𝜌𝑓 (
𝜀2
𝑘 )

𝜇𝑇 = 𝜌𝐶𝜇 ( 𝑘
2

𝜀 )
𝑝𝑘 = 𝜇𝑇 [∇𝑉𝑓 +(∇𝑉𝑓 )

𝑇 −( 23)(∇ ⋅𝑉𝑓 )
2]−( 23)𝜌𝑓 𝑘∇ ⋅𝑉𝑓

(A.2)

Sutherland’s law, which relates the dynamic viscosity (𝜇𝑓 ) and conductivity (𝑘𝑡 ) to the gas
temperature and constants dependent on the gas species as follows:

𝜇𝑓
𝜇𝑟𝑒𝑓

= ( 𝑇
𝑇𝜇,𝑟𝑒𝑓

)
3
2 (𝑇𝜇,𝑟𝑒𝑓 +𝑆𝜇𝑓

𝑇+𝑆𝜇𝑓
)

𝑘𝑡
𝑘𝑡,𝑟𝑒𝑓

= ( 𝑇
𝑇𝑡,𝑟𝑒𝑓

)
3
2 [𝑇𝑡,𝑟𝑒𝑓 +𝑆𝑘𝑡𝑇+𝑆𝑘𝑡

]
(A.3)

Where 𝜇𝑟𝑒𝑓 = 2.23×10−5 [Pa.s], 𝑇𝜇,𝑟𝑒𝑓 =293 [k], 𝑆𝜇𝑓 =152 [K], 𝑘𝑡,𝑟𝑒𝑓 =0.0179 [W/(m.K)], 𝑇𝑡,𝑟𝑒𝑓 =300
[K], and 𝑆𝑘𝑡=166.7 [K].
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A A.2 White light interferometry (WLI)

Figure A.1: A typical white light interferometry result of the cross-section of a line and the
average thickness and width of a line.

A.3 Simulation results
A.3.1 Gold nanoparticles

Table A.1: Specific design and operating configuration used for each simulation of the converg-
ing nozzle

Studying Parameter Nozzle throat diameter (D-µm) Angle (𝜃) Working distance (µm) Downstream pressure (Pa)
Angle 400 - 1000 100
Nozzle throat - 10 1×𝐷 100
Working distance 400 10 - 100
Downstream pressure 400 10 1000 -

A.3.1.1 Converging nozzle
The contraction factor CF distribution of each particle size in Figure A.2 indicates that this
parameter is sensitive to the radial position as is illustrated concerning radial position for gold
nanoparticles of various sizes and two angles of 1° and 30° in Figure A.3. a. This distribution
of CF is because of variation in the axial and radial velocity of particles due to their radial
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position, as shown in Figure A.4 a-h. Figure A.2. a, shows the effect of angle on CF for gold
nanoparticles, and it can be seen that CF is highly size-dependent for higher angles (15° and 30°);
however, for the lower angle, the difference for CF of the smallest and largest particle is less than
1%. Although in higher angles, particles gain higher inward radial velocities (Figure A.2. e and
f), which is beneficial for increasing the CF by pushing particles to the centreline; but increasing
the angle lead to decreasing the length of the converging section; therefore, particles have lower
time to move toward the centre. Moreover, due to the higher length of the converging section
in lower angles, particles have enough time to adapt their axial velocity to the flow’s velocity,
thus reaching higher velocities as shown in Figure A.4. a.

Figure A.2: Contraction factor for gold nanoparticles with sizes indicated in the figure for CN
considering design parameters of a) angle of converging nozzle, b) throat diameter, and oper-
ating parameters of c) downstream pressure and d) distance between nozzle and the impaction
plate.

Considering Figure A.2. b for the effect of nozzle throat diameter on contraction factor, it
can be seen that CF is equal unity, which means that the only effect of this nozzle is decreasing
the width of the beam due to a decrease in the nozzle diameter. As shown in Figure A.2. c and d,
the operating parameters have no significant importance, as it is trivial due to the definition of
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A CF in the nozzle throat, in which flow velocity reaches sonic (Ma=1), and downstream changes
have no effect of the upstream.

Figure A.3: The CF with respect to the radial position and axial and radial velocity in the radius
of nozzle for AuNPs of different sizes as indicated in the figure for converging angles of a), c)
and e) 1° and b), d) and e) 30°, respectively.
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Figure A.4: The axial and radial velocity with sizes indicated in the figure for CN at the throat
of the nozzle a) and b) the angle of converging nozzle, c) and d) the throat diameter, e) and f)
the downstream pressure and g) and h) the distance between nozzle and the impaction plate
(working distance).
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Figure A.5: The axial and radial velocity with sizes indicated in the figure for the CN, when
impacting on the impaction plate; a) and b) for the angle of converging nozzle, c) and d) for
throat diameter, e) and f) for downstream pressure and g) and h) for WD.
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In terms of axial velocity of different particles when they hit the substrate, as shown in Figure
A.5.a for different angles, it can be seen that increasing the particle size leads to an increase
in the axial velocity until specific sizes, and then decreases. This is due to particle relaxation
time and the presence of both an expansion zone and a stagnation zone in the particle path to
the impaction plate. Lower relaxation numbers cause particles to adapt faster and gain more
velocity in the expansion zone, resulting in a faster drop in velocity in the bow shock, and vice
versa. The highest axial velocity on the deposition of gold is for particles with a diameter of 20
nm, and after these sizes, the axial velocity decreases.

Figure A.6: Velocity field and streamline of the flow after leaving the nozzle and in front of im-
paction plate for the nozzle to substrate distance of a) 200 µm,WD/D=0.5, b) 300 µm,WD/D=0.75,
c) 400 µm, WD/D=1.0, d) 600 µm, WD/D=1.5, e) 800 µm, WD/D=2.0, f) 1000 µm, WD/D=2.5 and
g) 1200 µm, WD/D=3.0. For all the simulations, the downstream pressure is set to 100 Pa and
the nozzle throat diameter of 400 µm.

A.3.1.2 Sheath gas nozzle

Table A.2: Specific design and operating configuration used for each simulation for sheath gas
nozzle

Studying Parameter Nozzle throat diameter (D-µm) Angle (𝜃) Working distance (µm) Downstream pressure (Pa) Aerosol to the total flow
Angle 400 - 400 100 2/8
Inlet nozzle throat 400 10 400 100 2/8
Working distance 400 10 - 100 2/8
Downstream pressure 400 10 400 - 2/8
Aerosol to total flow 400 10 400 100 -

Figure A.7. a shows that the CF is 2.12±2.5% for all particle sizes and aerosol nozzle radius, with
slightly better performance for a 1 mm radius. It is also observable in Figure A.8. a and b that
this parameter has a negligible effect on the axial and radial velocity of particles, as they gain a
majority of their velocity in the converging nozzle. Figure A.7. b present the result for the effect
of the converging angle on the contraction factor. The most interesting aspect of this graph is
that the angle of the converging nozzle has minimal effect on the CF up to 15° and even has
negligible effect considering the size and density of particles, which is entirely different from
the converging nozzle. Moreover, even at an angle as high as 30° , the difference between CF for
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A different particles sizes is less than 2%. Considering the axial and radial velocity at the throat
for different angles as shown in Figure A.8. c and d, it is evident that similar to the converging
nozzle, increasing the angle leads to a decrease in the axial velocity and an increase in the radial
velocity but has not a significant effect on the CF. As mentioned for converging nozzles and
considering Figure A.7. c and d, the operating parameter of downstream pressure and working
distance have a negligible impact (< 2%) on the CF since they influence the flow field when the
gas leaves the nozzle. These parameters do not affect particles’ axial and radial velocity at the
throat, as depicted in Figure A.8. e-h.

Figure A.7: Contraction factor for AuNPs with sizes indicated in the figure for SGN considering
design parameters of, a) Aerosol throat diameter, b), angle of the converging nozzle and oper-
ating parameters of c) downstream pressure, d) WD, and e) the ratio of aerosol flow rate to the
total flow rate.

Considering Figure A.7, it is evident that the ratio of aerosol flow rate to the total flow rate
has the most crucial effect on CF. Increasing this ratio of aerosol means decreasing the sheath
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gas and moving toward the converging nozzle with CF equals unity. It is possible to formulate
the ratio of flow rates by the assumption of no pressure and temperature gradient in the cross-
section of the nozzle as follow:

�̇�𝐴𝑒𝑟𝑜𝑠𝑜𝑙
�̇�𝑇𝑜𝑡𝑎𝑙

≈
̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙
̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙

×( 𝐴1
𝐴𝑇𝑜𝑡𝑎𝑙

) 𝐴=𝜋𝑟2⟶ �̇�𝐴𝑒𝑟𝑜𝑠𝑜𝑙
�̇�𝑇𝑜𝑡𝑎𝑙

≈
̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙
̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙

×( 𝑟1
𝑟𝑁

)
2

(A.4)

Where ̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙 and ̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙 is the average axial velocity of aerosol and total flow in the
nozzle throat, respectively, 𝑟1 and 𝑟𝑁 are the radius of aerosol flow and the nozzle radius, respec-
tively. According to equation A.4, the flow rates ratio depends on the average axial velocity
of aerosol flow to the total flow ( ̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙/ ̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙 ) and power of two of aerosol flow’s radius
to the nozzle radius (𝑟1/𝑟𝑁 ). Figure A.9 presented the axial flow velocity in different sections
of the converging nozzle from 2250 µm far from the throat up to the nozzle throat, and it can
be seen that the axial flow velocity is completely developed across the section and increases
when it reaches the throat. The only difference in the axial velocity profile happens strictly
at the throat, in which a region far from the centre reaches a higher velocity than centric re-
gions due to sudden contraction in the throat [1]. Moreover, closer to the throat, the boundary
layer decreases due to a decrease in the radius, and axial velocity has a sharper decline in the
boundary.

The axial flow velocities at various sections depicted in Figure A.9 are valid for all flow ratios
independent of the flow rate ratios as the total flow remains constant. Therefore, the value of
̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙 consequently ̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙/ ̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙 in the throat can be calculated for different flow rate

ratios. Table A.3 shows the value of ̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙/ ̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙 for different flow rate ratios, and it is
evident that ̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙/ ̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙 is very close to unity due to the complete development of axial
flow in the converging section. Applying this assumption into equation A.4 turns the flow rate
ratio independent of the axial flow velocity ratio and makes it the only function of radiuses
(𝑟1/𝑟𝑁 ). According to Figure A.8. e and Figure A.16. e, the CF has minimal dependence on
the size of particles; therefore, averaging over all CF for all particles sizes and plotting to the
inverse of flow rate ratios in Figure A.10 shows that CF follows the square root of total flow
rate to the aerosol flow rate (𝐶𝐹 ≃ √�̇�𝑇𝑜𝑡𝑎𝑙/�̇�𝐴𝑒𝑟𝑜𝑠𝑜𝑙 ). Using mentioned assumptions about
independency of flow rate ratios to the velocities it can be seen that CF is approximately is
equal 𝑟𝑁/𝑟1. Moreover, Figure A.10 depicted that CF is not dependent on the density of the
particles as gold and copper nanoparticles have similar values.
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Figure A.8: Axial and radial velocity for AuNPs with sizes indicated in the figure at the throat
for the SGN a) and b) aerosol throat diameter, c) and d), angle of converging nozzle, e) and f)
downstream pressure, g) and h) WD, and i) and j) aerosol flow rate to the total flow rate.
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Figure A.9: Axial velocity in the different section of the nozzle up to the throat, (the cross-
section normalised with the radius of the nozzle at that section), 1) at the throat, and other with
a distance of 2) 25 µm, 3) 75 µm, 4) 150 µm, 5) 250 µm, 6) 450 µm, 7) 850 µm, 8) 1450 µm, 9) 2250
µm form the nozzle throat.

Table A.3: The ratio of average flow velocities for different flow rate ratios

Flow rate ratio aerosol to the total
̄𝑉𝑧,𝐴𝑒𝑟𝑜𝑠𝑜𝑙
̄𝑉𝑧,𝑇𝑜𝑡𝑎𝑙

2/8 0.97
3/8 0.97
4/8 0.98
5/8 0.98
6/8 0.99
7/8 1.00
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Figure A.10: Averaged contraction factor for copper and gold nanoparticles with various sizes
plot regarding the total flow rate per aerosol flow rate
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Figure A.11: Axial and radial velocity upon hitting the impaction plate for AuNPs with sizes
indicated in the figure for SGN; a) and b) for aerosol throat diameter, c) and d), for the angle
of the converging nozzle and operating parameters of e) and f) for downstream pressure and g)
and h) WD, and i) and j) for aerosol flow rate to the total flow rate.
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A A.3.2 Copper nanoparticles
A.3.2.1 Converging nozzle

Figure A.12: Contraction factor for copper nanoparticles with sizes indicated in the figure for
CN considering design parameters of a) angle of converging nozzle, b) throat diameter, and
operating parameters of c) downstream pressure and d) WD.
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Figure A.13: Axial and radial velocity for copper nanoparticles with sizes indicated in the figure
for CN at the throat of the nozzle; a) and b) for the angle of converging nozzle, c) and d) for
throat diameter, e) and f) for downstream pressure and g) and h) WD
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A Considering Figure A.14 and compare to gold nanoparticles in Figure A.2 for the collection
efficiency, the copper nanoparticles have partial or no deposition on larger particles up to 10 nm
due to their lower densities than gold nanoparticles. Moreover, the FR shows that copper has
lower FR than gold nanoparticles for identical size particles, implying that FR depends on the
inertia of particles either through size or density. The effects of the other parameters are similar
to those of gold in terms of focusing ratio (both of which the collection efficiency are 100%).
Furthermore, due to copper nanoparticles’ lower density and inertia than gold nanoparticles,
downstream pressure has a more pronounced effect on copper nanoparticles.

Figure A.14: FR and CE for copper nanoparticles with sizes indicated in the figure for CN con-
sidering design parameters of a) and b) for the angle of converging nozzle, c) and d) for throat
diameter and operating parameters of e) and f) for downstream pressure and g) and h) WD.
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FigureA.15: Axial and radial velocity for copper nanoparticleswhen impacting on the impaction
plate with sizes indicated in the figure for CN, a) and b) for the angle of converging nozzle, c)
and d) for throat diameter, e) and f) for downstream pressure and g) and h) WD.
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A A.3.2.2 Sheath gas Nozzle

Figure A.16: CF for copper nanoparticles with sizes indicated in the figure for SGN considering
design parameters of a) Aerosol throat diameter, b), angle of the converging nozzle and operat-
ing parameters of c) downstream pressure, d) WD, and e) the ratio of aerosol flow rate to the
total flow rate.
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Figure A.17: Axial and radial velocity for copper nanoparticles with sizes indicated in the figure
at the throat for the SGN; a) and b) for aerosol throat diameter, c) and d), for the angle of
converging nozzle and operating parameters of e) and f) for downstream pressure and g) and h)
WD, and i) and j) for aerosol flow rate to the total flow rate.
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Figure A.18: FR and CE for copper nanoparticles with sizes indicated in the figure for SGN
considering design parameters of, a) and b) for Aerosol throat diameter, c) and d) for the angle
of converging nozzle, and operating parameters of e) and f) for downstream pressure and g) and
h) WD, and i) and j) for the ratio of aerosol flow rate to the total flow rate.
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Figure A.19: Axial and radial velocity for copper nanoparticles upon hitting the impaction plate
with sizes indicated in the figure for SGN; a) and b) for intel aerosol throat diameter, c) and d),
for the angle of the converging nozzle and operating parameters of e) and f) for downstream
pressure and g) and h)WD, and i) and j) for the aerosol flow rate to the total flow rate.
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A A.4 Experimental results

Figure A.20: (a1-d1) SEM images of the border between boundary and splash zones for lines
printed with 339 µm nozzle and WDs as indicated in the figure and (a2-d2) focusing in splash
zones closer to the boundary, and (a3-d3) further away from the line in the splash zone.
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Figure A.21: The optical microscopy images of lines printed by converging nozzles with diame-
ters as stated in the image at different WDs.
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This chapter provides supplementary information for chapter 4, including Optical micrographs
of possible patterning on different substrates; SEM and HR-SEM images of the samples with and
without heat treatment; EDS spectra of different samples; extinction cross-section calculation
for nanoparticles; Raman spectra of RhB on samples with and without heat treatment under
excitation laser of 488, 514, and 633 nm; Raman spectra of RhB on samples patterned with
higher deposition velocity and Raman spectra of RhB with a concentration of 1 mM on bare
silicon as a reference sample.

The contents of this chapter have been published as supplementary information in:

• Aghajani, S., Accardo, A., & Tichem, M. (2020). Aerosol Direct Writing and Thermal Tuning of Copper Nanopar-
ticle Patterns as Surface-Enhanced Raman Scattering Sensors. ACS Applied Nano Materials, 3(6), 5665–5675.
DOI:10.1021/acsanm.0c00887
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B.1 Printability of dry aerosol direct writing

Figure B.1: Optical image of possible patterning on different substrates: a) Silicon, b) glass, c)
dust-free napkin.

B.2 SEM analyses

Figure B.2: SEM images of the CuNPs deposited on a silicon substrate with SAM voltage/cur-
rent setting of V=1.2 kV, I=8 mA a) Centric region and b) boundary of the line, c) presence of
microparticles in the film of CuNPs, d) and e) Morphology of film at high-resolution image f) a
typical microparticle
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Figure B.3: SEM images of the transformation of the CuNPs deposited on a silicon substrate
to crystalline form after thermal treatment in vacuum oven for 1 hour at 200∘C and SAM volt-
age/current setting of V=1.2 kV, I=8 mA
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Figure B.4: SEM images of CuNPs deposited on a silicon substrate after thermal treatment in
a vacuum oven for 2 hours at 200∘C and SAM voltage/current setting of V=1.2 kV, I=8 mA. a)
evolution of morphology from cubic aggregates to bulk aggregates moving from center to the
boundary b),c),d) high magnification of bulk aggregates
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B.3 EDS analyses
The elemental analysis of samples with heat-treatment at 200 ∘C for 1 and 2 hours (Table B.1),
shows the presence of chlorine in the CuNPs film. The EDS result of a silicon substrate un-
derwent same thermal treatment as the last sample (2 hours at 200 ∘C) showed in 4.4.b, which
contains no trace of chlorine in the spectra. Therefore, presence of chlorine in the EDS analysis
of samples heat-treated at 200 ∘C is related to reaction of copper or copper oxide with chlorine
existed in air.

Table B.1: The EDS report of CuNP deposited on the silicon substrate in two regions: inside the
line and at boundary of the line

Centric region Boundary region
%Cu %O %Si %C %Cl %Cu %O %Si %C %Cl

No heat-treatment 33 33 11 21 - 8 19 45 26 -
39 38 - 21 -
33 33 10 22 - 20 32 25 21 -
39 38 1 21 -

Heat treated for 1 hour at 100 ∘C 22 24 24 28 - 5 13 50 30 -
33 32 6 27 -
31 26 16 26 - 7 15 45 32 -
33 30 8 26 -

Heat treated for 1 hour at 200 ∘C 34 26 5 26 6 28 15 9 11 4
34 28 3 27 6
32 28 2 30 6 10 18 39 29 1
36 25 3 27 6

Heat treated for 2 hours at 200 ∘C 25 16 12 33 12 16 21 17 37 6
31 15 1 35 16
30 17 4 33 14 12 16 31 34 5
29 17 2 36 14
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Figure B.5: EDX spectra of a Silicon substrate a) Sample without heat treatment b) Samples
heated for 2 hours at 200 ∘C

B.4 Laser selection for Raman measurements

The Raman spectroscopy setup used in this study is equipped with three wavelength lasers,
488 nm, 514 nm and 633 nm. To choose the best wavelength for laser we used a theoretical
estimation for deposited CuNPs surrounded by air with relative permittivity of 1 (𝜀𝑠 = 1). The
Mie theorem is used to calculate the extinction cross section (𝜎𝑒𝑥𝑡 ) of the spherical nanoparticles
as below [1]:
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𝜎𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀3/2𝑠 𝜀2

𝜆((𝜀1 +2𝜀𝑠)2 + 𝜀22)
(B.1)

Where (𝑅) is the radius of the nanoparticle, (𝜆) is wavelength, (𝜀1) and (𝜀2) are the real and
imaginary parts of the relative permittivity of the metal which is equal to:

𝜀𝐵𝑢𝑙𝑘 (𝜔) = 𝜀1 (𝜔)+ 𝑖𝜀2 (𝜔) (B.2)

For nanoparticles with characteristic length (2×𝑅) smaller than the electron mean free path
(𝜆0), their relative permittivity (𝜀𝑏𝑢𝑙𝑘 ) is no longer just function of the wavelength but function
of the size of the particles and can be written as [2]:
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⎠

(B.3)
Where (𝜔𝑝) is the bulk plasmonic frequency, (𝜈𝑓 ) is the Fermi velocity and (𝐴) is a constant

usually taken as unity (1). For copper the electron mean free path (𝜆0) is equal to 39.9 nm [3],
therefore for particles with diameter less than 40 nm, the previous correction applies. This cor-
rection is important since the nanoparticles generated in the spark ablation method have a size
distribution of the radius smaller than 20 nm. The calculated extinction spectra for different
particles’ size are shown in Figure B.6. In this figure the wavelength of the available lasers are
shown and it is possible to identify the most suitable laser. It is clear how a 633 nm laser is lo-
cated after the resonance peak of the copper nanoparticles and cannot excite them. Two other
laser wavelengths of 488 nm and 514 nm are located before the peak and they can both activate
the LSPR, although 514 nm is closer to the peak. Figure B.7.a shows the Raman measurements
of 1 µM RhB on the deposited CuNPs for two excitation wavelengths of 488 nm and 514 nm.
As it can be observed, the 514 nm provides better enhancement of the Raman signal. For sam-
ples with thermal treatment and fusion of particles, the Mie theorem cannot be used since the
nanoparticles fused together form bigger structures. To evaluate the performance of different
excitation wavelengths on the heat-treated samples, a thermal treated sample at 200 ∘C for 1
hour was measured with the 3 mentioned wavelengths. As shown in Figure B.7. b, the 514 nm
laser provides the highest enhancement of the SERS signal.
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Figure B.6: Extinction cross section calculated for copper nanoparticles with different radius
based on Mie theorem and surrounding medium of air with relative permittivity of 1 (𝜀𝑠= 1)

Figure B.7: Raman spectra of 1.0×10-6 M RhB on CuNPs patterns with different excitation laser
wavelengths of 488 nm, 514 nm and 633 nm a) Samples without heat treatment b) Samples with
heat treatment for 1 hour at 200 ∘C. Raman measurement conditions: Acquisition time = 50 s;
objective lens = 50X (NA=0.5)
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B.5 Effect of deposition speed on theRaman intensity ofRhB
Same results observed for heat-treated sample at 200 ∘C and 1 hour, with higher Intensity at
boundary and less uniform Raman result with higher deposition speed.

Figure B.8: a, b: Raman spectra of 1.0×10−6 MRhB on CuNPs patterns obtained at writing speed
of 20 µm s−1 and 10 µm s−1 respectively and 1-hour thermal treatment of 200∘C for 18 points in
6 regions. b, d) main peaks of RhB for each of the 6 Raman regions. Raman measurement
conditions: Argon ion laser operating at 514 nm and power of 20 µW; acquisition time = 30 s;
objective lens = 50X (NA=0.5).
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B.6 Reference sample for calculation of enhancement factor

Figure B.9: Raman spectra of a 1.0×10−3 M (1mM) RhB on bare silicon. Raman measurement
conditions: Argon ion laser operating at 514 nm and power of 20 µW; acquisition time = 30 s;
objective lens = 50X (NA=0.5).
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This chapter provides supplementary information for chapter 5, including SEM and HR-SEM
images of the samples with and without heat treatment, AFM images of different samples, pho-
toluminescence spectra of samples with and without heat treatment under excitation laser of
514 and 633 nm.

The contents of this chapter have been published as supplementary information in:

• Aghajani, S., Accardo, A., & Tichem, M. (2021). Tunable photoluminescence and SERS behaviour of additively
manufactured Au nanoparticle patterns. RSC Advances, 11(28), 16849–16859. DOI:10.1039/D1RA02266K
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C.1 SEM analyses

Figure C.1: SEM images of the AuNPs deposited on a silicon substrate with SAM voltage/current
setting of V=0.9 kV, I=5 mA a) Lowmagnification of Microparticles together with agglomeration
of primary nanoparticles , and high magnification of b) agglomeration of primary nanoparticles
on the microparticles and , c) microparticles in the film of AuNPs.

Figure C.2: (a1, a2) SEM images of the morphology of AuNPs deposited on centric region of the
line and the boundary (Sample 1), and the same comparison for thermal treated samples as (b1,
b2) 15 minutes at 100 ∘C (Sample 2), (c1, c2) 30 minutes at 100 ∘C (Sample 3), (d1, d2) 120 minutes
at 100 ∘C (Sample 4), (e1,e2) 15 minutes at 120 ∘C (Sample 5), (f1, f2) 30 minutes at 120 ∘C (Sample
6), (g1, g2) 5 minutes at 150 ∘C (Sample 7), (h1, h2) 15 minutes at 150 ∘C (Sample 8), (i1, i2) 5
minutes at 200 ∘C (Sample 9). All AuNPs deposited with SAM voltage/current setting of V = 0.9
kV and I = 5 mA.
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C.2 AFM analyses

Figure C.3: AFM morphology of 250 × 250 nm2 areas of a) non-heat treated samples (b) 15
minutes at 100 ∘C, (c) 30 minutes at 100 ∘C, (d) 120 minutes at 100 ∘C, (e) 15 minutes at 120 ∘C, (f)
30 minutes at 120 ∘C, (g) 5 minutes at 150 ∘C, (h) 15 minutes at 150 ∘C, (i) 5 minutes at 200 ∘C.
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C.3 Photoluminescence analyses

Figure C.4: The photoluminescence response spectra of a) non-thermally treated sample, b) 15
minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15 minutes at 120 ∘C, f) 30
minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5 minutes at 200 ∘C, and j)
Bulk gold, under laser excitation 488 nm. PL measurement conditions: grating of 600 gr cm-3,
objective lens = 10× (NA = 0.25); acquisition time = 20 s, integration time = 1. For all lasers, 30
measurements (3 in length × 10 in cross-section) were performed. All AuNPs deposited with
SAM voltage/current setting of V=0.9 kV and I=5mA.

Figure C.5: The normalized photoluminescence response spectra with peak of a) non-thermally
treated sample, b) 15 minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15
minutes at 120 ∘C, f) 30 minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5
minutes at 200 ∘C, and j) Bulk gold, under laser excitation 488 nm. PL measurement conditions:
grating of 600 gr cm-3, objective lens = 10× (NA = 0.25); acquisition time = 20 s, integration
time = 1. For all lasers, 30 measurements (3 in length × 10 in cross-section) were performed. All
AuNPs deposited with SAM voltage/current setting of V=0.9 kV and I=5mA.
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Figure C.6: The photoluminescence response spectra of a) non-thermally treated sample, b) 15
minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15 minutes at 120 ∘C, f) 30
minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5 minutes at 200 ∘C, and j)
Bulk gold, under laser excitation 514 nm. PL measurement conditions: grating of 600 gr cm-3,
objective lens = 10× (NA = 0.25); acquisition time = 10 s, integration time = 2. For all lasers, 30
measurements (3 in length × 10 in cross-section) were performed. All AuNPs deposited with
SAM voltage/current setting of V=0.9 kV and I=5mA.

Figure C.7: The normalized photoluminescence response spectra with peak of a) non-thermally
treated sample, b) 15 minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15
minutes at 120 ∘C, f) 30 minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5
minutes at 200 ∘C, and j) Bulk gold, under laser excitation 514 nm. PL measurement conditions:
grating of 600 gr cm-3, objective lens = 10× (NA = 0.25); acquisition time = 10 s, integration
time = 2. For all lasers, 30 measurements (3 in length × 10 in cross-section) were performed. All
AuNPs deposited with SAM voltage/current setting of V=0.9 kV and I=5mA.
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Figure C.8: The photoluminescence response spectra of a) non-thermally treated sample, b) 15
minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15 minutes at 120 ∘C, f) 30
minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5 minutes at 200 ∘C, and j)
Bulk gold, under laser excitation 633 nm. PL measurement conditions: grating of 600 gr cm-3,
objective lens = 10× (NA = 0.25); acquisition time = 10 s, integration time = 1. For all lasers, 30
measurements (3 in length × 10 in cross-section) were performed. All AuNPs deposited with
SAM voltage/current setting of V=0.9 kV and I=5mA.

Figure C.9: The normalized photoluminescence response spectra with peak of a) non-thermally
treated sample, b) 15 minutes at 100 ∘C, c) 30 minutes at 100 ∘C, d) 120 minutes at 100 ∘C, e) 15
minutes at 120 ∘C, f) 30 minutes at 120 ∘C, g) 5 minutes at 150 ∘C, h) 15 minutes at 150 ∘C, i) 5
minutes at 200 ∘C, and j) Bulk gold, under laser excitation 633 nm. PL measurement conditions:
grating of 600 gr cm-3, objective lens = 10× (NA = 0.25); acquisition time = 10 s, integration
time = 1. For all lasers, 30 measurements (3 in length × 10 in cross-section) were performed. All
AuNPs deposited with SAM voltage/current setting of V=0.9 kV and I=5mA.

136



C Appendix C

137





139

Curriculum Vitæ

Saleh Aghajani

1990/03/10 Born in Tehran, Iran

Education
2018-2022 Ph.D in Micro and Nano Engineering

Department of Precision and Microsystems Engineering
Delft University of Technology, Delft, The Netherlands
Thesis:
Dry Aerosol Direct Writing for Selective Nanoparticle Deposition
Promotor: Dr. Ir. Marcel Tichem
Co-Promotor: Dr. Angelo Accardo

2014-2017 M.Sc in Material Science and Nanotechnology
Politecnico Di Milano, Milan, Italy
Thesis:
Template guided deposition of nanoparticles inks on structured sur-
faces
Academic Supervisor: Dr. Carlo Spartaco Casari
Industrial Supervisor: Dr. Rolando Ferrini

2008-2013 B.Sc in Mechanical Engineering
Amirkabir University of Technology (Tehran Polytechnic), Tehran,
Iran
Thesis:
A semi‑analytical solution for stress analysis of moderately thick
functionally‑graded material (FGM) rectangular panels with various
boundary conditions under concentrated loading‑EKM method
Supervisor: Dr. M. M. Aghdam

Experience



Curriculum Vitæ

Jul. 2022-Present Application Engineer
Mesoline, Rotterdam, The Netherlands

Jan. 2017-Oct.2017 Internship
Swiss Centre for Electronics and Microtechnology (CSEM), Basel,
Switzerland

Sep. 2013-Aug. 2014 Mechanical Design Engineer
Imaco Fire Company, Tehran, Iran

140



141

List of Publications

Journal papers:
1. Aghajani, S., Accardo, A., & Tichem, M. (2020). Aerosol Direct Writing and Thermal

Tuning of Copper Nanoparticle Patterns as Surface-Enhanced Raman Scattering Sensors.
ACS Applied Nano Materials, 3(6), 5665–5675. DOI:10.1021/acsanm.0c00887

2. Aghajani, S., Accardo, A., & Tichem, M. (2021). Tunable photoluminescence and SERS
behaviour of additively manufactured Au nanoparticle patterns. RSC Advances, 11(28),
16849–16859. DOI:10.1039/D1RA02266K

3. Aghajani, S., Accardo, A., & Tichem, M. (2022). Process and nozzle design for high-
resolution dry aerosol direct writing (dADW) of sub-100 nm nanoparticles. Additive
Manufacturing, 54, 102729. DOI:10.1016/J.ADDMA.2022.102729

Conference papers:
1. Aghajani, S., Accardo, A., & Tichem, M. Dry Aerosol Direct Writing (dADW) of metallic

nanoparticle micro-patterns.
48ᵗʰ International conference on Micro and Nano Engineering - Eurosensors (MNE-ES),
Leuven, Belgium, September 2022.

2. Aghajani, S., Accardo, A., & Tichem, M. Aerosol Direct Writing of Cu and Au Nanopar-
ticle Patterns for SERS-active Substrates.
47ᵗʰ Micro and Nano Engineering (MNE) Conference, Turin, Italy, September 2021.

3. Aghajani, S., Accardo, A., & Tichem, M. Aerosol Direct Writing of 3D Copper Nanopat-
terns as SERS-active Substrate.
International MicroNanoConference 2020 (iMNC 2020), December 2020.

4. Aghajani, S., Entink, B., Sasso, L., & Tichem, M. Sonic and sub-sonic gas-phase printing
of nanoparticle patterns.
InternationalMicroNanoConference 2018 (iMNC 2018), Amsterdam,TheNetherlands, De-
cember 2018.





143

Acknowledgments
Looking for a new intellectual challenge led me to the technical university of Delft. Starting
my PhD study was beginning a new chapter in my life that would help me achieve my long-
term goals. Despite many ups and downs, joys and sorrows, I learned and grew beyond my
expectations in various aspects through this journey. I owe it all to the many people who have
offered me their genuine support and encouragement. I want to take this opportunity to thank
them all.

First, I would like to thank my promoter and supervisor, Dr Ir. Marcel Tichem, for al-
lowing me to work on this exciting, novel and multidisciplinary project in the Micro and Nano
engineering (MNE) group. Your expert supervision and ability to foster a friendly and dynamic
work environment enabled me to grow personally and professionally. When Dr Angelo Ac-
cardo joined PME and became my co-promoter, my supervision team grew even stronger. Mar-
cel and Angelo, you taught me how to approach difficult and complex problems and solve them
effectively and independently. Your encouragement and guidance allowed me to confidently
and independently pursue my research interests. I am forever grateful for your support. Also,
I’d like to thank Dr Luigi Sasso, who was in my supervision team. Even though we only had
a little time together, it was fascinating and fruitful.

To complete this project, I used a wide range of experimentation, primarily found in the
PME department, all of which is dependent on our technical team, Patrick, Spiridon, Bradley,
Gideon, Alex and Rob, who not only provide training and lab support but also actively vol-
unteer for any assistance in experimental works. I want to specially thank Patrick Van Holst,
Harry Jansen and Gideon Emmaneel for their endless support on my setup for building,
maintenance and optimization, which I couldn’t do without their help. In addition, I want to
thank Spiridon van Veldhoven, Bradley But and Alex van den Bogaard for lots of assis-
tance, including training, 3D printing, and all the support. Also, I like to thank Cees Kwaker-
naak in the department of Material Science and Engineering (MSE) for SEM training. It is also
helpful to have the support of PME secretaries. I want to thank Birgit, Corinne, Eveline, An-
nemieke, Marli, and Marianne for making my work easier. Moreover I would like to thanks
our department manager Lisette, for all the efforts to make our life in PME better.

I had the privilege to be part of the Micro and Nano Engineering group (MNE) during
my doctoral studies and was surrounded by many wonderful people. Ivan Buijsters, Mu-
rali Ghatkesar, Guido Janssen, Andres Hunt, Urs Staufer, Daniel Fan, Thomas Man-
zaneque Garcia, Andre Sartori, Livia Angeloni, Cristina Varone, Kai Wu, Alkisti Gk-
ouzou, Ahmed Sharaf, Pieter van Altena, Qais Akolawala, Abilash Chandrashekar,
Zichao Liu, Gürhan Özkayar, Eleonoor Verlinden and many more I might forget to men-
tion, thank you for the lovely time, discussions, brainstorming and occasional outings.

I would also like to thank all the friends I found in PME: Yong Zhang, Malte ten Wolde,
Sabiju Valiya Valappil, Dave Sonneveld, Irek Roslon, Rajit Ranjan, Vibhas Mishra, Ger-
ben van der Meer,Hanqing Liu, Stijn Koppen, Inge van der Knijff, Ata Keṣkekler, Nils
Hermann, Andrea Cupertino, Arnoud Delissen, Xianfeng Chen, and Satadal Dutta.



Acknowledgments

In July 2022, I became a part of a new family by joining Mesoline B.V. as an application
engineer in the field of micro and nanomanufacturing. This was a new story which I chose with
lots of enthusiasm and I have to confess it increases over time. I would like to thanks Thomas
our CEO for founding me and giving me the job. Also, I would like to thank Marnix our CTO
and Serhii, the head of research in Mesoline, who helped me to learn and engage in lots of
complex and intellectual challenges. Moreover, I like to thank the rest of the group, Victoria,
Marienne, Marina, Vivek, Pieter, Niels, Christian, Akshay and Amir.

Living in Delft for the past four years has been a wonderful experience, made even better
by the abundance of supportive friends. Ali & Azar, Nima & Delaram, Amin & Maryam,
Siamak & Sanaz, Gurhan & Parinaz,Hadi, Banfasheh & Mohammad,Hassan & Elaheh,
Farbod, you always make life more fun. I would like to thank you for being a part of my life.

As a bonus, I’d like to thank specifically Ali & Shaghayegh, Ali & Shahrzad, Davood &
Afagh, Sonia and Zahra for wonderful nights of board games and gatherings that made my life
in the Netherlands even more enjoyable. I hope these gatherings continue, as I have thoroughly
enjoyed previous ones.

I’d like to thank my old friends Amir Abbas, Ghobad,Mina, Sina, and Bahram for being
in my life for more than 6 years from good old times in Milano (Amir Abbas for more than 15
years and from Iran, it’s hard to believe but still we are in the same country). Despite our many
differences and disagreements, we remain friends, which is incredible, and you were my family
when I was far from mine. I would love to have you in my life for many years ahead.

One of the reasons I chose to come to the Netherlands was and is my beloved aunt and uncle,
Zohreh and Sirus. I’ve moved a lot in the last ten years for school and internships, but coming
to the Netherlands was the easiest because of my aunt and uncle’s help and kindness. Also, I
had the chance to have amazing cousins Saman, Sabrina, Yasaman and her husband Amir
Houshang in the Netherlands. Thanks for lots of great times.

I want to express my gratitude in particular to my Father-in-law (Mohammadreza) and
kind mother-in-law Fatemeh and my generous sisters-in-law Mahdieh and Mahdis, who
never ceased to amaze me with their wonderful and delectable gifts. For all their assistance
and support during my wedding, I would also like to thank my brother-in-laws, Amirhossein
and particularly Mahmoud.

A special thanks go out to my parents, Fatemeh and Yosef, for their constant support,
encouragement and sacrifices, as well as the valuable lessons they taught me, which helped
shape my character. I’d like to express my gratitude to my four brothers, Saber, Sadegh, Saeb
(Hassan), and Saed (Hosein), for their unwavering support throughout my life. Knowing that
you’re behind me gives me the confidence to keep going no matter what happens. I can’t tell
you how grateful I am for all of your help, advice, and encouragement. My life wouldn’t be the
same without you by my side, and you’ve been there for me through thick and thin.

This is where I run out of words to express my gratitude, and it’s all because of my friend,
wife, and soulmate, Mahnaz. In my opinion, you’re one of the most powerful and intelligent
people I’ve ever met, and I’m thrilled to have you on my side. As a team, we’ve overcome a lot
of challenges and shown that no matter how difficult things get, we can always count on each
other. Love for you is indescribably strong and bursts forth whenever I think of you.

Saleh Aghajani
Delft, June 2022

144



ISBN  978-94-6384-408-6


	Lege pagina

