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ARTICLE INFO ABSTRACT
Keywords: One of the essential requirements to create nanoparticle (NP)-based applications and functions is the ability to
Nanoparticle control their deposition in specific locations. Many methods have been proposed, with wet direct writing (DW)

Direct writing

Dry aerosol direct-writing
Aerodynamic focusing
Sheath gas nozzle

techniques such as inkjet printing being the most employed. 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 paper introduces a dry aerosol direct writing
(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 deposition 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 ym and an
aerosol to total flow rate ratio of 0.17, we achieved a high-resolution line with a width of 67 um, i.e., equal to
27% of the nozzle diameter, when printing < 100 nm Au NPs. The presented additive manufacturing method
enables, therefore, the creation 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.

aerosol-jet printing (AJP) [22-26] are widely-used examples of nano-
particle 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 sus-
pension during printing may lead to contamination and affect the
properties of the NP film.

In contrast to solvent-based NP deposition methods, in dry tech-
niques, 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 deposition. 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

1. Introduction

Nanoparticles (NPs) are the foundation of many devices and appli-
cations with complex properties and functionalities [1-6]. This includes
optical coatings [7], catalysis [6], biosensors [8,9], electrical in-
terconnects [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
attention 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 deposi-
tion, with direct writing (DW) methods being one of the most prominent.
Nanoparticle direct writing is a class of additive manufacturing tech-
niques 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
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Nomenclature

AFN Aerodynamically focused nanoparticle

AJP AerosolJet printing

AL Aerodynamic lenses

AuNPs Gold nanoparticles

a/T Volumetric flow rate of aerosol nozzle/total volumetric
flow rate

CE Collection efficiency

CDN Converging-diverging nozzle

CDCN  Converging-diverging-converging nozzle

CF Contraction factor

CN Converging nozzle

DW Direct Writing

dADW  dry aerosol direct writing

FR Focusing ratio

P Inkjet printing

L/D Distance between nozzle to substrate/Diameter of nozzle
NP Nanoparticle

RANS  Reynolds-averaged Navier-Stokes

SAM Spark ablation method

SEM Scanning electron microscopy
SGN Sheath-gas nozzle

TLD Through-the-lens detector
WD Working distance

WLI White light interferometry

(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 particles 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 challenging 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 [31,36-40], electrostatic [41], and
electro/thermo-phoretic [42,43] focusing. 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, constraining the
aerosol flow based on: 1) variation of nozzle cross-sections to increase
the particle velocity and to collimate the particle beam, such as

Cross-sectional variation

converging nozzle (CN) [44], converging-diverging nozzle (CDN) [8],
converging-diverging-converging nozzle (CDCN) [32], and aero-
dynamic lenses (AL) [8,40]; or 2) introduction of a sheath gas flow and
leading to a sheath gas nozzle (SGN) [45] (Fig. 1). Based on the aerosol
physics of a particle travelling through a gas medium (See Supplemen-
tary Information-Section 1) and the working principle of various aero-
dynamic  focusing nozzles (discussed in  Supplementary
Information-Section 1.2), sheath gas nozzles outperform the other
aerodynamic nozzle systems. They are less sensitive to the size of par-
ticles 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 sur-
rounding the aerosol flow, reduces defocusing of the aerosol flow also
after leaving the nozzle. AJPs 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 um [22,26,46].

The purpose of this paper is to deepen the knowledge, evaluate and
validate the performance of the sheath-gas nozzle (SGN) for the additive
manufacturing of fine nanoparticles (below 100 nm) and compare it to
the conventional converging nozzle (CN) through numerical and
empirical approaches. We identified the critical nozzle design

Volume variation

~€

> -

>

1,

Fig. 1. Aerodynamic focusing nozzles: a) converging nozzle, b) converging-diverging nozzle, c¢) converging-diverging-converging nozzle, d) aerodynamic lenses, and

e) sheath-gas nozzle.
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parameters and the operating process parameters resulting in narrow
lines for both types of nozzles, including half-angle of converging sec-
tion, 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 [47] and related the design and process param-
eters 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. The best result was a line with a width of 67 pm obtained
with an SGN with an outlet diameter of 248 ym and aerosol to total flow
ratio of 0.17.

2. Material and methods
2.1. Finite element modelling

We used COMSOL Multiphysics 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 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-€ model to describe the turbulence. Suther-
land’s law is used to determine the dynamic viscosity and gas conduc-
tivity (See Supplementary information: Section 2).

Because of the symmetry of the system around the axial line of the
nozzle, an axisymmetric 2D simulation, as shown in Fig. 2.a is used to
reduce the computational cost of the simulation. A general design of a
sheath gas and deposition systems system is depicted in Fig. 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 (P,) of 1 bar
and a temperature of 293 K. The outlet pressure is defined as down-
stream pressure (Pq) with hybrid flow conditions. The boundary con-
ditions 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 1 summarises the parameter value ranges

Additive Manufacturing 54 (2022) 102729

Table 1
Parameters and value ranges considered in the modelling.

Design parameters Operating parameters

Converging Half-angle 1,25, Working distance 200, 300,
nozzle (CD) 5,10, (pm) 400, 600,
15, 30 800, 1000,
1200
Nozzle throat 400, Downstream 10, 100,
diameter 600, pressure P4 (Pa) 500, 1000,
(pm) 800 2000, 5000
Sheath gas Half-angle 1,25, Working distance 200, 300,
nozzle @) 5,10, (pm) 400, 600,
15, 30 800, 1000,
1200
Radius of 1, 1.5, Downstream 10, 100,
aerosol 2,3 pressure P4 (Pa) 500, 1000,
nozzle (mm) 2000, 5000
The ratio of aerosol 2/8,3/8, 4/
flow rate to the total 8,5/8, 6/8,
flow rate 7/8

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/
m>. 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.

To overcome the convergence problem in the flow profile calculation
caused by the high-pressure ratio between the upstream and down-
stream position in the nozzle, the calculation is run for a coarse mesh
and with a stepwise increase of upstream pressure, as shown in Fig. 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, such as around
the bow shock, to achieve a highly accurate flow regime in that position
(Fig. 2.0).

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 (Fig. 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 Sup-
plementary Information: Section 1), with extra time steps for wall in-
teractions and rarefaction effects for the Cunningham slip correction
factor explained in the Supplementary Information: Section 1. The
modelling results of the trajectory include the particle position on the

(b)
>

Axisymmetric Comsol Model

Downstream,

/ Pressure

1.0E+5

Up-stream Pressure

{00-6)

8=Half-angle B8.0E+4+

6.0E+4

Aerosol nozzle

4.0E+4 | Va

Pressure (Pa)

2.0E+4 7

4 Down-stream Pressure
0.0E+0

Aerosol Inlet Sheath Gas Inlet
Upstream Pressure

Steps

Fig. 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 stepwise increase of inlet pressure, ¢) accurate simulation of the flow using adaptive mesh refinement and d) calculation of particle trajectory using

the accurate flow simulation results.
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impaction plate (if deposited). The radial and axial velocity of a particle
along its path are then used in MATLAB for data process and
visualisation.

2.2. Dry aerosol direct writing (dAADW)

We use an experimental setup consisting of a commercial particle
generator (VSParticle G1) and a vacuum deposition chamber for nozzle
performance studies (Section 3: Fig. S2). The VSParticle G1 generates
polydispersed metallic nanoparticles (Au) via a spark ablation method
(SAM) from 99.99% pure gold electrodes. 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. The nanoparticles are carried using
a pure argon flow and introduced into the nozzle system and the
deposition chamber. Both converging and sheath gas nozzles are
designed in SolidWorks (Fig. 3.a) and 3D printed using "3DM Tough" and
a digital light projection Envisiontec Micro Plus Hires setup. After
printing and chemical removing the unexposed regions via sonication
for 5 min in an IPA bath, the nozzles were UV cured for 6 min 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 (Fig. 3.
b). Two nozzles with converging half-angles of 10" and actual outlet
diameters of 484 and 248 ym 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 um were used for the
converging nozzle. Silicon substrates were used for deposition, which
were first cleaned with acetone and isopropanol and then placed in an
oxygen plasma chamber for 30 min before printing to remove any im-
purities 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-1750-020-D-HV precision positioner controls 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 upstream pressure (Pu) is always set to 1 bar at
room temperature, and the vacuum pressure (Pq4) varies for each nozzle.

2.3. White-light interferometry

White-light interferometry with a Contour GT-K 3D optical profil-
ometer (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

Aerosol inlet

Sheath gas inlet

Sheath
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shown in the Supplementary Information: Section 4-Fig. S3.

2.4. Morphology characterisation

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

3. Results and discussion
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
contraction 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:

Ri_nirer | Radiuts jier

CfF=——————
Ri—’l‘hruat/Radius’l‘hmm

@

Ri.mlet and RjThroat are the radial position of the i-th particle in the
inlet and nozzle throat, respectively, while Radiuspjer and Radiusthroat
are inlet radius and nozzle throat radius, respectively. 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 indicates 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.

3.1.1. 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 calculation of the flow profile when
using adaptive mesh refinement. The flow field, including the axial flow

3D Printed
gas nozzI

Fig. 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 (Fig. 52).
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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 Fig. 4 for an outlet pressure (Pg) of 100 Pa and pressure ratio
Py/Pq= 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 [48-50]. 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 presentation 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 decreases 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.

Coarse Mesh

Axial Velocity (m/s)

-200 -100

Radial Velocity (m/s)

Adaptive Mesh level 1
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3.1.2. Converging nozzle

We first review the simulation results for the converging nozzle (CN).
Table S2 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 par-
ticles in the nozzle is due to the decrease in radius only, which is un-
derstandable 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 ef-
fects of design and operating parameters on the CF are discussed in the
Supplementary Information (Section 5.1.1, Fig. S4-56).

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 Fig. 5. The CE for all parameters (Fig. 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 param-
eters; particles of all other sizes are deposited. Fig. 5. a, c, e, and g show

Adaptive Mesh level 2

T

-200 -100

Pressure (mbar)

6.4 156.4 306.3 456.2 606.1 756 905.9 6.5

DULELEELRLTLERTEELELPE R IR ieeaentie:

ITOTTITTI
156.4 306.3 456.2 606.1 756 905.9 6.6

T

156.5 306.4 456.3 606.2 756.1 905.9

Fig. 4. Effect of meshing 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 um, and the working distance is 400 um.
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Fig. 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.

that FR is highly dependent on particle size, with larger particles 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 in-
creases, 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 (Fig. 5.a). For the smallest
particles considered (5nm diameter), the simulation suggests a
threshold value for the half-angle to have 100% CE (Fig. 5.b). For the
nozzle throat diameter, there is again a threshold value that determines
the deposition for the smallest particles (Fig. 5.c), and the effect on FR
depends on the particle size (Fig. 5.d), implying that the deposition
width is determined by the nozzle throat diameter and has a constant
relationship. The downstream pressure has little effect on FR within the
chosen value range (Fig. 5.e) and particularly affects the CE for the
smallest particles (Fig. 5.f). Increasing the downstream pressure affects
the relaxation number of particles through the gas mean free path and
the Cunningham slip correction factor (Supplementary information-
Section 1: equations (4) and (5)), which mainly affects smaller-sized
particles (5 nm). Also, an increase in downstream pressure results in a
weaker expansion zone with lower flow velocity, and hence particle
velocity, after the nozzle exit, see also Fig. S7. e. When the axial and
radial velocity of particles hitting the substrate are considered (Fig. S7),
it is clear that smaller particles hit the substrate with a relatively low
axial velocity and a high radial velocity, reducing perhaps their depo-
sition probability in reality.

The effect of the nozzle to substrate distance (working distance, WD)
on both CE and FR is more complex; see Fig. 5.g and 5.h. There is a
threshold value for the WD to guarantee particle deposition, in line with
impactor theories (Fig. 5.h) [51]. For larger particle sizes, the FR stays
constant with increasing WD, but for smaller particles, FR increases with
increasing WD (Fig. 5. g). This can be understood by analysing the flow
field after the nozzle exit (Fig. S8). For small WD (WD/D=0.5, WD
=200 pm), the gas cannot fully expand, causing the gas energy to pri-
marily lead to high radial flow velocity rather than axial velocity, which
leads to rejection of particle deposition, particularly for < 10 nm

particles. Fig. S7. g shows that for low WD, 10 nm nanoparticles impinge
on the substrate at such low velocity that their chance of deposition is
perhaps negligible. Increasing the WD above 300 um leads to complete
gas expansion, and a further increase of WD 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.

3.1.3. Sheath gas nozzle

Table S3 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 Supplementary Information, Section 5.1.2,
considering the effect of design and operating parameters on the CF
(Fig. S9). Unlike the converging nozzle, the CF reaches values above 1,
demonstrating the effectiveness of this nozzle in forcing particles to-
wards 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 Fig. S9 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 (/ QTotal/ Querosol)-

Fig. 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 (Fig. 6. a and b) and the particles’ axial and
radial velocities during deposition (Fig. S13. a and b). Increasing the
half-angle of the converging section reduces the width of the deposition
spot and leads to better focusing (Fig. 6.c) but has no effect on the axial
and radial velocities of nanoparticles during deposition (Fig. S13. ¢ and
d). It is also clear that the collection efficiency is independent of the half-
angle (Fig. 6.d) and is primarily determined by the inertia of the
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Fig. 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.

nanoparticles; thus, low inertia particles have a low deposition proba-
bility (5 nm nanoparticles). The FR and the CE are independent of
downstream pressure in the chosen range (Fig. 6. e and f); moreover, this
parameter has a negligible effect on the axial and radial velocity of the
particles during deposition (Fig. S13. e and f). The distance of the nozzle
to the substrate (WD) has a significant impact on the FR of nanoparticles
(Fig. 6.g). Increasing the WD improves the probability of smaller
nanoparticles to be collected (Fig. 6.h) and increases their axial velocity
without affecting their radial velocity (Fig. S13. 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 (Fig. 6.i), especially for smaller inertia
nanoparticles, which was impossible to achieve with a converging
nozzle. Fig. 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 noz-
zles for the effective trapping 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 resolution;
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 Supplementary information Section 5.2 in Figs. S14-S21.
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 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 parti-
cles with higher densities.

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.

3.2.1. Characterisation of the line printed with CN
Fig. 7.a-f depicts SEM images of a line of gold nanoparticles (AuNPs)
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Fig. 7. a) SEM image of a line printed with a CN of 339 um and WD of 450 pm, 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.

deposited on a silicon substrate with a converging nozzle (throat
diameter of 339 ym) and the typical morphology and density of the
AuNPs. Fig. 7.b,c show the morphology of the line in the centric region,
which is characterised by the presence of high porosity randomly
formed 3D microstructures with nanometric features. A closer exami-
nation of the microstructures in Fig. 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 the lower
density of particles, followed by a splash area with random and low-
density deposition of nanoparticles and agglomerates of nanoparticles.
Fig. 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.
Fig. 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 nanoparticles; 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 re-
gion, which decreases the resolution. As shown in the image, the width
of the centric region is 283 pym, and the width of the line, including the
boundary region, is 394 ym. Line width measurements from the optical

microscope and white light interferometry (WLI) are in good agreement
(see Fig. 7.h. The splash zone is not evident in the WLI data but is visible
in the SEM and optical images (Fig. 7.g,i). This is due to lower coverage
in this zone, and the thickness is in the order of noise of the WLI mea-
surement. The greyscale intensity graph for the SEM image of the line in
Fig. 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 con-
siders the line’s boundary but not the splash area.

Fig. S22. al-dl 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 um 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 (Fig. S22. bl-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 surface coverage (Fig. S22.
al). Furthermore, the images in Fig. S22.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 background 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
Fig. S22. c1 and d1. Higher magnification SEM images of Fig. 522. a2-d2
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in the splash zone clearly show the presence of finer AuNPs for higher
WDs. The same trends were observed in numerical results in Fig. 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 Fig. S22. a3-d3, indicating
that increasing the WD causes a higher likeliness of trapping finer
nanoparticles, in line with modelling results.

3.2.2. Characterisation of the line printed with SGN

Fig. 8 shows high-magnification SEM images of lines printed with an
SGN. The AuNPs were deposited on a silicon substrate employing a
sheath gas nozzle with an outlet diameter of 248 pm, an aerosol to the
total flow rate of 0.31, and a working distance of 250 micrometres. In
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Fig. 8.a—c, high magnification SEM images of typical morphology and
density of AuNPs in the centric 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 Fig. 8.d-f with the CN printed lines in Fig. 7.a and Fig. S22. al-d1
that the main effect of the SGN is on the line’s boundary and splash zone.
By comparing the SGN lines’ boundary in Fig. 8.g-i with the CN lines in
Fig. §22. al-d1, the splash area is barely visible, and the lines have a
distinct edge. When the splash area in Fig. 8.j-1 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 (Fig. S22. al-d1)
has a length of more than 40 um after the boundary region and extends

100 ;m

Fig. 8. a-c) high magnification SEM images of the morphology of the centric region of the printed line with an SGN of 248 um outlet diameter and aerosol to total
flow rate (a/T) = 0.31 and WD = 250 pm. The lines and boundaries of the line printed with 248 um SGN nozzle and process parameters of d) a/T = 0.17 and WD
= 700 um, and boundary and splash area in g) and j), e) a/T = 0.1 and WD = 400 um, and boundary and splash area in h) and k), f) a/T = 0.31 and WD = 400 pm,
and boundary and splash area in i) and 1).
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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 dem-
onstrates that utilising SGN improves the sharpness of the printed line,
which is crucial when printing lines with a small spacing between them.

3.2.3. Effect of WD on the CN printed line dimensions

Fig. 9.a,b shows how the working distance (WD) affects the thickness
and width of the lines printed with three converging nozzles with di-
ameters of 166.5, 238.0, and 339.0 um 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 (Fig. 5 and Fig. S8). The variation in width increases as
the WD increases, as shown in Fig. 9.b; however, these variations are not
visible in the optical microscopy images, as shown in Fig. S23. None-
theless, 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 Fig. S23.

Fig. 9.c depicts the thickness as it relates to the normalised working
distance to the corresponding 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 (cur-
rent=8 mA and voltage=1.1 kV) 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 stagnation upstream of the nozzle and changes with respect to the
nozzle diameters. For nozzles with diameters of 166.5, 238.0, and
339.0 ym, the flow rate of argon is 0.59, 0.99, and 1.39 lpm,
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respectively. As a result, lower flow rates result in higher particle con-
centration and number deposited in the narrower region, resulting in
higher thicknesses for smaller diameter nozzles. When comparing the
normalised width and normalised working distance to the correspond-
ing nozzle diameters in Fig. 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 nano-
particles with size distributions less than 20 nm [34,35,52]. Following
this stage and energy reduction by both the nucleation-growth mecha-
nisms 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 nano-
particles 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 ve-
locity 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 dis-
tribution. The minimum width of the lines obtained for a converging
nozzle is 168 ym and generated using the nozzle with the smallest
diameter (166.5 um), with an FR of approximately 1. Considering the
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numerical results, it is expected that this FR occurred for larger particles
distribution of 50-100 nm.

3.2.4. Effect of flow rate ratio and working distance on the SGN printed
lines

The aerosol to total flow ratio results for two sheath gas nozzles with
exit diameters of 248 and 484 um, respectively, are summarised in
Fig. 10. Using the WLI 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 um nozzle is 0.11 mm/s,
and 0.22 mm/s with a 484 um nozzle. The dADW flow rate is a function
of the nozzle diameter, which influences the concentration of nano-
particles 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 nano-
particle concentration. A waste channel between the spark discharge
generator and the nozzle is employed to maintain a constant nano-
particle concentration. As a result, the total flow rate is 0.42 lpm for a
248 ym nozzle and 1.7 lpm for a 484 pm 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 Fig. 10.a-d, the average thickness and width of the
deposited line increase with decreasing sheath gas for all working dis-
tances. On the other hand, the relationship between 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
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diameter nozzle having a higher concentration and, therefore, larger
particles sizes due to agglomeration. Fig. 10 shows that lines up to ~300
and ~600 pm in width were printed using nozzles of 248 and 484 um 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 pm. 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 dis-
tance (WD) as they all increase simultaneously due to higher collection
efficiency at higher WDs. As shown in Fig. 10, a width of 170 um, as the
narrowest line achieved with a CN, was deposited using a 248 ym SGN
and at working distances of 400 and 500 pm while similar line width
was printed with a CN of 166.5 pm diameter and a working distance of
200 pm.

4. Conclusion

In this study, we evaluate the performance of dry aerosol direct-
writing (dAADW) 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 nu-
merical and experimental approaches, the effect of design and operating
parameters on the resulting resolution 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 focusing 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
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capable of depositing in a very wide region. Secondly, they are unable to
efficiently 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 pa-
rameters. 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 pat-
terns with widths less than 100 pm would necessitates precise nozzle
manufacturing and precise nozzle positioning with respect to the sub-
strate. SGNs, on the other hand, firstly are extremely efficient in colli-
mating a beam of particles and achieving 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 our models,
which may differ from reality. In this assumption, particles are consid-
ered 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 nanoparticles 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 distribution of particles in the
aerosol flow varies for different nozzles due to agglomeration, the effect
of variation in the concentration of nanoparticles, and longer trans-
portation time. Finally, manufacturing the nozzle using a stereo-
lithography 3D printer produces a final part composed of layers of 25-
micron thickness that are adhered to one another and generate an
interior micrometric roughness, which is not considered in the simula-
tion, which may affect the results.

According to the experimental results, lines printed with both CNs
and SGNs have a Gaussian cross-section with a varying thickness from
10 s of nanometres to 100 s of nanometres depending on process pa-
rameters 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 nano-
particles, is the main difference between CN and SGN lines, and its
presence reduces the achievable resolution of the line, moreover, reduce
the sharpness 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 resolu-
tions 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,
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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
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 an SGN was 67 um, with a nozzle diameter of 248 ym and a WD of
400 pm, i.e., width is about 27% of the nozzle diameter. This demon-
strates that dAADW can print high-resolution patterns of nanoparticles
with width ranging from 67 pm to 600 um 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 genera-
tion 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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