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Abstract
A method is presented to directly measure the mass output of an impaction printer coupled with a
spark ablation generator. It is based on a quartz crystal microbalance and shown to be reliable in
quantifying mass deposition rate. Here, the method is demonstrated with an Au nanoparticle
aerosol synthesized under several spark ablation and deposition settings. Changes in the
deposition rate in response to changed synthesis conditions follow the spark ablation models on
generation rate made in previous studies, validating this novel measurement method. In
combination with the volume of a deposit, a good estimate of the film porosity can be made. The
Au nanoparticle films synthesized here have a low porosity of 0.18 due to extensive restructuring
and compaction on impact with the substrate. The porosity is found to be insensitive to
deposition settings and is constant throughout the film. The simplicity and low cost of a quartz
crystal microbalance setup make this an accessible method to determine porosity in porous thin
films.

Supplementary material for this article is available online

Keywords: porous films, spark ablation, nanoparticles, quartz crystal microbalance,
porosity, gold

(Some figures may appear in colour only in the online journal)

1. Introduction

Thin film technology is essential in the fabrication of
advanced materials, nanotechnology, and microelectronics. In
recent decades, the advancement in nanoparticle and nano-
porous films have shown that such films can be superior to

dense thin films due to their high surface-to-volume ratio,
increased reactivity, lower melting point, and the porosity
itself. For catalytic films, the increased reactivity and extreme
surface to volume ratios reduce the amount of catalyst
required or improve reaction efficiency [1–3]. These same
properties make nanoparticles excellent sensing materials for
chemical sensors [4–6]. In microelectronics, the low melting
point of metallic nanoparticles has been used to create inter-
connects or as lead free solder alternative [7–9]. There are
currently many synthesis methods available to make nano-
particles, each with their own advantages and disadvantages
[5, 10–13]. Aerosol methods, in particular spark ablation,
allow extreme variability in particle size and composition
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[13, 14]. In combination with direct deposition from the
aerosol phase by impaction allows 3D printing of nanoparticle
films onto most substrates. This production method has been
successfully applied in catalysis [15, 16], gas sensors [17, 18],
and surface enhanced Raman spectroscopy (SERS) [19, 20].

Despite the still growing number of application areas,
characterization techniques for such nanoporous film are still
lacking. Determining deposition rates or porosity, in part-
icular, are still a challenge [21]. Material losses during
synthesis and deposition are not precisely known and hard to
estimate. Typical deposited mass is in the microgram range,
for which almost no accurate measurement methods are
available. Conventional mass balances are either inaccurate,
difficult to use, expensive, or not available. Porosity mea-
surement methods like the gas adsorption based Brunauer–
Emmett–Teller method require larger quantities or are inac-
curate with nanoporous materials [21, 22]. Quartz crystal
microbalances (QCMs) are one of the few available options to
measure such small masses reliably and without extensive
calibration. Indeed, QCMs have been applied to study the size
distribution of atmospheric aerosols [23–25]. For decades,
QCMs have been used in process control for thin film
deposition equipment such as sputtering [26] or atomic layer
deposition [27]. QCMs are particularly useful for process
control because they require no calibration, can achieve
nanoscale resolution, and are cheap. Operation requires only a
simple electric circuit and well-defined quartz crystals that are
commonly available these days. The working principle of a
QCM was first demonstrated by Sauerbrey in 1959 [28]. He
found that oscillating quartz crystals have a very specific
resonance frequency that is inversely related to its mass. The
change in frequency by a change in mass is captured in the
Sauerbrey equation [28]:

( )D = - * Df C mA, 1

where C is a material dependent constant and A the area of the
QCM electrodes. Since Sauerbrey’s paper, QCM theory has
been improved to allow more application domains and more

accurate devices [29–34]. They have since then been suc-
cessfully used for thin film deposition process monitoring
[26, 27], for gas sensors [35–37], as biochemical sensors
[38, 39], and atmospheric sampling [23–25].

Similarly to the process control in thin film deposition
tools, QCMs can be used to monitor the synthesis of porous,
nanoparticle-based films. Here, we take it one step further by
coupling mass measurements with volume or cross-section
measurements to get the film density. In this work, we show
that this methodology can be used to determine mass
deposition rates and porosity during impaction printing of a
metal nanoparticle aerosol generated by spark ablation. First,
the validity of applying QCM microbalances to such nano-
porous thin films is demonstrated. The effect of the gas jet and
the deposition process on the QCM response is quantified.
Next, the volume data is added and the porosity of the
deposits is calculated and compared to literature.

2. Experimental

2.1. Nanoparticle generation and deposition

The synthesis of the nanoporous layers is done by spark
ablation generation of a nanoparticle aerosol and inertial
impaction as the deposition method, as drawn in figure 1.
With spark ablation, repetitive microsecond sparks vaporize
metallic electrodes, and extreme quenching by a carrier gas
flow turns the vapor into nanoparticles. When reaching their
final size, typically between 5 and 15 nm, they start to
agglomerate instead of merging [13, 14, 40]. The carrier gas
carries these agglomerates to the impaction printer where they
are deposited. Impaction uses a pressure drop over a nozzle
from 1bar to <1 mbar to accelerate the aerosol to supersonic
speeds towards a sample. The inertia of the agglomerates
causes them to impact on the substrate and become immo-
bilized [41, 42]. By adjusting the printing speed and nozzle
distance, one can adjust the width of the conical gas jet and,
as a result, the width of the deposit. By moving the nozzle in

Figure 1. Schematic drawing of the spark ablation process and impaction on a QCM.
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the XY-plane, one can directly write complex patterns without
lithography or masks. The spark ablation generator is a VSP
G1 (VSParticle B.V.) and generates an Au nanoparticle
aerosol from 99.999% Au electrodes (3 mm diameter).
Operating conditions were set at 1.5 l min.−1 N2 at 1 bar was
the carrier gas and the spark ablation discharge voltage was
1 kV. The average current was set to 2, 5, or 8 mA. The
generator was connected to an impaction printer (VSParticle
B.V., prototype) for nanoparticle deposition and was operated
at a vacuum of 0.7 mbar. The nozzle has a diameter of 0.1 mm
and a throughput of 0.32 l min−1. The nozzle-substrate dis-
tance varied from 0.5 to 1.5 mm. To switch off the printing,
clean N2 gas flows through the nozzle so the setup has no
dead volume at any time during operation. All gas connec-
tions and pressures are schematically drawn in figure 2.

2.2. Mass determination by QCM

The Sauerbrey equation, equation (1), can be used to translate
the change of resonance frequency to mass but is only valid if
the deposition is uniform over the entire electrode area, the
film resonates with the crystal, and the deposited mass is less
than 2% of the crystal’s mass [28, 31]. The latter condition
was clearly satisfied, as the film thickness was kept below 1
um. The first condition can be satisfied by printing on the
entire electrode using concentric circles starting in the middle
(see supporting information figure S1 available online
at stacks.iop.org/NANO/33/485704/mmedia). By spacing
them 0.2 mm apart, they will overlap and create+ an almost
uniform and symmetrical mass distribution. The writing speed
of the nozzle was 50 mmmin−1. to ensure a thin deposit and
the total deposition time was 2:40 min. Precise mass deter-
mination of particles impacted on a QCM assumes sufficient
adherence of the particles. Chen et al (2016) tested this
assumption by impacting various particles on QCMs and
found excellent agreement with classic aerosol measurement

instruments [24]. Our system operates at a lower pressure and
the nanoparticles are impacted on the electrode at supersonic
speeds, which must result in even better contact with the
electrode surface and each other with respect to the milder
impactor of Chen et al. Therefore, it is safe to assume that
here too, the nanoparticles will resonate with the crystal,
satisfying the second condition.

The QCM setup consists of an OpenQCM 14 mm QCM
quartz holder inside the deposition chamber connected to an
Arduino Micro outside the chamber with modified OpenQCM
software that samples every 200 ms with a 5 Hz resolution.
10MHz quartz crystals were used with 6 mm diameter Au
electrodes and a C constant of 4.42× 10−9 g Hz−1 cm−1. For
all measurements, a stable baseline was established in the first
20 s before the nozzle moved to the QCM center. Printing
starts after a 60 s waiting time and lasts for 2:40 min.
Afterward, the nozzle moves back to the middle of the QCM,
where it waits for 60 s before it moves away. The deposition
path is shown in the supplementary information figure 1. The
mass difference was calculated using the difference between
the frequencies before and after the nozzle was above the
QCM to eliminate the effect of the supersonic gas jet on the
resonance frequency.

2.3. Imaging and profile measurements

Direct volume measurement on deposits on a QCM is not
possible due to the low height of the deposits. Therefore, it is
necessary to deposit thicker samples with the same settings
immediately after a QCM measurement. On a separate sam-
ple, lines of 3 mm in length were printed at speeds of 1.0 or
0.5 mm min−1 on glass with an Al coating. The cross-sec-
tional area of the line was measured using a physical profil-
ometer (Dektak 150). Each line was measured twice and
averaged to get the cross-sectional area. This area was mul-
tiplied by the distance the nozzle traveled in one minute to get

Figure 2. Diagram of the experimental setup showing gas inlets and pressures. Not all carrier gas is fed to the printer, the rest goes directly to
the filter and exhaust.
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the volume of a one-minute deposit. The samples were
imaged with a Hitachi Regulus 8230 SEM with a 5 kV
acceleration voltage and a work distance of 5.0 mm and a
Keyence VK-X250 optical microscope.

3. Results and discussion

3.1. QCM results

Figure 3 shows the typical response curve obtained during
deposition, as well as the curve with the generator switched
off. The effect of the gas jet on the QCM can be clearly seen
when ‘depositing’ without aerosol, but in the end results in no
mass change. The origin of this gas jet damping is unclear,
and nearly no literature has been written on this. Kashan et al
(2017) report on insignificant frequency changes (20 Hz per
50 kPa) in response to pressure change in vacuum [43]. It is
possible that the force of the jet causes mechanical stress or
even warping of the crystal, influencing its response. The
sinusoidal waves in the QCM data are a direct result of the
circular pattern, as shown in figure 1 in the supporting
information. The time between two peaks increases due to the
increase in diameter of each consecutive circle; the last one
having a diameter of 17.6 mm and a deposition time of 21.1 s
(more are shown in supporting information table 1). The
peaks of each wave coincide with the left side of the QCM,
since each circle starts and ends there. Between peaks, a small
bump or plateau appears that must logically be on the right
side of the QCM. The explanation of the non-uniform
response to the gas flow with respect to the circle arc can only
be explained by the geometry of the holder, since it is nearly
identical for each QCM. One half of the sensor and most of
the left and right sides have the edge of the QCM holder
around it, which will disturb the gas flow and results in
varying forces and pressures on each area. The decaying

frequency change must not be confused with a decay in
deposition rate, but is solely the result of the reduced
responsivity of the QCM when moving towards the edge of
the electrode area. The amplitude has a Gaussian distribution
around the center and decreases to near zero at the electrode
edges [28, 29, 44]. For this reason, it is not possible to extract
a deposition rate from two arbitrary points during deposition;
the whole curve must be used. To calculate the total fre-
quency change, the average of the first and last 5 s of the
entire curve are used to exclude any interference by the
gas jet.

Mass generation in spark ablation is directly proportional
to spark frequency, which scales linearly with increasing
spark current following equation (2) [13, 40, 45]

( )=f I CV2 , 2s

where I is the average current, V the electrode gap voltage at
gas breakdown and C the capacitance of the generator’s
capacitors completely discharged into each spark. Results of
varying generator current are plotted in figure 4 for three
QCMs. Our prototype equipment gives considerable varia-
tions between experimental sessions, so for the sake of
comparison, generation rates are normalized to the 2 mA data
point. The increase in deposition rate is nearly linear, as
expected from equation (2). For 5 mA, a mean deposition rate
of 0.54± 0.22 μg was obtained. It must be noted that not all
ablated mass reaches the sample. The nozzle has a throughput
of 0.32 l min−1, which is 21% of the flow through the gen-
erator. Additional losses occur in the generation chamber due
to turbulent gas flow and in the tubing due to diffusion to the
walls. These losses were not quantified in this experiment, but
considering that the deposition rate follows the expected
linear scaling with increasing spark current, it appears these
losses scale linearly as well or remain constant.

Figure 3. Frequency shift during deposition on the same QCM with
(red) and without (green) nanoparticles in the gas. Subtracting the
gas effect from the actual deposition results in the blue curve. The
blue curve shows a profile with decaying mass deposition rate due to
the reduced sensitivity of the QCM when printing closer to the edge.
This sample was made with 5 mA and 1 mm nozzle distance.

Figure 4.Normalized deposition rate plotted versus generator current
for three QCMs. Per QCM, all data was collected in the same
synthesis session to minimize fluctuations between depositions.
Normalization per QCM was done with respect to the 2 mA sample
for better comparison.
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The nozzle-substrate distance was varied to investigate
its effect. A larger distance gives the aerosol more time to
decelerate and will lower the impaction energy. The particle
trajectories can be considered ballistic for small distances, but
diffusional motion should play a larger role as the distance is
increased. Figure 5 shows the results for 4 QCMs normalized
to the mean of their deposition rate. It can be seen that the
depositions all fall within 10% of the mean rate and no clear
trend can be identified. This indicates that the deposition rate
is insensitive to the nozzle distance. This suggests that the
impaction efficiency must be the same for the investigated
distances, that is, 100% [41, 46]. The impaction jet has a
conical shape, hence moving further away will increase the
deposition area, as seen in figure 6.

3.2. Porosity results

The first step in determining porosity is the determination of
volume. Figure 7 shows the profilometric results for one line.
The cross-section in figure 7 shows the line has a Gaussian
shape at the edges and the center looks flatter. The deposit is
not perfectly symmetrical due to imperfections in the nozzle
and turbulence in the gas jet [41]. Asymmetry is not an issue
for porosity determination but is something to consider when
the surface profile is important. The deposits show some
larger clusters, which accumulate over time and are clearly
visible for longer deposition periods, e.g. for writing a line.
Such clusters are rare at high nozzle speeds over wider areas
(as is the case on the QCMs). The mean volume for a 5 mA,
1 mm sample is 4.46× 10−8± 1.82× 10−8 μm3.

Porosity is defined as the fraction of the volume that is
not occupied by the nanoparticles: Θp= Vfilm/Vtotal. Alter-
natively, if those volumes are not readily available, the den-
sity ratio can also be used:

( )r rQ = -1 , 3p film Au

where ρfilm is the density of the film and ρAu the density of
bulk gold, 19.32 g cm−3. Figure 8 shows a plot of the
deposition rates and their corresponding volume measure-
ment. The data shows a good fit through zero, from which we
conclude that the porosity does not strongly depend on gen-
eration or deposition settings. Applying equation (3) using the
density given by the slope of the fit in figure 8 gives a por-
osity of Θp= 0.18. As the layer volume is proportional to the
mass added, the layer porosity is constant. In agreement with
the small value of Θp, SEM images such as in figure 9 show
the film is dense and that individual nanoparticles have
coalesced.

Figure 5. Deposition rate as a function of nozzle distance. Per QCM,
all data was collected in the same synthesis session to minimize
fluctuations between depositions. The data points are normalized to
the mean per QCM for better comparison.

Figure 6. Compound SEM image (taken at 5 kV) of three lines
printed after each other with nozzle distances of 0.5 mm, 1.0 mm,
and 1.5 mm. The deposition rate of the nozzle is assumed constant as
these lines are printed immediately after each other with identical
settings. Provided the impaction efficiency remains the same for all
distances, the mass of each line should be equal.

Figure 7. Compound image of an optical and scanning electron
microscope image (taken at 5 kV) of a printed line on an Al surface.
The profile in blue is an average of two Dektak profile measurements
on two separate places with the peak at its approximate location
overlaid on the image and with the same scale as the SEM image on
its horizontal axis. Nozzle distance of 1 mm, 0.5 mm min−1. writing
speed, 5 mA generator current.
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Previous models by Lindquist et al [47] and Mädler et al
[48] reported a porosity of 0.84 when they modeled ballistic
deposition of equally sized spheres. Those models assume
unagglomerated nanoparticles without inter-particle interac-
tions. There are a few differences compared to those models
that could probably explain the discrepancy with the results of
this study. Firstly, Lindquist et al identify three regions with
different porosities within their films [47]. Over time the
porosity of region II, the middle region, starts to dominate.
Region I (close to the substrate) and III (the surface) are finite
in size, but region II keeps growing as the layer thickens. The
reported porosity is the value of region II, but they note that at
the start of deposition, when most of the film is in region I, the
film approaches zero porosity. They define region I to end
around 50 particle radii, here corresponding to 300–500 nm,
higher than the peak in figure 7. Hence, if the model applies to
our situation, the largest part of our sample should have a
porosity smaller than 84%, and that porosity should increase
with growing layer thickness. However, our experiment
indicates that the layer density and therewith its porosity is
constant. We believe that the lacking match between the
simulations cited and our experiment originates from the fact
that the process of impaction causes compaction of the film.
Intuitively, a constant porosity induced by impaction pressure
is not surprising, because portions with a higher porosity are
more fragile and are compacted more strongly.

Lastly, if the impaction velocity is high enough, the
kinetic energy can deform the particles themselves and induce
sintering [13, 49]. A fundamental assumption in most
deposition models is that such deformations do not occur, but
the pristine surface of spark ablation generated Au nano-
particles make sintering upon impact likely. The absence of
any surfactants or organic contaminants make the particle
surfaces atoms mobile and reactive. SEM images seem to
support this (figure 9), as they show a dense surface layer with
nearly indistinguishable primary particles. The golden color
of the deposits, as seen in figure 7, also indicates that the
particles are (partially) fused together and act optically as bulk
gold. Unsintered agglomerates of nanoparticles of 5–20 nm in
diameter would appear black [14].

4. Conclusions

This method enables the direct measurement of the deposition
rate in printed nanoporous thin films and, with the addition of
volume data, porosity. It was found that the deposition rate
increases linearly with generation current and is insensitive to
nozzle distance at the tested distances. Hypersonically
impaction printed Au nanoparticle films have a density of
15.95 g cm−3, which translates to a constant porosity of 0.18.
This is significantly lower than what previous simulations on
impacted nanoparticle aerosols have found. We conclude that
these simulations do not correctly describe the process of
impaction printing, because a high degree of compaction and
sintering takes place due to the impaction energy released.
Our method has thus been applied to show that impaction
printing is a method of producing layers of constant porosity.

Figure 8. Relation between volume and mass of 1 min of deposition.
A good linear fit through zero (R2 = 0.95) shows the independence
of the density to the deposition settings. The slope gives a density of
15.95 g cm−3.

Figure 9. Tilted SEM images (taken at 5 kV) of a line printed at
1 mm min.−1, 1 mm nozzle distance and 5 mA generator current.
The surface (top) shows a high degree of nanoparticle coalescence
and a porous structure. The bottom image shows a cross-section of a
cleaved sample. The Si and SiO2 layer are visible and labeled and the
boundaries are marked. The nanoparticle film shows a 150 nm thick
uniform film with dense nanoparticle structures.
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Changes in density with height, creating an often called
fractal or fractal-like structure, do not occur. The simulations
predicting these do not consider reconstruction due to particle
impact, and this may be correct for ‘soft’ deposition by dif-
fusional transport but not for supersonic impaction printing.
The measurement setup requires cheap and widely available
components, so it is an accessible and simple method to
determine porosity in nanoporous thin films. For process
control, this method can already be applied with a simple
QCM module in the printing chamber to monitor the mass
deposition rate. Now that this method of determining the mass
output of a spark generation aerosol printer is demonstrated, it
can be validated for other metals, oxides, and ceramic
nanoparticles.
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