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Abstract

Optical particle sizers are widely used aerosol instruments which detect pulses of light scattered from individual airborne par-
ticles to measure their sizes. Existing optical particle sizers based on conventional optics generally cannot measure particles
with diameters smaller than 100 nm, known as ultrafine particles, because optical signals are too weak due to dominant Ray-
leigh scattering in this particle size range. To address this challenge, we propose to harvest the nanoscale light confinement
effects from nanostructures to boost the optical signals for sizing ultrafine particles. In this work, we numerically studied a
nano-optical particle sizer based on a metal nano-orifice, essentially a subwavelength nano-aperture in a metal thin film with
a flow-through nanofluidic channel for aerosols. When an ultrafine particle travels through the metal nano-orifice, the light
transmission through the orifice gives a pulsatile optical signal, and its pulse height is correlated with the particle size. We
modeled the optical responses of the metal nano-orifice using finite difference time domain simulation and the aerodynamic
behaviors of ultrafine particles using finite element analysis and particle tracing technique. The numerical results suggest
that ultrafine particles can be effectively sized through the metal nano-orifice. The pulse heights are found to be proportional
to the third power of particle diameter and remain consistent when particle trajectories inside the orifice vary widely. This
work is the first theoretical investigation of plasmonic sensors for aerosol particles. The ability of the metal nano-orifice to
size ultrafine particles lays the foundation for further breakthroughs in optical-based aerosol sensing techniques.

Keywords Nano-optical particle sizer - Ultrafine particle - Particulate matter - Metal nano-orifice - Metal nano-aperture -
Subwavelength aperture - Finite difference time domain - Finite element - Particle tracing

Introduction essentially all organs [1, 2]. Long-term exposure to ultrafine

particles was found to be associated with an increased risk

Ultrafine particles (UFPs) or PM,, , refer to airborne par-
ticles with aerodynamic diameters smaller than 100 nm.
Ultrafine particles can be generated from many different
sources including wildfire smoke, combustion of fossil
fuels, airborne viruses, and cigarette smoke. These particles
can potentially pose severe health risks as they can enter
the human body through the lungs and be transported to
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of cardiovascular disease, myocardial infarction, and heart
failure [3]. To understand the mechanisms of how ultrafine
particles affect the human body, fundamental physical and
chemical characteristics must be reliably measured. One
such key parameter is the particle size distribution, i.e., the
particle concentrations as a function of particle diameter.
An optical particle sizer (OPS) implements a laser beam
and a photodetector to measure light scattered from individ-
ual particles in an aerosol. The particle sizes are calculated
from the heights of optical pulses induced by individual
airborne particles. An optical particle sizer is usually used
as a non-intrusive approach to size airborne particles with
diameters comparable with laser wavelength. Mie scatter-
ing is dominant in this size range, which gives relatively
strong optical signals [4]. Optical particle sizers based on
conventional optics usually have a sizing limit (i.e., small-
est detectable particle size) of about 300 nm. As the particle
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size scales down beyond this range, the intensity of scat-
tered light decreases sharply, which poses severe challenges
for optical systems to distinguish optical pulses from noise.
For ultrafine particles which have diameters smaller than
100 nm, Rayleigh scattering becomes the primary effect, and
the scattered light intensity has a 6th power dependence on
particle diameter [4]. Due to the very weak optical signals,
an optical particle sizer is generally not a practical option for
measuring ultrafine particles. Certain optical particle sizers
with advanced optics and electronics design can extend the
sizing limit into about the 90 nm range, but still can only
cover the range of ultrafine particles marginally [5-8].

Existing reliable approaches for sizing ultrafine particles,
such as scanning mobility particle sizer (SMPS), fast mobil-
ity particle sizer (FMPS), and condensation particle counter
(CPC), are all intrusive by nature. Both SMPS and FMPS
have to deposit electrical charges onto ultrafine particles,
and a CPC must grow ultrafine particles into much larger
particles to become optically detectable. These intrusive
measurements are acceptable for most types of particles,
but can fundamentally disrupt the structures of biological
particles, such as virus particles [9]. It would be ideal if bio-
logical ultrafine particles can be sized using non-intrusive
approaches, such as OPS-based techniques.

Metal nano-apertures refer to subwavelength nano-
apertures in metal films with aperture dimensions smaller
than the wavelength of incident light. Metal nano-apertures
can confine light into nanoscale dimensions [10—13], which
can enable intriguing applications including biosensing [ 14,
15], optical trapping [16-21], surface-enhanced Raman
scattering (SERS) [22, 23], and enhancement of light
emitters [24, 25]. Optical transmission through a single
metal nano-aperture is mainly determined by diffraction
of light as explained by Bethe’s aperture theory [26] and
the resonant transmission caused by localized surface

Fig.1 Schematic of a nano-
optical particle sizer (NOPS)
based on a metal nano-orifice
(MNO) for optical sizing of
ultrafine particles (UFPs) in an
aerosol

metal nano-orifice
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plasmons (LSPs) [11, 12, 27]. Optical transmission
through metal nano-apertures can be further enhanced
through the coupling of surface plasmon polaritons (SPPs)
in a periodically corrugated metal film surrounding the
aperture [10, 25, 28]. Similarly, periodic arrays of metal
nano-apertures, usually referred to as metal nanohole
arrays, also benefit from the coupling of SPPs to tunnel
light through the nano-apertures with significantly boosted
transmission, known as extraordinary optical transmission
(EOT) [29].

Metal nano-apertures have proven very successful in opti-
cal trapping and sensing of individual nano-sized objects
dispersed in liquids. Sensing of single proteins and DNA
molecules down to a few nanometers have been demon-
strated [15, 17-20, 30, 31]. When a dielectric nanoparticle
is present inside the nano-aperture, optical transmission
through the aperture increases because the particle makes
the aperture optically larger by dielectric loading [15, 16].
Although metal nano-apertures have been extensively stud-
ied for sensing nanoparticles in liquids, they have not yet
been investigated for sensing particles in aerosols. Fur-
thermore, sensor configurations in which the analytes flow
through metal nano-apertures have been demonstrated on
plasmonic nanohole array sensors [32-34]; however, they
have not been studied for airborne analytes, either.

To address aforementioned challenges and to break
through the sizing limit of OPS-based techniques to effec-
tively cover the size range of ultrafine particles, we propose
a new sensor scheme referred to as a nano-optical parti-
cle sizer (NOPS), as shown in Fig. 1. Our scheme essen-
tially implements a metal nano-aperture to boost the opti-
cal signals induced by ultrafine particles and to extend the
sensing capabilities of metal nano-apertures into the realm
of aerosols. The core component is an optical chip with a
metal nano-orifice (MNO), comprised of a subwavelength
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nano-aperture in a gold (Au) thin film on top of a holey
silicon nitride (SiN) membrane. The nano-orifice extend-
ing through the bilayer of gold and silicon nitride film also
serves as a nanofluidic channel for aerosol to flow through.
The metal nano-aperture in gold film is the core optical
sensing unit, while the silicon nitride membrane provides
mechanical support for the gold film to ensure structural
stability. A laser beam is focused onto the metal nano-orifice,
and the transmitted light is detected by a photodetector.
When an ultrafine particle travels through the metal nano-
orifice, owing to the larger refractive index of the particle
material than that of air in the background, the nano-orifice
is “optically enlarged” by dielectric loading. The light trans-
mission through the aperture will increase quickly to give
a pulse in the acquired optical signal. The heights of pulses
are correlated with the sizes of ultrafine particles, and the
counts of pulses are interpreted into concentrations. Using
pulse height analysis (PHA) on the signals, the particle size
distributions of the ultrafine particles are attained.

In this work, we numerically studied the optofluidic prop-
erties and sensing responses of the proposed nano-optical
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Fig.2 FDTD simulation of a metal nano-orifice with 200 nm diam-
eter. a Schematic view of the metal nano-orifice with an ultrafine
particle at the center of the orifice. b Top-view (X-Y plane) and ¢
side-view (X-Z plane) of the FDTD simulation configuration. The
center of the nano-orifice in gold film is located at X =Y =Z =0.
d Simulated transmission spectrum of an empty nano-orifice and a
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particle sizer. Specifically, we simulated optical responses
of metal nano-orifices for sizing ultrafine particles using
finite difference time domain (FDTD). We also modeled
the aerodynamic behaviors of ultrafine particles through the
nano-orifice using finite element method (FEM) and particle
tracing techniques. Furthermore, FDTD, FEM, and parti-
cle tracing were combined to simulate time-domain opti-
cal pulses induced by ultrafine particles. These numerical
studies provide a theoretical framework for developing the
proposed nano-optical particle sizer and for modeling opto-
fluidic nanoplasmonic sensors towards aerosol applications.

Optical Responses of Metal Nano-Orifices
Finite Difference Time Domain Method

FDTD is a widely used numerical technique for simulat-
ing plasmonic nanostructures [35-45]. In this work, FDTD

was implemented to simulate optical responses of metal
nano-orifices by monitoring light transmission through
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nano-orifice with an 80 nm silica nanoparticle, showing T;, and AT
at the laser wavelength 4; = 633 nm. e X-Y plane and f X-Z plane of
simulated electric field enhancement mode profile at laser wavelength
for the empty nano-orifice. g X-Y plane and h X-Z plane of simulated
electric field enhancement mode profile at laser wavelength for the
nano-orifice with the 80 nm silica nanoparticle at the center
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the nano-orifice both with and without an ultrafine parti-
cle inside the aperture. FDTD simulations were carried out
using the commercial package of Ansys Lumerical FDTD
Solutions [46]. Figure 2a—c show schematics of the FDTD
simulation configuration. The simulation model established
in the software is shown in Supplementary Fig. S1. The
metal nano-orifice is comprised of a 100 nm thick gold film
and a silicon nitride cladding on top. The nano-orifice runs
through both gold and silicon nitride films. The diameter of
the nano-orifice is given by d,,. The material model used for
gold follows Johnson and Christy’s parameters [47], and the
fitting of the material model is provided in Supplementary
Fig. S2. The refractive index for silicon nitride is 2.0 and that
of air is 1.0. The refractive index for the dielectric ultrafine
particle is given by n,,. Spherical nanoparticles (NPs) com-
posed of silica are used as the standard ultrafine particles
in this study, and n,, = 1.44 (of silica) is used in the simula-
tion by default. A plane wave (400 to 1100 nm wavelength,
polarized along X direction) is launched using a total field
scattered field (TFSF) source. The cross-section of the TFSF
source in the X-Y plane is 600 nm X 600 nm. The launched
wave propagates along +Z direction to transmit through the

metal nano-orifice, and the power spectrum of transmitted
light is collected by a power monitor. Perfectly matched lay-
ers (PMLs) are used as the simulation boundaries. The gold
film, the silicon nitride cladding, and the exit plane of the
TFSF source all extend through the PMLs. The portions
extended outside the PMLs are automatically truncated at
the outer edge of PMLs by the software, and the overlap
inside PMLs can minimize reflections from boundaries. The
entire simulation is meshed using a uniform mesh of 1.5 nm,
which was decided from a convergence study shown in Sup-
plementary Fig. S3.

Figure 2d-h show the simulation results from a metal
nano-orifice with diameter d, = 200 nm. The simulated
transmission spectra (transmission versus wavelength 1) in
Fig. 2d compare the empty nano-orifice and the nano-orifice
with an 80 nm silica nanoparticle at the center. With the
nanoparticle inside the nano-orifice, the optical transmission
increases distinctively due to dielectric loading, suggesting
the capability of the metal nano-orifice in sensing ultrafine
particles. Of particular interest is the simulated transmission
at the laser wavelength 4; . In this work, we consider the laser
wavelength A, = 633 nm, to match the widely used 632.8 nm
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Fig.3 Sensing responses of metal nano-orifices to an airborne sil-
ica nanoparticle located at the center of the metal nano-aperture. a
Schematic of geometrical parameters studied in the simulations. b
Transmission cross-section spectra for varying nano-aperture diam-
eters, d, from 100 to 300 nm. ¢ Normalized transmission increment
AT = AT /T, versus silica nanoparticle diameter d, from 2 to 100 nm
for each simulated nano-orifice. The black dashed horizontal lines
mark the estimated detection threshold from an optical system with
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particle diameterdp (nm)

SNR of 100, 1000, and 10,000 as indicated. d Schematic for the
relations between the simulated transmission and the predicted opti-
cal signals. e Side-view schematic of an optical resonance mode in a
metal nano-orifice with respect to the structure geometries. €,z is the
effective dielectric constant of the equivalent medium, and V,, is the
effective mode volume. f Fitting of simulated AT /T, into 3rd power
relations versus particle diameter
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HeNe laser wavelength. The transmission of the empty ori-
fice at 4, is given by T|;, and the increment in transmission
induced by the nanoparticle is given by AT. Figure 2e-h
show the simulated mode profiles of electric field enhance-
ment at 4; . The field enhancement is defined as |E(7) |/Ey, in
which |EG)| is the amplitude of the simulated electric field at
location r, and E is the amplitude of the electric field of the
incident plane wave. These simulated mode profiles will be
used to investigate the interaction between the nanoparticle
and the light confined at the metal nano-orifice.

Sizing Limit of Metal Nano-Orifices

To numerically explore the potential of metal nano-
orifices, sensing responses of ultrafine particles inside nano-
orifices of different sizes were simulated, and the results
are shown in Fig. 3. We studied d,, from 100 to 300 nm and
d, from 2 to 100 nm. The transmission spectra of empty
metal nano-orifices shown in Fig. 3b were normalized
according to the cross-sectional area of the TFSF source
and the opening area of the orifice to give transmission
cross-section [48]. As the nano-orifice gets larger, the
transmission cross-section increases. For each nano-orifice,
the transmission spectrum for an ultrafine particle located
at the center of the metal nano-aperture was simulated.
At laser wavelength A, the transmission increment AT
caused by the ultrafine particle was normalized with the
transmission of empty nano-orifice 7;,. Here, we introduce
the definition of normalized transmission increment AT
given by AT = AT /T,, in order to compare the sensitivities
of different metal nano-orifices. For all simulated metal
nano-orifices, normalized transmission increments AT are
plotted against particle diameter d,, in Fig. 3c. The trends
show that AT has a third power dependence ond,and a
larger nano-orifice gives a lower sensitivity, which W111 be
elucidated in detail in later sections.

The relation between the simulated transmission and
the predicted optical signals acquired from an optical
system is schematically illustrated in Fig. 3d. An opti-
cal pulse in the time domain is induced by one ultrafine
particle, and the duration of the pulse is typically about
a few microseconds, which will be studied in later sec-
tions. P is the predicted optical power of light transmitted
through an empty nano-orifice, while AP is the height of
the optical pulse induced by the ultrafine particle. Since
the optical power is proportional to transmission, we have
Py «x Tyand AP « AT . The noise level in the optical signal
is given by Py. In order to distinguish an optical pulse
from the noise, the height of the optical pulse must be at
least three times the noise level, i.e., AP > 3P,,. Therefore,
the criteria to determine whether an ultrafine particle can
be optically detected by the metal nano-orifice are given
by AT = AT/T, = AP/P, > 3Py /P,. The signal-to-noise

ratio of the optical sytem is given by SNR = P,/P),. The
criteria can thus be expressed as the following Eq. 1:

AT = AT/T, > 3/SNR (1)

The sizing limit, i.e., smallest detectable particle size,
can be quantitatively determined based on Eq. 1. The
horizontal dashed lines plotted in Fig. 3c mark the cor-
responding detection limit thresholds of 3/SNR. If given
an optical system with very high SNR = 10,000, all the
simulated metal nano-orifices can reach a sizing limit of
at least 20 nm, which can effectively extend the sizing
limit of optical particle sizers into the range of ultrafine
particles. If using an optical system with a lower SNR, the
sizing limit will be negatively affected but is still much
better than existing optical particle sizers. For example, if
SNR = 1000, the sizing limit will become about 30 nm for
d, = 200 nm. It is noteworthy that, even if using an optical
system with SNR = 100, a sizing limit of about 60 nm can
still be attained for d, = 200 nm, which is comparable to
the performance of an advanced professional optical par-
ticle sizer based on a delicate intra-cavity laser [8].

Dielectric Loading of Ultrafine Particles

As a simplistic view, the sensing response of the metal nano-
orifice can be interpreted based on dielectric loading in metal
nano-apertures [15, 30]. As an approximation, the metal film
can be treated as a perfect conductor. The nano-orifice can
be considered as a nano-aperture immersed inside a homoge-
neous effective medium with an effective dielectric constant
Eoff- This effective dielectric constant is mode-dependent and,
for simplicity, can be approximated as the spatial average of
dielectric constant e(7) weighted by the electric field intensity
|Z? )% [49, 501. €, for the resonance mode of an empty nano-
orifice can be given by:

o [ e()|E@)|dr o
T [ EGPd

From Bethe’s aperture theory, the light transmission
through the nano-aperture can be given by T’ e [30] When
a dielectric nanoparticle is present inside the nano orifice,
located at r the effective dielectric constant is increased by
Aeeﬁ, Wthh causes an increase in transmlsswn by AT.

The normalized transmission increment A7 is thus given by

~ 2Ae,
AT = AT off

3
T0 o

The dielectric constant of the nanoparticle material is e and
€, = np The dielectric constant of air is given by €, = n =1

P
The dielectric nanoparticle has a volume of V,,, and its presence
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at 7, essentially increases the dielectric constant from air
into €,,, by a volume of V. As a perturbation in first order, Ae
can be approximately given by

V, (e, — €| EG,)I?

Aeyp = S )
T G Pa
Substitution of Egs. 2 and 4 into Eq. 3 gives
~ |EG,)?
AF =2 _ov (e, — e — 5)
To | eDIE@Pdr

The light confinement in the nano-orifice can be described
by an effective mode volume, V,,, defined as

_[eIEDP [ eDIEF)

g i ki LA B 6
e(FIIEF)I? €l EF)I? ©

where 7, is the position of the antinode of the resonance
mode (usually the maxima of the electric field intensity),
and |l_§(_r’c)|2 is the electric field intensity at the antinode. In
our configuration, the antinode is located in air, and there-
fore, e(7.) = ¢y = 1.
Substitution of Eq. 6 into Eq. 5 gives
AT 2e, =€) V, |EG,)

AT === - (7
To Vi |EG)P

For a spherical nanoparticle, V,, = nds /6,

o7 G O EG)E 5y -G G
3V EG)E 3mVe  |EG)P

Equations 7 and 8 suggest that the normalized trans-
mission increment is proportional to the particle’s volume
and has a 3rd power dependence on the particle diameter.
To validate this relation, in Fig. 3f, the simulated results
for metal nano-orifice with d, = 200 nm and d, = 300 nm
were nicely fitted into the third power equation versus the
particle diameter d,. The values of V,, obtained from the
fits are 0.0081 um? for d, = 200 nm and 0.0288 um? for
d, = 300 nm. These values are consistent with the mode
profiles simulated from these two metal nano-orifices.
According to Eq. 7, a metal nano-orifice with a smaller
mode volume V,,, i.e., stronger field confinement, has a
higher sensitivity for sizing ultrafine particles. This trend
is consistent with the simulation results shown in Fig. 3c
and f, in which a smaller metal nano-orifice indeed gives a
higher sensitivity.

The superb sensitivity of metal nano-orifices for siz-
ing ultrafine particles stems from the 3rd power depend-
ence of the induced optical signal on the particle diameter,
as demonstrated in Fig. 3f. In contrast, for optical particle
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sizers based on conventional optics, as the particle diameter
scales down below 100 nm, the intensity of scattered light
decreases sharply, due to the dominating Rayleigh scattering
in this particle size range [4]. As shown in Supplementary
Fig. S4, the intensity of scattered light Al has a 6th power
dependence on the particle diameter for ultrafine particles,
ie., Al xd° In comparison, the metal nano-orifice has a
much slower decrease (3rd power) in AT as the particle size
decreases, which gives much stronger optical signals than
Rayleigh scattering and hence enables effective optical siz-
ing of ultrafine particles.

Location-Dependent Sensing Responses

Equation 5 suggests that the normalized transmission incre-
ment A7 is proportional to the electric field intensity at the
particle’s location. In previous sections, the ultrafine par-
ticles were fixed at the center of the nano-orifice. Consid-
ering the actual dynamic process to measure an ultrafine
particle when it travels through a metal nano-orifice, the
optical response at any given moment depends on the loca-
tion of the particle. Brownian motions of particles introduce
randomness into the particles’ trajectories, which will cause
uncertainties in the optical signals. Studying the location-
dependent optical responses can reveal the uncertainty in
determing the particle size which is related to the resolution
in sizing ultrafine particles.

Out of all metal nano-orifices simulated in previous
sections, we chose d, = 200 nm to continue our investi-
gation. This is a rational choice, considering the sensitiv-
ity, the practical nanofabrication resolution, and the fluidic
resistance for the aerosol flow. A smaller nano-orifice is
optically more sensitive for sizing ultrafine particles, but
the challenges in nanofabrication and the fluidic resistance
both increase abruptly as the orifice decreases in size. We
simulated the location-dependent optical responses from the
metal nano-orifice with d, = 200 nm. For each simulation,
a silica nanoparticle with d, = 20 nm was introduced into
the nano-orifice at a different location along the most rep-
resentative X-Z and X-Y planes.

Figure 4a shows the simulated AT as the silica nanopar-
ticle’s position was swept vertically along the center Z axis
(X = Y = 0). When the particle is located about 200 nm away
from the gold film, either below or above the film, AT is
nearly zero which resembles an empty nano-orifice. This is
consistent with the near-field of the resonance mode local-
ized at the metal nano-orifice. The peak transmission occured
at about 25 to 50 nm below the center of the gold film. This
observation is consistent with the simulated vertical-plane
field profile shown in Fig. 2f. Due to the sharp corners at
the bottom edges of the gold nano-orifice established in the
simulation, the electric field enhancement “hot spots” are
closer to the bottom side of the gold film. As a result, the
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Fig.4 Effects of the location
of a silica nanoparticle with a)

d, =20 nm in a plasmonic

nano-orifice with d, = 200 nm.

a Simulated AT = AT /T, for

sweeping the particle loca-

tion along the center Z axis

(X =Y =0). b Simulated

AT = AT /T, for sweeping the

particle location inside the X-Y 10 |
plane located at the center of the
orifice (Z = 0). The blue dashed
circle marks the geometry of
the orifice
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simulated AT reaches the peak at a location closer to the
bottom of the nano-orifice. It should be noted that the peak
value of AT differs very little from the value at Z = 0 nm. In
addition, in practical physical devices of gold nano-orifices,
the corners have much smoother curvatures than what was
modeled in simulations. Therefore, we still consider the sim-
ulation results from the center of gold film (Z = 0 nm) as the
standard for predicting the height of optical pulses induced
by ultrafine particles, such as the result shown in Fig. 3c for
studying the sizing limit.

Figure 4b shows a 2-D map of simulated AT as the parti-
cle’s position was swept horizontally along the center plane
of the metal nano-orifice (Z = 0). The value of AT varies
from 5.6 X 10~ to 11.6 x 10™*. The peak value stays consist-
ent for the particle located -50 nm < Y < +50 nm with very
little variation. For the two spots at the top and bottom of
the circle, AT decreases into a lower value. This variation is
a result of the inhomogenous field enhancement inside the
metal nano-orifice, as can be observed from Fig. 2e. Spe-
cifically, the field enhancement profile has two relatively
weaker spots at the top and bottom of the circle. This phe-
nomenon results from the dipolar resonance of the localized
surface plasmons excited by the X-polarized incident wave.
Since the metal nano-orifice tells the size of a particle based
on the value of AT, this variation will introduce uncertainty
in the particle size which will affect the resolution for siz-
ing ultrafine particles. Based on the results in Fig. 3¢ and
Fig. 4b, the magnitude of this location-dependent variation
will lead to an uncertainty in determining the particle diam-
eter by about 5 nm when sizing a 20 nm silica nanoparticle.
It should be noted that, since this variation results from using
linearly polarized light, it can be significantly reduced if a
circularly-polarized laser beam is implemented to probe the
metal nano-orifice.
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Dynamic Optofluidic Responses of Metal
Nano-Orifices

For nanoplasmonic sensors, there are mainly two modes for
introducing analytes into the sensor stuctures: flow-over and
flow-through [32-34, 51-53]. In the majority of existing
sensors, analytes are introduced by flowing over the sen-
sor structure. In comparison, in the flow-through mode, the
analytes flow through nanofluidic channels formed by nano-
apertures, which has proven to be more advantageous for
certain applications [32-34, 54]. It is noteworthy that the
flow-through configuration has not yet been investigated for
sensing aerosols.

The functioning mechanism of the proposed nano-optical
particle sizer relies on aerosol flow through the metal nano-
orifice, which acts as a nanofluidic channel for the aerosol. For
the flow-through configuration, the aerodynamic behaviors
of ultrafine particles traveling through the metal nano-orifice
will have direct impacts on the optical signals. Finite element
method (computational fluid dynamics (CFD) module) and
particle tracing module from COMSOL Multiphysics [55]
were implemented to compute the trajectories of ultrafine
particles traveling through a metal nano-orifice. Based on the
time-dependent particle locations given by the trajectories,
dynamic optical responses were simulated using FDTD.

Modeling of UFPs’ Trajectories

The modeling of trajectories of ultrafine particles shown
in Fig. 5a and b was carried out in a two-step procedure.
In the first step, the CFD module was implemented to
simulate the steady-state air flow through the nanofluidic
channel by solving the pressure and fluid velocity fields.
In the second step, the particle tracing module was used
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Fig.5 Simulated trajectories of ultrafine particles traveling through a
metal nano-orifice with d, = 200 nm. a Schematic for the trajecto-
ries of ultrafine particles under the drag force and Brownian force. b
Simulation configuration for laminar air flow through the nano-orifice
driven by a differential pressure AP = 1 kPa. ¢ Streamline plot of the

to simulate time-dependent trajectories of ultrafine par-
ticles based on the forces applied on the particles. In our
model, air is treated as a steady-state, homogeneous, New-
tonian, incompressible fluid governed by the continuity and
Navier—Stokes equations. For our application dealing with
low pressure and low fluid velocity, the incompressible fluid
model gives sufficient accuracy [56].

As shown in Fig. 5a and b, the simulation geometry of the
metal nano-orifice was defined as a cylindrical nanochannel
in a membrane with thickness of 300 nm, to account for the
100 nm-thick gold film and a 200 nm-thick SiN cladding
film. d, was chosen to be 200 nm, for investigating the cor-
relations with previous FDTD simulations of the same nano-
orifice size. The inlet and outlet were modeled as two bulky
channels with a cross section of 5 ym X 5 ym, which are
much larger than the nano-orifice, such that the simulation
can closely approximate the nano-orifice channeling between
two bulk aerosol chambers. A no-slip boundary condition
was applied to all walls except the inlet and outlet. A static
differential pressure AP was applied between the inlet and
outlet boundaries. Based on simulations of a nano-optical
particle sizer configuration shown in Supplementary Fig. S6,
AP = 1 kPa was found to be a reasonable cross-membrane
pressure to be applied across the nano-orifice. A physics-
controlled fine mesh was implemented for both the CFD and
particle tracing modules.

@ Springer

simulated fluid velocity field # at the nano-orifice. d Color map of
the magnitude of fluid velocity, |u|. Simulated trajectories of 10 sil-
ica nanoparticles with e d, = 20 nm and f d, = 60 nm, which were
released from the center of the inlet. The magnitude of particle veloc-
ity, |v|, is given by the color bar

The degree of turbulence of an aerosol flow is governed
by the Reynold’s number:

pairUL
e =—

”air (9)

in which the characteristic length L ~ 5 um (given by
the cross section of inlet and outlet), the density of air
Pur = 1.204 kg/m?, and the dynamic viscosity of air
Uy = 1.825x 107 kg/(m - 5). The flow velocity U was
estimated to be no more than 1 m/s, and the calculated Rey-
nold’s number is at most 0.28. Due to the very small Rey-
nold’s number, the flow is considered laminar in nature, and
therefore, a laminar flow model was used in the simulation.

From the steady-state laminar flow simulation, the pres-
sure and fluid velocity field i were solved for the nano-orifice.
The streamline plot of the simulated fluid velocity field u
across the nano-orifice is shown in Fig. 5c. The color map
of the magnitude of fluid velocity, ||, at X-Z cross section
is shown in Fig. 5d. The maximum fluid velocity is around
0.33 m/s under the 1 kPa differential pressure.

In the particle tracing module, individual ultrafine par-
ticles were released from the center of the inlet, located
300 nm away from the nano-orifice. At each time step (given
by At), the particle’s location was computed and updated to
give a time-dependent particle trajectory. At any given time
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step, the particle’s velocity ¥ was calculated from the total
forces acting on the particle, based on Newton’s second law:

1

mpE = FDrag + I grownian (10)

in which m,, is the particle’s mass, F Dprag 18 the drag force,
and Fy,,,..ian 15 the Brownian force, as shown in Fig. 5a. For
simulating the trajectories of ultrafine particles, drag force
and Brownian force are the two dominating forces. Other
forces are negligible and are not considered in this work. For
example, gravitational force for ultrafine particles has very
little effect on the particle trajectory due to the very small
mass of the particles. Electrostatic forces are not included
in the simulation because ultrafine particles in a practical
aerosol particle sizer device are usually first processed with
an aerosol neutralizer and are therefore neutral in electric
charge. In the computation, each ultrafine particle is treated
as a dimensionless point-like particle with a particle mass
m,,, which is defined by the particle diameter d,, and particle
material density p,. From the particle velocity v solved at
each time step, the particle’s location is updated correspond-
ingly to construct a particle trajectory.

Drag force is the force acting on the particle opposite to
the relative motion between the particle and the surrounding
fluid. Drag force is dependent on the simulated steady-state
fluid velocity field %, particle’s velocity v, particle mass m,
and particle velocity response time 7, given by

- m,, (i — V)
FDrag = T— (11)
p

The value of 7, depends on the type of drag law being applied,
which was determined by the relative Reynold’s number

pa i = Tl
r:% (12)

Re

For ultrafine particles in an aerosol flow driven by a
low differential pressure, Re, << 1, and the Stokes drag
law was chosen, which gives

2
T, = ppdp
g 18/’lair

13)

where p,, is the particle material density. For silica nanopar-
ticles, p, = 2,650 kg/m”.

Random Brownian motions of ultrafine particles were
simulated by applying the random Brownian forces on the
particle, given by

ﬁBrownian = (csz + gy& + gzz) (14)

where T is the absolute temperature of the aerosol (room
temperature used in this work), kj is the Boltzmann constant,
and ¢, ¢, and {, are normally distributed random numbers
with a mean of zero and unit standard deviation. It should
be noted that, ¢, {,, and ¢, are independent from each other.

As seen in Eq. 14, the Brownian force is strongly
dependent on the particle size. For ultrafine particles
which have very large surface-to-volume ratio, Brownian
force plays a crucial role on the particle trajectories [4].
Supplementary Fig. S5 compares the effects of Brownian
forces on the simulated particle trajectories of ultrafine
particles. The speading and randomization of particle tra-
jectories can only be correctly computed when Brownian
force is included.

Figure Se and f show particle trajectories of 10 silica
nanoparticles for d, = 20 nm and d,, = 60 nm, respectively.
The colors on the trajectories correspond to the magni-
tude of the particle velocity, V|, specified by the color bar.
These ultrafine particles were all released from the center
of the inlet. The time-dependent study was solved from 0
to 10 us with a time step At = 0.1 ys. It should be noted
that these simulated trajectories should be viewed as inde-
pendent particle trajectories that are assembled together
to show the collective effects for the particle size of inter-
est. The interactions among ultrafine particles are not
included in our simulations, and the particle trajectories
are therefore independent from each other. In the practical
operation of a nano-optical particle sizer, the particle con-
centrations are relatively low, and there is a very low prob-
ability for multiple ultrafine particles to be present inside
the nanofluidic channel simultaneously. Consequently, the
interactions among particles were neglected when simulat-
ing the trajectories.

Due to the Brownian motions, the particle trajectories
have severe randomness and appear chaotic. As a result, not
all particles traveled through the nano-orifice by the end of
the simulated period. When comparing the 10 trajectories
for d, =20 nm and d, = 60 nm, the former group (smaller
particles) has a lower ratio for the particles traveling through
the nano-orifice, because the Brownian motions are more
significant for smaller particles. In addition, smaller par-
ticles in general have larger particle velocity magnitudes,
also partially resulting from the stronger Brownian motions.

Simulation of Dynamic Optical Responses

The finite element method (CFD module), particle trac-
ing, and FDTD as three subsequent steps can be combined
into one powerful computation tool for studying the time-
domain dynamic optofluidic response of the metal nano-
orifice to ultrafine particles in an aerosol driven by a cross-
membrane pressure across the nanofluidic channel. The
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particle trajectories computed from finite element method
and particle tracing provide the particle’s time-dependent
locations, which allows the particle-induced optical response
to be simulated by FDTD. Individual particle trajectories
were extracted, and the particle locations were loaded into
FDTD to simulate the time-dependent dynamic optical
response, defined as AT = AT /T, as a function of time.
One FDTD simulation was run for each particle location.
Figure 6a shows two extracted particle trajectories, one
for d, = 20 nm and the other for d, = 60 nm. The dynamic
optical response simulated by FDTD is shown in Fig. 6b and
¢, for d, = 20 nm and d, = 60 nm, respectively. The simu-
lated dynamic optical responses provide realistic predictions
on optical signals that can be acquired from the metal nano-
orifice. After being released, when the particle is far from
the nano-orifice, AT is nearly zero. When the particle is
present inside the metal nano-orifice, a strong increase in
AT is induced. As the particle leaves the nano-orifice, AT
decreases into nearly zero again. Clearly, each ultrafine par-
ticle traveling through the metal nano-orifice will generate
an optical pulse in AT. The pulse heights of the simulated
optical signals, about 10~ for d, =20 nm and about 0.03 for
dp = 60 nm, are consistent with the FDTD simulation results
in Fig. 3c. The pulse width is in the range of 1 to 1.5 us,
which suggests that a sampling rate of 10 Msps (million

samples per second) can be an appropriate configuration for
digitizing the pulsatile optical signals.

The bandwidth of the optical signal plays an important
role for determining the required performance characteris-
tics of the optical system. The frequency-domain spectra of
the simulated optical responses were calculated using fast
Fourier transform (FFT). The number of data points attained
from simulations ranges from 20 to 40, depending on the tra-
jectories of the particles. The data points were padded with
zeros to make the overall data length reach 400, which can
significantly increase frequency resolution in the spectrum.
The zero padding was implemented because when the par-
ticles are away from the nano-orifice, the optical signal AT
is very low and can be treated as zero. After zero padding,
the data was processed with the FFT function in MATLAB.
A sampling frequency of 10 MHz was used due to the 0.1 us
time step used in the COMSOL simulations. The frequency-
domain spectra for d, = 20 nm and d,, = 60 nm are given
in Fig. 6d and e, respectively. The smaller particle’s signal
has a larger bandwidth than bigger particles. The smaller
particle has an overall larger magnitude of particle velocity
and a more chaotic particle trajectory due to more significant
Brownian motion, which lead to more abrupt changes in
optical transmission and therefore a stronger high-frequency
component. The frequency-domain analysis suggests that
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Fig.6 Dynamic optofluidic response of ultrafine particles trave-
ling through a metal nano-orifice with d, = 200 nm. a Extracted
single particle trajectory of a silica nanoparticle for d, = 20 nm and
d, = 60 nm. The dashed circles are the outlines of the nano-orifice.

@ Springer

FDTD simulation results of AT = AT/T, as a function of time
for b d, = 20 nm and ¢ d, = 60 nm. Frequency-domain spectrum
of the simulated dynamic optical response for d ¢, = 20 nm and e
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the particle size determined from the pulse height of AT
can potentially be validated by the Fourier transform of the
acquired optical signal. For either case of the simulated par-
ticle size, the bandwidth (defined as -20 dB magnitude in
this work) is no more than 2 MHz.

Discussion

In this work, we focus on the performance characteristics
of single metal nano-orifices. One potential drawback of a
single metal nano-orifice is the limited aerosol flow due to
the high fluidic resistance through such a nanofluidic chan-
nel. For practical applications, the single metal nano-orifice
is suitable for sampling and analyzing a very small portion
of the provided aerosol, and it would be advantageous to
be integrated with compact aerosol sampling devices, such
as lab-on-chip microfluidic aerosol separators and sam-
plers [57]. One potential solution to the fluidic resistance
is to incoporate many metal nano-orifices into one optical
chip to enhance the aerosol flow by many folds and probe
all orifices simultaneously with imaging-based detection. A
similar strategy using a gold nanodisk array and an electron-
multiplied charge-coupled device has been demonstrated for
detecting and sizing dielectric nanoparticles in a liquid [58].

Due to Brownian diffusion, the nanoparticles have ran-
dom and chaotic trajectories, which introduce uncertainties
into the measurement. Firstly, Brownian diffusion will affect
the sampling efficiency of nanoparticles, defined as the
percentage of nanoparticles that can enter the nano-orifice.
The sampling efficiency depends on the nano-orifice geom-
etry, the pressure across the nano-orifice, the nanoparticle
size, and the distance from the entrance of the nano-orifice.
Supplementary Fig. S8 shows simulated trajectories of
silica nanoparticles launched at various distances from the
entrance of the nano-orifice. In each simulation, 1000 par-
ticle trajectories were simulated, and the number of parti-
cles entering the nano-orifice was counted using a freezing
boundary at the outlet. The sampling efficiencies for dif-
ferent particle sizes and launching distances are listed in
Supplementary Table S1. When launched at the same dis-
tance, particles with 20 nm diameter have a lower sampling
efficiency than particles of 60 nm diameter. If there were
no Brownian force, all particles would have been driven
by the drag force of the flow to enter the nano-orifice, as
shown in Supplementary Fig. S5(a). Due to the Brownian
force in reality, particles’ trajectories are dispersed into
all random directions, and a portion of particles will not
enter the nano-orifice. Smaller particles are under stronger
effects of Brownian diffusion and thus have a lower sam-
pling efficiency. For particles launched closer to the nano-
orifice, the sampling efficiency is higher, because the drag

force is stronger near the nano-orifice. These trends suggest
that the metal nano-orifice mainly measures nanoparticles
flowing near the nano-orifice. For practical applications, the
calibration of NOPS must take the sampling efficiency into
account, which will be investigated in our future work.

Secondly, due to Brownian diffusion, when a nanopar-
ticle is traveling inside the nano-orifice and crossing the
center plane of the gold film, it can be at any position on that
plane. The simulation results of X-Y position sweep in Fig. 4
showed very small variations in the optical signal, despite
the inhomogeneous field profile excited by X-polarized light
(shown in Fig. 2). This signal variation can cause uncer-
tainty by about 5 nm when sizing a 20 nm silica nanopar-
ticle, which is still satisfactory considering the challenges
in sizing such small nanoparticles. The simulated dynamic
optical pulses shown in Fig. 6 further confirmed the con-
sistency of the optofluidic responses. Although the particle
trajectories can vary widely, the peaks of the optical pulses
can still stay consistent.

There may be concerns about practical applications of the
metal nano-orifice when measuring polydisperse particles in
aerosols, which have a range of particle sizes, versus well-
defined monodisperse particles that have a single discrete
particle size. It should be noted that our nano-optical particle
sizer is an individual-type particle counter, which measures
one particle at a time. For regular measurements, the particle
concentrations are relatively low, and there is a low prob-
ability for coincidence events for multiple ultrafine particles
to be present inside the nanofluidic channel simultaneously.
For most particles, each particle will trigger an individual
optical pulse. The optical signals from smaller particles will
not be affected by those from bigger particles because their
triggered optical pulses are separated in time domain. In
practical applications, to accurately size the particles, the
optical system should be calibrated with high quality mono-
disperse particles to attain a calibration curve. After calibra-
tion, any ensemble of polydisperse particles with varying
sizes can be accurately detected owing to the relationship
between pulse height and particle size.

Conclusion

The metal nano-orifice introduced in this work is a novel
scheme for aerosol particle sizing based on optical transmis-
sion of a nano-aperture in a metal film. The feasibility of
the metal nano-orifice was numerically studied using finite
element method, particle tracing, and finite difference time
domain, which were combined to compute the dynamic
optofluidic responses. The numerical results predicted that
airborne particles in the ultrafine size range can be effec-
tively sized through a metal nano-orifice. With an optical
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system of very high signal-to-noise ratio, silica nanoparti-
cles as small as 20 nm in diameter can potentially be meas-
ured. Even with a lower signal-to-noise ratio, silica nano-
particles as small as 60 nm can still be measured, which is
comparable to the performance of an advanced professional
optical particle sizer based on a delicate intra-cavity laser.
The metal nano-orifice shows great promise for real-time
sensing of ultrafine particles and may open up new avenues
in nanoplasmonics-based aerosol sensing applications for
health solutions.

Appendix. List of Symbols

d, Diameter of the nano-orifice

d, Diameter of the nanoparticle

E, Amplitude of the electric field of the incident plane
wave

|Z?(7)| Amplitude of the simulated electric field at location
7

AT Transmission increment caused by the ultrafine
particle

T, Transmission of an empty nano-orifice

AT Normalized transmission increment

P, Optical power of light transmitted through empty
nano-orifice

AP Height of the optical pulse induced by the ultrafine

particle
Py Noise level in the optical signal
Eoff Effective dielectric constant

e(¥)  Material dielectric constant at location 7
Refractive index of air

Dielectric constant of nanoparticle material
Dielectric constant of air

Refractive index of nanoparticle material
Volume of dielectric nanoparticle

Effective mode volume

Position of dielectric nanoparticle

Position of the antinode of the resonance mode
Puir  Density of air

M  Dynamic viscosity of air

TGS SI SN S

U Flow velocity of the fluid

L Characteristic width of the fluidic channel cross
section

u Fluid velocity field

v Particle velocity

m, Particle mass

T, Particle velocity response time

Py Density of the particle material

T Absolute temperature of the aerosol

¢ Random number in normal distribution

kg Boltzmann constant
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