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We report our latest developments on a novel miniature particulate matter (PM) sensor for personal air quality
monitoring. This optical sensor combines a visible fibered light source and a vertical air channel drilled out of a
holed retina. The fabrication of such retina features an unconventional design of a CMOS image sensor and a spe-
cific drilling post process at wafer level. The scattering of light by a single particle generates a distinctive pattern.
By using a compact optical set-up, we measure a lens-free projection of the scattering signature on the image sen-
sor. We present the design and fabrication of such sensor as well as experimental signatures that are consistent
with our in-house analytical model. We demonstrate counting and differentiation between calibrated particles of
different sizes. Our current setup allows for the detection of single 320 nm polystyrene particles. Finally, we
describe our image analysis procedure that fits a measured signature with a modelled one in order to retrieve par-
ticle’s size and refractive index.
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TaggedH11. Introduction TaggedEnd

TaggedH21.1. Particulate Matter and low-cost monitors TaggedEnd

TaggedPFine Particulate Matter (PM) is a distribution of suspended objects
(solids or liquids) which sizes range from a few nanometers to a few
micrometers. Hazardous media such as heavy metal toxicants or muta-
genic substances may compose PMs which are known to have a serious
impact on health [1,2], in particular on cardiovascular, cardiac and
respiratory diseases such as lung cancer. A causal relationship has been
demonstrated between premature death and exposure to PM [3]. TaggedEnd

TaggedPReports have shown that the finer a particle is, the deeper it pene-
trates the human respiratory system (up to the alveolar duct for the
100 nm particles) [4]. Regulatory texts rank PM into subclasses accord-
ing to their size. In particular, subclass PM2.5 (particles smaller than 2.5
µm) have been classified as a known carcinogenic agent (group 1) by
the International Agency for Research on Cancer (IARC) [5,6]. Addition-
ally, unregulated subclass PM1 (submicronic particle) is expected to be
far more harmful than PM2.5 [7,8]. TaggedEnd

TaggedPAs air quality is becoming a major issue of concern, low-cost, porta-
ble and personal air quality monitors are clearly needed [9�11]. Indeed,
conventional air quality monitoring ground stations with costly and
bulky equipment [12], or satellite based observation [13] are not suited
TaggedEndTaggedPneither for high spatiotemporal monitoring of outdoor pollution nor for
the monitoring of indoor air quality [14,15]. TaggedEnd

TaggedPAmong a vast field of techniques that can be used to detect fine par-
ticles [16], optical sensors based on the light scattering phenomenon
appears to be the best candidates for miniaturized systems thanks to
their good sensitivity and simplicity. TaggedEnd

TaggedPThe light scattering technique is used in the vast majority of low cost
PM2.5 monitors [17]. It consists of a single light source (visible or near
infrared) that illuminates an air channel where a particle can deviate a
part of light accordingly to the principle of light scattering. A single pho-
todetector is placed in an off-axis configuration and is able to detect
only the scattered light [18]. Such setup is illustrated in Fig. 1. TaggedEnd

TaggedPGreat efforts are being made within the scientific and technical com-
munities to scale down optical PM2.5 & PM1 sensors using similar set-
ups. It usually involves silicon microfabrication techniques and co-
integration of light sources, passive optics, photodetectors and fluidics
[19�21]. TaggedEnd

TaggedPFig. 1 illustrates the simplest light-scattering setup. It is able to esti-
mate the total concentration of PM but is insensitive to the nature and
size distribution of the particles from the sampled aerosol. In most cases,
a particle filtering stage can be used prior to the optical measurement
unit, allowing for example the sensitivity to PM2.5, excluding PM10. Par-
ticle filtering can be efficiently achieved by taking advantage of their
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TaggedEnd TaggedFigure

Fig. 2. Scattering signatures of PSL spheres of two different diameters: (a) 4 µm
and (b) 0.9 µm. TaggedEnd

TaggedEnd TaggedFigure

Fig. 1. Illustration of the light-scattering technique. TaggedEnd

TaggedEnd TaggedFigure

Fig. 3. Architecture of the sensor (partial cross-sectional view). TaggedEnd

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPinertial proprieties: it is used in fluidic set-up like virtual impactors (VI)
[22] and cyclones [23] to cite only a few. TaggedEnd

TaggedPIt is also possible to estimate optical parameters such as refractive
index and sphere equivalent diameter by retrieval and analysis of the
light scattering proprieties of an aerosol: for example by multi-wave-
length illumination [24] or discrete multi-angle scattering [25,26]meas-
urements. Other light-scattering sensors aims to measure the complete
angular scattering efficiency function by using either a rotating detec-
tion arm [27,28] or an array of photo detectors coupled with an optical
Fourier transform optical set-up using mirrors [29] or lenses [30]. TaggedEnd

TaggedPOptical Particle Counters (OPC) usually function the same way as
those light-scattering sensors [31], the difference being that only one
particle should be detected at a time. It usually requires focusing optics
or particle focusing nozzles to limit the detection area [32] as well as
high numerical aperture detection optics. The size can then be estimated
using the scattering intensity of a single particle. These OPC are gener-
ally calibrated and can accurately size particles within a small range of
refractive indexes, however this limitation can be mitigated by evaluat-
ing an optimized field of view of scattering angle [33]. Another family
of OPCs allows the counting and classification using an lens-less/holo-
graphic set-up [34�36]. TaggedEnd

TaggedPThe sensor described in this manuscript is able to measure the ‘light
scattering signature’ (angular scattering efficiency) of a single particle
using a lens-less imaging set-up. This technique is designed to be able to
estimate the diameter and the refractive index of a particle. The Lor-
enz�Mie theory describes very well such signature for spherical par-
ticles, allowing us to identify a particle through its optical and
geometrical parameters. TaggedEnd

TaggedH21.2. Brief introduction to Lorenz�Mie theory and scattering signatures TaggedEnd

TaggedPOne can predict the absorbed optical power and the scattered inten-
sity as a function of the scattering angle (the angle between the illumina-
tion axis and the scattered light) by knowing parameters such as particle
shape, size and refractive index, and illumination conditions. In order to
perform the inverse problem, which is to determine the nature of an
aerosol (through its optical and geometrical properties), it is crucial to
be able to measure this angle-dependent scattering efficiency, we call
‘particle scattering signature’ [37]. TaggedEnd

TaggedPA common description of the phenomenon of light scattering is the
Lorenz�Mie theory [38,39]. The latter is a solution of Maxwell’s electro-
magnetic equations for a sphere of homogeneous complex refractive
index, illuminated by a monochromatic plane wave and is valid for any
range of diameter. TaggedEnd

TaggedPFig. 2 shows the scattering signatures (polar plots with a logarithmic
scale) of laboratory PolyStyrene Latex (PSL) spherical particles with two
different diameters. TaggedEnd

TaggedPThese signatures were calculated using our in-house Lorenz�Mie cal-
culator with a non-polarized incident plane wave of wavelength λ�635
nm onto a single PSL sphere with refractive index nPSL�1:5875 at this
2

TaggedEndTaggedPwavelength [40]. We show that coarse particles (few wavelengths of
diameter) present several scattering angular lobes of higher intensity.
The number of these lobes decreases with the particle diameter and is
highly dependent on the particle refractive index. TaggedEnd

TaggedPThe Lorenz�Mie theory is well suited for spherical particles (such as
calibrated laboratory particles, suspended droplets, wood fire, some
microbiological species etc.), but may not be applied to model particles
with irregular shapes found in ambient air. Others generalized theories
can be used to model non-spherical particles [41�44]. TaggedEnd
TaggedH12. Architecture of the sensor TaggedEnd

TaggedH22.1. General design TaggedEnd

TaggedPWe present in Fig. 3, a schematic rendering of the architecture of the
sensor. TaggedEnd

TaggedPThe sensor is composed of a holed retina (CMOS image sensor)
mounted on a holed ceramic and driven by an electronic board. The ver-
tical traversing hole works as a fluidic channel where an aerosol is set in
motion by an external forced convection. TaggedEnd

TaggedPParticles are illuminated by the light beam formed by a lensed fiber
placed nearby the muzzle of the channel. The fiber is mounted onto a
3D-printed piece designed as a ‘cloaker’, preventing stray-light bloom-
ing of the focal plane. TaggedEnd

TaggedPFinally, we measure a lens-less projection of the scattered signature
of a single particle on the holed retina. Then the resulting image can be
numerically processed. TaggedEnd

TaggedH22.2. Dual matrixes Global Shutter Imager chip TaggedEnd

TaggedPWe have developed a CMOS imager chip customized for our special
requirements [45], as explained later, our unusual design will allow us
to drill a hole through the chip to form the fluidic channel [46]. Our
chip was modified from the CreaPYX standard platform proposed by the



TaggedEnd TaggedFigure

Fig. 4. (a) Imager chip layout. Image example in (a) flat-field mode and (c)
focus mode. TaggedEnd

TaggedEnd TaggedFigure

Fig. 6. Cartography of the dark current (in ADU/ms) before (a) and after (b) the
drilling post-process, and associated histograms (c). TaggedEnd

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPPyxalis company [47]. The former is designed in a prototyping fashion:
flexible and rapidly modified with limited effort and at lower cost. TaggedEnd

TaggedPWe present the layout in Fig. 4(a). The imager is composed of a clas-
sic frame part and an uncommon dual matrixes core part. This core part
has two detection areas (‘forward’ and ‘backward matrix’) separated by
a central blind area. These matrixes are labelled according to the direc-
tion of the scattered light they assess: forward scattering and backscat-
tering. Both matrixes are sized by 75 × 281 pixels, with a pitch of
ppix�10 μm. The blind area between the two detection matrixes is sized
by 2160 µm × 660 µm (rectangular profile) and is made free of pixels or
metallic lines (and thus, ready to be drilled). TaggedEnd

TaggedPWe show examples of images obtained in flat-field and focus modes
in subfigures 4(b) and (c), respectively. X and Y labels are the pixel num-
bers, all the following images will be presented with this format, lines
from 1 to 75 and lines from 76 to 150 correspond respectively to the for-
ward and backward matrixes. We observe saturated hot pixels at the
internal edges (central bright lines), caused by a higher dark current.
For the image processing, we simply ignore these eight defective lines. TaggedEnd

TaggedPThe pixel is designed with a 2 gains high dynamic range, 5T architec-
ture allowing a low noise Global-Shutter (GS) readout procedure [48].
Unlike the common Rolling Shutter mode where each line is captured
sequentially, Global Shutter mode allows to capture the full image simul-
taneously. Since the particle is moving, the latter mode is essential to pre-
vent motion blurring or distortion of the image. The Charge-to-Voltage
Conversion Factor (CVF) is 120 µV/e- in high gain mode and the gain is
45 µV/ADU (Analog to Digital Unit). Such pixel design is well suited for
capturing low intensity scattering signatures with good sensitivity.TaggedEnd

TaggedH22.3. Post-process and packaging TaggedEnd

TaggedPThe imager chips were fabricated on 200 mm wafers that were sup-
plied from a shuttle run of a specialized advanced CMOS manufacturing
fab. Then, we have developed a post-process in our in-house 200 mm
MEMS foundry to drill the components at wafer scale (see [45] for fur-
ther details). We present the final holed retina in Fig. 5. TaggedEndTaggedEnd TaggedFigure
Fig. 5. Images of the fabricated holed retina. (a) Optical view of the chip. (b)
Optical view zoomed on the hole. (c) Tilted SEM view of the hole. TaggedEnd
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TaggedPThe layout includes an alignment mark for our lithography steps. An
external seal ring is commonly used around the chip. Here, we also
added an internal seal ring around the hole area designed to protect the
matrix of photodetectors during the drilling process. TaggedEnd

TaggedPThe first step concerns a front-side process that etches the multilayer
passivation with an oblong profile (2 mm x 0.5 mm). To do so, we use a
C4F8/CO plasma process in a Reactive Ion Etching (RIE) reactor. We
finalize the etching of the air channel by a backside process. We deposit
a few microns of oxide hard mask by PECVD and use a contact photoli-
thography on a positive resin to pattern the oblong profile. In order to
achieve a fast, deep anisotropic etching of 725 µm, we use an Inductively
Coupled Plasma-Deep Reactive Ion Etching (ICP-DRIE) [49]. The ICP
reactor is widely used for anisotropic silicon etching because it main-
tains vertical sidewalls with high aspect ratio. In our case, a standard
Bosch process (cyclic isotropic etching with SF6 gaz followed by C4F8
plasma) is sufficient to obtain a straight profile as our aspect ratio
AR=1.45 is not particularly tricky. TaggedEnd

TaggedPWe will simply use the term DRIE to refer to this etching process.
Fig. 5(b) shows an optical image of the hole. Fig. 5(c) shows a tilted
scanning electron microscope (SEM) image of the hole demonstrating
the very high quality of the DRIE process. TaggedEnd

TaggedPIn order to estimate the impact of the post process on the dark cur-
rent (DC) of the image sensor, we made dark current maps before (Fig. 6
(a)) and after the DRIE step (Fig. 6(b)). We acquire dark images for
increasing integration time Id(tint) expressed in ADU (AnalogToDigitalU-
nit). We can obtain a DC map by taking the slope map DC�dId=dtint
expressed in ADU/ms. TaggedEnd

TaggedPHistograms shown in Fig. 6(c) show that the drilling post-process
have increased the DC level by about 30%. Fortunately, there is no evi-
dence of gradient in noise distribution: the post-process didn’t increased
the dark currents in the vicinity of the drilled area. Finally, we should
emphasize that the dark current increase is not a critical parameter for
our application because we use short integration time. TaggedEnd

TaggedPThe chip was wire-bonded (ball bonding) to a ceramic carrier. We
have drilled a circular hole (2 mm diameter) through the thickness of
the ceramic, which is larger than the hole of the silicon chip
(2 mm x 0.5 mm oblong profile). Such fluidic profile eases the convec-
tion of the air flow through the channel and creates a flow acceleration
at the channel restriction (flowing from the larger ceramic hole to the
smaller silicon hole) by a Venturi effect. The ceramic is clipped, with full
contact on the socket of the driving motherboard (CreaPYX test platform
[47]). TaggedEnd

TaggedPThe footprint of the system is limited by the size of the ceramic car-
rier (square: 29.2 mm) while the size of the silicon chip is only
6 mm x 5.9 mm. Future packaging of this sensor will include direct
bonding of the CMOS chip on PCB to reduce the footprint. Compact
packaging should include a compact convection system that uses a



TaggedEnd TaggedFigure

Fig. 7. Schematic of the optical setup TaggedEnd
TaggedEnd TaggedFigure

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPminiature fan. We can also optimize the fluidic set up by designing a
nozzle-like channel profile to concentrate the beam of particles while
speeding them.TaggedEnd
Fig. 9. (a) Schematic of the scattering projection. (b) Calculated map of pro-
jected scattering angles. TaggedEnd
TaggedH22.4. Optical setup TaggedEnd

TaggedPWe illuminate a detection volume nearby the muzzle of the channel
at a good proximity of L≈ 1.5mm between the optical axis and the ret-
ina. This proximity allows for a good sensitivity to scattered light (as the
scattered intensity decreases with the inverse square of the viewing dis-
tance) and a quite wide field of view of scattering angles. TaggedEnd

TaggedPThe illumination beam is shaped by a single mode optical fiber termi-
nated by a GRIN lens. The beam, thus obtained has a very low numerical
aperture of 0.02. The fiber is connected to a visible light source (λ�635
nm, SLED from EXALOS), delivering the optical power Pinc�1 mW at
the fiber output. We have selected this wavelength because it shows the
best compromise between the scattering efficiency and the prices of the
sources. Figure 7 illustrates the optical setup. TaggedEnd

TaggedPThe optical fiber is aligned and mounted on a multipurpose 3D-
printed piece we call a ‘cloaker’, which primary purpose is to protect
the focal plane from stray light as much as possible. In particular, scat-
tered light from the output of the optical fiber can easily bloom the ret-
ina, making the sensor completely dazzled and thus blind to scattered
light from particles. TaggedEnd

TaggedPThe cloaker is fabricated with a black resin using a high-resolution
(25 µm voxel) stereo-lithography 3D printer (Form 2 printer by For-
mlabs). Fig. 8 shows a photography of the cloaker side by side with its
3D model. TaggedEnd

TaggedPDevelopments on the next-generations optical set-up features minia-
ture molded optics for beam shaping from an emitting surface (such as
LEDs), removing the need for the bulky fiber. In an alternative architec-
ture geometry, we can perform an optical pre-treatment of the scatteringTaggedEnd TaggedFigure
Fig. 8. (a) Photography of the chip mounted on ceramic with the cloaker. (b) 3D
model of the cloaker. TaggedEnd
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TaggedEndTaggedPsignature similar to our wide FoV, Fourier-domain imaging miniature
optics designs [50,51]. TaggedEnd

TaggedH13. Analytical modelling of the lens free projection TaggedEnd

TaggedH23.1. Generalities and definitions TaggedEnd

TaggedPThe output of the fluidic channel (along Z axis) is illuminated by a
light beam (

→
kinc) at a short distance of the retina (L≈ 1.5mm), see Fig. 9

(a). TaggedEnd
TaggedPTo calculate the scattering of the incident light by the particle, we

use the Lorenz�Mie theory locally: this is a local electromagnetic
description where the particle is spherical and illuminated by a plane
wave. Then, we perform a near-field/far-field transformation so that we
can consider scattered light as rays. These scattered rays are cast from
the position of the particle (now considered punctual) and projected
onto the retina under a scattering angle θ. The signature is carried along
perpendicular trajectories to what we call ‘iso-θ’, meaning ‘the curve
where all the pixels are illuminated under the same scattering angle’. In
the case of a planar projection parallel to the optical axis of illumination,
which corresponds to our configuration, the ‘iso-θ’ are hyperbolae as
shown in the calculated scattering angles map in Fig. 9(b).TaggedEnd

TaggedPThe white rectangles correspond to the ‘forward’ and ‘backward’
detection areas where we can evaluate the scattering signatures. Here,
we define the Field of View (FoV) as the range of evaluated scattering
angles. In this case, each submatrix can evaluate scattering signatures
within a FoV of about 25 degrees. TaggedEnd

TaggedH23.2. Radiometric modelTaggedEnd

TaggedPWe present in Fig. 10, the calculated projection (using our in-house
radiometric model described in Appendix A) for the 4 µm and 0.9 µm
PSL presented in Fig. 2. TaggedEnd

TaggedPAs before, white rectangles correspond to the imaging regions
defined by the ‘forward’ and ‘backward’ matrixes. We observe that the
lobes seen in the scattering signature are projected into luminous arcs
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Fig. 10. Calculated planar projection of scattering signatures for particle diame-
ters of (a) 4µm and (b) 0.9µm. TaggedEnd

TaggedEnd TaggedFigure

Fig. 11. Example of threshold detection of a single particle. TaggedEnd

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPthat follow the ‘iso-θ’ hyperbolae. For simplicity, ‘iso-θ’ will now refer
only to maxima and minima of theses hyperbolae. These projections
well justify the relevance of the planar projection technique for scatter-
ing signature analysis as we can see a clear difference between the two
images. TaggedEnd

TaggedH14. Characterization ResultsTaggedEnd

TaggedH24.1. Experimental setup and protocolTaggedEnd

TaggedPWe generate a controlled flow of particles using a calibrated aerosol
dispenser (Constant Output Atomizer Model 3076 by TSI). For the par-
ticles, we use calibrated laboratory particles (PSL from MagSphere) with
monodisperse distribution of particle diameter. These particles are
diluted in ultra-pure water solutions, one solution by diameter. The con-
centration of each solution is chosen in order to detect one particle at a
time in our experimental setup, see below. TaggedEnd

TaggedPA portion of the particle flow is directed toward a reference sensor
(APS Spectrometer 3321 by TSI) while the rest is sent to our sensor
under test, via a silicone tube, with a flow rate of 0.8 L/min. The silicone
tube is plugged onto the back of the holed ceramic so that the aerosol
flow can traverse through the entire holed device toward the illumina-
tion beam. Illuminated particles can scatter light onto the two detection
matrixes. TaggedEnd

TaggedPWe record the projected scattering signatures using the CreaPYX
electronic board [47]. This driving board is interfaced with a standard
PC through a USB connection and controlled with a tailored driving soft-
ware. All images are integrated over time tint�5 ms and automatically
subtracted with a background image (which was previously recorded
with no particle in the illumination beam). TaggedEnd

TaggedPThe electronic board allows for the collection of a pack of 32 images
in burst mode (i.e. with maximal framerate) before transferring this
pack to the computer and collecting a new burst. Each pack is automati-
cally analyzed with a homemade routine, which consists in a threshold
detection, as illustrated in Fig. 11. We monitor the standard deviation of
the forward matrix of each image. When no particle crosses the optical
beam, the standard deviation remains under the threshold value set by
the user. If the threshold is reached, then it is likely that a particle was
detected. The corresponding image is saved for subsequent image proc-
essing. TaggedEnd

TaggedPFor a given particles’ diameter, we measure the detection rate f
which is the fraction of images that passed the detection threshold overTaggedEnd TaggedFigure
Fig. 12. Experimental detection for four PSL diamet
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TaggedEndTaggedPthe total of images recorded. For example, we obtained a detection rate
of fPSL3�0:074 for 3 µm PSL particles. As explained before, the particle’s
concentration is chosen so that we obtain a detection rate much lower
than one, thus avoiding double detection issues. These experimental
conditions are close to what can be found in outdoor air. This detection
rate is the statistical metric that allows us to estimate particle concentra-
tion, as these two quantities are presumably linearly equivalent. Note
that we consider particle number concentrations (particles/cm3) instead
of the historical (regulated) particle mass concentration (µg/cm3), as
epidemiologists consider the former as a more relevant health metric
[52]. TaggedEnd

TaggedH24.2. Experimental signatures TaggedEnd

TaggedPWe routinely collect bursts of images for different particle concentra-
tions and different PSL diameters. To illustrate the various signatures
measured, we present in Fig. 12, a set of four representative signature
measurements corresponding to 4 different PSL diameters. TaggedEnd

TaggedPWe can see, in Fig. 12, important signature variations with respect to
the particle diameter: For small particles (compared to the wavelength),
the signature appears spherical as in subfigure (d). Then, as the PSL
diameters increases, forward scattering takes an elliptical shape (subfig-
ure (c)) and divides into an increasing number of iso-θ. For particles of a
few wavelengths in diameter, the backward matrix starts collecting use-
ful information, in the form of iso-θ (subfigure (a) and (b)). These obser-
vations are consistent with our model’s predictions (Fig. 10). All images
were normalized, as we encountered an important variability in the
overall scattered intensity. We will discuss this variability in the next
section. TaggedEnd

TaggedPIt is noteworthy that the detection of a single submicronic particle
down to Dp�320 nm is possible. To go further, it is very likely that
smaller PSL could be detected, nevertheless their signature would be
very similar to the one of PSL 320 nm. Indeed, for small particles, the
iso-θ can’t be seen anymore (however we can still evaluate the ratio of
the forward/backward intensity). The use of shorter illumination
ers: (a) 4 µm, (b) 2 µm, (c) 830 nm, (d) 320 nm. TaggedEnd



TaggedEnd TaggedFigure

Fig. 13. Example of diameter fit using iso-θ curves. TaggedEnd

TaggedEnd TaggedFigure

Fig. 14. Map of our minimization criterion against particle diameter and refrac-
tive index in logarithmic scale.TaggedEnd

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPwavelength could be a way to bring back iso-θ to smaller diameters in
addition to allowing greater sensitivity. TaggedEnd

TaggedPIt should be stated that one of the main experimental difficulties we
encountered is the important variability of the signatures obtained for
each diameter of PSL. Indeed, in our experimental setup, the position and
velocity of a particle when it crosses the optical beam can vary. This
results in a translation of the signature along the optical axis or a variation
of the overall scattering intensity. We will develop this argumentation in
the next section since this variability impacts the image processing.TaggedEnd

TaggedPWe would like to clarify that the characterizations presented in this
section were performed with calibrated laboratory particles that shows
scattering patterns that are in great accordance with the Lorenz�Mie
theory. The data processing method is designed to work with scattering
signatures from spheres as it is well suited for our laboratory character-
izations with PSL. In ambient air conditions, most particles have irregu-
lar shape and will most likely scatter light in different ways. In the
future, we hope to perform characterizations in ambient air with new
iterations of our sensor. In order to analyze signatures from real par-
ticles, further developments of image processing will have to be made. TaggedEnd

TaggedH15. Image processing TaggedEnd

TaggedH25.1. Strategies for diameter and refractive index retrieval TaggedEnd

TaggedPWe explore the ways experimental images can be fitted to modeled
images obtained with our radiometric model for given particle diameter
Dp and refractive index n. These target particles parameters are variables
among other geometric parameters (xp, yp, zp, α, β) defined in Appendix
A, that we need to fit as well.TaggedEnd

TaggedPWithin our experimental setup where we use a collimated fiber for
illumination, we have found that some parameters have negligible
effects (yp, zp,α). The effect of a small β can be easily retrieved by evalu-
ating the rotation of the image. The only geometrical parameter we
have to fit is the position of the particle along the optical axis (yp). TaggedEnd

TaggedPNoteworthy, other team that are also working on scaled-down PM
sensors have also reported errors induced by the position of the particle
[53]. Here, we propose to correct these errors within our image analysis
procedure. TaggedEnd

TaggedPOur strategies consists in focusing only on the iso-θ (ridge and valleys
only) and define a reduced image contained in a small matrix (see
Appendix B). We then define a minimization criterion based on the com-
parison between reduced images of experimental and modeled signa-
tures (see Appendix C). Minimizing this criterion allows us to estimate
particle parameters such as its diameter. TaggedEnd

TaggedPIt should be stated that, with our current set-up. We encounter exper-
imental variability in the overall scattered intensity mainly due to parti-
cle position and spatio-temporal illumination non-uniformities. Thus,
we are not able to use the overall intensity in our data processing
method, at least with our current set-up. TaggedEnd

TaggedH25.2. Experimental versus modeled comparison of reduced images: Diameter
fit TaggedEnd

TaggedPThe diameter of the particle is the metric we want to measure. In our
laboratory measurements, we used PSL spheres of refractive index nPSL
� 1; 5875 at our working wavelength [40]. Using our minimization crite-
rion ε�Dp�, we found Dp�3:81 μm. In Figure 13, we present the compari-
son of the experimental image used in the example and the fitted
modeled image. TaggedEnd

TaggedPThis test case is presented only to illustrate the principles of the
image processing. TaggedEnd

TaggedPNote that the expected diameter was Dp�3 μm (error is 27%). The
diameter we have found with our procedure is slightly beyond the scope
of the dispersion guaranteed by the supplier of PSL spheres (10%). This
error might be due toan unknown combination of the errors from the
procedure (and the model) but also the dispersion of the refractive index
6

TaggedEndTaggedPof PSL. Indeed, it has been found that the refractive index of commer-
cially available polystyrene beads can vary from a sphere to another as
shown in reference [54]. Moreover, other teams performing a similar
inverse problem as ours also measure a certain distribution in the refrac-
tive index [55]. TaggedEnd
TaggedH25.3. Sensitivity to refractive index TaggedEnd

TaggedPIn Fig. 14, we evaluate our minimization criterion ε�Dp; n� for a rea-
sonable range of diameters and refractive indices. The experimental
image used for the comparison is the same as the one presented before
in Fig. 13. TaggedEnd

TaggedPWe observe that the reasonable diameter and refractive index we
expect from our experimental image are within a local minimum circled
in white in the ε�Dp; n� map shown in Fig. 14. However, other local min-
ima may introduce large errors in the estimation of our parameters. TaggedEnd

TaggedPIn future developments, we hope to erase these unwanted local min-
ima by a number of improvements. For example, we could investigate
better definitions for ε�Dp; n�; identify relevant parameters to be inte-
grated into our image reduction matrix; pre-estimate the diameter and
refractive index using the scattered intensity; implement the



TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedPsimultaneous analysis of both forward and backward matrixes etc. Opti-
mizations within our fluidic set-up could also reduce the range of acces-
sible particle position, improving the precision of the procedure. This
procedure will also have to be tested with a large number of test cases to
conclude on its accuracy. TaggedEnd

TaggedPWe also notice that the region with refractive index inferior to 1.55
has a very high ε�Dp; n�. This suggests that our procedure could differen-
tiate organic media of high refractive index (such as polymers) from
inorganic media with a lower refractive index (such as silicates or aque-
ous droplets). However, one must keep in mind that the procedure must
be tested with a large number of test case in order to conclude on its
accuracy. TaggedEnd

TaggedPThe imaginary part of the refractive index was not considered here,
as PSL is not absorbing at the working wavelength. For absorbing par-
ticles, the imaginary part should be added to the list of unknowns of this
inverse problem. TaggedEnd

TaggedPIt should be stated that the method presented in this section is
designed to work with spherical particles. Particles present in ambient
air can show irregularities in shape that attenuates the effects of the
Mie’s oscillations [56]. The method is based on the analysis of ridges
and valleys found in experimental signatures obtained with spherical
laboratory particles, and could not function in its current state with
ambient air particles. Future improvements of this method should
include more advanced scattering calculators, for instance the T-Matrix
method [57], the Finite Difference Time Domain method [44] or
machine learning methods [55,58]. TaggedEnd
TaggedH16. Conclusion and perspectives TaggedEnd

TaggedPWe have presented our latest designs and advances toward the mini-
aturization of PM sensors. TaggedEnd

TaggedPTo make such sensor, we have developed an unconventional design
of a CMOS image sensor allowing for a hole drilling post process at wafer
level. The hole drilling post process (200 mm CMOS platform) and the
packaging are engineered to create a vertical through fluidic channel so
that an air stream carrying particles can traverse the sensor. A compact
optical set-up featuring a multipurpose, 3D-printed piece we call a
cloaker. This enables the alignment of a collimating fiber and protects
the focal plane from stray-light. Such optical set-up allows for the lens-
free projection of a single particle’s scattering signature on the image
sensor. TaggedEnd

TaggedPWe have developed an analytical model that describes the lens-free
projection of scattering signatures that combines the Lorenz�Mie theory
and classic radiometric calculations. Experimental images were taken
with calibrated laboratory particles (PSL spheres) and show great accor-
dance with our predictions. We have successfully recorded scattering
signature of single particles down to a diameter of 320 nm. Finally, we
present how we can characterize single particles though image process-
ing using a recorded signature and our model. This image analysis proce-
dure shows great promise retrieving particle diameter and refractive
index. TaggedEnd

TaggedPFurther developments will include improvements on the packaging:
we aim to reduce the footprint of the system by bonding the CMOS chip
directly on a compact PCB. The fluidic design with an optimized channel
profile and a fan-induced convection would improve both the sensitivity
and the image processing precision. The sensitivity and richness of the
signatures could be improved by using shorter wavelength and opti-
mized pixels. The next generation optical set up could feature miniature
molded optics. Once these modifications applied, we plan to test our sen-
sor with particles more representative of what can be found in ambient
air: non spherical particles, metallic, dielectric or organic aggrega-
tes. . .To do so, we will definitively have to adapt our image analyses pro-
cedure to cope with these morphological variations. TaggedEnd

TaggedPTo conclude, we are developing a miniature PM2.5 & PM1 sensor that
shows great performances. In the future: after the necessary
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TaggedEndTaggedPdevelopments in term of hardware and software, it could be well suited
for low cost and portable applications. TaggedEnd
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TaggedH1Appendix ATaggedEnd

TaggedPWe describe a radiometric model where the particle is considered as
a punctual source with an intensity that varies along the scattering
angle, accordingly to a calculated scattering signature (see Lorenz�Mie
theory [38], far-field intensity distribution). TaggedEnd

TaggedPFirst, we normalize the unpolarized far-field distribution of the scat-
tered wave S(θ) (we call ‘scattering signature’) by integration over the
whole sphere, such as:

∫
2π

ϕ�0
∫
π

θ�0

����S θ� �
����
2

sinθdθdϕ�4π sr

TaggedEnd

TaggedPThe intensity of the source (in W/sr) is given by the function Wscat.|S
(θ)|2, where Wscat is the total scattered intensity calculated using Lor-
enz�Mie theory. TaggedEnd

TaggedPSecond, we need to determine the intensity seen by each pixel of the
retina as a function of the scattering angle. We can evaluate the scatter-
ing angle θ for every pixel of the retina, following the geometry of
Fig. 15. TaggedEnd

TaggedPIn our model, the particle can have a certain position S(xp, yp, zp) con-
tained within the volume of the channel and the light beam. The optical
axis can be misaligned with respect to Y axis by angles (α, β) delimited
by the divergence of the light beam. TaggedEnd

TaggedPFor a point M(x, y) in the retina (centered on a pixel), we calculate
the associated scattering angle θ and the vignette angle γ. To do so, we
define a new set of coordinates (x′, y′) for the retina transformed with
translation by (xp, yp) and rotation by β. If α�0 (parallel projection), the
associated scattering angle is:



TaggedEnd TaggedFigure

Fig. 15. Geometry of the projection. TaggedEnd

TaggedEnd TaggedFigure

Fig. 16. (a) Detection on extrema, (b) Polynomial fit of iso-θ.TaggedEnd
TaggedEnd TaggedFigure

Fig. 17. Recovery of Liso for a ridge (a) and a valley (b). TaggedEnd

TaggedEndG. Jobert et al. Sensors and Actuators Reports 2 (2020) 100010
TaggedEndTaggedP

θ M� ��acos
y′

SM
�acos

y�yp� �
cosβ� x�xp� �

sinβffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x�xp� �2� y�yp� �2�z2p

q

Where, SM is the optical length. The case where α ≠ 0 is left for the
reader, who might want to use the Al-Kashi theorem to solve the SFM tri-
angle, F being the intersection of the optical axis and the plane (x′, y′). TaggedEnd

TaggedPFor both cases, the vignette angle γ is given by:

γ M� ��atan
zpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x�xp� �2� y�yp� �2q
TaggedEnd

TaggedPWe define T(γ) the angular response of the pixel. This function can be
measured or modelled [59]. We also define Ω(x, y) as the solid angle
associated to the pixel centered onM(x, y), explicit expression is:

Ω x; y� ��FF: ppix sinγ x; y� �� �2
SM2

Where ppix is the pixel’s pitch and FF its filling factor. Finally, the inten-
sity received by the pixel centered onM(x, y) is:

I x; y� ��T γ x; y� �� �:Wscat :

����S θ x; y� �� �
����
2

: Ω x; y� �
TaggedEnd

TaggedPThe projections we obtain have been compared with ray-tracing (RT)
simulations (Zemax Optic Studio, not shown here). Accordance
appeared very good. However, we must note that the vignette effects dif-
fer from the different methods: the RT method didn’t take into account
the angular response of pixels while our model uses an angular response
calculated from the geometry of the pixel, which is not ideal. TaggedEnd
TaggedH1Appendix B TaggedEnd

TaggedPIn this appendix, we will discuss how to extract parameters from the
iso-θ in order to build the matrixMim that represents the reduced image. TaggedEnd

TaggedPThe first step in the recovery of information is the detection of min-
ima and maxima curves (or ridges and valleys). To do this, we go
through the columns of the image and recover the positions of the local
extrema as shown in Fig. 16(a). TaggedEnd

TaggedPWe then recognize the curves, by evaluating the presence of an extre-
mum close from one column to another: if there is, then we consider the
two extrema points as part of the same iso-θ. We remove the isolated
points, and we automatically connect the pieces of iso-θ truncated by
the image, which allows us to model these curves by 2nd order polyno-
mials as shown in Fig. 16(b). Note that this fit is a simplification, as iso-θ
are in theory conical curves of the type a1X2� a2Y2� a3XY�a4X� a5Y�
a6�0. We use the following color code: red for ridges and green for val-
leys. TaggedEnd

TaggedPAnother interesting information that completes the polynomial fit of
iso-θ is the width of the iso-θ. Liso is defined as the mean width of the
peak at 25% of maximum along the normal at iso-θ, see Fig. 17. The
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TaggedEndTaggedPimportance of this information stems from the visual importance we
attach to the width of these lobes, which allows us to differentiate
images TaggedEnd

TaggedPThen, we define m�1 or m��1 depending if the iso-θ is a ridge or a
valley. Finally, we build the matrixMim which contains Niso lines that
represent all the iso-θ detected (Niso being the number of curves). The
columns represent all three 2nd order polynomial fit as well as Liso and m.

Mim�
P21 P11 P01 Liso1 m1

..

. ..
. ..
. ..
. ..

.

P2Niso P1Niso P0Niso LisoNiso mNiso

2
664

3
775

TaggedEnd

TaggedH1Appendix CTaggedEnd

TaggedPIn this appendix, we discuss our strategies used to fit experimental
images with modelled ones. TaggedEnd

TaggedPWe have observed that the naive strategy of trying to maximize the
two-dimensional correlation between experimental and modeled images
fails to deliver the expected particle parameters (apart from being com-
putationally heavy). Indeed, the correlation appears to be very sensitive
to noise and errors induced by stray light as well as poor modelling of
the true vignette effects. TaggedEnd

TaggedPOur chosen strategy consists in comparing simplified images by
focusing only on the iso-θ (ridge and valleys only). From an image,
either experimental or modelled, we extract relevant information on Niso

iso-θ detected such as the curvature and the width of the iso-θ. With
these parameters, we can build the matrixMim sized by (Niso× 5) that
represents the reduced image. Details on how we extract theses parame-
ters are reported in Appendix B. TaggedEnd

TaggedPFor a given experimental image Iexp, we generate modeled images
Imod(Dp, n) with the aim of fitting Iexp. The modeled image depends on
geometrical parameters: in our case, yp is the only non-negligible param-
eter. To overcome this dependence, we generate a model with an artifi-
cial high number of lines so that the experimental image can be
translated vertically to best match the model (horizontal translation,
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TaggedEndTaggedProtation and magnification can be applied for other geometrical parame-
ters). TaggedEnd

TaggedPThe experimental image Iexp is reduced into the matrix Mexp. In a con-
cern for simplification, we only consider the forward submatrix as it con-
tains sufficient information on the signature. TaggedEnd

TaggedPThe large modeled image Imod(Dp, n) is also reduced into the matrix
Mmod(Dp, n), which generally has a greater number of lines (i.e. more
iso-θ detected). In order to compare those matrixes, we crop Mmod(Dp, n)
to match the size ofMexp into several cropped ~Mmod�Dp; n�. We exclude
comparisons between ridge and valleys, and we keep the cropped matrix
that best compares withMexp, which is equivalent to a yp fit. TaggedEnd

TaggedPThe matrix comparison criterion Nε�Dp; n� is the following:

N∈ Dp; n
� ��∥ ~Mmod Dp; n

� �� Mexp
� �

×Dpond∥2
TaggedEnd

TaggedPThe ‖ · ‖2 stands for the Euclidian norm. Dpond is the 5× 5 diagonal
matrix of ponderation that normalizes each column with Mexp and gives
a 1/3 ponderation for the columns associated to all three polynomial
coefficients. We then calculate R2(Dp, n), which is the 2D correlation fac-
tor between the experimental image and the modeled image translated
by the fitted parameter yp. Finally, we define our minimization criterion:

∈ Dp; n
� ��N∈ × 1�R2� �

TaggedEnd
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