
Microfabricated Air-Microfluidic Sensor for Personal

Monitoring of Airborne Particulate Matter: Design,

Fabrication, and Experimental Results

Igor Paprotnya,b,∗, Frederik Doeringa, Paul A. Solomonc, Richard M.
Whitea, Lara Gundelb

aBerkeley Sensor and Actuator Center, University of California, Berkeley, CA, USA.
bEnvironmental Energy Technologies Division, Lawrence Berkeley National Laboratory,

Berkeley, CA, USA.
cOffice of Research and Development, Environmental Protection Agency, Las Vegas, NV,

USA.

Abstract

We present the design and fabrication of a micro electro mechanical systems
(MEMS) air-microfluidic particulate matter (PM) sensor, and show experi-
mental results obtained from exposing the sensor to concentrations of tobacco
smoke and diesel exhaust, two commonly occurring PM sources. Our sensor
measures only 25 mm × 21 mm × 2 mm in size and is two orders of mag-
nitude smaller than commercially available direct mass PM sensors. The
small shape allows our sensor to be used for continuous recording of personal
PM exposure levels. The sensor contains an air-microfluidic circuit that sepa-
rates the particles by size (virtual impactor) and then transports and deposits
the selected particles using thermophoretic precipitation onto the surface of
a microfabricated mass-sensitive film bulk acoustic resonator (FBAR). The
mass-loading of the FBAR causes a change in its resonant frequency, and
the rate of the frequency change corresponds to the particle concentration in
the sampled air-volume. We present experimental results that demonstrate
the performance of our sensor for measuring PM-mass emitted from diesel
exhaust and tobacco smoke, and show that it exhibits low-end sensitivity on
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the order of 2 μg/m3 with up to 10 min integration time.
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1. Introduction

Atmospheric particulate matter (PM) is a category of airborne pollutants
that include dust, tobacco smoke, diesel exhaust, and other primary sources
and secondary particles formed from gas phase precursors. Fine particles that
have a diameter of 2.5 microns or smaller (PM2.5) are especially damaging to
human health because of their ability to penetrate deep into our respiratory
system [1]. Exposure to PM2.5 has been linked to reduced lung functionality,
bronchitis, and heart attacks [2, 3, 4]. The negative health impacts of PM2.5

have, for example, recently prompted the U.S. Environmental Protection
Agency (EPA) to formulate new rules for the safe exposure limits of PM2.5

[5] and influenced the Beijing Municipal Environmental Protection Bureau to
start publishing PM2.5 levels in response to high public demand. While the
increasing awareness of the negative health impacts of PM shows the need
for higher spatial density monitoring, the currently available direct mass
PM sensors lack the form factor that will allow seamless integration into a
device that can perform continuous personal monitoring of PM2.5 exposure
levels. Although light-scattering based PM sensors such as [6, 7] have been
made portable, such sensors collect particle count data and have to infer the
particle concentration based on assumptions regarding particle density and
size distribution, reducing their accuracy and applicability.

In this work we present the design and fabrication of a MEMS air-
microfluidic particulate matter (PM) sensor, and show experimental results
obtained by exposing the sensor to concentrations of tobacco smoke and diesel
exhaust, two commonly occurring PM sources. Our sensor is two orders of
magnitude smaller than commercially available PM mass sensors, and is an
order of magnitude smaller than the prototype previously developed in our
lab [8]. Its small size (25 mm × 21 mm × 2 mm) enables easy integration
into a portable platform for personal PM2.5 monitoring. The sensor consists
of an microfabricated air-microfluidic circuit that provides both filtration for
the target particle size (virtual impactation) and direct measurement of the
particle mass concentration using a mass-sensing microelectromechanical film
bulk acoustic resonator (FBAR). In this paper, we describe the the design
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of the sensor, provide a detailed description of its microfabrication process,
and present the experimental results obtained form exposing two fabricated
sensor prototypes to tobacco smoke and diesel exhaust. The results show
that our sensor has low-end sensitivity on the order of 2 μg/m3, which is
adequate for personal pollution monitoring applications. An abbreviated
version of this work was previously presented in [9].

The remainder of the paper is structured as follows: In Section 2 we briefly
describe the related work regarding small-sized PM sensors. A description of
the principles of operation of our sensor and the design of the air-microfluidic
circuit is presented in Section 3. The microfabrication process of the three-
wafer stack constituting the PM sensor is described in detail in Section 4.
Section 5 describes the experimental setup, while Section 6 describes the
experimental results, detailing the exposure of our sensor to both tobacco
smoke and diesel exhaust. Finally, Section 7 concludes with a discussion of
the applications of the presented technology to personalized monitoring of
PM exposure levels and discusses future work.

2. Related Work

PM concentration is determined by either measuring PM mass in a given
size range by gravimetry or estimating it from an indirect measurement such
as light scattering [10, 11]. Direct gravimetric methods are either time-
integrated, that is, particles are collected on a filter and weighed in a labora-
tory after collection [12] or continuously (1-hr average or less), where particles
are collected on a sensing element, such as a tapered element oscillating mi-
crobalance (TEOM) [13] or a quartz-crystal microbalance (QCM) [13]. Mass
is measured in the latter two based on the change in frequency of the os-
cillating element or piezoelectric resonator, respectively. The most common
indirect method for estimating PM mass over the size range of 0.3 to 10 μm
in diameter is based on light scattering [11, 13]. In this case, particles are
illuminated by single or multiple wavelengths of light and the scattered light
(forward and or backscattered) is measured and can provide an estimate of
the mass of particles in a given volume of air. A number of assumptions are
made in this indirect measurement of PM mass [11].

Particles within a given size range are most often obtained based on
particle inertia. Widely used approaches include impactors, cyclones, and
virtual impactors [14]. In all three cases particles are accelerated through a
jet (e.g., nozzle or slit) to obtain a certain inertia. Particles smaller than the
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desired cutpoint follow a major air flow, while those greater than the desired
cutpoint are removed either by a real surface (plate or wall, the latter in the
case of a cyclone) or through a minor flow collection jet (nozzle) in the case
of the virtual impactor. Recently, miniature virtual impactors, cyclones, and
real-impactors have been developed to separate particles at very low flow
rates, in the range of 0.005 to 0.5 L/min [15, 16, 17].

Personal PM monitoring relies on portable mini-samplers that can be
unobtrusively carried by individuals to record their PM exposure as they
go about their daily activities [18]. Currently, these devices operate at flow
rates of few L/min, weigh up to a kg, and be more than 10 cm in height
[19, 20, 21]. In contrast, the device presented in this work measures 25 mm
× 21 mm × 2 mm, weighs only a few grams, and operates at a flow-rate of
approximately 6 mL/min. This low flow-rate enables low-power operation
which further accommodates a portable personal PM monitor application.
A good comparison of this and other small-scale sensors is presented in [22].

3. System Design

Figure 1 shows a schematic drawing illustrating the functionality of our
air-microfluidic micro electro mechanical systems (MEMS) PM sensor. Air
enters the microfluidic circuit through the inlet and immediately flows into
an inertial size separator, commonly known as a virtual impactor (VI) [14]
(a). The VI separates particles by size into a fine particle stream containing
particles with mean aerodynamic diameter (AD) less than 2.5 μm, and a
coarse particle stream, which contains particles that are larger than 2.5 μm
mean AD. Our sensor is designed to measure the concentrations of fine par-
ticles only, and thus the coarse particle stream is simply exhausted through
the outlet. Fine particles are then directed to the thermophoretic deposi-
tion region (b) where a temperature gradient induced across the microfluidic
channel removes particles from the airstream by thermophoresis. The parti-
cles removed from the airstream are deposited on the exposed surface of a
mass-sensing FBAR (c). The rate of particle deposition, corresponding to
the rate of change in the resonant frequency of the FBAR is proportional to
the concentration of the particles in the airstream. This rate of change is
recorded using electronic down-converter circuitry (d) and converted to a for-
mat that can be stamped with GPS-based time and location information for
subsequent transmission through a cellular radio (e) to an off-board central
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repository [22]. In this work, (d) was replaced with a computer-controlled
spectrum analyzer, while (e) was left for future work.

size separation
(virtual impactor)

thermophoretic
deposition

FBAR
analysis
circuitry

GPS/cellular
radio

air inlet

air with fine particles

air with coarse particles
air outlet (to pump)

fine particles removed 
from the airstream

(a)

(b)

(c)
(d) (e)

Figure 1: Schematic drawing illustrating the components and functionality of the air-
microfluidic MEMS PM sensor.

The design of the microfluidic circuit is shown in Figure 2. The entire
circuit occupies an area of approximately 5 cm2. Negative pressure that
drives the air from the inlet to the outlet is provided by a pump composed
of a stack of commercially available miniature fans (15 mm × 15 mm × 10
mm).

(c) (d)

(e)

(a)

(b)2 mm

Figure 2: Layout design of the microfluidic circuit. The VI and the thermophoretic de-
position region are annotated (a) and (b), respectively. The dark gray areas indicate the
flow channels of the microfluidic circuit, while the black regions indicate the through-holes
for the inlet (c), outlet (d), and the FBAR insertion opening (e).
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Figure 3: Microfabricated virtual impactor (VI): (left) Particle traces (obtained using the
FEM) for particle diameters 1 μm (green) and 5 μm (red) that originate in the acceleration
jet (a) and end up in the major (b) and minor (c) flows, respectively. Label (d) refers
to the jet spacing. (right) Scanning-electron micrograph (SEM) of the microfabricated
channels of the VI.

3.1. Particle Size Selection (Virtual Impactor)

PM initially enters the microfabricated VI to ensure that particles with
larger than 2.5 μm AD (50% collection efficiency) are removed from the flow.
Figure 3 shows the operation of the VI obtained using the finite element
method (FEM) (left) and an SEM image for the microfabricated structure
(right). The majority of the air from the acceleration jet (a) is diverted into
the major flow channels (b) of the VI. Large particles with greater inertia
cross the gap (d) into the minor flow channel (c).

The ratio of particles that follow the major flow stream (b) to the total
number of particles that enter the inlet increases with decreasing particle size.
The 50% collection efficiency, the point where this ratio is equal to 0.5, is
defined as the cutpoint of the VI. From [14] the cutpoint can be approximated
as

d50 =

√
9ηW 2D(Stk50)

ρpQCc

, (1)

where η is the dynamic viscosity of air, W and D are the width and depth
of the impactor jet respectively, ρp is the particle density, Q is the volumet-
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ric flowrate through the inlet jet, and Stk50 is the stokes number, which is
recommended to be 0.59 for rectangular jet impactors. The Cunningham
correction factor for particles larger than 1 μm Cc is defined as

Cc = 1 +
2.52λ

d
, (2)

where d is the particle diameter and λ is the length of the mean free path of
air.

The microfabricated VI design was further adjusted using FEM to obtain
a 2.5 μm particle cutpoint at the flow rate of 6 mL/min. Figure 4 shows the
fine particle collection efficiency curve of the VI (the ratio of particles that
follow the major flow relative to the number of particles that enter the inlet
as a function of their diameter). The FEM was implemented using COMSOL
[23] and its particle tracing algorithm with particles uniformly distributed in
a steady-state three dimensional flow field.
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Figure 4: Fine particle collection efficiency curve of the microfabricated VI at 6 mL/min.
obtained using the FEM.

The small size of the microfabricated VI allows our sensor to operate at
a low flow rate (6 mL/min), which in turns helps to reduce the power con-
sumption of the outlet pump. For ease of fabrication, a rectangular channel
cross section was used. The air flows in the minor and major flow channels
were balanced by adjusting the cross-section areas of the two flow channels
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(see Figure 2) affecting the viscous pressure drop and the resulting flow rate,
and allowing only one air inlet and outlet to be used.

3.2. Thermophoretic Particle Deposition

Once the coarse ( > 2.5 μm AD) particles have been removed through
the coarse particle channel of the VI, half of the remaining PM2.5 stream
proceed to the mass sensing area, where a fraction of the particles is removed
from the flow and deposited on the surface of a mass-sensing FBAR using
thermophoresis. Microfabricated heaters suspended above the mass-sensing
FBAR create a temperature gradient across the microfluidic channel. The air
molecules on the hotter side of each particle transfer slightly more momentum
to the particle than the molecules on its cooler side, creating a thermophoretic
force Fth in the direction of the temperature gradient. Based on [14] Fth can
be approximated as

Fth = −9πdη2H(δT )

2ρgT
, (3)

where δT is the temperature gradient, T is the absolute temperature of
the air, and H is the molecular accommodation coefficient, which using the
molecular accommodation coefficient suggested by [24], is defined as

H ∼=
(

1

1 + 6λ/d

)(
ka/kp + 4.4λ/d

1 + 2ka/kp + 8.8λ/d

)
, (4)

where ka and kp are thermal conductivities of air and particles, respectively.
The absolute temperature T can be approximated as the average of the ab-
solute temperatures of the heater and the FBAR surface. Equating Fth with
the Stokes drag force yields a thermophoretic particle velocity Vth [14] defined
as

Vth =
−3ηCcH(δT )

2ρgT
, (5)

In our design, the deposition thermal velocity was calculated to be ap-
proximately 1.36 mm/s, with a temperature gradient δT of 1 × 106 K/m.
The temperature gradient is generated by the microfabricated heaters above
the FBAR, and is a function of the applied heater power on the hot side,
and a combination of convective and conductive cooling on the cold side.
The airstream passing between the heater and the FBAR absorbs most of
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the heat, while the rest is dissipated to the environment by conduction. To
minimize heat loss to the environment, and hence reduce heat consumption,
the capping wafer that serves as the heater substrate was designed using
quartz, taking advantage of its low thermal conductivity (1.3 W/K/m). As
we describe in Section 4 below, the heaters were suspended below the capping
quartz wafer to further limit the heat losses.

3.3. Particle Mass Sensing

Particles are deposited on to the surface of the FBAR as the result of
applied thermophoretic force. Under constant δT the rate of deposition is
proportional to the concentration of the particles in the sampled air. An
FBAR consists of a piezoelectric layer sandwiched between bottom and top
electrodes and suspended over an airgap to ensure maximum reflection of
the acoustic energy, as illustrated in the cross-section drawing of the FBAR
shown in Figure 5.

bottom electrode (i = 1)

piezoelectric layer (i = 2)

top electrode  (i = 3)
deposited PM (i = 4)

Z-axis

substrate

Figure 5: Cross-section showing the individual layers of the mass-sensing FBAR. Acous-
tically active (i = 2) and passive (i = 1,3,4) layers are shown. The Z-axis represents
the direction of the dimension of the cross section used to develop the equivalent one-
dimensional lump-parameter model.

Assuming a simplified one-dimensional electromechanical model along the
z-direction (3rd axis), the acoustic impedance Zi of each layer i is defined [25]
as

Zi =
√

ρici,33, (6)

where ρi is the density of the material in layer i, while ci,33 is defined as

ci,33 = ci,33 + jωηi, (7)
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where ci,33 is the 33-mode short circuit stiffness and ηi is the material vis-
cosity. The admittance of the FBAR can now be modeled using a lumped-
parameter equivalent circuit for each layer and connecting them in series
using the transmission-line model [26, 25]. The transmission line models for
non-piezoelectric layers (i = 1,3,4), and the piezoelectric layer (i = 2), are
shown in Figure 6. Stresses S1 and S2 and velocities v1 and v2 are the across
and through variables, equivalent to voltage and current [27], in the mechan-
ical domain, while V and I are voltage and currents in the electrical domain.
A is the resonator area, ti is the thickness of each layer, and ki is the wave
number defined as

ki =
ω√
ci,33
ρi

. (8)

The turn ratio Γ is defined as

Γ =
e33
ε33

C0, (9)

where e33 is the piezoelectric constant and ε33 is the dielectric constant, both
in 33-mode, and C0 is the clamped capacitance of the piezoelectric layer.

Assuming an operating point near resonance, the electric port impedance
of the FBAR can be modeled as an RLC circuit in parallel with C0. The
FBAR is connected to a driver CMOS circuit as a Pierce oscillator [28]. The
general topology for the circuit is shown on Figure 7a. The Pierce oscillator is
used to generate reliable clock signals in many of today’s consumer electron-
ics. The feedback for the oscillation is formed through an inverting amplifier
(M1). The FBAR together with capacitors C1 and C2 provide a 180◦ phase
shift (at the FBAR’s resonant frequency). This results in an unstable pos-
itive feedback across M3, which leads to circuit oscillation at the FBAR’s
resonant frequency [29]. The circuit was implemented using a foundry 0.25
μm complementary metal oxide semiconductor (CMOS) process with C2 =
680 fF, C1 = 99 fF [25]. An optical micrograph of a CMOS driver die is
shown in Figure 7b. Visible are the bond wires used to connect the CMOS
driver circuit to the FBAR. The close proximity of the CMOS driver circuit
to the FBAR reduces the parasitics associated with long connecting wires,
enabling proper functionality of the oscillator and reducing the noise. The
output of the CMOS is a sinusoidal signal that oscillates at the resonant
frequency of the FBAR.
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jAZi tan(kiti /2) jAZi tan(kiti /2)

- jAZi

sin(kiti )

S1
S2

+

_

+

_

v1 v2

1 : V

I

C0

- C0 T

Figure 6: Transmission line lumped-parameter equivalent circuit of the individual layers
of the FBAR. The transformer T and the corresponding electrical domain (enclosed by the
dashed line) only applies to the piezoelectric layer (i = 2). T is removed and the resulting
gap shorted when modeling the non-piezoelectric layers (i = 1,3,4).

For the purpose of this work, we assume a resonant frequency change
proportional to the added particle mass, neglecting non-linear and higher
order effects. Consequently, the rate of change of the resonant frequency of
the oscillator (during constant thermophoretic deposition) is proportional to
the particle concentration in the sampled air. The interested reader is referred
to [25] for further detailed modeling of the FBAR performance during mass
deposition.

4. Fabrication

An exploded CAD drawing of the air-microfluidic MEMS PM sensor is
shown in Figure 8. The sensor is composed of three bonded wafers. The top
wafer consists of fused quartz and serves as a transparent cap for the air-
microfluidic channels, as well as the substrate for the thermophoretic heaters
(a). The middle silicon wafer contains the etched air-microfluidic channels,
the through-wafer opening for the air inlet (b) and outlet (c), as well as
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C1C2

FBAR

Vcc

Vsig

Vbias
M2

M3

M1

(a)

500 m

(b)

Figure 7: Pierce oscillator CMOS circuit: (a) The schematic of the Pierce Oscillator
circuit containing the FBAR, and (b) an optical micrograph of the CMOS driver circuit
(right) connected to the FBAR (left). Bond wires, connecting the CMOS circuit to the
leads on the bottom wafer are visible.

the rectangular opening (d) though which the FBAR is inserted into the
microfluidic channel. The bottom fused quartz wafer contains the FBAR
(e) and the CMOS driver (f) die, as well as the polymeric seal (g), which
both seals the FBAR insertion opening and determines the depth of FBAR
penetration into the microfluidic channel.

4.1. Thermophoretic Heaters (Top Wafer)

The fabrication process for the thermophoretic heaters is illustrated in
Figure 9. First, a 2 μm thick layer of in-situ doped polysilicon is deposited
through a low-pressure chemical vapour deposition (LPCVD) process (50 %
SiH4, 50 % PH3, 615

◦ C) on a fused quartz substrate. To avoid cracking the
quartz wafer due to devitrification of its surface layer, the polysilicon layer is
not annealed. However, the un-annealed polysilicon layer has a sheet resis-
tance of ≈ 40 Ω/�, which, although significantly higher than typical sheet
resistance of annealed in-situ doped polysilicon, is sufficiently low to produce
the desired heating power at a manageable voltage. A 100 nm thick layer
of gold (Au) with a 5 nm chrome adhesion layer (Cr) is evaporated on top
of the polysilicon layer. The Cr/Au layer is then lithographically patterned
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top wafer

middle wafer

bottom wafer

(a)

(b)

(c)

(d)

(e)

(f)
(g)

21 mm

25 mm 2 mm

Figure 8: Exploded CAD drawing of the three-wafer stacked MEMS PM sensor. The inset
shows a CAD drawing of the assembled sensor.

using an iodine-based gold etchant and CR-7, fabricating the high conductiv-
ity connections to the thermophoretic heaters. The polysilicon layer is then
etched by a reactive ion-etch (RIE) process (90 % SF6, 10 % O2, 66 sccm) to
create the resistive heater elements. The wafer is subsequently diced, and the
individual die are soaked for 10 min in 49 % HF to release the heaters from
the substrate. Optical micrographs of two fabricated thermophoretic heater
designs, taken through the top quartz wafer are shown in Figure 10. The
dark blue area (a) represents the under-etched quartz under the polysilicon
layer. The resistance of the heaters was approximately 650 Ω and 8 kΩ for
designs A and B, respectively.

4.2. Microfluidic Channels (Middle Wafer)

The fabrication process of the air-microfluidic channels in the middle
wafer is illustrated in Figure 11. Starting with a p-type silicon wafer as the
substrate, the microfluidic channels are lithographically patterned and etched
to a depth of 200 μm using a deep reactive ion etch (DRIE) process (90%
SF6,10% O2 RIE etch, C4F8 passivation). A backside DRIE etch is subse-
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fused quartz wafer (substrate)

LPCVD 2 m PolySi (p-type)
100 nm Cr/Au

pattern heaters, RIE PolySi etch
wet-etch Cr/Au

dice wafer
under-etch heaters in 49% HF

1.

2.

3.

4.

Figure 9: Fabrication process for the top wafer with attached thermophoretic heaters.

(a)

100 m(a)

(a)

(a)

(a) 200 m

(a)

(b)

Figure 10: Optical micrographs of the two types of fabricated and released thermophoretic
heaters (design A (a) and design B (b)) obtained though the top quartz wafer. The
rounding of the heaters’ features is a byproduct of the fabrication process.

quently performed to open the inlet, outlet, and FBAR insertion opening.
The wafer is subsequently diced into individual die.

4.3. FBAR and Circuitry Substrate (Bottom Wafer)

The fabrication process for the bottom wafer is illustrated in Figure 12.
First, 5 nm/100 nm of Cr/Au is evaporated onto the wafer and lithograph-
ically patterned to form the power and signal thin-film traces that provide
connections to the CMOS driver. The wafer is then diced. A 475 μm tall
1 mm × 1 mm pedestal is attached at the desired location of the FBAR
using cyanoacrylate adhesive. The FBAR die is then bonded on top of the
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silicon wafer (substrate)

pattern the channels
200 m DRIE

etch inlet/outlet
through-wafer backside DRIE

dice wafer

1.

2.

3.

4.

Figure 11: Fabrication process for the middle wafer containing the air-microfluidic chan-
nels.

pedestal, while the CMOS die is bonded next to the pedestal, again using
the cyanoacrylate adhesive. The FBAR is wirebonded to the CMOS die,
and then the CMOS die is wirebonded to the Cr/Au traces (See Figure 7b).
Power and signal leads are subsequently soldered onto the Cr/Au traces. Fi-
nally, a 285 μm adhesive polymeric seal (made out of a triple stack of dicing
tape) is attached, surrounding the FBAR and CMOS to provide a seal for
the insertion opening, as well as, together with the pedestal, to set the dis-
tance the FBAR penetrates into the microfluidic channel. Although the seal
is attached manually, its precise thickness is able to ensure the insertion of
the FBAR with an accuracy of few tens of μm.

fused quartz wafer (substrate)

100 nm Cr/Au 
define electrodes by wet-etch

attach the 285 m seal
dice

attach FBAR on 475 m pedestal
attach CMOS driver, wirebond

1.

2.

3.

4.

Figure 12: Fabrication process for the bottom wafer, which contains the mass-sensing
FBAR and the CMOS driver.
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4.4. Final Assembly

The top, middle, and bottom wafers are bonded together to form the
final device. This bonding process is illustrated on Figure 13. First, a die
from the top wafer is bonded with the matching die from the middle wafer.
To make sure a good seal is achieved, especially around the small features
of the microfluidic channel, we use adhesive bonding by applying dispenser-
printed [30] epoxy (72% Epon 830 resin, 28% Epicure 3370 curing agent). The
epoxy is printed to provide a seal around the perimeter of the microfluidic
circuit as well as around the minor flow channel. The top wafer die is then
aligned with the microfluidic circuit of the middle wafer die, and the two
are pressed together and left overnight to cure on a 60◦ C hotplate. The
same epoxy mixture is applied to the polymeric seal, and the bottom wafer
is visually aligned and attached to the bonded top and middle wafers. The
FBAR should now protrude into the microfluidic channel with a separation
of approximately 100 μm from the surface of the thermophoretic heater. The
sensor is finally sealed with silicone (Osi Sealant/Henkel Adhesive) around
the edges of the bonded die to prevent leaks and increase the structural
stability of the device.

dispenser-print epoxy 
adhesive on middle wafer

bond top wafer to middle
wafer

bond bottom wafer to top
and middle wafers

1.

2.

3.

Figure 13: Final assembly of the top, middle, and bottom wafers to complete the fabrica-
tion of the MEMS PM sensor.

A fabricated sensor prototype is shown in Figure 14. The VI and ther-
mophoretic regions are labeled (a) and (b), respectively. Also visible through
the top quartz wafer are traces of the dispenser, printed epoxy (c). The
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alignment of the three layers can be seen in the optical micrograph shown in
Figure 15. The two FBARs are visible as pink pentagons, partially obscured
by the thermophoretic heaters above them. Only one (bottom) FBAR was
intended for PM sensing, and only this FBAR is properly aligned with the
above heater. The brown discoloration visible around the outlet hole are
under-etched silicon spires commonly called silicon grass. Silicon grass is a
by-product of the DRIE fabrication process, and is mostly downstream of the
mass-sensing FBAR. By optimizing the fabrication process we have success-
fully eliminated silicon grass in subsequently fabricated sensor prototypes.

5 mm

(a)

(b)

(c)

inlet
outlet

Figure 14: Photograph of a fabricated prototype of the MEMS air-microfluidic PM sensor.

5. Experimental Setup

Two fabricated prototypes of the air-microfluidic MEMS PM sensor (re-
ferred to as prototype A and B) were tested in a 25 m3 air-quality test
chamber at the Environmental Energy Technologies Division (EETD) of the
Lawrence Berkeley National Laboratory. The microfluidic circuits of the
two prototypes are identical; the only difference is the design of the ther-
mophoretic heater, as shown on Figures 10a and 10b. These differences
should have little effect on the sensitivity of the sensor, as both heaters
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300 m(c)

(b)
(a)

Figure 15: Optical micrograph of the area of the thermophoretic deposition, showing the
alignment of all the three wafers ((a)-top wafer, (b)-middle wafer, and (c)-bottom wafer)
comprising the final MEMS PM sensor.

are adjusted to dissipate approximately the same power. The sensor proto-
types were exposed to both tobacco smoke and diesel exhaust. To generate
representative concentrations of tobacco smoke, a single cigarette was lit
and smoked using a custom built machine. To generate diesel exhaust, a
portable diesel generator was used. A high-efficiency particle air (HEPA) fil-
ter unit (Control Resources Systems Inc., 600L) was used to obtain dilution
air to lower the concentration of particles during testing. A DustTrakTM

Aerosol Monitor 8520 (TSI Inc.) was used to provide a reference for particle
concentrations in the test chamber. The DustTrak provides an indirect mea-
surement of PM mass and has been shown to overestimate fine particle mass
concentration [12, 31]. Therefore, the DustTrak was first calibrated relative
to PM collected on filters with mass directly determined by gravimetric anal-
ysis [14]. The output resonant frequency of the FBAR was measured using
a spectrum analyzer (Agilent 8562EC) and recorded using a laptop running
a custom-developed LABVIEW (v. 10.0f2) program.
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6. Experimental Results

Average recorded sensitivity coefficients in Hz/min of frequency change
per μg/m3 of particle concentration for both prototypes are shown in Table
1. Prototype A failed before it was exposed to diesel exhaust, hence the
sensitivity coefficient for diesel exhaust for prototype A is unavailable. As
previously mentioned, the effects of the different heater designs on sensor
sensitivity should be similar due to the same power dissipation and area
covered by the heaters. Correspondingly, we attribute the higher sensitivity
of prototype A to manufacturing variability, such as partial obstruction of the
flow path and leaks close to the outlet port of prototype B. The variability
in the sensitivity of future senor prototypes can be minimized by optimizing
the microfabrication process, while the remaining difference can be further
removed through calibration of the individual sensors.

Table 1: Average recorded sensitivity coefficient (in Hz/min of frequency change per μg/m3

of particle concentration) for PM sensors prototypes A and B. Standard deviation is de-
picted in parenthesis.

Tobacco smoke Diesel exhaust
Prototype A 5.76 (0.68) NA
Prototype B 1.70 (0.22) 2.46 (0.23)

The response of the sensor prototypes to tobacco smoke (prototype A)
and diesel exhaust (prototype B) during two representative experiments is
shown in Figures 16 and 17. In both cases, rates of frequency change (right
axis) are displayed scaled to match the reference concentration obtained from
the DustTrak (left axis). The x-axis denotes time in minutes elapsed from
the start of the experiment. The gray region highlights the time when PM is
introduced into the chamber, either in the form of a lit cigarette (Figure 16)
or channeled exhaust from the diesel generator (Figure 17). Steep declines
in PM concentrations are due to clean filtered air through the HEPA filter
used to dilute particle concentrations in the source aerosol. The red and
black lines show the rate of frequency change obtained using 1 and 4 min
integration times, respectively.

Note that the reduction in tobacco smoke concentration from 25 to 15
μg/m3 around t = 130 min in Figure 16 is also apparent in the 4 min average
data for prototype A. This suggests a low-end sensitivity below 10 μg/m3 at
4 min integration time.
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Figure 16: Data from a representative experiment showing the response of the sensor
(prototype A) to tobacco smoke from a single lit cigarette. Steps in the curve represent
addition of dilution air.

Based on the results from our experiments, we estimated the noise in the
sensor signal to approach 50 Hz. This noise level was measured at low PM
concentrations (i.e. below 50 μg/m3). At high PM concentrations the noise
is an artifact of the LabView recording method. This suggest a theoretical
low-end detection limit of approximately 2 μg/m3 at 10 min integration time.

Figures 18 and 19 show the average value of the sensitivity coefficient
of prototype B for both tobacco smoke and diesel exhaust (respectively)
while varying the flow rate through the microfluidic channel and the power
to the thermophoretic heater. Low and high flow settings corresponds to
3 V and 4 V applied to the fan assembly, respectively, while low and high
thermophoretic heater power corresponds to 14 and 18 V applied to the
thermophoretic heater. The change in flow rate due to the change in fan
voltage will affect the collection efficiency of the VI, however both diesel and
tobacco smoke contain particles that are well below the 2.5 μm cutpoint,
thus negating any impact the VI cutpoint has on the sensitivity data. The
error bars represent the standard deviation for three 4 min integration time
measurements.
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Figure 17: Data from a representative experiment showing the response of the sensor
(prototype B) to diesel exhaust from a diesel generator. Steps in the curve represent
addition of dilution air.

The results in Figures 18 and 19 show that the sensitivity of the MEMS
PM sensor is strongly dependent on the flow rate through the microfluidic
circuit. Higher flow-rate implies higher sensitivity at high heat. This high de-
pendency on the flow suggests that our sensor is removing most particles from
the air-stream in the microfluidic channel. Further more, it is interesting to
observe that the sensitivity actually decreases with increased heater settings
at the lower flow-rate in the case of diesel exhaust (Figure 19). This could
be attributed to loss of particles by deposition in front of the active FBAR
surface, such that fewer particles are deposited on the FBAR membrane.
At higher flow-rates this effect is reduced likely because not all particles are
removed from the airstream above the FBAR.

An optical micrograph of the surface of the FBAR (prototype A) with
deposited particles is shown in Figure 20. A localized area of deposition,
defined by the geometry of the thermophoretic heater, is clearly visible. The
striped outline indicates the area on the FBAR, which was placed directly
underneath the thermophoretic heater, while the direction of the airflow is
indicated by the white arrow. The deposited particles form a crescent on the
surface of the FBAR, further corroborating the theory of fully removing all
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Figure 18: Recoded sensitivity coefficients for sensor prototype B while exposed to tobacco
smoke under low and high flow rate and low and high power applied to the thermophoretic
heater.

particles from the airstream above the FBAR. The particle-free spot at the
far right underneath the heater suggests that particles are not deposited at
that point.

7. Conclusions

Atmospheric particulate matter (PM) presents a significant health risk,
and there is great need for a portable PM monitor that is capable of recoding
and tracking personalized PM exposure. In this work we presented the design
and fabrication of the MEMS air-microfluidic PM sensor and experimental re-
sults obtained from exposing the sensor to tobacco smoke and diesel exhaust,
two commonly occurring PM sources. Our PM sensor is two orders of magni-
tude smaller than commercially available direct reading PM mass sensors; its
small size enables its use in a portable personal PM monitoring application.
Such application could be equipped with a cellular radio (for example con-
nected to a cellphone) and GPS for geographically tagging the measured PM
data and transmitting it to a central repository. The experimental results
have shown that our sensor prototypes have sensitivity of approximately 2
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Figure 19: Recorded sensitivity coefficients for sensor prototype B while exposed to diesel
exhaust under low and high flow rate and low and high power applied to the thermophoretic
heater.

μg/m3 with up to 10 min integration time. The experimental results indicate
that the sensitivity of our sensors can be further increased by increasing the
flow through the microfluidic channel, something that will be investigated in
a future version of our MEMS PM sensor. Furthermore, the effect of external
environmental factors such as temperature and humidity on the sensitivity
of our sensor should be investigated. We envision future devices to contain
microfabricated temperature and relative humidity sensors located inside the
microfluidic channels in close proximity to the mass-sensing FBAR in order
to accurately compensate for these effects.

Currently, data from our sensor is recorded using a computer-controlled
spectrum analyzer and tracked with a Labview program. Designated elec-
tronic circuits for tracking the resonant frequency of the FBAR (such as pre-
sented in [32]) would help to reduce the measurement noise and to further
increase the sensitivity of the sensor. Use of such a stand-alone electronic
platform is also necessary to enable portable personal PM monitoring ap-
plications. We are currently working with several collaborators to develop
the electronic platform and the connection to a cellular radio for enabling a
self-contained portable PM sensing platform.
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airflow

100 m

Figure 20: Optical micrograph of the surface of an FBAR after several deposition experi-
ments (prototype A). Clearly visible is the crescent of deposited PM. During experiments,
the airflow across the FBAR was from the left, as indicated by the arrow. The dashed
outline indicates the FBAR area located directly beneath the thermophoretic heater.

The device presented in this work constitutes a simple air-microfluidic
lab-on-a-chip for air quality measurements. Sensors of this type will allow
for the collection of air quality exposure and source impact data that policy
makers can use to obtain more accurate exposure assessments and linking of
health effects to sources, as well as source impacts needed to develop more
cost effective and efficient emissions control strategies.
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