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Abstract— In this paper, for the first time we demonstrate
zero-power volatile-organic-chemical (VOC) detectors based
on micromechanical switches suitable for plant health mon-
itoring. Differently from state-of-the-art active chemical
sensors, the device presented here exploits a completely pas-
sive, chemically-sensitive switch based on a bimaterial micro-
cantilever and a passive switch-based readout mechanism to
detect VOCs exceeding a pre-determined concentration released
by unhealthy plants. When exposed to target VOCs, the poly-
mer/metal bimaterial beam bends downward and trigger the
switch due to the stress induced from the absorption of chemicals
in the polymer layer. Here we show experimental demonstra-
tions of detecting toluene, hexenol (cis-3-Hexen-1-ol, a chemical
released from plants under attack by pests) and ethanol, respec-
tively, with our fabricated prototypes. The demonstrated high
sensitivity to ethanol (∼ 8 nm/ppm) and hexenol (∼ 3.3 nm/ppm)
was achieved by the optimization of device geometries showing
a great promise of the proposed technology to ultimately achieve
10s ppm detection limit (with a sub-micron contact gap and
voltage bias) which is required for the device operation in close
proximity to a plant in an open environment. [2020-0190]

Index Terms— Cantilever, chemical detection, gas sensor,
micromechanical, microswitch, plant defense, polymer, volatile
organic chemical, zero-power.

I. INTRODUCTION

EARLY and accurate detection of pest and disease out-
breaks in crop fields is critical for minimizing losses

and maximizing production yield especially in low-income
countries. Conventional methods of plant health monitoring
often rely on manual inspection and decision-making which
are only effective after the plant is visibly affected by the
pest or disease. Advanced imaging tools (e.g. hyperspec-
tral cameras [1]) with sophisticated sensor fusion have been
demonstrated for accurate early-stage detection of outbreaks.
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However, such an approach is unfeasible for smallholder
farming and only applies to specific agriculture sectors with
high return-on-investment rate (e.g. vineyards) in developed
countries due to the high deployment and maintenance cost of
the required sensor systems.

Studies show that crops with green leaves release a sig-
nificant amount of VOCs (e.g. hexenals, hexenols, hexyl
acetates, toluene) when attacked by pests or diseases [2]–[4].
The released VOCs play a role in the plants’ defense sys-
tem and their amount depends on the severity of the dam-
age [2], [5], [6]. The localized concentration can go up to
∼10 parts per million (ppm) when a leaf is damaged in multi-
ple spots [6]. Thus, detecting these VOCs can be an effective
way to identify and subsequently respond to attacks by pest
and diseases. State-of-the-art VOC sensors based on photoion-
ization detectors (PIDs) [7] are expensive and unsuited for
remote deployment in the crop fields because of their high
power consumption. On the other hand, microelectromechan-
ical systems (MEMS) based solutions can potentially reduce
the system cost and enable the deployment of chemical sensor
networks with high granularity in remote locations. The state-
of-the-art polymer-coated MEMS cantilever based detectors
have been demonstrated for such applications (e.g. electronic
nose) in static and dynamic measurement modes [8], [9].
The static mode measures the bending displacement in the
cantilever with optical or resistive outputs [10], [11]. On the
other hand, dynamic mode utilizes the frequency shift due to
the mass loading in the devices [12], [13]. Both types require
active readout circuitry which consumes constant electrical
power at standby (i.e. in the absence of targeted VOCs).
The continuous power consumption significantly limits their
battery lifetime and increases the battery replacement and
maintenance costs, effectively limiting their scalability for
large-scale deployment.

Recently, the need for active electronic sensors for screening
the environment has been challenged with the development of
passive OFF-but-alert sensors [14], [15]. These “event-driven”
sensors exploit the energy present in the signal of interest itself
to perform the detection.

Our group has previously demonstrated the device concept
using a chemically-actuated polymer/metal micromechanical
switch for zero-power ethanol sensing in a conference [16].
In this paper we show an improved design with over 20×
increased sensitivity and the detection of relatively low con-
centrations (∼1237 ppm and ∼ 3220 ppm) of green leaf
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Fig. 1. a) Circuit schematic of the switch based zero-power chemical sensor
connecting to a battery and a radio transmitter for the wireless detection of
VOCs released by damaged plants. The switch turns ON only when an above-
threshold chemical concentration is detected triggering the radio transmitter.
b) Schematic of a bimaterial cantilever-based switch actuated by the interac-
tion with VOCs.

VOCs (i.e. hexenol and toluene vapor). The experimental
results demonstrate a great potential of the proposed device
for zero-power plant health monitoring in a large-area crop
field (Fig. 1a).

II. DESIGN

The core element of the proposed zero-power VOC detector
is a bimaterial micro-cantilever that comprises a metal and
polymer layer. When the cantilever is exposed to specific
kinds of VOC vapor, the polymer chains interact with the
VOC molecules which are smaller compared to chains. These
interactions between VOCs and polymer chains are simi-
lar to solvent-polymer interactions that is governed by the
Flory-Huggins theory for nonideal mixing:

ln (a) = ln (1 − ϕχ) +
(

1 + 1

N

)
ϕ + χϕ2 (1)

where a is the relative vapor pressure of the solvent, N is
the fraction of molar volume of the polymer to the solvent,
ϕ is the segment molar fraction of the polymer and χ is
composition dependent Flory-Huggins interaction parameter
[17], [18] which can be used to find compatible polymer-
solvent pairs. In our case with polymer film and solvent vapor,
the composition variable ϕ ∼ 1 due to the high polymer
volume fraction.

The top layer of bimaterial beam (i.e. polymer layer) is cho-
sen to absorb targeted chemicals (i.e swelling effect) whereas
the bottom layer (metal layer) is insensitive. The stress created
by this swelling in the polymer layer is used as the actuation
mechanism. Whereas the polymer expands in volume due
to the swelling, the underlaying metal remains unaffected,
causing the bimaterial beam to bend down (Fig. 1b). When
the swelling reaches a threshold (i.e., the VOC concentration
absorbed exceeds a specific value), the top and bottom elec-
trodes touch each other, thereby completing an electrical path

across the switch which then can be used to trigger a next stage
electronics (e.g. turn ON a radio transmitter). The physical
contact gap prevents any subthreshold leakage currents leading
to a zero standby power consumption, which is a key enabler
for extended battery lifetime.

A. Material Optimization

In order to make an effective and highly sensitive sensor, the
volumetric expansion of polymer layer should be maximized
in response to specific VOC molecules of interest. In other
words, its affinity (how strongly the polymer interacts with
the VOC compared to its intramolecular monomer-monomer
interactions) to the targeted VOC molecules needs to be
as high as possible (higher the affinity, the greater is the
volumetric expansion). Thus, the polymer should be chosen
such that compared to other polymers, it has large affinity
towards specific VOCs that are typically released by plants.

In this study, we chose gold (Au) as first layer for the bima-
terial stack due to its high conductivity and low residual stress
in the material. The analytes cis-3-Hexen-1-ol (referred to as
hexenol from here on) and toluene was chosen as the primary
chemicals of interest, since they are the common indicators
showing that the plant is under stress due to pest or diseases
[2], [5], [9]. Poly(methyl methacrylate) (PMMA) was chosen
as the functional polymer layer due to its affinity to toluene and
ease of fabrication [18]. In addition, we also studied ethanol
since it is a chemical that is relatively safe to be used in the lab
environment with our test setup. The ethanol response of the
devices was used to establish a fair comparison of sensitivity
between the previous work and this paper.

For the targeted VOCs and the polymer layer the mass
uptake was a physical absorption mechanism instead of chem-
ical bonding. In physical absorption the absorbed molecules
could diffuse back from the polymer surface (solvent desorp-
tion) when the VOCs were not present in the environment
(i.e. the plant was no longer emitting VOCs). Therefore,
this physical absorption was preferred for reversible switch
operations and reusable detectors.

B. Polymer Thickness and Device Dimensions

The effect of polymer thickness over the device sensitivity
was simulated to determine the optimum thickness of PMMA
for a given Au thickness (Fig. 2). The thermal expansion model
in COMSOL is used to mimic the volumetric expansion of
the polymer in the steady state condition [19]. A heat source
was applied to the bimaterial cantilever where the thermal
expansion coefficient of Au was set to be 0 since this layer is
inactive and does not experience any expansion upon chemical
exposure. It was assumed in this model that the entire thickness
of the PMMA layer contributes to the expansion since the all
the PMMA is expected to interact with targeted VOC over
a time period (typically 10s mins for the selected thickness).
The sensitivity scales with the square of the length of the
cantilever. This relation can be utilized to set the threshold of
the devices lithographically based on the plant and the different
targeted VOC levels.
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Fig. 2. Simulation of the normalized chemical sensitivity of the bimaterial
beam as a function of PMMA thickness for a fixed Au thickness tAu =
250 nm. The sensitivity (defined as tip displacement/gas concentration)
reaches maximum for a PMMA thickness around 500 nm.

Fig. 3. a) 4-mask microfabrication process of the proposed zero-power
chemical detectors. b) The scanning electron microscope (SEM) image of the
tip region of the cantilever. c) and d) SEM images of the fabricated devices
with different anchor designs altering the side PMMA coverage.

C. Device Fabrication

The device fabrication process (Fig. 3a) started with single
side polished wafer coated with 500 nm of silicon dioxide
(SiO2) via low pressure chemical vapor deposition (LPCVD).
This oxide layer serves as a separation from the bulk silicon
therefore it is not patterned. The bottom contact, 10 nm
of titanium (Ti) (for adhesion) and 40 nm of platinum (Pt)
were then deposited using electron beam evaporation and
patterned with liftoff. The photolithography was assisted with
lift off resist (LOR) to eliminate the sidewalls around the Pt
layer. A sacrificial layer of 600 nm of silicon was deposited
thereafter with sputtering deposition to set the gap between
top and bottom contacts. Then top contact electrode, 10 nm
of Ti and 250 nm of gold (Au), was deposited with electron
beam evaporation and patterned with liftoff. The gold layer
also serves as bottom metal layer in the bimaterial beam. The
top layer of the cantilever was formed by spin-coating PMMA
with an initial thickness of 1.4 μm then thinning to 550 nm
or100 nm using oxygen plasma in order to achieve a more
controllable thickness and bending after release. The devices
with different thickness of PMMA were designed to study the

Fig. 4. a) Schematic of the experimental setup with sealed chamber
(3.54 L inner volume) for testing. A sourcemeter is used as a voltage
source and simultaneously measures the current flowing through the switch.
b) Experimental setup of the chemical chamber placed under a DHM
microscope. c) The 3D profile of a bimaterial cantilever measured with the
DHM. The cantilever shown here (40 μm in width and 300 μm in length) has
a measured contact gap of 15.2±0.2 μm in the tip region of the bimaterial
beam.

effect on the sensitivity and beam curvature. The last step of
fabrication is the release in which the sacrificial amorphous
silicon layer was isotropically etched with xenon difluoride
(XeF2). Scanning electron microscope (SEM) images after
release are shown in Fig. 3c and 3d.

Other than the PMMA thickness, the devices were also
designed to have different length (300 nm and 400 nm), width
(20 nm and 40 nm) and anchor types. In particular, two anchor
types (Type A and B - inset images in Fig. 5) were designed
to study the effect of the side polymer coverage on the beam
profile. To determine which design provides the least residual
stress induced curvature in the profile, the released devices
were investigated with digital hologram microscopy (DHM)
which constructs 3D profiles of the imaged surface (Fig. 4c).
The initial beam profiles (before testing with any chemicals)
of Type B devices with side PMMA extensions show 25-30%
larger gap compared to Type A with same beam dimensions
(Fig. 5). Similar to the lateral curving (along width) of the
cantilever due to residual stress seen in Fig. 3b, we expect
the side-extensions of Type B devices to also contribute extra
curvature. Therefore, the anchor point of these designs create
a “bowl-shape”, increasing the take-off angle of the cantilever,
and resulting in a larger contact gap (which results in a higher
threshold). Thus, to achieve smaller detection thresholds in gas
concentration, the Type A designs are employed for the VOC
detectors.

III. EXPERIMENTAL SETUP AND RESULTS

A. Test Setup

The fabricated devices were tested in a sealed chamber
(Fig. 4a and 4b) filled with air (treated as an ideal gas) and
toluene, hexenol or ethanol vapors were generated by evapo-
rating a fixed volume of these liquids (99.8% toluene, 98% cis-
3-Hexen-1-ol and 99% ethanol) which were purchased from
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Fig. 5. Measured cantilever profiles of the devices with different lengths and
anchor types. Dashed lines and solid lines show the profiles of devices with
type B and type A anchors, respectively. Inset: Top view SEM images of the
anchor regions.

Sigma Aldrich and used directly without dilution. The toluene
and ethanol concentration in the chamber were calculated from
the initial amount of liquid and the general gas law (when the
drop was completely vaporized):

nV OC = ρV OC ∗ VV OC

MWV OC
(2)

ntotal = P ∗ V

R ∗ T
(3)

CV OC = nV OC

ntotal
(4)

where, nV OC is the amount of chemical in moles (Eq. 2),
VV OC is the initial liquid volume (50 μL for toluene
and 75 μL for ethanol) dropped into the chamber with
micropipettes, ρV OC is the density and MWV OC is molecular
weight of chemicals. Equation 3 is used to estimate the total
amount of gas molecules (ntotal) in the chamber where P
is the chamber pressure, V is the chamber volume (3.54 L),
R is the Boltzmann gas constant and T is the temperature
(22.85 ◦C) [11]. The ethanol was observed to fully evaporate
60 min after the chamber is closed (Fig. 6a). CV OC is the
concentration of the VOC vapor in the overall chamber (Eq. 3).

In the case of hexenol, the liquid phase reached equilib-
rium with its vapor phase before the liquid drop was fully
evaporated. Therefore, the time to reach final concentration
needs to be evaluated in addition to the final saturation vapor
concentration. The steady state hexenol concentration was
calculated to be 1237 ppm based on the ratio between its
saturation vapor pressure (0.94 mmHg) and the atmospheric
pressure. The time required to reach final vapor concentration
was estimated from the ratio of relative evaporation rates
between ethanol and hexenol. The evaporation rate of hexenol
was not readily available in literature, therefore the value for
hexanol (lacking C = C bond) was used with the assumption
that the C = C bond in hexenol doesn’t change the physical
properties significantly compared to hexanol [20]. The rela-
tive evaporation rate based on n-butyl acetate (BuAc = 1)
for ethanol is 1.7 and 0.05 for hexanol which was the value
used for hexenol here. Based on these relative rates and
surface area of the liquids (liquid hexenol surface area was
doubled compared to ethanol experiment to decrease the

Fig. 6. a) Calculated vapor concentration as a function of time. Final
ethanol concentration is 8800 ppm after 60 min. Final hexenol concentration
of 1237 ppm is reached after 143 min. b) Optical microscope images of a
cantilever in 3 statuses of bending. c) The position of cantilever tip vs. time in
response to ethanol or hexenol vapor. The legend shows the dimensions (width
and length in μm) of the cantilevers where the thickness of PMMA (550 nm)
and Au (250 nm) is same for all of them. Note that the time axes start after
the equilibrium is reached (constant concentration for both analytes).

Fig. 7. The response of a device with 100-nm PMMA to toluene vapor.
�zt1 represents the change in the gap around tip region at t1. Toluene was
fully evaporated with a final concentration of 3220 ppm which results in a
gap reduction of 6 μm. Note that the time was counted after the equilibrium
is reached.

experiment time), it was determined that hexenol reached a
saturation concentration of 1237 ppm after 143 min (Fig 7a).

The testing chamber was kept in an environment with
unchanged humidity throughout the experiments. By doing so,
the water vapor absorbed by the PMMA layer could only affect
the initial cantilever profile. The cantilevers didn’t show any
humidity-induced drift in their profile for more than 10 hours
in a closed testing chamber after the initial DHM calibration
and prior to the experiments.

B. Results

The DHM was used to monitor the profile of the cantilevers
continuously and measure the displacement of their contact
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Fig. 8. The Measured current of a device in response to ethanol while a
9.5 V bias voltage is being applied.

tips over time after the VOC concentration reaches saturation
(Fig. 6c). Magnified images of the cantilever were taken
through a microscope to show the change of beam profile as
the interaction with the chemicals progresses (Fig. 6b). It was
discovered that narrower devices exhibit higher sensitivity
than wider ones. While the sensitivity improvement due to
optimized PMMA thickness is expected from the simulation,
we suspect that the correlation between the sensitivity and
the beam width is associated with the residual stress that
caused the beam to wrap transversally (Fig. 3b). We observed
a larger transversal bending in wider beams which is expected
to reduce the tip displacement (i.e. longitudinal bending) when
the beams are exposed to chemicals due to the effectively
increased beam stiffness.

The response (i.e. tip displacement) of a device (300 μm
in length and 40 μm in width) with a PMMA thickness of
100 nm was recorded over time, after toluene was added
into the chamber (Fig. 7). The sensitivity was measured to
be 1.86 nm/ppm which results in 3.28× (the response ratio
of 550 nm-thick and 100 nm-thick PMMA) less sensitive
devices as shown in Fig. 2. It is expected that a sensitivity
of 6.1 nm/ppm for toluene can be achieved with an increased
PMMA thickness of 500 nm. The device response shows the
saturation (maximum bending with corresponding chemical
concentration) was reached 60 min after the liquid injection
to the media (Fig. 7).

The devices with 550 nm-thick PMMA were tested
with ethanol and hexenol vapors. The 40 × 300 device
(width × length in μm) showed a tip displacement of 4090 nm
in response to a hexenol vapor with a concentration
of 1237 ppm (∼3.3 nm/ppm). Based on the ethanol sen-
sitivity of different designs, a hexenol sensitivity as high
as ∼7.8 nm/ppm is expected to be achieved with the
20 × 400 design. The result shows that longer and narrower
cantilevers are more sensitive and also faster in response.
Compared to the previous demonstration [16], in this work,
a 20× higher sensitivity was enabled by a 3× thicker PMMA
layer (increased chemical absorption) and a 3× narrower
cantilever (increased out-of-plane displacement in response to
VOC absorption).

C. Electrical Response

To demonstrate the ON/OFF function of these switches,
the switch with a 550 nm PMMA thickness (dimensions

of 40 μm in width and 300 μm in length) was tested in
a smaller enclosed chamber (∼150 mL) with ethanol as the
triggering VOC and the current flow through it continuously
monitored by a sourcemeter. In this experiment, a bias voltage
was applied between the top and bottom contacts of the switch
to reduce the gap and facilitate the closing of the gap by
leveraging the electrostatic force and pull-in effect [21]. It is
worth noting that, the applied voltage does not result in a
standby power consumption thanks to the zero leakage current.
The pull-in voltage of the device was measured to be 11.5 V.
Based on that, the bias voltage was selected to be 9.5 V
ensuring a high stability when not exposed to the chemicals.
(The switch was monitored with a 9.5 V bias voltage for
more than 30 minutes without any chemical input to verify
the voltage bias doesn’t result in false positive detection.)
The switch was triggered by ethanol with a concentration
of 1100 ppm (in the 150 mL chamber) resulting in a sensitivity
of 8.2 nm/ppm (Fig. 8). Note that, the device shown here
is not the representative of the best device in terms of
contact cleanliness. The devices with a clean contact (from
same fabrication batch) show the ON resistance of 135 �,
which is suitable for connecting to a next-stage electrical load
(e.g. transmitter, detector) to activate more functions [22].

IV. CONCLUSION

The device presented here exploits a zero-power switch-
based read-out mechanism to detect above-threshold VOC
concentrations. The physical gap between the contacts enabled
zero standby power consumption for the next generation large-
scale crop field monitoring. PMMA/Au bimaterial cantilevers
were used for the detection of three different VOCs leveraging
the swelling effect in the polymer layer upon absorption
of the chemicals. Compared to the previous work, the new
devices with the optimized geometries in this work showed an
improved threshold to ethanol of 1100 ppm and a sensitivity
of 8.2 nm/ppm. Likewise, the lowest threshold was found
to be ∼1237 ppm (sensitivity ∼3.3 nm/ppm) for hexenol.
The sensitivity to toluene was demonstrated to be 1.8nm/ppm
which indicates that a higher sensitivity of 6.1 nm/ppm can be
achieved upon optimization of the PMMA thickness. Future
work will be focused on compensating for residual stress
to minimize the contact gap which will allow for lower
thresholds. Employing folded beam designs with a contact gap
∼500 nm [14] is expected to bring down the threshold to
∼ 60 ppm, with a further possible improvement via the
voltage-based threshold scaling [21].
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