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Indium Phosphide MEMS Cantilever Resonator
Sensors Utilizing a Pentacene Absorption Layer

Nathan Siwak, Xiao Zhu Fan, Dan Hines, Subramaniam Kanakaraju, Neil Goldsman, and Reza Ghodssi

Abstract—We report a microelectromechanical system can-
tilever waveguide resonator sensing platform utilizing a novel
optical readout scheme and the organic semiconductor pentacene
as a surface absorbing layer. In this paper, the measurement
of isopropyl alcohol and ethanol vapors by way of mass in-
duced frequency shift using a cantilever microbalance is demon-
strated. Vapor was introduced to the system through a custom
built environmental chamber. A frequency shift due to a mass
absorption of 65 Hz was measured, corresponding to a mea-
surement of 6.92 &= 1.1 x 10714 g with a minimum detectable
mass of 5.09 X 1071 g for the devices presented. The pen-
tacene absorbing layer in this paper shows it for the first time,
functioning as a mass absorbing layer. These results are also
the first demonstration of repeatable mass sensing performed us-
ing the integrated indium phosphide cantilever waveguide sensor
platform. [2008-0134]

Index Terms—Chemical sensors, microelectromechanical
system (MEMS) cantilevers, pentacene, III-V MEMS.

1. INTRODUCTION

HE NEED to monitor the environment and detect var-
ious chemicals is a critical task for industrial, military,
and homeland defense applications. Detecting and identifying
chemicals quickly and accurately while requiring low power,
and offering high sensitivity, and portability are highly de-
sired for the next generation of chemical sensing technologies.
Chemical sensors are constructed from two basic components:
a transducer element which converts a mechanical or electrical
change in the sensor into a measureable electrical signal and a
chemically sensitive and selective layer which serves to bind
chemicals to the active area of the transducer element. Both
of these components are important in determining the overall
performance of the sensor.
There are a number of existing chemical sensors using ca-
pacitive, resistive [1], bulk resonance [2], and optical methods
[3] to transduce a chemical response into a useable signal.
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The performance of these sensors is often limited by large
required device sizes, power consumption, and support equip-
ment, which can prevent large-scale integration and portability.
For example, surface acoustic wave resonator sensors [2], [4]
can be relatively large, making them difficult to integrate into
a single-chip array for performing multiple chemical recog-
nition studies. Optical sensors, while often simple, require
complex sample preparation and labeling, which reduce the
feasibility to use these devices in real-world situations. In
addition, readout circuitry can be expensive, power hungry, and
more complex than desired for the development of portable
Sensors.

In contrast to traditional designs, microelectromechanical
systems (MEMSs) utilizing mechanical microstructures, such
as micromachined cantilevers, provide promising sensor so-
Iutions that are small, saleable, low power, and ultimately
portable. First demonstrations by Nathanson and Howe [5],
[6] using resonant microbridges for filtering and vapor sensing
showed the initial promise for these MEMS sensors. Since
then, MEMS resonant beam and cantilever sensing has be-
come a well-established method to detect various analytes
in an environment. Many of these devices have the advan-
tage of performing detection in a label-free manner [3], [7]
and can be mass fabricated in large parallel arrays to per-
form multiple sensing operations simultaneously. The devices
have also proven to be very sensitive. Recent developments
have reported detection of the attachment of single cells,
DNA, viruses [8], and even attogram-level mass measure-
ments [9].

Traditionally, the most sensitive cantilever sensors have been
measured using external optical methods [3], [8], [10], [11].
High displacement resolution allows for lower voltage resonant
operation and even the possibility of ambient thermal excitation
of resonant cantilevers. The most common measurement tech-
nique is similar to that employed in atomic force microscopy
(AFM), where a laser is reflected off the cantilever surface onto
a position sensitive detector (PSD) [12]. The oscillations of
the cantilever can be measured by the continuously changing
response of the detector. Other optical methods, such as inter-
ferometric measurements [13], can be used to achieve ultrasen-
sitive displacement resolution; however, like AFM techniques,
they generally require costly and bulky equipment and in-
frastructure. Methods, such as piezoelectric [14], piezoresistive
[15], and capacitive [16] readout schemes, have also been
employed to measure cantilever response; however, they do
not offer the same benefits of high displacement sensitivity
and relative electrical noise immunity that optical methods
exhibit [3].
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Chemical sensors use a variety of selective coatings from
polymers to self-assembled monolayers (SAMs) [3], [7], [17]
to attract chemical species to the active areas of the devices.
While these coatings are often highly specific in their response,
the vast majority of these coatings are a passive component
of the sensor as a whole: A mass absorption or surface stress
change is only measured from these layers by the appropriate
transducer, and from these effects, the chemical is inferred. To
perform the sensing of multiple chemicals in parallel, multiple
sensitive layers will be required, which may not be possible in
certain situations or may unnecessarily complicate fabrication
steps. Active absorption layers have been used in some of
the first solid state and current organic chemical field-effect
transistor (Chem-FET) sensors [18], [19], which use mobility
and charge changes due to the absorption and proximity of
chemicals to detect the materials of interest. Ideally, an active
absorption layer such as those used in Chem-FETs could be
used to measure mechanical effects such as absorption or sur-
face stress and internal electrical changes due to the absorption
of analytes simultaneously, reducing the fabrication complexity
and maintaining selectivity.

Traditional SAMs are a very common coating to create a
functional surface for chemical and biological sensors [3]. The
high quality of these films, their ability to be patterned, and their
flexibility to be used in a variety of situations have made them
a popular choice for chemical coatings. These films are limited
to surface sorption effects but can be tailored for very specific
chemical or biological attachments.

Polymers such as polyethereurethane, polyimide, or polycar-
bosilane [20]-[22] are often used as a chemical sensing layer.
These layers operate based upon absorption within the polymer
to increase mass, volume, or surface stresses, depending on
the transducer sensing function desired. These materials are
often chosen because of their robustness and ease of use. Many
of these polymers can be modified in such a way to increase
affinity for various chemicals, but due to various chemical
properties (hydrophilicity, polarity, porosity, etc.), they do not
always maintain the same type of extremely specific chemical
affinities that SAMs provide.

The chemical sensor presented in this paper merges the ver-
satility of MEMS cantilever sensors with the following: 1) an
integrated optical readout scheme using end-coupled waveguid-
ing structures first presented by Pruessner et al. [23] and, for the
first time, 2) an active absorption layer consisting of the organic
semiconductor pentacene. Our approach differs from other
cantilever sensors in that the measurement of the resonator can
be performed using a fully integrated optical readout method.
This readout is comparable in displacement sensitivity to the
more common AFM-style cantilever measurement and, due to
the use of III-V semiconductors, does not require as much
external equipment to perform. This provides an advantage for
the future integration of these single-chip sensors into portable
systems. The use of an active absorption layer pentacene has the
potential to increase the selectivity of these chemical sensors
by integrating transistor structures within the absorption layer
to provide an extra degree of freedom in the chemical sensing
measurement provided through the simultaneous electrical and
mechanical property interrogation.

II. PRINCIPLE OF OPERATION
A. Cantilever Sensing

To perform sensing functions, micromachined cantilevers are
coated with specific receptor or absorption coatings. Chemical
or biological agents will absorb in this coating, changing the
mass of the cantilever and producing a resonant frequency shift
[3]. By solving the Euler beam equation for a singly clamped
beam and applying this result to Hooke’s law, we can determine
an expression for the approximate resonant frequency of the
structure
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2\ L3cym,

fo= ey

where E is Young’s modulus, [ is the cantilever area moment of
inertia, L is the cantilever length, m,, is the cantilever mass, and
co = 0.24 is a mass correction factor for a rectangular beam.
By separating the mass of the cantilever from the absorbed
mass, the shifted frequency due to this additional mass can be
shown as
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where m 4 is the absorbed mass, and c4 is a constant that
describes the position of the added mass (0.24 < c4 < 1).
Measuring the change in resonant frequency over time exposed
to an analyte allows the added mass of the analyte to be
calculated using (2). Determining this frequency shift provides
information about the specific chemical or biological agents in
the environment. This allows the specific analyte mass to be
quantitatively measured.

A frequency shift can also be used in a qualitative fashion by
detecting a binary response to various chemicals: An apprecia-
ble frequency shift indicates the presence of a chemical species,
determined by the absorbing material used. A large array of
cantilevers with varying absorbing coatings can be fabricated
and calibrated to recognize a particular sensor response to
analytes of interest [24], [25]. This approach presents itself as a
more useful sensing methodology due to its scalability, relative
ease of implementation, and ability to screen multiple analytes
simultaneously.

B. Readout Mechanism

The major drawback in using optical readout methods lies
in the large free-space optical components (lasers, alignment
mirrors, etc.) required, which limit the deployment of these
sensors from laboratory use to portable systems. Furthermore,
alignment tolerance and accuracy for these methods can be
very stringent, as focusing a laser beam onto a microscale
device is difficult. Due to these alignment challenges and the
necessary reflected optical signals, cantilever device sizes are
constrained to designs which allow the beam to be focused onto
and reflected from the surface, which can decrease the device
sensitivity. To obtain the best displacement resolution, vibration
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Fig. 1. Cantilever waveguide principle of operation schematic.

isolation, as well as photodetector and sample thermal stability,
becomes more critical due to the increased degrees of freedom
introduced by the large number of components involved in the
measurement setup [26]. The need for noise-free, sensitive,
compact, and portable devices, therefore requires a different
readout approach.

Our approach to address these issues is a cantilever dis-
placement readout scheme which relies on the change of op-
tical coupling between two waveguides shown schematically
in Fig. 1. An input waveguide guides laser light from a lensed
fiber through a section of the waveguide that is separated and
released from the substrate. As the “free” cantilever waveguide
oscillates, it misaligns with a fixed output waveguide, decreas-
ing the optical power coupled to the output waveguide. This
output waveguide guides the light to an additional lensed fiber
and then to an off-chip photodetector.

This optical coupling due to misalignment provides a very
sensitive displacement measurement, with reported displace-
ment resolution comparable to the traditional PSD/reflection
readout system (~20 fm/ /Hz) [26]. The complexity and
amount of external equipment required are reduced signifi-
cantly using this method, where the alignment procedures for
onto and off-chip coupling are simplified. This concept has
been used for vibration measurement in harsh environments
using a silicon dioxide SiO2 cantilever waveguide [27] and as
a possible replacement for traditional AFM cantilever readouts
in force measurements [26].

While sensitive, these reported devices still need external
optical sources and often external photodetectors due to the
optically passive waveguide structures and indirect bandgap
silicon substrates. The III-V direct bandgap semiconductor
InP allows for the fabrication of optical sources, photodiodes,
and passive waveguide structures within a single substrate by
way of molecular beam epitaxy (MBE) growth. Therefore, in
the case of using III-V semiconductors, one can fabricate all
of the components on-chip monolithically, making single-chip
sensors a more viable solution.
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Fig. 2. Layer structure of MBE growth used for cantilever waveguides.

III. DESIGN
A. Cantilever Waveguides

The design of the cantilever waveguides focuses on resonant
frequency and constraints of electrostatic actuation, such as the
pull-in voltages of the cantilever and the maximum voltages to
be applied to the electrodes to perform the actuation. Previous
experiments identified a maximum voltage of 26 V, which
could be applied to the InP layer structure before breakdown
occurs. This limits the stiffness of the cantilever to an extent,
as certain pull-in voltages are calculated for a variety of lengths
and widths of cantilevers, as well as actuation gaps using the
method outlined by [28] and used to determine appropriate
actuation gaps and feasible dimensions for the cantilevers. In-
plane electrostatic actuation is chosen due to the ability to adjust
this actuation air gap and due to an insulating substrate beneath
(see Figs. 1 and 2).

The resonant frequency of the cantilever waveguides is used
as a design parameter due to its relation to the sensitivity of the
device. The mass loading sensitivity can be expressed as [3]

Am
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m, - 0.48
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where m, is the cantilever mass, fj is the resonant frequency,
and c4 is a coefficient from 0.24-1 describing the location
of the mass attachment (1 = concentrated at the cantilever tip).
From (3), we see that the sensitivity of the cantilever in question
is inversely proportional to the resonant frequency. The reso-
nant frequency of a cantilever can be defined as
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- o 4
2w L2\l p @)

fo

where W is the cantilever width, L is the cantilever length
(as defined in Fig. 3), E is the Young’s modulus of InP, p is the
density of the cantilever material, and a is a geometric factor
(140/132 = 1.06 for a rectangular resection). From (4), we see
that increasing the width of the cantilever and decreasing the
length of the cantilever will increase its resonant frequency and
thus increase the sensitivity of the device, as defined in (3).
Higher resonant frequencies exhibit higher quality factors (Q),
as dampening coefficients decrease with resonator length [29].
Higher @) factors will lead to more narrow resonance peaks,
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Fig. 4. SEM of the released cantilever waveguide.

thus decreasing the minimum measurable frequency shift (A f)
which influences the minimum detectable mass.

Ultimate cantilever dimensions are determined by physical
and practical limitations. Cantilever width is limited to less than
2 pm to reduce the stiffness of the cantilevers. As the stiffness
increases with the width, the displacement of the beam will also
decrease to the limit where the displacement is undetectable
using reasonable actuation voltages (< 26 V). At wider can-
tilever dimensions, the sensitivity due to misalignment of the
waveguides is also decreased (REF). The length and thickness
of the cantilevers are limited by intrinsic stress gradients and
MBE growth. An intrinsic arsenic contamination during the
MBE growth process creates a static out-of-plane bending of
that cantilevers, which is more pronounced at longer device
lengths. Devices longer than 100 ym can have nearly 2 pm
of out-of-plane bending, fully misaligning the cantilevers and
reducing the optical coupling across the gap (for an example
of out-of-plane bending, see Fig. 4). MBE growths are limited
in thickness due to the agglomeration of defects, and thus, the
cantilever thickness has been set at 2 um to reduce the growth
complexity and difficulty.

The Young’s modulus (80 GPa) was measured in our pre-
vious InP material property studies [30] and used to calculate
resonant frequency. Considering them, cantilever waveguide
dimensions ranged from 0.6-1.4 pm wide, 10-100 pym long
and 2 pm thick. Cantilevers were designed to study a range of
resonant frequencies and the limits of our measurement setup.

B. Absorbing Layer

In any resonant sensor, an interface layer is necessary to
absorb or attract a specific chemical species to provide a
mechanical change on the device. Various layers are chosen,
often based on the type of analyte to be detected or the type of
measurement to be used in reading out the sensor. This interface
provides selectivity and functionality to an otherwise ordinary
resonant mechanical structure.

The organic semiconductor pentacene was chosen as an
active absorbing layer for its multimodal sensing potential in
both electrical and mechanical domains, as well as compati-
bility with the cantilever waveguide device fabrication process.
Pentacene has been studied over the past few decades as a
material for the fabrication of organic semiconductor transis-
tors and circuit elements, as it maintains some of the highest
hole mobilities recorded to date. Pentacene and other organic
semiconductors have also been used as chemical sensors by
measuring the change in mobility due to the interactions with
absorbed chemical species. These sensors can suffer from
specificity in that many chemicals do not affect the mobility
or affect it similarly [18].

While it is most often seen employed as an absorbing layer in
solid-state chemical sensors by detecting the charges within the
pentacene layer, it has also been reported to absorb vapors and
gasses volumetrically in literature [31]. Therefore, pentacene
can additionally be used as an absorbing layer for a cantilever
microbalance, measuring the molecular weight of an absorbed
species. While the microbalance alone may not be very selec-
tive between different chemicals, the use of pentacene allows
us to increase the potential selectivity by fabricating a solid-
state pentacene Chem-FET with the cantilever mass sensor. In
this way, it becomes possible to further augment the cantilever
microbalance with transistor-based chemical detection in par-
allel to increase the selectivity of the sensor system in future
iterations.

The deposition of materials on existing free-standing struc-
tures is also a factor when choosing an absorbing layer for
the cantilever sensors. Most polymeric absorbing layers are
deposited via solution casting or through spray coating. Due
to the release and critical point dying processes employed in
the fabrication of our devices, coating the sensors with the
materials before undercut and drying is not a viable option,
often resulting in the removal of the polymer layers during this
process. Coating the cantilever postrelease is also not possible
due to stiction phenomena occurring, even for traditional spray
coatings which have minimum droplet sizes of up to tens of
micrometers. This is incompatible with minimum device fea-
ture sizes of 0.6 pm. Pentacene allows for the vapor deposition
onto the device structure postrelease without the concerns of
stiction. This provides another practical advantage to using this
absorbing coating for these devices.

C. Fabrication

Devices are fabricated from an epitaxially grown substrate
using MBE. The layer structure used for our waveguide res-
onators is shown in Fig. 2. This structure includes P-N junctions
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at the InGaAs—waveguide interface to reduce current leakage
through the substrate. Very slight mole fractions of gallium
and arsenic are introduced in the device layer to create a slight
tensile stress to prevent beam buckling.

The two-mask fabrication process flow used is similar to
some of our previous work in developing InP suspended
waveguides [23], [30], [32], [33]. A silicon dioxide hard
mask is deposited (thickness ~ 7000 A) on a 15 x 15 mm
chip and patterned with a 1-pum-thick resist exposed on a
5x stepper and a reactive ion etching (RIE) step. A cyclic
methane-hydrogen/oxygen plasma RIE is used to etch the
InGaAsP and InGaAs layers 3-5 pum deep with better than
85° sidewall angle. Ni-Au—Ge—Ni—-Au n-type ohmic contacts
are deposited using electron beam evaporation and annealed
in a hydrogen atmosphere at 400 °C for 40 s. The chip is
then thinned to 150-200 pum and cleaved to achieve optical
quality waveguide facets. The release of the devices is then per-
formed in a HF:H,O5 :H5O (1 : 1: 8) solution, which etches the
InGaAs layer 100% selectively from the waveguide layer. The
fabrication process is completed by using a CO; critical point
dryer to prevent the cantilevers from experiencing stiction. A
released cantilever is shown in Fig. 4.

For this initial experiment where no electronic function is
expected, the quality of the organic semiconductor film is not
of primary importance as it is with the fabrication of transistors
in pentacene [34]. Pentacene films are deposited on a completed
and previously characterized cantilever waveguide device using
thermal vacuum sublimation, which is a dry deposition method
compatible with the current sensor fabrication process. It also
minimally affects optical propagation, as its index of refraction
is lower than that of InP (nInP ~ 3.1) [35], making it a good
match for the cantilever waveguide sensor presented in this
paper. Assuming a volumetric absorption, this initial design
uses a relatively thick layer (200 nm) to maximize the chemical
or vapor absorbed into this coating.

IV. TESTING RESULTS
A. Cantilever Waveguide Testing Procedures

Device testing was performed by measuring the modulation
of light transmitted through the waveguide cantilever while res-
onating. This was accomplished by coupling light at 1550 nm
from a laser source into our devices using a lensed fiber to
focus the beam onto the waveguide input facet. A second lensed
fiber collects light from the output waveguide facet, which is
then measured with a photodetector. The analog photodetector
output signal is captured with an oscilloscope and then analyzed
using MATLAB. Micropositioner probes are used to make
electrical contact to the actuation electrodes to provide in-
plane actuation. Actuation of the cantilevers is carried out by
applying voltage signals generated with a function generator
with approximately 10-V peak-to-peak amplitudes.

The measurement of the resonant frequency was carried
out by two techniques: a frequency sweeping and a “tuning
fork” ring-down technique. Frequency sweeps were performed
by actuating the cantilever waveguides at a known frequency
and constant amplitude. The output is measured as a function
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Fig. 5. Plot of the measured resonant frequency versus length. Fit line shows
resonant frequency is proportional to L~2 of the cantilever. Cantilevers with
length of 45 to 100 pm and a width of 1.2 pum are shown. Inset shows an
example of the resonant frequency measurement after Fourier transform of the
raw data using the ringing measurement technique.

of the input frequency, where the signal amplitude indicates
the relative misalignment of the input cantilever waveguide.
This provides a measurement of the motion of the beam.
A Lorentzian curve was then fitted to the amplitude versus
frequency data to extract the resonant frequency and () factor
for the cantilever under test. The ringing method employs a dc
actuation pulse which actuates the cantilever waveguide to a
static displacement and then releases it, allowing it to oscillate
to the rest position. This output ringing response takes the form
of a decaying sinusoid, which is then analyzed in MATLAB
by taking a Fourier transform of the data. To convert the step
response into an impulse response, the frequency spectrum
obtained by the transform is multiplied by j. A final Lorentzian
fit is made to the frequency spectrum from which resonant
frequency and @ factor are extracted (see inset of Fig. 5).

The frequency sweep technique was first used to analyze
uncoated cantilevers due to its ability to analyze devices of all
sizes and resonant frequencies. The resonant frequency of the
cantilever waveguides ranges from 81.1 kHz (W = 1.2 um;
L =100 pym) to 5.78 MHz (W = 0.8 pm; L = 10 pum). As
expected, the resonant frequency of the cantilever is inversely
proportional to L2 of the cantilever, as shown in Fig. 5. The
5.78-MHz resonant frequency cantilever with a quality factor of
356 (W = 0.8 pm; L = 10 pm) has the highest frequency and
quality factor that have been obtained using the current testing
setup, which is an improvement over past reported results [36].
The @ factor is expected to be directly proportional to the
resonant frequency [37], [38] with the general trend agreeing,
as shown in Fig. 6. The drawback of the frequency sweep
technique is the time required to perform the measurement,
which is the primary reason why it was abandoned in later tests.

The ringing measurement method was chosen for all envi-
ronmental tests for its relatively fast data acquisition (~1 s)
and ease of direct implementation into the data acquisition
and analysis setup. Due to breakdown voltages, the sizes of
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1.2 pm are shown.

testable cantilevers were limited to medium lengths, rather than
the high-frequency devices. With increased stiffness of shorter
cantilevers, dc actuation becomes more difficult without imple-
menting a gated sinusoidal actuation scheme to more efficiently
resonate the cantilevers. This gated sinusoidal actuation signal
can create inconsistencies in measurements due to a frequency
tuning effect caused by a required dc voltage offset in the
signal and therefore is currently not being used for actuation. To
balance the actuation voltage limits and the resulting resonant
frequency, cantilevers with 60-um length were chosen for this
initial mass sensing experiment.

Testing cantilever waveguides with the pentacene layer re-
quired initial characterization of the device and a chemical
sensor setup that required a controlled environment. The same
characterization techniques used for the standard cantilever
waveguides, frequency sweep, and ring down were applied to
cantilever waveguides with a deposited pentacene layer. The
increase in mass due to the deposition of pentacene resulted
in a negative frequency shift of 1.61 kHz, corresponding to a
mass increase of 9.701 pg. With a known deposition thickness
of pentacene of 200 nm on a known cantilever (W = 1.2 um;
L = 60 pm), the density of the deposited pentacene was calcu-
lated to be 673.7 kg/m?, which is in relatively good agreement
with bulk phase density of ~1000 kg/m® [39]. No measure-
able difference in the () factor was seen after the pentacene
deposition.

The chemical sensor setup requires the delivery of the analyte
to the cantilever’s pentacene coated surface. Isopropyl alcohol
[(IPA); 60.10 g/mol] and ethanol vapor (46.07 g/mol) were
chosen due to their high vapor pressure at room temperature,
nonreactive nature with air, nontoxicity, availability, and ease
of use. The fluid was stored in a bubbler (300-mL glass filtering
flask with internal tubing) attached to a dispensing system
which consisted of a plastic capillary and rubber tubing. An in-
ert carrier gas, nitrogen (N2 = 28.0 g/mol), was introduced into
the bubbler and transported the vapors to the device surround-
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Fig. 7. Frequency versus time under exposure to IPA for two exposure cycles,
showing a consistent frequency shift of approximately —65 Hz in the resonant
frequency. The long term drift is attributed to changes in ambient conditions
and actuator drift.

ings. Temperature and humidity were also monitored during
the testing of chemical sensors. The estimated concentrations
of IPA and ethanol vapors were 58 000 ppm, and 61 000 ppm,
respectively.

Testing was performed by first purging the environmental
chamber with No, establishing a baseline measurement of the
resonant frequency. IPA vapors were then introduced to the
system along with the Ny carrier gas. Each vapor introduction
cycle consisted of 33 min of exposure to the gas mixture, with
ring-down resonant frequency collection every 2 s. After this
exposure, the flow through the bubbler was again switched to
a pure Ny flow to recover the system and desorb the vapors.
This process was repeated a number of times for both IPA and
ethanol vapors.

V. RESULTS AND DISCUSSION

The resonant frequency of the cantilever waveguide with a
pentacene layer was tracked to detect the mass change due to
the introduction of IPA and ethanol vapors. The fitted resonant
frequency versus time, shown in Fig. 7 for IPA vapors and
Fig. 8 for ethanol, shows an average resonant frequency shift
of —65.0 Hz for both cases. This shift in resonant frequency
corresponds to a mass increase of 6.92 4 1.1 x 107* g. An
exponential decay function was fitted to the trend of the data,
with an estimated time constant of the absorption to be about
5.3 min for IPA vapors and 4.2 min for ethanol vapor. In both
cases, full recovery to the original baseline resonant frequency
was obtained after purging with No.

A drift was experienced over the data range, which can be
attributed to optical fiber misalignment due to electrostrictive
actuator drift and the change in environmental conditions over
the duration of the day of the measurement (morning to night).
The actuator movement did not affect the absolute frequency
shift experienced by the resonators but did increase the uncer-
tainty of the measurements. In one instance, the misalignment
caused a loss in resonant frequency peaks, shown by the region
of missing data in Fig. 8. Both the IPA and ethanol caused
statistically identical frequency shifts, which may be a result
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Fig. 8. Frequency versus time under exposure to ethanol for two exposure
cycles, showing the same consistent frequency shift of —65 Hz in resonant
frequency. The long term drift is attributed to changes in ambient conditions
and actuator drift. Note the missing data at 4000 s, which can be attributed to
the significant misalignment of input and output optical fibers.

of the molecule size compared to the available volume for
absorption within the pentacene layer. It is possible that a
chemical reaction between ambient environment and IPA such
as the oxidation of pentacene to pentacenequinone [31] may
have contributed to the change in the absorption properties of
the film during the first absorption measurements, making the
two vapors indistinguishable. In addition, the time constants of
the absorption of IPA and ethanol are not drastically different
from one another. Response time seems to show a slight de-
crease with smaller molecules (ethanol), which may indicate
the absorption mechanism is related to molecule size. The
temperature differences of the vapors between the absorption
and desorption may have affected the relative rates of diffusion
into and out of the pentacene layer. More detailed investigation
of the pentacene absorbing layer is required to fully explain
these phenomena.

For this initial experiment, the large pentacene film thickness
was deposited based upon incomplete previous knowledge of
this film’s sorptive behavior. A thinner layer would change
the absorption parameters, possibly speeding up the process.
Thinner layers also produce higher quality film growths and
would be more suited for the fabrication of organic transistors
within the layer [40]. Further optimization of the pentacene
layer thickness will assist not only in understanding the ab-
sorption mechanisms but also improving the response time and
selectivity of the sensor [21].

Based upon the mass sensitivity calculated from (3) by
estimating a minimum Af from the standard deviation of
baseline measurements, we can measure a minimum Am of
5.09 x 10715 g using these devices. We believe that this
minimum Am is largely limited by the current testing setup
and can be further decreased by reducing the noise due to the
inline photodetector, transmission line effects due to external
cabling, and ambient mechanical vibration, actuator drift, and
air currents affecting the placement of lensed fibers and, thus,
the optical coupling into and out of the waveguide facets. The
removal of just one lensed fiber from the optical setup by inte-
grating an on-chip photodiode will reduce noise due to ambient

vibrations and actuator drift. The next step toward single-chip
sensor technology requires the introduction of on-chip mono-
lithic photodetectors and sources, which will greatly enhance
the sensitivity of the cantilever waveguide sensors by reducing
on- and off-chip coupling losses due to waveguide—fiber mode
mismatch, misalignment, and vibration.

Future design work will concentrate on increasing the can-
tilever @) factor, as discussed previously, to facilitate a lower
minimum Am, since this will directly affect the performance
of the device in the improved next generation testing setup. For
these cantilever waveguides tested, the () factor in air was cal-
culated to be ~60 due to high viscous and squeeze film damping
losses. As an example of future possibilities, cantilevers with a
length of 10 xm have been characterized in the megahertz range
of resonant frequencies with @ factors surpassing 300 in air.
Assuming similar noise sources and levels, this would equate
to a minimum Am of 5.0 x 10716 g, which is possible with
this high-frequency cantilever. Along with the improvement of
the testing setup, such as the introduction of a lock-in amplifier
and/or a feedback loop to inflate the ) factor, these devices
would further increase the mass sensitivity of our system due to
the increased intrinsic () factor arising from decreased damp-
ening losses at higher operating frequencies. High-frequency
cantilever waveguides are currently undergoing more thorough
testing and characterization before environmental testing.

VI. CONCLUSION

A resonant cantilever sensor with a novel optical readout
has been successfully designed, fabricated, and tested. The
chemical sensor utilizes an InP cantilever waveguide resonator
coated with a pentacene thin film absorption layer. A resonant
frequency shift is measured due to the volumetric absorption of
IPA and ethanol into the deposited thin film pentacene. Unlike
conventional cantilever piezoelectric or capacitive readout, this
system takes advantage of the high resolution and sensitivity of
an optical readout, which utilizes the cantilever as a resonator,
as well as an optical waveguide. Improvement in selectivity
of the chemical sensor can be further investigated with the
integration of pentacene solid-state sensors, which will require
additional tailoring of the pentacene layer. The measurements
of various explosive vapors and other harmful organic vapors
can also be carried out to more clearly establish the selectivity
of the pentacene absorbing layer in the context of the cantilever
sensors. Using these cantilever waveguide resonators, the min-
imum measurable Am is 2.23 x 10715 g. However, higher
sensitivity can be obtained by utilizing cantilevers with higher
resonant frequency and () factor. Further efforts to improve the
testing setup by decreasing electrical and photodetector noise
will increase the potential sensitivity as well.

This paper represents the first significant step toward the use
of InP in a chemical sensing system. Future work will take full
advantage of the III-V materials being used in the fabrication of
our cantilever waveguides to demonstrate the integration of on-
chip optical sources and photodetectors to decrease the testing
setup complexity. The design and implementation of an on-
cantilever pentacene Chem-FET device will be one of the first
demonstrations of an active absorbing layer being utilized on a
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cantilever transducer and will be the final step toward the devel-
opment of selective, sensitive, and compact single-chip sensors.
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