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1
METHODS AND APPARATUS FOR
ULTRA-SENSITIVE TEMPERATURE
DETECTION USING RESONANT DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a Continuation Application of U.S. Ser. No.
13/049,632 filed Mar. 16, 2011, which claims priority under
35 U.S.C. § 119 to provisional application U.S. Ser. No.
61/340,360 filed Mar. 16, 2010, all of which are herein
incorporated by reference in their entirety.

1. GRANT REFERENCE

This invention was made with government support under
Grant No. ECCS0925438, awarded by the National Insti-
tutes of Health and under Contract No. W911NF-07-1-0327,
awarded by the Army Research Office. The government has
certain rights in the invention.

II. BACKGROUND OF THE INVENTION

A. Field of the Invention

The present invention relates to use of resonant devices to
measure temperature and, in particular, to fabrication and
use of such devices for improved performance and versa-
tility for a wide variety of applications.

B. Related Art

Use of resonant devices to transduce temperature is
well-known. Certain crystal cuts can provide high tempera-
ture dependence on the resonant frequency of the crystal.
See, e.g., Goyal, A., Zhang, Y., and Tadigadapa, S., “Y-Cut
Quartz Resonator Based calorimetric Sensor”, SENSORS,
2005 IEEE (Oct. 30, 2005-Nov. 3, 2005) incorporated by
reference herein.

However, it has been discovered that conventional uses
and modes of operation of such sensors present certain
limitations in, inter alia, their use, accuracy, and applica-
tions. For example, current conventional configurations of
such sensors raise the following issues:

a. Response times. Limitations on response times tend to

limit usefulness of the sensors.

b. High cost. Cost can affect practical applicability.

c. Cumbersome nature/complexity. Such factors can also
affect practical applicability.

d. Mass loading effect. This can confound temperature-
related frequency shift with simultaneous mass loading
effects.

e. Size. Even though current configurations are quite
small, their form factor presents limitations (e.g. limits
the number that can be fabricated on a given chip area).

f. Sensitivity. It has been discovered that the well-known
relationship between resonant frequency of the resona-
tor and temperature leaves room for improvement in
sensitivity of the sensor.

Thus, room for improvement exists in this technical field.

III. SUMMARY OF THE INVENTION

A. Objects, Features, Aspects, or Advantages

It is a principle object, feature, aspect, or advantage of the
present invention to provide methods, apparatus, and sys-
tems which improve over or solve certain problems and
deficiencies in the state of the art.
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Another object, feature, aspect, or advantage of the pres-
ent invention is an improved sensitivity quartz resonator
temperature sensor and method.

Another object, feature, aspect or advantage of the present
invention is a quartz resonator temperature sensor and
method which deters mass loading effect.

Other objects, features, aspects, and advantages of the
present invention will become apparent with reference to the
accompanying specification.

B. Methods

In one aspect of the invention, ultra-sensitive temperature
measurement is accomplished by placing a quartz resonator-
based calorimetric sensor at or near a measurement location,
such as might be defined by a reactor chamber or other
vessel or location at which temperature is to be monitored
during some event or time period. One of the components of
the complex impedance (modulus or phase, or real or
imaginary parts) at or near resonance of the sensor is tracked
at a fixed given frequency. This has been discovered to result
in better temperature sensitivity than the conventional track-
ing of frequency of the sensor.

In another aspect of the invention, a quartz resonator-
based calorimetric sensor is placed very near the measuring
location, but not in contact with any reaction chamber or
vessel containing the event and not in contact with the
analyte. Radiative and gas-conduction coupling of heat of
reaction between the event at the measuring location and the
sensor occurs without direct conductive coupling or mass
loading factor between the sensor and chamber or event for
maximum measurement sensitivity.

In another aspect of the invention, an ultra-sensitive
temperature measurement array can be fabricated by any of
a variety of known micro- and nano-scale fabrication pro-
cesses. Examples include but are not limited to photolithog-
raphy, solder bonding, etching, nano scale self-assembly
technique, or micro machining.

In another aspect of the invention, the quartz element of
the quartz resonator-based calorimetric resonator is fabri-
cated to have significantly smaller thermal mass than con-
ventional quartz resonator-based calorimetric sensors. One
example is processing the quartz element to a much smaller
thickness than is conventional. This can produce not only
higher sensitivity, but can allow greater density of sensors
per area, such as on an integrated circuit chip at micro- or
nano-scale. For example, arrays of resonators of this type
could be integrated with one reaction chamber or an array of
reaction chambers for concurrent, multiplexed monitoring of
temperature from the plural sensors. The fabrication could
comprise integration of the sensors with CMOS-based inte-
grated circuits for fabrication of a complete integrated
device.

In another aspect of the invention, any of the above-
described methods could be combined.

C. Apparatus

Other aspects of the invention comprise apparatus that can
be used for one or more of the above-described methods.

One aspect is an apparatus for ultra-sensitive temperature
measurement comprising a quartz resonator-based calori-
metric sensor but substituting an impedance/admittance
measurement circuit for a frequency measurement circuit
and converting frequency-related effects into the impedance/
admittance domain for tracking temperature.

In another aspect of the invention, the sensor is fabricated
to a relatively small size (micro- or nano-scale), including
using a very thin quartz element or wafer.

In another aspect of the invention, a reaction chamber is
fabricated such that the quartz element or wafer can be
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brought very close to the reaction chamber but neither in
contact with it or the analyte that might be placed in it so that
radiative and gas-conduction coupling of heat or reaction
between the event in the chamber and the sensor occurs
without direct conductive coupling or mass loading factor
between the sensor and chamber or event for maximum
sensitivity.

In another aspect of the invention, an array of such
sensors is produced by micro- or nano-scale fabrication
techniques. The array can be used with one reaction chamber
or with a plurality of chambers. The geometry of the array
of sensors and the chamber(s) can be configured to align the
sensors with the same, as well as position them in close
proximity.

In another aspect of the invention, an apparatus comprises
an array of sensors which are free-standing, thermally insu-
lated, thin structures with good thermal contact to a semi-
conductor substrate, and thus adapted for use in infra-red
image rating and low noise applications.

D. Systems

Other aspects of the invention include utilizing methods
and/or apparatus as above-described in a variety of combi-
nations or systems for different applications.

IV. BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the invention will be illustrated in several
exemplary embodiments. The following appended drawings
will be referred to in the descriptions of those exemplary
embodiments.

A. Exemplary Embodiment 1 (General Method,
Apparatus and System)

FIG. 1A is a diagrammatic view of a fabrication method
of'thin, thermally insulated, silicon co-integrated small form
factor quartz resonators according to one exemplary
embodiment of the present invention.

FIG. 1B is a schematic circuit diagram illustrating an
equivalent RLC circuit model for an electrical resonator.

FIG. 1C is an example of complex impedance character-
istic of an electric resonator (modulus (left side) and phase
(right side)).

FIG. 1D is graphs illustrating frequency shift (position of
f, peak) as a function of temperature for a Y-cut quartz
crystal resonator.

FIG. 1E is graphs showing resonance frequency change as
a function of temperature for a sensor of the type of FIG. 1A.

FIG. 1F is a diagrammatic depiction of a conventional
resonator-based temperature detection scheme.

FIG. 1G is a diagrammatic illustration of a temperature
detection scheme using complex impedance measurement at
a given reference frequency according to one exemplary
embodiment of the present invention.

FIG. 1H is graphs illustrating the recording of an imped-
ance modulus (left side) and phase (right) change at a given
reference frequency for the exemplary embodiment of the
type of FIG. 1A.

FIG. 1I is a schematic illustration of a measurement
technique according to the detection scheme according to
the exemplary embodiment of FIG. 1G.

FIG. 1] is plots of variation of impedance modulus (left)
and phase (right) as a function of temperature for the
exemplary embodiment of the type of FIG. 1G.
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B. Exemplary Embodiment 2 (Quartz Resonator
Array for Calorimetric (Bio)Chemical Sensing
Applications)

FIG. 2A is a perspective diagrammatic view of an instru-
ment with multi-analyte (BIO) chemical assay system
according to another exemplary embodiment of the present
invention.

FIG. 2B is diagrammatic depictions of the reaction cham-
ber and sensor combination of FIG. 2A. Top right view (a)
is a plurality of sensors in 2x2 quartz resonator array.
Bottom view (b) shows a silicon nitride membrane, the four
circles schematically represent four different functionaliza-
tions placed right above the four pixels of view (a). The
bottom left view is an enlarged view of a single quartz
resonator showing the free standing quartz resonator with
the top and bottom electrodes running along the suspension
arms. The bottom right view is a cross-sectional diagram-
matic schematic view of an individual pixel showing the
silicon nitride reaction chamber (facing down) and the
quartz resonator above it separated by a nickel spacer post.

FIG. 2C is a photograph (left) of a fabricated quartz
crystal resonator array with 8 resonators per chip (inset
shows an enlarged view of one of the pixels).

FIG. 2D is a graph showing simultaneous response of
three quartz resonator pixels upon absorption of infrared
radiation from a broad band lamp source modulated at a
frequency of 33 MHz.

FIG. 2E is a schematic diagrammatic depiction of a
sequence of a fabrication process flow to manufacture a
sensor according to an aspect of the invention. Step 1
comprises Si;N,/Si0,/Si;N, deposited Si wafer. Step 2—2
mm Indium is plated on top of 2-3 mm thick electro plated
Nickel posts. Step 3—Si wafer is etched from back side.
Step 4-100 mm thick polished Y-cut quartz wafer is pat-
terned with gold and plated with in solder. Step 5—Quartz
wafer is aligned and solder bonded to the Si substrate wafer.
Step 6—Quartz is thinned to 10 mm via polish etching in
ICP RIE. Step 7—top gold electro is deposited and pat-
terned. Step 8—Quartz is patterned and etched to create the
thermally isolated pixels as shown in FIG. 2B using plasma
etching and opening up bottom contact.

C. Exemplary Embodiment 3 (Room Temperature
Infrared Imaging Array Fabricated Using
Multi-Materials Integration Methods)

FIG. 3A is a perspective schematic illustration of an IR
sensor pixel according to another embodiment of the inven-
tion. The free-standing pixel is fabricated by heterogeneous
integration on a silicon substrate.

FIG. 3B is a schematic diagrammatic cross-section view
of a fabrication process for the pixel of FIG. 3A.

FIG. 3C is a photograph of the fabricated resonator array
of multiple pixels of FIG. 3A. The insets show the close-up
view of one pixel. The central resonator disk is free standing
and is anchored at the four corners where electrical contacts
are also taken. Top electrode is 200 um in diameter.

FIG. 3D is a graph of a resonance curve showing |Z|
(continuous) and phase (dashed). Quality factor is 4200 at
241 MHz.

FIG. 3E is a graph of experimentally measured tempera-
ture dependence of the resonance frequency for the fabri-
cated resonators of FIG. 3A.

FIG. 3F is a graph of IR response of the quartz resonator
pixel of FIG. 3A as compared to a reference sensor at 5 Hz
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modulation. Noise equivalent power NEP of 2.8 nW\Hz
and a detectivity D* of 1.79x107 cmHz"W were mea-
sured.

FIG. 3G is a graph of measured thermal frequency
response of a detector of FIG. 3A. The graph implies a
time-constant of approximately 30 ms.

12

D. Exemplary Embodiment 4 (Application of
Micromachined Y-Cut-Quartz Bulk Acoustic Wave
Resonator for Infrared Sensing, JIMS, VoL, 20, No.

D

FIG. 4A is a schematic illustration of an IR sensor pixel
design according to another exemplary embodiment of the
present invention. The free-standing pixel is supported
through the four legs mechanically which also thermally
connect the pixel to the heat sink (substrate).

FIG. 4B is a graph of real and imaginary components of
the impedance of a micro machined 89-MHz quartz reso-
nator according to FIG. 4A.

FIG. 4C is a graph showing frequency dependence of the
imaginary part of the impedance for three different tempera-
tures for a sensor of the type of FIG. 4A. In the small-signal
approximation, this linearized method offers an additional
gain when monitoring impedance about the quiescent fre-
quency.

FIG. 4D is a schematic diagram of an electronic interface
for real-time impedance tracking of the IR sensor array of
pixels of FIG. 4A.

FIG. 4E is a schematic cross-sectional view of the quartz-
silicon co-integrated micro electrical mechanical systems
resonator fabrication process according to an aspect of the
invention.

FIG. 4F is an optical image of a fabricated quarts reso-
nator-based IR detector array according to pixels of FIG. 4A.
The central resonator disk is free standing and is anchored
at the four corners where electrical contacts are routed. The
top electrode is 200 um in diameter.

FIG. 4G is a graph of resonance characteristics of the
micro machine quartz resonator of the type of FIG. 4A
integrated on a silicon substrate. Mechanical losses at the
anchors and acoustic losses in the clamped regions arising
from the parasitic capacitance due to the silicon substrate
have degraded the overall quality factor of the resonator.

FIG. 4H is a graph of experimentally measured variation
of the resonance frequency with temperature for a 241 MHz
resonator of the type of FIG. 4A.

FIG. 41 is a graph of response of a quartz IR detector of
the type of FIG. 4A for the same input IR power and
modulation frequency.

FIG. 4] is a graph of calculated values of the IR respon-
sivity, NEP, and D* for the 241-MHz micro machine quartz
resonator. The calculator values are an order of magnitude of
higher than the respected measured values.

FIG. 4K is a graphic representation of NETD due to
flicker and thermal fluctuation noise components clearly
shows that the thermal component entirely dominates the
performance of the device.

FIG. 4L is a graphic depiction of a simulation of temporal
evolution of the temperature profile at the midpoint of an IR
sensor pixel of the type of FIG. 4A in response to a step
function of incident radiation. The inset shows the spatial
distribution of the temperature profile of the pixel in steady
state. The values of the incident power density were taken
from the experimental measurements.

FIG. 4M is a graphic illustration of output of the sensor
of FIG. 4A as function of the modulation frequency and
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shows a low-past thermal behavior. The time constant based
on the three dB cutoff criteria gives a time constant of 30 ms.
However, this time constant is limited by the optical chopper
used in this work.

E. Exemplary Embodiment 5 (Micromachined
Quartz Resonator-Based High Performance
Thermal Sensors)

FIG. 5A is schematic perspective illustration of a thermal
detector according to another exemplary embodiment of the
present invention.

FIG. 5B is graphs illustrating (a) real and imaginary
impedance spectrum at resonance for an 18 pm thick Y-cut
resonator of the type of FIG. 5A (see top graph the Q-factor
is approximately 115000; and (b) real and imaginary imped-
ance spectrum at resonance for a 6.9 um thick Y-cut reso-
nator (see bottom graph, the Q-factor is approximately
4200). Insets in each case show the temperature sensitivity
of the resonance frequency.

FIG. 5C is a plan view of a mask layout of an IR sensor
array chip with plural resonators of the type of FIG. 5A.
Each pixel is a 500 um square with the central suspended
resonator disk diameter varying from 200 um to 450 um. The
top and bottom electrodes are laid out to minimize overlap
and avoid parasitic capacitive coupling in the sensor array.

FIG. 5D is a graph of a response of a reference detector
(jagged line) and the Y-cut quartz detector (smoother line) to
modulated input radiation from a broad band IR lamp.

FIG. 5E is simulated temperature profiles of an IR sensor
pixel of the type of FIG. 5A for input radiation correspond-
ing to the settings used in the calibration experiment at four
different times, as indicated. The maximum temperature
change of 126 mK is predicted at a time constant of 6 ms
through these simulations.

FIG. 5F is a schematic cross-section illustration of a
sensor configuration of the type of FIG. 5A showing a
reaction chamber which is placed in close proximity to the
quartz resonator thermometer with a distance of 10-100 pm.
The figure is not to scale.

FIG. 5G is a graph illustrating effective heat transfer
coeflicient plotted as a function of a distance between a
sensor and the reaction chamber spacing of the type of FIG.
5F. The above heat transfer coeflicient includes both radia-
tive and conduction heat transfer through the confined air
between the sensor and the reaction chamber.

FIG. 5H is a graph of output of the sensor for a reaction
of 1% HCI with various concentration NH,OH. Since the
concentration of HCI was fixed, the heat output begins to
saturate for higher concentration of NH,OH (inset) since the
reaction requires 1:1 molar concentration.

F. Exemplary Embodiment 6 (Monitoring
Biochemical Reactions Using Y-Cut Quartz
Thermal Sensors)

FIG. 6A is a schematic illustration of a thermal detector
according to another exemplary embodiment of the present
invention.

FIG. 6B is a schematic illustration of a biosensor of the
type of FIG. 6 A with a separated reaction chamber placed in
close proximity to the quartz resonator temperature sensor.

FIG. 6C is optical photographs of a plurality of Y-cut
quartz based bulk acoustic wave resonators of the type of
FIG. 6B. Top left at (a) is a photograph of a sensor array with
8-pixels arranged around the perimeter of the square. Top
right at (b) is an enlarged image of one of the pixels. Bottom
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left at (c) is a package device on a 100 um thick stainless
steel plate. Bottom right at (d) is a package device with a
PDMS reaction chamber. The central hole exposes the
sensor array to the reaction chamber which is placed directly
atop.

FIG. 6D is a graphical representation of real and imagi-
nary components of admittance of a micro machine 90.94
MHz quartz resonator according to FIG. 6B. The inset shows
the temperature sensitivity of the resonance frequency.

FIG. 6F is a graph showing temperature sensitivity of the
Y-cut quartz resonator-based thermal sensor of FIG. 6B
measured by placing approximately 3 mm of heated hot
water in the reaction chamber. The measured sensitivity used
in this method is approximately 27% of the sensitivity
obtained from ideal temperature sensitivity measured in
FIG. 6D.

FIG. 6F is a graphical illustration of time dependence of
ImlY| of the quartz resonator sensor of FIG. 6B in real time
upon addition of 0.5%-4% NH,OH, to 1% HCI. Inset shows
the peak amplitude for each concentration.

FIG. 6G is a graphical representation of output of the
sensor for various concentrations of urea catalyzed by the
enzyme urease. Increasing concentration of urea results in a
linear increase in the peak impedance (see inset).

FIG. 6H is (a) a graphical illustration (left) of experimen-
tal and finite element simulated temperature evolution tem-
poral profile for 0.3M urea-urease reaction; and (b) spatial
distribution of the temperature profile of the pixel at times
t=1 s (right top) and t=100 s (right bottom).

FIG. 6l is a graphical illustration of output of the sensor
for various concentrations of glucose catalyzed by glucose
dehydrogenase enzyme. Increasing concentrations of glu-
cose results in monotonic increase in impedance which has
been fitted by a straight line.

FIG. 6] is a graphical illustration of measurement of
calcium ionophore induced activity in pancreatic cancer
cells. Pancreatic cancer cells are grown in the reaction
chamber and placed atop the quartz thermal sensor for
measurement of the heat elevation from the interaction of
the cells with the Ca®* permeating through the cell mem-
brane.

V. DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS OF THE INVENTION

For a better understanding of the invention and its aspects,
specific examples of forms the invention can take will now
be described in detail with reference to the above-described
drawings. It is to be understood, however, that these detailed
examples or embodiments are neither exclusive nor inclu-
sive of all the forms the invention can take. For example,
variations obvious to those skilled in the art will be included
in the invention.

These embodiments are presented for illustration and not
limitation. It should be appreciated that though the embodi-
ments focus on micro- or nano-scale fabricated arrays of
sensors and/or reaction chambers, the invention is not nec-
essarily limited thereto. Aspects of the invention apply to
individual sensors or individual sensor/reaction chamber
combinations of various scale and form factors.

Also, some of the embodiments describe aspects of the
invention used in combination. As can be appreciated by
those skilled in the art, certain aspects can be used indepen-
dent of others.

The embodiments specify certain applications of the
sensors and methods. As will also be understood by those
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skilled in the art, aspects of the invention can be used in
other applications in analogous ways.

Aspects of certain embodiments include the following
concepts:

1) A fabrication method to produce extremely small
thermal mass-reaction chamber array placed in close prox-
imity (e.g. 10 nm-1 mm) range to the quartz resonator array
using micromachining techniques. The close proximity of
the sensor to the reaction chamber allows for direct detection
of temperature change of the reaction chamber in response
to the biochemical reaction while the separation allows for
decoupling of the mass loading effect.

2) A new measurement method using near-resonance
complex impedance tracking technique for enhancement of
the transducer temperature sensitivity.

A more generalized description of these and other aspects
of the invention will be discussed with respect to Exemplary
Embodiments 1 and 2. Specific additional applications and
embodiments will be discussed with respect to Exemplary
Embodiments 3-6. It is to be understood, however, that these
Exemplary Embodiments are illustrative and not compre-
hensive of all forms the invention can take.

A. Exemplary Embodiment 1 (General Method,
Apparatus and System)

Two prominent aspects are as follows.

1. Fabrication Method

Fabrication of extremely small thermal mass quartz reso-
nance-based calorimetric sensors allows the sensors to be
placed in close proximity to the event to be measured.
Similarly, fabrication of extremely small vessels or reaction
chambers, and the ability to position the sensors near the
event but neither touching the reaction chamber nor requir-
ing placement of the analyte on the sensor, improve sensi-
tivity of the measurements.

In the examples of Exemplary Embodiments 1-3, Y-cut
quartz monolithic crystals are utilized. Micromachining
techniques are well-known in the art (see, e.g., Marc J.
Madou, “Fundamentals of MicroFabrication, CRC Press,
Boca Raton, Fla., USA, 2002, (2" Edition)).

Typical conventional quartz elements used in resonant
sensors are on the order of 80 to 600 pm thick with resonant
frequencies in the range of 3 to 20 MHz As described at
Exemplary Embodiments 1-3, fabrication techniques can be
used to create quartz wafers on the order of 1 to 10 pum thick
with resonant frequencies in the range of 150 to 1000 MHz
Moreover, the fabrication techniques can produce multi-
sensor arrays of the size and configuration to be beneficially
applied in a wide variety of ways. One example is high pixel
density, calorimetric (bio)chemical sensor arrays.

Details regarding the fabrication and assembly of such
systems are set forth in the corresponding descriptions of
Exemplary Embodiments 1-6 below, including diagram-
matic illustrations of fabrication processes and final products
for an exemplary thin, thermally insulated, silicon co-inte-
grated small form factor quartz resonator. As indicated, this
process can be implemented with conventional micro- and
nano-scale fabrication techniques to produce multi-sensor
arrays. Specifics regarding production of an extremely thin
quartz wafer are set forth. Likewise, the descriptions show
how fabrication produces a thermally isolated sensor. They
also demonstrate how placement (e.g. distance from) the
quartz wafer sensor element relative to the event being
measured can be controlled.

As indicated in the Exemplary Embodiments, these meth-
ods according to the present embodiment can produce
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sensors with quartz elements on the order of 1 to 10 pum thick
with resonant frequencies in the range of 150 to 1000 MHz
They can facilitate positioning of the sensor elements within
10 nm to 1 mm from the analyte and/or a reaction chamber
to maximize heat transfer through radiative transfer. This
provides the potential benefits described in the Exemplary
Embodiments.

2. New Measurement Method

Following are details regarding an apparatus, method, and
system of improving sensitivity of crystal resonators as
calorimetric sensors. The state of the art implementation of
such sensors is to track change in resonator frequency, and
utilize a calibration of resonance characteristic changes as a
function of temperature variations to derive temperature
values from use of the resonator as a temperature sensor.

This Exemplary Embodiment 1 details a different para-
digm. Instead of monitoring frequency of the resonator, and
estimating temperature as a function of the measured fre-
quency, at least one of the complex components of imped-
ance or admittance of the resonator is monitored relative to
a fixed reference frequency. The complex component is used
to estimate temperature as it is a function of temperature.

It has been found that sensitivity can be greatly improved
for the sensor; from a few orders of magnitude or higher.
This amplification factor is illustrated below.

3. Combinations

As can be appreciated by those skilled in the art, the
fabrication methods and new measurement methods can be
used in combination for beneficial effects.

Additional details about the fabrication and measurement
methods follow.

Fabrication Method and Detection Enhancement Strategy
for Ultra-Sensitive Temperature Detection using Resonant
Devices.

This describes a new method to improve the thermal
sensitivity of resonant circuits using an off-resonance mea-
surement technique according to the present invention. This
detection scheme, associated to innovative fabrication tech-
nology to obtain thermally sensitive resonant circuits, can be
used inter alia on applications where extremely high tem-
perature sensitivity is desired, particularly for infra-red
image and biomedical sensing applications where the moni-
toring process consists of detection of small temperature
changes.

It is well known and documented that certain crystal cuts
can provide high temperature dependency on the resonant
frequency. Some crystal cuts, like the Y-cut quartz, provide
variations in the resonant frequency in the order of 90
pp/K. However, a primary limitation of using crystal
resonators as sensitive temperature sensors in biomedical
applications arises from the fact that direct placement of
analyte on resonator surfaces confound temperature related
frequency shift with simultaneous mass loading effects.
Improved detection strategies for ultra-high temperature
sensitivity include the following aspects:

1) A fabrication method to produce extremely small
thermal mass-reaction chamber array placed in close prox-
imity (10 nm-1 mm) range to the quartz resonator array
using micromachining techniques. The close proximity of
the sensor to the reaction chamber allows for direct detection
of temperature change of the reaction chamber in response
to the biochemical reaction while the separation allows for
decoupling of the mass loading effect.

2) A new measurement method using off-resonance com-
plex impedance tracking technique for enhancement of the
transducer temperature sensitivity.
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Fabrication Method of Planar, Thermally Thin, High
Frequency Quartz Crystal Resonator.

Quartz crystals are largely used to design electrical oscil-
lators thanks to their high quality, enabling the design and
realization of low power consumption, high frequency and
high-stability time keeping references. Special crystal cuts
like the AT-cut are used in applications where temperature
stability is necessary (e.g. timing applications or in quartz
crystal microbalance sensors). Y-cut crystals on the other
hand have high temperature coefficient that enables their use
in temperature sensing applications.

Crystal resonators have their resonant frequency defined
by the mechanical properties of the material (namely the
stiffness and density) and the characteristic geometric
dimension of the resonator. For example, a thickness-shear
mode quartz resonator has a resonant frequency given by:

L fu
=5 5

where t is the thickness of the resonator, P is elastic modulus
(2.95%10 Pa for quartz) and p the density of the resonator
(2.65x10° kg/m? for quartz). Typical commercial resonators
have thickness in the range of 80 to 600 um with resonant
frequencies in the range of 3 to 20 MHz.

For gravimetric and viscoelastic sensing applications, the
sensitivity increases with higher value of the resonant fre-
quency f,, meaning that one should minimize the thickness
t of the resonator in order to have maximum transducer
output or better signal to noise ratio. For some sensing
applications, especially for biochemical detection systems,
small form factor devices are necessary in order to have a
mass and response time that is comparable to the charac-
teristic ones in the phenomena under study. Small form
factor devices have also advantages in terms of system
integration by offering the possibility of integrating large
arrays in a small chip area.

For applications involving thermal sensing, it is also
desirable to have thermally sensitive devices with a small
thermal mass in order to decrease the response time. The
exceptionally high temperature coefficient of Y-cut quartz
makes it a good candidate for miniaturization and definition
of low noise and low-response time systems, like infrared
image sensor arrays. For image sensors, low noise also
translates into the need of producing thermally insulated
devices.

A new fabrication method capable of addressing most of
the needs to obtain microscale arrays of electrically and
thermally thin resonators co-integrated with silicon wafer
meets this need.

One possible fabrication process flow is shown in FIG.
1A, and fulfills the following:

a) Ability to produce very thin quartz resonators (thick-
ness in the 1 to 10 pm range, giving frequencies in the
range of 150 to 1000 MHz, much more than the current
commercially available devices),

b) Use of planar microelectronic lithographic definition
steps capable of providing high definition and therefore
very small form factors suitable for high frequency
operation and co-integration with silicon circuits,

c¢) Fabrication of free standing, thermally insulated, thin
structures with good thermal contact to the semicon-
ductor substrate, enabling their use on infra-red image
rating (30 Hz) and low noise applications (a few mK).

(9]
fo
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Sensitivity Improvement by Tracking the Near-Reso-
nance Complex Impedance Benefits of the present improved
method can be better understood by comparison to one
conventional present method of temperature measurement.

Crystal resonators at resonance can be represented using
the Butterworth-Van Dyke model having an equivalent LCR
circuit shown in FIG. 1B, where C,, is the motional capaci-
tance, L, the motional inductance, R,, the motional resis-
tance and C, the parallel intrinsic capacitance.

Such a device presents a complex frequency dependent
impedance Z (or admittance Y) defined as:

1 ! @

Z=Y"Y jwCy+

Ry + joLy + =
JwCuy

The behavior of the modulus and phase of the impedance
as function of the frequency shows two distinct character-
istic resonance peaks like the ones shown in FIG. 1C.

A resonator circuit is usually designed to operate at the
minimum impedance point of FIG. 1C, which is defined as
the series resonance peak occurring at a frequency given by:

1 ©)

fi= ——
272N Ly Cu

Resonators made of high temperature coefficient material
will have shifts on the resonance peaks as function of the
temperature. High sensitivity Y-cut quartz crystal has a
sensitivity of +90 ppnvVK (relative frequency shift of the f,
position measured as function of the temperature), like the
results illustrated in FIG. 1D.

FIG. 1F shows schematically how the resonance charac-
teristics change as a function of temperature variations of 0
(line A), +10 (line B) and +20 (line C) ° C. and a frequency
temperature coefficient of +90.0 ppm/K.

Standard temperature detection method uses resonant
frequency tracking that will detect the frequency shift of one
of the resonant peaks (usually but not necessarily the series
resonance) as function of the temperature. This is attained by
designing a resonator circuit that has the output frequency
defined by the temperature dependent resonator character-
istics and as illustrated schematically in FIG. 1F.

A new detection method according to the present inven-
tion is now discussed. Instead of tracking the frequency of
an oscillator, this new method tracks one of the components
of the complex impedance (modulus or phase) at a fixed
given frequency (see FIG. 1G).

FIG. 1H schematically illustrates the changes in the
readings for the impedance phase and modulus for small
changes in the operating temperature (0.5° K steps—com-
pare lines A, B, and C) of a Y-cut quartz resonator, measured
at a fixed reference frequency of 200 MHz.

The resulting sensitivity of the proposed measurement
technique can be a few orders of magnitude larger than the
traditional frequency tracking method. FIG. 11 schemati-
cally illustrates the method. For a device being monitored at
a frequency (shown as dashed line), the impedance will vary
along the straight line shown for small excursions of tem-
perature. So long as the expected temperature variation is
within this range, the following equation can be written for
the temperature sensitivity of the resonator circuit:
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The amplification factor is the slope of the frequency-
impedance (modulus) as shown in FIG. 11. FIG. 1l is a
schematic illustration of the measurement technique pro-
posed. The inverse of the slope of the impedance-frequency
curve results in an amplification factor which can range from
10-10000 times depending upon the Q-factor of the resona-
tor. The sharper the slope the higher the sensitivity.

This is practically illustrated in FIG. 1J. The average
sensitivity in the amplitude measurement is 6.8x107> K%,
about 800 times larger than the 90x107° K™ temperature
coeflicient of the used device. The average sensitivity in the
phase measurement is 1.7 K=!, about 19,000 times larger
than the temperature coeflicient of the used device.

Therefore, the aspects of the present invention include,
but are not limited to:

1. Use of miniaturized quartz resonators for the detection of
heat of reaction, specific heat changes, and/or any calo-
rimetric measurement using such devices whereby the
coupling of the heat is through radiative transfer of
energy.

2. Maximization of the radiative energy transfer from the
analyte to the sensor by placing the sample in close
proximity to the quartz sensor. Typically a distance range
from 10 nm-10 mm range is considered.

3. Aligned fabrication of reaction chambers and quartz
resonator arrays for direct temperature sensing from cor-
responding individual pixels.

4. Radiative energy coupling excludes the confounding of
the sensor signal due to mass loading effects on the sensor
when analyte is directly placed on the resonator surface.

5. Amplification of the signal by measuring the impedance,
phase, admittance, phase, Rellmpedancel, ImlImped-
ancel, RelAdmittancel, and/or Im|Admittancel at a fixed
frequency set around the resonance frequency.

6. For small temperature variations, the signal amplification
which is given as the inverse of the slope of the mea-
surand (listed in sub-paragraph 5 above)-frequency curve
is used to further improve the signal.

7. Measurement electronics whereby the typical oscillator
circuit can be replaced by vector impedance/admittance
measurement circuits and conversion of frequency related
effects into impedance/admittance domain.

8. Application of the above invention (temperature sensing
using radiative coupling using crystal quartz resonators)
for such things as, but not limited to: biochemical detec-
tion, biological application, cell culturing and monitoring,
clinical diagnostic applications, chemical sensing, home-
land security applications, scientific application, and any
other temperature based sensing application.

9. The resonator is made from any high quality factor crystal
materials such as lithium niobate, lithium tantalate,
quartz, aluminum nitride, zinc oxide, langasite, barium
titanate or any other single crystal piezoelectric material.

10. Whereby the micro machined sample reactor is made
using micromachining techniques for appropriate align-
ment of the chamber and resonator as well as controlled
placement and distance control between the two.

11. Whereby such resonators are fabricated as 2D-arrays
integrated either with individual corresponding reaction
chamber each, or a single reaction chamber for all reso-
nators in the array, or any other reasonable combinations.
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12. Any methods of assembly of such including solder
bonding, etching, nanoscale self-assembly techniques,
micromachining techniques are used for the fabrication of
the device.

13. Integration of the sensor structure with CMOS based
integrated circuits for the fabrication of complete inte-
grated device.

The foregoing describes methods and apparatus for ultra-

sensitive temperature detection using resonant devices.

Importantly, one aspect changes from the conventional fre-

quency measurement method to a different method for

distinguishing small temperature changes. Another aspect
relates to specific placement of the sensor relative to the
event being measured.

B. Exemplary Embodiment 2 (Quartz Resonator
Array for Calorimetric (Bio)Chemical Sensing
Applications)

1. Overview

Low cost, miniature biosensors capable of analyzing
small quantities of samples that are easy to use, have fast
response times, and good operational stability are needed in
many biochemical and clinical diagnostic applications'~.
calorimetry is a very powerful and effective investigative
tool for analyzing biochemical reactions*®. Unlike most
other biochemical sensors, those based on thermal transduc-
ers can be mounted in a protected way that prevents fouling
of the base transducer and thereby minimizing the conse-
quent drift in its response. This endows thermal biosensors
with unmatched operational stability for continuous moni-
toring, restricted only by the stability of the biocatalyst layer.
The ability to follow the progress of a biochemical reaction
continuously as a function of time or reactant concentration
has many research and clinical applications with far reach-
ing consequences. However, as in most biosensing tech-
niques, calorimetric bioanalysis has been mostly hampered
by the high cost, slow response times and cumbersome
nature of the equipment.

Described herein is a versatile, high pixel density, calo-
rimetric (bio)chemical sensor array from temperature sen-
sitive micromachined monolithic quartz crystal resonators.
High sensitivity calorimetric measurements will be made
with molecular specificity at each pixel imparted through the
use of self-assembled monolayer and ink-jet printing meth-
odologies (such as known by those skilled in the art). The
device integrated with microfluidic channels and reaction
chambers will also allow for the simultaneous measurements
using fluorescence spectroscopy for independent confirma-
tion of the (bio)chemical reactions using labeled molecules.
Historically, gravimetric (mass) measurement mode has
been the primary focus of quartz resonator research for
(bio)chemical sensing but as it turns out quartz resonators
can be used as very sensitive temperature sensors as well.
However, use of temperature sensitive cut of quartz reso-
nators in the conventional approach confounds mass loading
effects with calorimetric effects and therefore makes inter-
pretation of the results difficult. This embodiment is a novel
configuration of the sensor array in which the reaction
chamber is physically separated and located in close prox-
imity to a micromachined quartz resonator. The coupling of
heat from the reaction chamber to the quartz resonator will
be achieved via radiation and conduction through ambient
gas. The close proximity of a couple of microns and the
extremely high absorption coefficient of quartz in the 8-12
mm wavelength range renders this system into a very
sensitive calorimeter design. The non-contact measurement
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results in no mass loading effects on the quartz resonator and
therefore will provide clear calorimetric data. The device
will be fabricated using silicon and quartz micromachining
techniques and will be operated in a differential mode with
a reference sensor to track and compensate for changes
ambient.

The sensor platform in array format is expected to find a
wide variety of applications including but not limited to
enzyme catalyzed biomolecular sensors, immunosensors,
and DNA hybridization detection. Biological reactions are
more or less always exothermic in nature and therefore lend
themselves to calorimetric analysis”®. When an exothermic
biological reaction is performed on a freestanding, thermally
isolated, micromachined structure, the small thermal mass
and the good thermal isolation of the structure causes the
temperature of the freestanding membrane to rise. This rise
in temperature can be very accurately measured in real time
using the quartz crystal resonator array integrated located
right under the freestanding micromechanical structure.
Freestanding micromachined structures of small thermal
mass are very sensitive to small changes in heat and are thus
capable of analyzing very small quantities of reactants and
products”'°, They also have fast response times required for
real-time study of reaction kinetics.

Since, calorimetric measurements by themselves are not
reaction specific, this technique is applicable to a wide range
of materials. Specificity to identify or perform a selective
assay can be achieved by coating the micromachined calo-
rimeter with specific catalysts such as enzymes, antibodies
or even single stranded oligonucleotides for DNA sequence
analysis’. When the analyte is exposed to such immobilized
enzymes or probe DNA strands on the freestanding reaction
chamber, the biochemical reaction begins and its evolution
in terms of total amount of heat generated and kinetics is
proportional to the concentration of the reactants as well as
the rate constants of the reaction'’. In addition, if planar
heater structures are integrated onto the freestanding reac-
tion chamber, the device can be used for performing differ-
ential scanning calorimetric studies’?. The possible list of
biological analytes of interest is almost limitless. They can
range at least from simple inorganic ions such as nitrates,
through simple molecules such as carbon monoxide, meth-
ane, ketones, and ethanol, to complex biomolecules such as
DNA strands. Main applications’® of such a sensor can be
broadly categorized under (i) health care, (ii) monitoring and
control of industrial processes, and (iii) environmental
monitoring, but are not limited to such.

Recently, a new form of calorimetric detection for use in
gaseous and liquid ambient for (bio)chemical sensing based
upon the out-of-plane bending of micromachined bimetallic
cantilevers was proposed and demonstrated by Gimzewski
et al at IBM, Zurich**'%. By using a simple model, the
ultimate sensitivity of the system was estimated to be of the
order of 10 pW with a minimum detectable energy of ~20
femtojoules'®>. Nakagawa et al., used this technique to
observe rotator phase change in n-alkanes with a heat
sensitivity of 500 pJ for a sample mass of 7 pg and a time
resolution of 0.5 ms'®. However, these cantilever based
systems are difficult to functionalize as arrays and operation
in liquid environment dramatically degrades their perfor-
mance”. Although several groups have demonstrated excel-
lent performance in laboratory conditions, these device are
still beset with challenges relating to robustness, ease of use,
and repeatability and reliability for practical (bio)chemical
and clinical diagnostic applications.

The present embodiment exploits a state-of-the-art quartz
micromachining process for fabricating miniaturized, high
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Q-factor quartz resonators in high density pixel arrays.
Important aspects of the work include; (i) demonstration of
the first 166 MHz QCM arrays capable of ultra-high tem-
perature sensitivity (up to 107°° C.) as calorimetric biosen-
sors, (i) novel sensor configuration for efficient radiative
coupling of heat of reaction to a QCM array without the
associated gravimetric loading on the pixel, and (iii) capa-
bility of simultaneous optical measurements using fluores-
cence measurements. These modes of operation can be used
with a wide variety of molecules. Furthermore, high speci-
ficity can be achieved by surface functionalization, e.g., by
immobilizing specific catalysts such as enzymes and anti-
bodies which are in turn selectively deposited on a variety of
self assembled monolayers. The resonance and damping
characteristics will be continuously monitored using an
impedance analyzer which will be multiplexed for array
level measurements. The ultimate vision is to create a
handheld or desktop multianalyte sensor system as shown in
FIG. 2A in which the quartz resonator arrays with the
integrated microfluidic system can be dropped in as dispos-
able, easy to swap cartridges. The proposed instrument
allows for fundamental real-time investigations into bio-
chemical processes and phenomena relating to the growth of
self assembled monolayers, protein conformations and reac-
tion thermodynamics. This is a unique method of fabricating
and integrating reaction chambers into a QCM device for
biochemical applications. Thus calorimetric (bio)chemical
studies using QCMs result.

2. Proposed Device

FIG. 2B shows a schematic of the proposed microma-
chined quartz crystal resonator array. On a 300 pm thick
silicon substrate, 2 um low stress LPCVD silicon nitride (0.3
um)/silicon dioxide (1.4 pm)/silicon nitride (0.3 pm) layer
will be deposited. On this layer nickel spacer posts (2-3 um)
with indium (1-2 um) on top will be electroplated. Aligned
to these posts, the silicon substrate will be patterned from the
backside and etched through the entire silicon thickness
using Bosch Si etch process to create the Si;N,/Si0,/Si;N,
membrane. A 100 um thick polished Y-cut quartz will be
patterned with the bottom-side electrode pattern and coated
with 200 nm of gold on 20 nm of chromium. This wafer will
be aligned to the Ni/In posts pattern using a bond aligner and
the wafer stack will be solder bonded. The bonded wafer
stack will next be etched to thin the quartz from 100 um to
10 um. A surface smoothness of better than 5 nm after the
>90 um deep etch should preferably be maintained. This will
be followed by the patterning of the top side Cr/Au elec-
trodes for individual resonator pixels. Each resonator will be
individually addressed through the topside electrodes which
will be extended to the rim of the sensor array chip. The
bottom electrode (facing the silicon nitride membrane) will
be common to all the pixels of the array. In order to
effectively confine the acoustic energy in each pixel, the area
of the electrodes will have to be carefully optimized (typi-
cally ~50% of the pixel area)*>. Finally a last lithography
step will be performed using thick benzocyclobutene (BCB)
resist and the remaining 10 um thick quartz will be etched
in the exposed areas only to create the isolation legs and
expose the bottom Ni/In bondpad regions contact to the
bottom electrodes. Application of a high frequency (RF)
voltage across the top and bottom electrodes will cause each
of'the pixels to resonate in a shear bulk mode. The resonance
frequency is determined by the thickness of the pixel. For
the proposed 10 um thick pixels, the fundamental resonance
frequency is expected to be ~166 MHz. After the fabrication,
the chip will be mounted upside down with the silicon
nitride membrane facing up in a dual-in line package in
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which a hole will be machined. Areas of the membrane
directly above individual quartz pixels will be functionalized
using self assembled monolayers and other (bio)chemical
based immobilization techniques [FIG. 2B at (b)]. Patterning
techniques such as selective electrochemical deposition and
microjet spraying techniques will be employed for the
immobilization of the individual pixels areas. Technical
aspects relating to each of these will be discussed in greater
detail in the proposed work section.

3. Technical Feasibility Considerations for the Proposed
Work

3.1 Quartz Crystal Resonator Arrays for calorimetric
Measurements

Thermal sensors based on the measurement of the heat of
reaction (enthalpy) and the thermal properties of biological
molecules suspended in solutions can be the basis of ver-
satile thermometric biosensors’-%**%. The high thermal
sensitivity also can be utilized for simple gas sensing where
heats of adsorption characteristics can be used as an addi-
tional marker response for a specific molecule in a mixture,
(e.g., neutral vs acidic molecules on basic functionalized
surfaces). Bio-specificity for a selective assay can be
achieved by coating the pixels with specific catalysts such as
enzymes, and antibodies’. In this work, we propose to
exploit the high temperature sensitivity of the fundamental
resonance modes of Y-cut quartz crystal for realizing highly
sensitive biosensor arrays. Although miniaturized (bio)
chemical sensors are more sensitive than their macroscale
counterparts, a reduction of the typical test sample volumes
also accompanies their use. As the test sample volumes are
reduced, achieving high molar sensitivities can only be
possible if a sensing property with high phenomenological
sensitivity is used. One alternative to this approach is to
integrate a concentration step whereby the number of mol-
ecules of interest in the small sample volume are selectively
increased using processes such as polymerase chain reaction
(PCR) for DNA strands or by chromatographic and electro-
phoretic techniques for other molecules. This however is
achieved at the cost of greater system complexity. Appre-
ciation of this constraint along with the proposed microma-
chined quartz resonators has created an opportunity to
extend the sensitivity of thermal biosensors to realize high
sensitivity on-chip (bio)chemical/clinical diagnostic assays.

It is well known that shear-mode quartz resonators made
from certain crystal cuts can be used as very sensitive
temperature sensors with unprecedented resolutions of up to
1075° C.?7, Table 1 below lists the temperature sensitivity of
the resonance frequency with temperature for different
quartz crystal cuts®®. This phenomenological sensitivity of
quartz crystals represents 2-3 orders of magnitude improve-
ment in temperature sensitivity in comparison to other
similar temperature dependent phenomena such as the See-
beck effect on which a thermopile device is based. The
improved temperature sensitivity along with the low noise
performance that can be achieved in quartz crystal resona-
tors is the principle motivation behind the proposed calori-
metric (bio)chemical sensors.

TABLE 1

List of the temperature dependence of the
resonance frequency of different cuts of Quartz®’

Quartz Crystal Cut (Af/5o)/AT (ppm/C)

20
354

AC-Cut
LC-Cut
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TABLE 1-continued

List of the temperature dependence of the
resonance frequency of different cuts of Quartz®’

Quartz Crystal Cut (AS/§oV/AT (ppm/C)

Y-Cut 90
SC-Cut (b-mode) -25.5
SC-Cut (dual mode) 80-100
NLSC-Cut 14

3.2 Heat Sensitivity of Y-Cut Quartz Resonator

In the proposed device, the quartz thermal detector
absorbs the heat radiated by the silicon nitride membrane
due to the occurrence of (bio)chemical reactions. The result-
ing rise in temperature of the quartz pixel is transduced as an
increase in the frequency of the quartz resonator. Since the
phenomenological sensitivity of quartz is very high, the
fundamental limitation in the temperature resolution of an
object is expected to be set by the noise limit of the
spontaneous temperature fluctuations of the detector ele-
ment due to conductive coupling®. The noise equivalent
temperature difference (NEDT) is frequently used to char-
acterize the performance of a thermal radiation detector. The
expression for NEDT of a thermal imaging system in this
case is given by:

2T,(4F2 + )Wz BG &)

NEAT| ¢ =
nA4To(AP/A T,)/\1 2

where F is the f-number of the optics, Td is the detector
temperature, B is the electrical bandwidth, h is the absorp-
tion coeflicient of the pixel, G is the thermal conductance of
the pixel in W/K, T, is the transmittance of the atmospheric
path between the scene and system multiplied by the trans-
mittance of the optics, and (oP/pT,);,_;, is a blackbody
function. The value of (oP/pT),, ;, for 300 K scene tem-
perature in the 8-14 mm spectral interval is 2.62x10~*
W/K?°. In this calculation the background fluctuation noise
limit has been ignored since the thermal conductance fluc-
tuation is expected to set the limit of performance of the
individual pixels. The response time t of all thermal detec-
tion mechanisms is given by

v=H/G (6)

where H is the pixel heat capacity. Attaining high thermal
isolation, i.e., a low G value to achieve maximum sensitivity
requires a low H value in order that the response-time meets
the system performance requirement for real-time reaction
monitoring capability. For example, if it is required that the
response time of a pixel be 1 ms, if G is 1075 W/K, then H
must be 10~° J/K. This requires very thin pixels.

3.3 Feasibility Considerations

Based on these considerations, the quartz sensor pixel as
shown in FIG. 2B is proposed. The square pixel of quartz is
suspended by two symmetric legs from the rim to which they
also form an intimate thermal contact. Circular Cr/Au elec-
trodes will be aligned and patterned on both sides of the
quartz pixel to create a bulk shear wave resonator structure.
By creating identical electrode patterns on both sides and
appropriately dimensioning the electrode area with respect
to the pixel area to trap the energy, the spurious modes of
resonance can be virtually eliminated®'** (We have dem-
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onstrated this>*). The resonance frequency f, of a bulk shear
wave quartz resonator only depends upon the thickness xq of
the pixel and is given by

M

&
2% \/E

fo=

where 1q is the shear modulus of quartz (2.95x10'° N/m),
and pq is the density of quartz (2.65x10° kg/m). For
example, for 10 um thick quartz, the resonance frequency
will be 166 MHz.

The noise equivalent temperature difference of the quartz
pixel in the 8-14 um wavelength range for 10 pm thick and
500 mm square pixel can now be calculated assuming that
the IR absorption coefficient of the pixel is ~85% and the
transmission coefficient of atmosphere and optics is 90% (to
minimize this loss we will locate the silicon nitride mem-
brane as close as practical to the quartz resonator structure).
The thermal conductivity of quartz is 0.07 W/cm-K, gold is
3.18 W/em-K and the heat capacity of quartz is 2.08
J/em®-K. The pixel temperature is assumed to be 290 K
while, the silicon nitride membrane is assumed to be at an
average temperature of 300 K. For the proposed dimensions,
the thermal conductance of the two supporting legs can be
calculated to be (thickness weighted average®) 2.2x107°
W/K.

For the proposed device, the pixel area is given by
A ~(432x107)x(432x107%)=1.87x10~> cm?, f-number of
the optics is assumed to be 1. Under these assumptions, the
noise equivalent temperature difference of the pixel is given
by NEAAT!;=0.043 mK=4.3 mK. The electrical bandwidth
of measurement has been taken to be 1 Hz. Using eq. (6) the
time constant of the pixel can be calculated to be =565 ms
where H=2.08xA ,x10x107=3.882x107° J/K has been used
in the calculation. These calculations show that for the 500
um pitch, the detector response time is fast enough for
real-time biochemical reaction monitoring. For Y-cut quartz
the temperature coeflicient of frequency is 90 ppm, i.e. for
a 166 MHz resonator, 1 K temperature change will result in
a frequency shift of 14.94 kHz making it possible to resolve
6.7 mK for 0.1 Hz frequency resolution. Thus, this device
will be thermal fluctuations and/or background fluctuations
limited in overall performance.

3.4 Heat Production Considerations in Membrane Bio-
chemical Reactor

Assuming the etched membrane in silicon is circular in
geometry, the temperature profile of the silicon nitride
reaction chamber can be modeled as a circular membrane
(for a single pixel) of radius a, and of uniform thickness d.
Neglecting radiation and convection heat losses and assum-
ing uniform heat generation Q per unit time per unit area
over the whole pixel area, the radial temperature profile of
the silicon nitride membrane can be modeled by the two
dimensional heat conduction equations. If the boundaries of
the circular membrane are assumed to be clamped at room
temperature, the solution of the heat conduction equation is
given byS,

Q@ —rh ®)

4xyd

AT Membrane =
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where DT(r) is the temperature difference between the pixel
membrane at radius r and the rim of the membrane and k; is
the planar thermal conductivity for the membrane material.
The average temperature over the membrane from r=0 to
r=a/2 can be given by DT(r)l,,,~11 Qa*/48kd.

As an example, if we assume the heat generated on the
surface of the membrane is due to an enzymatic reaction, the
heat generated per unit time per unit area can be calculated
using the expression Q-pH-M—d_t, where pH is the
enthalpy of the reaction in J/mol, M is the molarity of the
reactant in moles/liter, d_ is the depth of the reaction cham-
ber, and T is the time, in seconds, required to refresh the
entire volume of the reaction chamber which in turn depends
on the flow rate used in the experiment. For the case of
catalytic hydrolysis of urea molecules using urease, 1 M
solution of urea will generate a total heat of 6.1x10” J/m> of
heat when completely reacted. For the typical flow rates
used in the enzymatic testing, T=3 s. Using the depth of the
reaction chamber of 300 mm, the heat generated per unit
area per second on the membrane can be estimated to be
6.1x10> W/m?>,

Using this value of Q, and using a value of K, for the
composite Si;N,/Si0,/Si;N, membrane of 5.46 Win~* K~*
the average rise in the temperature, AT(r)l,,,, of the 2 mm
thick Si;N,/SiO,/Si;N, composite membrane of 0.5 mm
diameter, is calculated to be ~32° C. for completely reacted
1 M urea solution. Assuming a temperature resolution of 10
mK using the quartz resonator, the expected sensitivity of
the device is ~0.3 mM (22 femtomoles) for a sample volume
of ~75 nl. Using a thermopile device in our earlier work we
were able to achieve ~2 mM sensitivity for 15 nl sample
volumes®”. The proposed technique clearly represents at
least three (3) orders of sensitivity improvement. The sim-
plified model presented here does not consider conduction
through gas trapped in the narrow gap, which will only
increase the sensitivity further®®. We will however consider
the comprehensive thermal model and experimental evalu-
ation during the development of these sensors.

4. Preliminary Results: Micromachined Quartz Crystal
Resonators

4.1 Quartz Crystal Resonator Arrays

Recently we have reported the design and performance of
66 MHz bulk acoustic wave quartz resonators and arrays for
gravimetric biochemical sensing applications®*°. FIG. 2C
shows a photograph of a fabricated 8-pixel sensor array.
FIG. 2C shows a photograph of a fabricated 8-pixel sensor
array.

TABLE 2

Summary of the typical resonance
parameters of the micromachined resonator

C, (Static Capacitance) 4.577 pF
C,, (Motional Capacitance) 1.992 fF
L,., (Motional Inductance) 2.914 mH
R, (Motional Resistance) 49Q

66062639 Hz
66270822 Hz
24685

£, (Series Resonance)
J, (Parallel Resonance)
Q-Factor

Table 2 summarizes the typical resonator characteristics
that have been obtained. So far we have been able to
fabricate and test similar high Q-factor resonators with
fundamental frequencies up to 90 MHz (18 mm thick
resonators). We have several recent publications detailing
these findings>®*0**-**,
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4.2 Y-Cut Quartz Resonators

Recently we have reported the fabrication and preliminary
performance of a micromachined Y-cut quartz resonator
based thermal infrared detector array. 1 mm diameter and 18
mm thick (90 MHz) inverted mesa configuration quartz
resonator arrays with excellent resonance characteristics
were fabricated. Temperature sensitivity of 7.2 kHz/K was
experimentally measured. Infrared calibration tests on the
resonator array even without the use of infrared absorbers
gave a responsivity of 64.7 MHz/W and an NEP of 72 nW.
In this first report on the performance of the Y-cut quartz
resonator infrared thermal detector array, the response time
measurements were found to be limited by the use of slow
measurement time of the impedance scans and the undesired
heating of the quartz substrate®>. Most importantly, this
initial work demonstrates the possibility of realizing thermal
sensor arrays based on quartz resonators. FIG. 2E shows the
simultaneous response of 3-pixels to chopped IR radiation
from a blackbody source.

The goal of this proposal is to develop a Y-cut quartz
crystal resonator array as an instrument for (bio)chemical
sensing applications and for fundamental investigations into
biomolecular processes. Arrays of quartz crystal sensors will
be used for quantitative and qualitative calorimetric analysis
of a large number of biomolecules. The ultimate vision is to
create a handheld or desktop multianalyte sensors system in
which the quartz resonator arrays with the integrated micro-
fluidic system can be dropped in as easy swapping cartridges
as shown in FIG. 2A.

A proposed fabrication process flow is as shown in FIG.
2F. The steps comprise:

Step 1: Si;N,/SiO,/Si;N, deposited Si wafer.

Step 2: 2 mm Indium is plated on top of 2-3 mm thick

electro plated Nickel posts.

Step 3: Si wafer is etched from back side.

Step 4: 100 mm thick polished Y-cut quartz wafer is

patterned with gold and plated with In solder.
Step 5: Quartz wafer is aligned and solder bonded to the
Si substrate wafer.

Step 6: Quartz is thinned to 10 mm via polish etching in
ICP RIE.

Step 7: Top gold electro is deposited and patterned.

Step 8: Quartz is patterned and etched to create the
thermally isolated pixels as shown in FIG. 2B using
plasma etching and opening up bottom contact.

See similar view of FIG. 1A. Of course variations of this
process are possible. Other embodiments can use simple
mechanical spacers to place the quartz resonator in proxim-
ity to the reaction chamber. For example, a quartz resonator
mounted onto a metal or thermally conductive plate which
can in turn be bolted or otherwise mounted onto a reaction
chamber or fluidic system can be another effective embodi-
ment of this concept.

Sensitivity Enhancement for Thermometric Measurements:

As discussed earlier, temperature sensitive quartz cut such
as Y-cut will be used for this work. A differential sensor
arrangement will be used for all calorimetric measurements
where a reference pixel facing thick silicon substrate at
ambient temperature will be used to compensate for all
temperature drift effects. For realizing 107>° C. temperature
resolution the drift of the pixels due to ambient temperature
fluctuations will need to be carefully compensated.

SAM functionalization of Reaction Chamber: Methods
similar to functionalization of gravimetric QCM sensors,
can be used for surface functionalization techniques in this
sensor. SAM formation is primarily done via thiol-Au sur-
face chemistry. Gold films will be deposited in the reaction
chambers for this step, if necessary, although it is not listed
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as one of the fabrication steps in FIG. 2F. The effects of Au
cleanliness and roughness are critical and well understood.
The deposited gold films in the reaction chamber are
expected to be a bit rougher than for most SAMs on standard
evaporated Au films (~3-5 nm vs ~1-2 nm rms roughness)
but the main requirement of the SAMs for the sensing
applications is the chemical nature of the top surface, which
has been shown to be essentially unaffected by such changes
in surface roughness. If necessary detailed verification of the
SAMs directly on the pixels can be done using XPS,
ToF-SIMs, electrochemical blocking and perhaps micro-
spot ellipsometry, but for the most part it will be sufficient
to do careful parallel preparations on large area samples with
detailed characterization and then carry the procedures over
directly to the fabricated device surfaces. Different types of
surfaces can be prepared using this method, using mostly
X(CH,),sSH molecules, where X=CH,;, CO,H, OH,
CO,CH;, CN, CONH,, oligo(ethyleneglycol) (useful for
protein studies), etc.

An important step is the functionalization of specific
SAMs at specific electrodes, especially required in array
applications. One way to do this is by “hand” or individual
microjet delivery of a micro volume of the thiol molecule
solution to the reaction chamber facing the pixel of interest.
It may be possible to directly verify the growth of SAMs
layer from the exothermic reaction during the thiol-Au bond
formation.

For immunosensing applications a variety of protein
molecules such as avidin molecules can be adsorbed on
3,3'-Dithiobis(sulfosuccinimidylpropionate) DTSSP,
Human Serum Albumin and BSA on methyl terminated
SAMs. These surface immobilized molecules can then be
reacted by the addition of fluorescently labeled biotin and
antigen molecules. The heat signals from the binding reac-
tions in real-time can be monitored and may be used to
quantify the relationship between the concentration of the
molecules and the observed signals. These calibrations will
be used to determine the ultimate limits of this detection
technique. This method of detection can be extended to a
variety of sandwich assays for example where biotynilated
protein molecules of interest are available. This application
of the proposed sensor array specifically pertains to the
application for a variety of clinical diagnostics and pharma-
ceutical drug testing applications.

In order to configure the proposed sensor system into a
differential scanning calorimeter, a heater structure could be
integrated onto the reaction chamber. This will be accom-
plished as part of the patterning of the front surface of the
silicon chip [FIG. 2F, step (2) from the top] although it is not
explicitly shown. Linearly ramping the heat through nearby
pixels (one functionalized and one without functionaliza-
tion) can be used for very accurate measurements of phase
changes, molecular conformational changes, dissociations,
etc in the biomolecules.

The proposed QCM array will be the first demonstration
of a monolithic planar thermometric biosensor array inte-
grated with microfluidic channels. The uniqueness of the
device lies in being able to completely avoid mass loading
effects while exploiting the temperature sensitivity of quartz
bulk acoustic resonators. We believe that with expected
sensitivity, this work will set new standards in microcalori-
metric studies. The combination of the unprecedented sen-
sitivity and the proposed microfabrication based manufac-
turing techniques, are likely to result in a very useful sensor
system for fundamental scientific investigations into bio-
logical and chemical surface and interfacial phenomena and
for biomedical applications.
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The calorimetric mode of operation can be exploited to
better understand the in-situ thermodynamics of (bio)chemi-
cal reactions under stimulation. The proposed device can be
used for the study of reaction kinetics. It is expected that the
thermal signals from specific (bio)chemical reactions will
exhibit unique temporal characteristics, which can be used
as the markers (or signatures) for the presence of such
reactants. Specifically, it will be very exciting to study the
thermodynamics of the hybridization process in DNA oli-
gonucleotides and protein folding processes. Compared to
electrochemical and capacitive techniques, the proposed
QCM technique is a superior biosensing technology since it
does not require direct electrical and physical contact of the
biomolecules, cell cytoplasm or cell membrane. Further,
neither electrochemical nor capacitive techniques can be
easily extended for array level investigation in interacting
cells.

Use of different surface functionalizations is expected to
provide high selectivity and drastic reduction in false posi-
tives in clinical diagnostic applications. The proposed QCM
array can be easily available as a handheld or desktop
instrument with relatively inexpensive electronic interface
to quantitatively measure the biological events occurring in
interacting cells in network of cells. It will for the first time
provide an in-vitro tool for culturing and observing biologi-
cal events in response to various biological stimuli in real
time.
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C. Exemplary Embodiment 3 (Room Temperature
Infrared Imaging Array Fabricated Using
Multi-Materials Integration Methods)

Shear-mode quartz resonators made from Y-cut crystal
can be used as high sensitivity temperature sensors with
resolutions down to 107%° C. [1]. The high temperature
coeflicient of 90 ppm/° C. along with low noise performance
that can be achieved in quartz resonators allows for the
realization of room temperature thermal detectors suitable
for uncooled infrared imaging applications. Although high-
frequency quartz resonators [2] and resonator-based infrared
sensors have been previously proposed [3] and demonstrated
[4-6], this is the first report on an integrated array with image
rate time response (~30 Hz) using CMOS-compatible micro-
machining techniques. This paper presents the design, fab-
rication, and characterization of temperature sensitive quartz
resonators fabricated using heterogeneous integration meth-
ods for realizing high-density, thermal conductance fluctua-
tion limited infrared imaging arrays.

FIG. 3A is a schematic illustration of the device which
consists of a thin and insulated Y-cut, single-crystal, quartz
resonator integrated onto a silicon substrate. The fabrication
process is schematically illustrated in FIG. 3B. A 100 pm
thick Y-cut quartz wafer is bonded onto an oxidized and
etched silicon wafer using aligned and patterned indium
solder bonding performed at ~150° C. in forming gas. Prior
to bonding, the bottom electrode of the resonator consisting
of Cr/Au is patterned. The bonded quartz wafer is thinned
down using a high-density inductively coupled plasma (ICP)
etching step to a thickness in the 4-8 um range (frequencies
of 200-400 MHz). The top Cr/Au electrode is thereafter
patterned using lift-off technique. Finally, the release mask
is defined and the quartz is etched through using an ICP
etching step to create the corner supported free-standing,
thermally isolated, quartz resonator array. FIG. 3C shows
pictures of the fabricated sensor array. The bottom electrode
was made larger than the top one to improve the IR
absorption of the pixel by having a reflecting bottom metal
layer. The electrode design was carefully chosen to mini-
mize parasitic capacitances and unwanted coupling at high
frequencies.

FIG. 3D shows a typical resonance curve obtained for the
fabricated devices in air. The resonance frequency was
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found to be ~241 MHz implying a pixel thickness of 6.94
mm. The quality factor of the fabricated device was ~4200.
The temperature sensitivity of the resonators was measured
by placing the resonator array in an oven and varying the
temperature in the 22-50° C. range. The device showed a
linear response with a temperature coefficient of 22.162
kHz/° C. or ~92 ppm/° C. (FIG. 3E), close to the value
expected for the Y-cut crystal cuts.

A broadband (2-20 pum) infrared light source with a
parabolic reflector and without further collimation or filter-
ing was used for infrared testing. The infrared source with a
beam diameter of ~5 mm was modulated using an optical
chopper at full intensity up to a frequency of 100 Hz. A
Heimann® thermopile sensor with 1.2 mmx1.2 mm area
with ~90% transmission up to 10 mm was used to calibrate
the intensity provided by the infrared source. The sensitivity
of'the thermopile reference sensor was 29.5 V/W with a time
constant of 9.3 ms. The resonance frequency was monitored
by performing calibrated impedance versus frequency scans.

FIG. 3F shows the infrared response of the quartz reso-
nator as compared to that of the reference thermopile sensor.
From the noise measurements in 1 Hz bandwidth, a noise
equivalent power of 2.8 nW/Hz'? and a detectivity of
1.79x107 cmHz"*/W were deduced. FIG. 3G shows the
thermal Bode plot of the IR sensor. A response time of <30
ms can be seen; allowing for a 33 frames per second video
rate.
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Abstract—This paper presents the design, fabrication, and
characterization of thermal infrared (IR) imaging arrays
operating at room temperature which are based on Y-cut-
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quartz bulk acoustic wave resonators. A novel method of
tracking the resonance frequency based upon the measure-
ment of impedance is presented. High-frequency (240-MHz)
micromachined resonators from Y-cut-quartz crystal cuts
were fabricated using heterogeneous integration techniques
on a silicon wafer. A temperature sensitivity of 22.16 kHz/®
C. was experimentally measured. IR measurements on the
resonator pixel resulted in a noise equivalent power of 3.90
nW/Hz"?, detectivity D* of 1x10° cm-Hz"?/W, and a noise
equivalent temperature difference of 4 mK in the 8-to 14-um
wavelength range. The thermal frequency response of the
resonator was determined to be faster than 33 Hz, demon-
strating its applicability in video-rate uncooled IR imaging.
This work represents the first comprehensive thermal char-
acterization of micromachined Y-cut-quartz resonators and
their IR sensing response. [2010-0217]

Index Terms—Bulk acoustic wave resonator, heteroge-
neous microelectromechanical systems integration, infrared
(IR) detector, quartz micromachining, thermal IR sensor,
Y-cut quartz.

1. Introduction

Advances in micromachining technologies have led to the
development of thermal infrared (IR) detectors which, by
virtue of their small thermal mass and good thermal isola-
tion, have been shown to operate very close to the back-
ground fluctuation limit at room temperature [1]. The advent
of focal plane arrays (FPAs) comprising such miniaturized
thermal sensors has made it possible to find low-cost room-
temperature IR imaging cameras. The two main technologi-
cal approaches to IR detectors are based upon vanadium-
oxide microbolometers [2] and barium-strontium-titanate
and lanthanum-doped lead-zirconate-titanate (PLZT) pyro-
electric detectors. An excellent review on the state of the art
in the field of IR detectors and arrays is presented by
Rogalski [3]. Niklaus et al. [4] have recently published a
review of microbolometer technology developments. IR
imaging systems based on uncooled bolometer arrays have
been demonstrated with a noise equivalent temperature
difference (NETD) of 25 mK using /1 optics with pixel
sizes of 17 pum [5], [6]. Pyroelectric IR detectors have been
recently reviewed by Muralt [7]. Modern imagers based
upon pyroelectric detectors are typically implemented using
micromachining techniques. Recent detectors have been
fabricated using PLZT films (p~15-20 nC/C® C.-cm?, €~350,
and tan 8=~0.03) [8]. The NETD of the 48.5-um pixels from
PLZT has been reported to be ~80-90 mK. In this paper, we
propose and demonstrate thermal IR detector design and
fabrication technology based on bulk acoustic wave quartz
resonators. Experimental results on uncooled thermal IR
detectors based on microfabricated Y-cut-quartz resonators
are presented and critically evaluated.

The possibility of using bulk acoustic wave quartz reso-
nators for thermal IR sensing was first presented in 1985 by
Ralph et al. [9], followed by a detailed theoretical evaluation
of the same for IR imaging applications by Vig et al. [10]
and Stewart and Kim [11] in 1996. Hamrour et al. [12]
demonstrated an IR sensitivity of 107 ppm/mW, allowing for
a detection limit of 1 uW using an 88-mm?* 360-um-thick
Y-cut-quartz resonator with f,=5.1 MHz. However, over the
intervening years, the experimental realization of these
sensors has not been fully demonstrated. Recently, we have
published a paper on the application of micromachined
quartz bulk acoustic wave resonators for IR sensing in which
an 18-um-thick 1-mm-diameter disk-shaped Y-cut-quartz
resonator array was configured as an IR detector [13].
However, these devices were found to be unsuitable for
imaging applications since the absorption of IR from the
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surrounding rim dominated the response of these devices
and consequently slowed the response time to several sec-
onds. In spite of the initial demonstration of the potential for
IR sensing using Y-cut-quartz resonators, the fabrication of
small-thermal-mass quartz resonator structures in large
arrays and their integration with CMOS interface electronics
continues to remain unaddressed, and these issues are the
main focus of this paper.
II. Quartz IR Detector Design

Quartz resonators fabricated from certain crystal cuts can
be used as sensitive temperature sensors with unprecedented
resolutions of up to 107%° C. [14]. Table I lists the tempera-
ture coefficient of the resonance frequency for different
quartz crystal cuts at ambient temperature [10]. This phe-
nomenological sensitivity of quartz crystals makes them a
highly competitive technology that is alternative to the
currently used uncooled thermal detectors such as vana-
dium-oxide-based bolometers [2], thermopiles, and pyro-
electric detectors [3]. Specifically, Y-cut quartz exhibits an
extremely high temperature coefficient of resonance fre-
quency of +90 ppm/K and has been used in this work.

TABLE 1

Temperature Coefficient Of The Resonance Frequency For
Various Quartz Cuts [10]

Temperature Coefficient of

Quartz Crystal Cut Frequency (ppm/° C.)

AC-Cut 20

LC-Cut 354
Y-Cut 90
SC-Cut (b-mode) -25.5
SC-Cut (dual mode) 80-100
NLSC-Cut 14

The resonance frequency f,, of bulk acoustic wave quartz
resonators is determined by the thickness of the resonator t
as

)

where L is the elastic modulus and p is the density of quartz.
For quartz, 1=2.95x10'° Pa, and p=2.65x10> kg/m>. Typical
commercially available resonator crystals consist of 100- to
300-um-thick quartz with resonance frequencies in the 5- to
20-MHz range. A Y-cut-quartz resonator-based IR detector
is a thermal detector in which the rise in temperature of the
quartz pixel is transduced as an increase in the frequency of
the quartz resonator. FIG. 4A shows a schematic illustration
of the fabricated device. The device consists of a thin
freestanding single-crystal Y-cut-quartz resonator suspended
atop a silicon substrate via four legs. The legs are also used
to electrically connect to the top and bottom electrodes of the
resonator and also provide a thermal connection to the
substrate which acts as a heat sink. Absorption of the
incident IR radiation results in a temperature rise of the
freestanding structure. The magnitude of the resulting tem-
perature rise is primarily determined by the thermal con-
ductance of the suspension legs of the pixel to the substrate
which is clamped at ambient temperature.

In this paper, we report the resonance characteristics of
two different micromachined Y-cut resonators, namely, 89
and 241 MHz. The latter is the focus of this work; however,
the 89-MHz resonator will be used to illustrate the new
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frequency-tracking methodology proposed in this paper
since the Q factor of these resonators is much higher and
better illustrates the concept. The resonance characteristics
of the micromachined bulk acoustic wave resonator were
determined by performing frequency-impedance scans using
an Agilent 4395A analyzer. Standard temperature detection
method uses real-time (series or parallel) resonance fre-
quency tracking as a function of the temperature. FIG. 4B
shows the experimentally measured real and imaginary
components of the impedance for an 89-MHz microtna-
chined quartz resonator. For small temperature changes
within +25° C. about room temperature, the resonance
frequency is found to vary linearly with temperature [13].
The analyzer used in this work is capable of acquiring up
to 801 impedance measurements over the experimentally set
frequency span. Even using extremely fast scan rates and
much fewer data points, each impedance scan takes around
300 ms, Since the fabricated IR detectors are designed to
have a response time of less than 30 ms, this method of
tracking the resonance frequency is unsuitable for the cur-
rent application. To overcome this limitation, we have
devised a new strategy in this work. The impedance analyzer
is set to a fixed frequency at the midpoint between the two
inflection points in the imaginary component of the imped-
ance curve shown in FIG. 4B, and the change in the
imaginary part of the impedance is monitored in real time.
For small temperature changes, an increase and/or decrease
in the frequency, about the set quiescent frequency, trans-
lates into an increase and/or decrease in the value of Im(Z)
as shown schematically in FIG. 4C. This method offers an
additional gain to the measurement of the temperature (I)
sensitivity of the resonance frequency (1) since

dIm7) _ d(ImZ)
ar " dfy |,

dfo 10

= —Slope- .
ope —r

o7 T

For the case shown, Y-cut quartz has a temperature
coeflicient of frequency of 90 ppm, which, for an 89.1-MHz
resonator, translates into 8019 Hz/° C. The gain factor from
the slope of the graph shown is -6.31 €/Hz, which will
result in an impedance sensitivity of 50.62 kQ/° C. Further-
more, using this method, the continuous tracking of the
resonance frequency reduces to real-time monitoring of the
real or imaginary component of the impedance at a fixed
frequency. So long as the quiescent point of the circuit is set
to be at the midpoint between the inflection points in the
impedance curve and the temperature changes are small, this
method offers a very simple electronic measurement method
which can be readily scaled to large FPAs. For the 89-MHz
resonator shown here, the linear range of frequency excur-
sion is limited to ~2 kHz, corresponding to a pixel tempera-
ture change of 0.25° C. Since the temperature change
induced in the sensor pixel for room-temperature IR imaging
applications is expected to be small, this method is reason-
ably well suited for this application.

In terms of an actual measurement protocol, a temperature
sensor will be included on the chip to track the overall
temperature of the resonator chip in real time. The measure-
ment circuit will consist of the following blocks: 1) a direct
digital signal synthesizer; 2) a vector voltmeter to measure
the signals from the resonator pixels; 3) a temperature
sensor; 4) a multiplexer; 5) a field-programmable gate array
to control the multiplexer and the direct digital synthesizer
(DDS); and 6) an x86-based microcontroller for signal
analysis. As part of the initialization of the device, imped-
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ance scans determining the two inflection points and f,
setting for each resonator will be determined. These values,
along with the temperature sensitivity of the frequency, for
each resonator would be stored into a lookup table and
processed to provide a temperature calibration. The pro-
posed electronic interface is motivated by our earlier work
[15], and FIG. 4D shows a schematic representation of a
possible electronic interface. Since the proposed electronic
interface has not been implemented in this work, all mea-
surements reported were performed using an Agilent 4395A
impedance analyzer.

III. IR Sensor Array Fabrication

A cross-sectional overview of the fabrication process is
schematically shown in FIG. 4E. On a (100) 525-um-thick
4-in-diameter p-doped silicon watfer, the mechanical support
structures are defined. The Si wafer has a 500-nm-thick
thermally grown SiO, film to electrically insulate the bottom
electrode of the quartz resonators from the silicon substrate
and to reduce parasitic capacitance and coupling in the
device. Evaporated on the wafer are 20-nm Cr and 100-nm
Au films. A thick positive photoresist (SPR-220) is spun and
patterned using contact lithography to define the support
structure areas for the freestanding resonators. A 3- to
S5-um-thick indium film is electroplated using an indium-
sulfamate-based solution in the support areas, created after
development of the photoresist pattern. A 15- to 30-um-deep
cavity is etched in silicon using a SFg-based anisotropic
Bosch etch process with indium acting as the mask for this
step.

Separately, 100-um-thick Y-cut 1-in-diameter quartz
wafers are prepared on which the bottom electrode is defined
by the evaporation, lithography, and etching of a 15-nm
Ti/135-nm Au film. The quartz wafer with the bottom
electrode pattern is subsequently aligned to the indium
support structure pattern on the silicon wafer, and the two
wafers are solder bonded using an EVG501 bonder at a
temperature of 200° C. for about 1 h. The use of indium
enables a low-temperature bonding step (melting point
~150° C.) and provides a good thermal contact to the
substrate in the bonded areas. The bonded quartz wafer is
thinned down using a high-density inductively coupled
plasma (ICP) etching step to a thickness in the 4-to 8-um
range [13]. An etch rate of ~0.5 um/min was used during the
thinning step, requiring over 4 h of etching time. Thereafter,
the 15-nm Ti/200-nm Au film for the top electrode is
deposited by evaporation and defined using lift-off. The top
electrode is designed to be smaller than the bottom one in
order to improve the IR absorption since the gold in the
electrode areas is a highly reflecting layer. Finally, the
release mask is defined, and the surrounding quartz is etched
through its entire thickness using a fast ICP etching process
to create the corner-supported freestanding thermally iso-
lated quartz IR detector array. FIG. 4F shows an optical
image of the fabricated device. The use of a low-temperature
fabrication process, along with the use of a silicon substrate
wafer on which the quartz resonator array is integrated, can
be designed to potentially allow for integration with CMOS
readout electronics in future designs.

IV. IR Sensitivity and Thermal Modeling

The device as shown in FIG. 4A is assumed to be a
circular pixel connected to the frame via four legs. The
anchor pads are assumed to be at room temperature, and the
incident radiation is assumed to be absorbed by the annular
pixel region outside the top electrode. The heat balance
equation for this case can be simply written as
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where £ is the absorption coefficient, G is the thermal
conductance (in watts per kelvin) of the four legs, H is the
thermal mass (in joules per kelvin) of the circular pixel, and
Q=Q,c™" is the incident addition of peak power Q, (in watts)
modulated sinusoidally at the angular frequency w. The
maximum rise in temperature AT|, upon absorption of
radiation can be written as

(£Qo)
VG +w?H?

ATl = (12)

It must be noted that the use of the four support legs
increases the overall thermal conductance G and is therefore
undesired from thermal standpoint. However, the four-leg
structure is mechanically and structurally more robust and
provides better yield. The responsivity R (in hertz per watt)
of the device is given by

Afo
R=_2_
Qo

TCF -ATl, {-TCF
2  Je+orH?

a3

where Af; is the change in the resonance frequency in
response to the modulated incident radiation and TCF is the
temperature coeflicient of the resonance frequency, i.e.,
TCF=df/dT. Furthermore, IR detectors are typically charac-
terized by two additional figures of merit known as noise
equivalent power (NEP) (in WA/Hz) and detectivity D* (in
mvVHz/W).

These can be defined as

Af lyoi 14
NEP:% o)

._ Ay R-Ap 15

T NEP " Aflyoiee

where Afly,,,. is the rms frequency noise measured in 1-Hz
bandwidth and A, is the area of the detector.

Since the phenomenological sensitivity of quartz is very
high, the fundamental limitation in the temperature resolu-
tion is set by the noise limits. NETD is a widely used
parameter to characterize IR detectors and arrays. It refers to
the minimum difference in the temperature of the back-
ground that produces a signal that is equal to the noise in the
system. Since there are several sources of noise, the total
NETD can be expressed as

NETD?=NETD p30rmeai> *NETD s 0> +*NETDgo 2 (16)

where the subscripts refer to the noise limits set by thermal
fluctuation noise, flicker noise, and readout electronics,
respectively. Allan variance 0,(t) is a two-sample variance
that is used to measure the stability of resonators and
oscillators in the time domain. Frequency flicker is typically
characterized by the power spectral density S ()l z; 4., With
the 1/f behavior, which can be written as [16]
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and sets the limit for the minimum IR power that can be
detected when modulated at frequency f. Based on empirical
observations, the smallest level of Allan variance in quartz
resonators has been estimated to be 1.2x1072°-f, [10], [17].

In most thermal detectors, however, the noise limit is set
by the spontaneous temperature fluctuations of the detector
element due to conductive coupling. For the ideal thermal
detector discussed, the power spectral density S (D)l 7., 1
given by [18]

4kpT?G - TCF? (18)

Sy N permat = 2 1 2H?

where k; is the Boltzmann constant and T is the ambient
temperature which is taken as 293 K for room-temperature
imagers. Once the power spectral density is known for each
noise source, the variance of the noise can be written as [19]

(TN, 7)) = 19

[l -

where N is the number of measurement samples and T is the
measurement time. The second term in the aforementioned
expression in square brackets is the transfer function of a
linear filter. In this calculation, the dead time between
measurements has been assumed to be zero. Substituting
equation (17) and (18) into (19), the variance of the noise
due to flicker (1/f) and thermal fluctuations can be calcu-
lated. The combined deviation of noise o, in hertz due to
contributions from flicker and thermal components can be
written as

ONoise:[{; 0y2 ‘Flicker+:; 0y2 | Therman) 2 (20)

In this work, we use an impedance analyzer, the mea-
surement time and number of points over which the data are
averaged can be set as desired. Hence, we have ignored the
electronic readout noise.

The NETD is another important performance parameter
for IR imaging systems and is defined as the smallest
difference in temperature of a blackbody which, when
viewed by the IR detector, gives rise to a signal that is equal
to the noise in the detector, i.e., the smallest difference in the
temperature of a blackbody at room temperature, resulting in
a signal-to-noise ratio of one. The NETD is defined as

(4F?% + D)0 poise 21

NETD = -
ZApnR [ 2@OM@. T)/6T)dA

where F is the f-number of the optics, & is the absorption
coeflicient of the pixel, n is the transmittance of the atmo-
spheric path between the scene and the system multiplied by
the transmittance of the optics, and (eM/3T)dA is a reference
blackbody emission function integrated over the wavelength
range of interest (for a 300-K scene temperature in the
8-tol4-um spectral interval, its value is 2.62 W/K-m?, and in
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the 3-to 5-um spectral interval, its value is 0.21 W/K-m?[3]).
The response time Tz, of thermal detection mechanisms is
given by

Tor=H/G 22

V. Experimental Results

The resonance characteristics of the individual resonators
were measured using an Agilent 4395 impedance analyzer
following short, open, and load (51-Q) fixture compensation
measurements. FIG. 4G shows a typical resonance curve
obtained for the fabricated devices in air. The resonance
frequency was found to be 241 MHz, implying a pixel
thickness of 6.9 um. The quality factor of the fabricated
device was 4200. The slope of the imaginary part of the
impedance Im(Z) versus frequency was determined to be
-640 Q/MHz.

The temperature sensitivity of the resonators was mea-
sured in the 22° C.-50° C. temperature range. The device
was placed in a temperature oven, the temperature of which
could be maintained at a steady value within 0.1° C. At each
temperature, the device was allowed to equilibrate for 30
min before recording the resonance frequency. The resonator
was continuously driven during the entire measurement.
FIG. 4H shows the resonance frequency as a function of
temperature. The device showed a linear response with a
temperature coefficient of frequency TCF ot 22.16 kHz/K or
92 ppm/K—which is close to the expected value for the
Y-cut crystal. From the experimentally measured slope of
the impedance-frequency curve (FIG. 4G), the temperature
sensitivity of Im(Z) is 14.2 ©2/K when biased at the midpoint
between the two inflection points as shown in FIG. 4G.

A broadband (2-to 20-pum) IR light source with a parabolic
reflector and without any window, obtained from Ion Optics
Inc., was used for the IR calibration experiments. The IR
source with a beam diameter of 5 mm was modulated using
an optical chopper at full intensity and frequencies up to 100
Hz. A Heimann thermopile sensor with an area of 1.2
mmx1.2 mm and CaF, window with ~90% transmission up
to 10 um was used for IR source calibration. The calibrated
sensitivity of the thermopile sensor is given to be 29.5 V/IW
with a time constant of 9.3 ms. The maximized output from
the reference detector of 0.05 V was obtained, which gave
an incident power of 1170 W/m?. The resonance frequency
was monitored by performing calibrated impedance versus
frequency scans. The impedance analyzer was set up to
operate at a frequency of 241.02 MHz, and the Im(7Z) was
monitored as the incident radiation was modulated using the
optical chopper at a frequency of 3.8 Hz.

FIG. 41 shows the response of a quartz resonator pixel and
the reference sensor. The modulated impedance output was
0.535Q, which implies a temperature change of 37.7 mK
and is well within the dynamic (linear) range of operation.
The dynamic range of the detector is the difference in Im(Z)
bounding the linear region in the impedance curve between
the two inflection points as shown in FIG. 4F, which, for the
curve shown, is 14Q. The measured responsivity of the
device is 7.32 kQ/W or 11.4 MHz/W. The rms noise in the
1-Hz bandwidth was experimentally measured to be 28.5
uQ/Hz"2, from which an NEP of 3.90 nW/Hz"? and a
detectivity D* of 1x10° m-Hz""%/W were deduced. Further-
more, FIG. 41 also shows a linearly increasing/decreasing
impedance output in the fully modulated states of the pixel.
This arises from the fact that quartz is a good absorber of IR
radiation in the 8-to 12-um range, and this heat in the
surrounding thermally clamped areas slowly couples back
into the pixel with a much slower time constant. A similar
effect leading to a slow response time was observed in the
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IR detectors reported earlier [13]. However, the problem in
the previous design was far more exacerbated than reported
here.

It must be noted that the method of tracking the resonance
frequency in the impedance domain at the array level
requires individual calibration of each pixel. The experi-
mentally measured slope of Im(Z) versus frequency, as well
as the resonance frequency f, of each pixel, is used for
converting time-dependent impedance changes into a
change of scene temperature. In a single chip with eight
resonators, we measured an average dynamic range of 3.53
kHz with a standard deviation of the resonance frequency in
the array of 2.48 MHz. This clearly indicates that individual
calibration for each sensor is required which can be readily
performed as part of the experimental measurement protocol
as proposed in Section II.

Table 11 lists the geometric parameters that have been used
to model the fabricated IR detectors. Furthermore, the
material properties are assumed as follows: thermal conduc-
tivity of quartz of 6.2 W/m K, density of quartz of 2650
kg/m®, heat capacity of quartz of 733 J/kgK, thermal
conductivity of gold of 318 W/m'K, heat capacity of gold of
129 Jkg'K, density of gold of 19 320 kg m>, and ambient
temperature is assumed to be 293 K. It is assumed that the
bottom electrode covers the entire back side of the resonator
structure, whereas the topside electrode is assumed to be 200
um in diameter. Based on the dimensions listed, the total
thermal conductance of the four legs can be calculated to be
217.5 pW/K. The heat capacity of the pixel is calculated to
be 2239 nJ/K, resulting in a thermal time constant of 10.3 ms
according to (14).

TABLE 1I

Geometric Parameters Used In The Thermal Calculations Based On The
Fabricated Device Geometry

Pixel Parameter Dimension (um)

Pixel Diameter 450
Pixel Thickness (fo = 241 MHz) 6.94
Supporting Leg Length 116
Supporting Leg Width 54
Bottom Gold Electrode Diameter 446
Top Electrode Diameter 200
Electrode Thickness 0.4

Using equations (7) and (18) and the aforementioned
pixel thermal parameters, the responsivity, NEP, and D* are
calculated as a function of modulation frequency and shown
in FIG. 4]. The calculated values of the responsivity, NEP,
and D* are approximately an order of magnitude higher than
the measured values reported and are primarily limited by
measured noise values.

Based on the measurement time T of 0.9 ms, the noise
deviation due to flicker and thermal sources was calculated
for N=2 using equations (19) and (20) and by performing a
numerical integration. For the typical values of transmit-
tance of 11=0.9 and absorption of £=0.5, the NETD can be
calculated as a function of modulation frequency and is
shown in FIG. 4K. Using the experimentally measured
broadband noise value of 0.001 Hz and the responsivity of
11.4 MHz/W, the NETD for the pixel is obtained to be 3.8
mK, which compares well with the theoretically predicted
value of 2 mK obtained in the 3.8-Hz modulation region.

The thermal characteristics of the device were also mod-
eled using finite-element analysis using Comsol software
using the general heat transfer module. The device shape
was drawn to dimensions and meshed using tetrahedral
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elements. Only the top surface of the quartz in the region
where the gold top electrode does not exist is assumed to
absorb the incident IR radiation. Based on the experimental
value of the incident radiation density and the absorption
coefficient of 50%, a value of 573 W/m> was used in the
simulations. The ends of the four support legs were fixed at
room temperature of 293 K, and for the rest of the surfaces,
natural convective heat flux was assumed. The top and
bottom gold electrodes were modeled as 0.2-um-thick
highly conductive layers of gold. This setting in the software
allows for optimized sizing of the mesh elements while
accommodating the extreme difference in the aspect ratios of
the various structures in the device and at reasonable com-
putational resources. FIG. 4L, shows the temporal thermal
response of the device to a step function, and the inset shows
the obtained temperature profile in steady state. The time to
reach e™! of the asymptotic temperature value gives a time
constant of 6 ms, which is close to the simple analytical
value of 10 ms predicted without including any natural
convective heat losses. The temperature profile across the
pixel also shows uniform heating except in the vicinity of the
supporting legs due to the presence of the gold electrodes
which helps in spreading the heat across (see inset of FIG.
4L). Thus, most of the temperature gradient is sustained in
the supporting legs. For the pixel shown, a temperature
difference of 126 mK is obtained which, for the 240-MHz
device, is expected to result in a frequency change of 2.8
kHz when operated below the thermal cutoff frequency. This
finite element modeled frequency change is about three
times higher than the experimentally observed value. Since
the modeled frequency change depends upon the values of
the absorbance, the transmittance, and the power input used,
any significant errors between the actual and model input
values of these quantities can be the source of the observed
discrepancy between the predicted and measured tempera-
ture differences. Furthermore, in the model presented, no
conductive heat losses through the surrounding air were
included, which would also contribute to the observed error.

The response time of the device was experimentally
measured by monitoring the relative output of the pixel
response as the chopper frequency was increased up to 100
Hz. FIG. 4M shows a Bode plot of the relative response of
the pixel, from which a thermal time constant of <30 ms was
measured—allowing for a 33-frames/s video rate. The pre-
dicted time constant for the pixel using equation (22) was 10
ms, which agrees within a factor of three with the measured
time constant. Since the calculation of time constant does
not depend upon assumptions relating to the absorbance, the
transmission losses, and the accuracy of the calibration of
the power output from the IR source, this prediction is
expected to show a better agreement with the experimental
values than the temperature change of the pixels. However,
the current time constant measurements were limited by the
optical chopper sweep time through the incident IR beam,
and more refined measurements are required to determine
the exact thermal time constant of the device.
VI. Conclusion

In summary, the design, fabrication, and experimental
characterization of IR detectors based on Y-cut-quartz bulk
acoustic wave resonators has been presented. Using hetero-
geneous integration and micromachining techniques, a high-
thermal sensitivity and fast-response-time IR sensor array
was realized. Specifically, uncooled IR detectors for thermal
imaging applications with a time constant of less than 30 ms
and an NETD of 4 mK have been demonstrated. Y-cut
thickness shear mode resonators with a thickness of 6.9 pm
(f,=240 MHz) were fabricated using the newly developed



US 10,184,845 B2

35

heterogeneous integration technique. Although the fabri-
cated pixel pitch was 500 um, the developed technology has
good scalability due to the use of high-resolution planar
lithography steps, ICP etching used for the thinning and
release of the resonators, and the high-thermal conductivity
indium support that provides good thermal contact to the
substrate and minimal thermal crosstalk between neighbor-
ing pixels. Even with the current pixel size, low-resolution
imagers with (4x4) 16 pixel arrays can be realized for simple
applications such as triggers for video monitoring and
low-cost intruder alarm applications. The low thermal bud-
get of the fabrication process (<200° C.) and the cointegra-
tion onto a silicon wafer will enable direct CMOS interfac-
ing in future designs of these sensor arrays. A novel method
for real-time resonance frequency tracking based upon the
measurement of the impedance of the resonator at around
the resonance frequency has been proposed and offers
additional improvement in the sensitivity.
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E. Exemplary Embodiment 5 (Micromachined
Quartz Resonator-Based High Performance
Thermal Sensors)

Abstract—This paper presents the design, fabrication, and
characterization of temperature sensitive quartz resonators
fabricated using heterogeneous integration methods for real-
izing high-density, thermal conductance fluctuation limited
thermal sensors for infrared imaging and biochemical sens-
ing applications. An integrated quartz sensor array using
CMOS-compatible micromachining techniques has been
designed and fabricated. 241 MHz micromachined resona-
tors from Y-cut quartz crystal cuts were fabricated with a
temperature sensitivity of 22.162 kHz/° C. Infrared mea-
surements on the resonator pixel resulted in a noise equiva-
lent power (NEP) of 3.90 nW/Hz!?, detectivity D* of
9.17x107 cmHz"*/W, and noise equivalent temperature dif-
ference (NETD) in the 8-12 um wavelength region of 4 mK
and a response time of <30 Hz. In a unique new application
a remotely coupled thermal sensor configuration was used to
monitor biochemical reactions in real time.

1. Introduction

The most generic definition of a thermal sensor is essen-
tially a temperature sensor (thermometer) that has been
optimized to result in maximum temperature change upon
exposure to the measurand. Thus optimization of thermal
sensor designs thus focus on two aspects: (i) development
and integration of materials (phenomenon) with a large and
repeatable temperature coeflicient of the property being used
as the measurement principle, and (ii) development of
sensing structures capable of realizing a maximum tempera-
ture change upon exposure to minimum amount of input.
The second requirement implicitly constrains thermal sen-
sors into the micro and nanoscale sizes where the thermal
mass of the systems is extremely small and therefore small
amounts of absorbed power results in large changes in
temperature. In this paper we describe the design, fabrica-
tion, and test results of thermal sensors based on microma-
chined quartz bulk acoustic wave resonators. As we will
demonstrate, the use of temperature sensitive quartz cuts
provides extremely high temperature detection capability in
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these sensors while micromachining allows reduction in the
thermal mass and thermally isolates the sensor structure for
optimized performance.
II. Ideal Thermal Sensor

An ideal thermal sensor is schematically illustrated in
FIG. 5A. The detector element of thermal mass H (I/K) is
coupled to the heat sink at a constant temperature T, (K) via
a thermal conductance G (W/K). Upon absorption off a
power Q(W) by the detector element, its temperature T is
found by solving the equation:

d(T - To)
dt

@23

Q:H( )+G(T—T0)

where t(s) is the time. For a sinusoidal power input,
Q=Q.exp(imt), (1) can be solved to yield

Qoexpliwr) 24)

VG + 2 H?

AT=T-Ty=

For a thermal detector to exhibit high sensitivity, AT must
be as large as possible which, according to eq. (24), can be
achieved by making G as small as possible and w sufficiently
low so that wH<<G. In other words both the thermal heat
capacity of the detector element and its thermal coupling to
the surroundings should be as small as possible. The impli-
cation of making H as small as possible results in a sensing
element of as small and as light a construction as practicable.
A characteristic thermal time constant T, for the detector can
be defined as

1, =H/G 25)

In most thermal detectors the noise limit is set by the
spontaneous temperature fluctuations of the detector ele-
ment due to the heat conductance G to the surroundings. For
the ideal thermal detector shown in FIG. 5A, the mean
squared temperature fluctuations are given by [1]

ap2 o _Ys T’G 26)

"7 G+ wH?

where kj is the Boltzmann Constant and the noise is mea-
sured at a frequency  in a 1 Hz bandwidth. The minimum
detectable power P, per unit bandwidth due to temperature
fluctuations is determined from the condition when the
temperature changes due to signal input are equal to the root
mean squared of the temperature noise fluctuations. Using
eqg. (24) and eq. (26), P,,,,, can be written as

Py 2 VKRG

III. Y-Cut Quartz Resonator

Bulk acoustic wave resonators fabricated from some
quartz crystal cuts can be used as sensitive thermometers
with unprecedented temperature resolutions of up to 107
C. [2]. Table 1 lists the temperature coefficient of the
resonance frequency for different quartz crystal cuts at room
temperature [3]. This phenomenological sensitivity of quartz
crystals makes them a highly competitive technology alter-
native to the currently used uncooled thermal detectors such
as vanadium oxide-based bolometers [4], thermopiles, and
pyroelectric detectors [5]. Specifically, Y-cut quartz exhibits
an extremely high temperature coefficient of resonance
frequency of +90 ppm/K and has been used in this work.

@7

10

15

20

25

30

35

40

45

50

55

60

65

38
TABLE 1

Temperature Coefficient Of Resonance Frequency For Various
Quartz Cuts [3]

Temperature Coeflicient of

Quartz Crystal Cut Frequency (ppm/° C.)

AC-Cut 20
LC-Cut 354
Y-Cut 90
SC-Cut (b-mode) -25.5
SC-Cut (dual mode) 80-100
NLSC-Cut 14

The resonance frequency f, of bulk acoustic wave quartz
resonators is determined by the thickness of the resonator d
as

1 28)

H©
fo—ﬁ ;

where 11=4.05x10'°, Pa is the elastic modulus and p=2.65x
10° kg/m® is the density of quartz. Typical commercially
available resonator crystals consist of 100 to 300 um thick
quartz with resonance frequencies in the 5 to 20 MHz range.
Using bulk micromachining techniques, we have fabricated
resonators from 18 pm and 6.9 um thick Y-cut quartz. These
resonators have fundamental resonance frequencies of 89
and 241 MHz respectively as shown in FIG. 5B. The
temperature sensitivity of the resonators was measured
around room temperature by placing the packaged resonator
in an oven and allowing for the temperature to stabilize for
30 minutes before taking the resonance frequency measure-
ment. The two insets in FIG. 5B show the measured tem-
perature sensitivity which gave a value of 7.2 kHz/° C. for
89 MHz and 22.2 kHz/° C. for the 241 MHz resonators and
is consistent with the expected temperature sensitivity of 90
ppm.

In this paper we present two specific applications of the
Y-cut resonators-based thermal sensors. We have configured
the 241 MHz resonators as room temperature IR sensors and
the 90 MHz resonators for biosensing application. These
will be described in detail in the following sections.

IV. Y-Cut Quartz Resonator IR Sensor

The 241 MHz Y-cut quartz resonator-based IR detector is
tested as an IR detector in which the rise in temperature of
the quartz pixel is transduced as an increase in the frequency
of the quartz resonator. FIG. 5C shows the mask layout of
the sensor array chip. The device consists of a thin, free-
standing, single-crystal Y-cut quartz resonator suspended
atop a silicon substrate via four supporting legs that also
provide a thermal connection to the substrate, which acts as
a heat sink. Two of the four legs are used to electrically
connect to top and bottom electrodes of the resonator.
Absorption off the incident IR radiation results in a tem-
perature rise of the freestanding structure. The magnitude of
the resulting temperature rise is primarily determined by the
thermal conductance of suspension legs of the pixel to the
substrate which is clamped at ambient temperature.

The fabrication process uses a 100 pum thick Y-cut quartz
wafer bonded onto an oxidized and etched silicon wafer
using aligned and patterned indium solder bonding per-
formed at ~150° C. Prior to bonding, the bottom electrode of
the resonator consisting of Cr/Au is patterned. The bonded
quartz watfer is thinned down using a high-density induc-
tively coupled plasma (ICP) etching step to a thickness in the
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4-8 um range. The top Cr/Au electrode is thereafter pat-
terned using lift-off technique. Finally, the release mask is
defined and the quartz is etched through using an ICP
etching step to create the corner-supported freestanding,
thermally-isolated, quartz resonator array. The fabrication
process is described in greater detail elsewhere [6].

A broadband (2-20 um) infrared light source with a beam
diameter of ~5 mm and modulated using an optical chopper
at full intensity up to a frequency of 100 Hz was used for the
calibration. A Heimann® thermopile sensor with 1.2
mmx1.2 mm area, sensitivity of 29.5 V/W and a time
constant of 9.3 ms was used as the reference sensor. The
response of the sensor was measured by using an impedance
analyzer tuned at the resonance frequency and monitoring
the change in the imaginary part of impedance of the
resonator. The details of this method of measurement are
described elsewhere [6]. FIG. 5B shows the infrared
response of the quartz resonator as compared to that of the
reference thermopile sensor. From the noise measurements
in 1 Hz bandwidth, a noise equivalent power of 3.90
nW/Hz"2 and a D* of 9.17x107 cmHz"*/'W were deduced.
The NETD of the measured pixel was deduced to be 4 mK.
The relative response (peak-to-peak amplitude)) of the sen-
sor as a function of the modulation frequency of the incident
radiation was measured and a Bode plot of the relative
response was plotted. A response time of <30 ms was
experimentally measured, allowing for a 33 frames per
second video sampling rate.

The thermal characteristics off the device were also
modeled using finite element analysis using Comsol® soft-
ware using the general heat transfer module. Only the top
surface of the quartz in the region where the gold top
electrode does not exist is assumed to absorb the incident IR
radiation. Based on the experimental value of the incident
radiation density and absorption coefficient of 50%, a value
of 573 W/m> was used in the simulations. The ends of the
four support legs were fixed at room temperature of 293 K
and for the rest of the surfaces natural convective heat flux
was assumed. FIG. SE shows the temperature profile at four
different times. The time to reach e™* of the asymptotic
temperature value gives a time constant of 6 ms, which is
close to the simple analytical value of 10 ms predicted
without including any natural convective heat losses using
eq. (25). The temperature profile across the pixel also shows
uniform heating except in the vicinity of the supporting legs
due to the presence of the gold electrodes which helps in
spreading the heat across uniformly. For the pixel shown, a
temperature difference of 126 mK is obtained which for the
240 MHz device is expected to result in a frequency change
of 2.8 kHz when operated below the thermal cut-off fre-
quency. The FEM modeled frequency change is about 3
times higher than the experimentally observed value.

V. Y-Cut Quartz Biosensor

In a novel configuration of the sensor, a reaction chamber
is positioned <100 um from the 89 MHz sensor array and the
reaction enthalpy was measured in real time. FIG. 5F
schematically illustrates the sensor configuration. The major
advantage of this method is that the biochemical reactions
can be directly performed in the reaction chamber which is
in the proximity of the quartz resonator but not in actual
contact with it. Therefore no direct mass loading or fouling
of the resonator surface occurs. The heat from the biochemi-
cal reaction couples through radiation and conduction via
the thin layer of air trapped between the resonator and the
bottom of the chamber.

Reducing the gap between the sensor and the reaction
chamber also results in improved heat transfer coeflicient
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through the confined gas layer. The effective heat transfer
coefficient via radiation (h,,,,,..,) and conduction via air
(h,,,) in confined spaces can be given by the expressions:

@29

T +Ty
Myadiation = 4£0] (T)

« (B0

where T1 and T2 are the temperatures of the quartz resonator
and the reactor respectively, € is the emissivity of the
chamber wall, o is the Stefan-Boltzmann constant, K is the
thermal conductivity of air and d,,,. is the thickness of the air
layer trapped between the sensor and the reaction chamber.
Using these expressions, the effective heat transfer coeffi-
cient can be plotted as a function of the gap thickness (d;,.)
and is shown in FIG. 5G.

The effective heat transfer coefficient plotted in FIG. 5G
is dominated by conductive heat transfer through air which
is the dominant contribution when the separation gap is less
than 100 pm. Thus, the designed sensor configuration is a
very effective calorimeter design.

FIG. 5H shows the real time response of the calorimeter
to the exothermic reaction between 1% HCI to varying
concentration of NH,OH. For small concentrations, the
reaction can be written as

HCl+ NH,0g=Z2 4

NH,Cl + H,O

Since the concentration of HCI is fixed, increasing the
concentration of NH,OH initially increases the amount of
heat generated. However, after a certain concentration cor-
responding to higher than 1:1 molar ratio, the amount of heat
evolved begins to saturate. In these experiments, 200 ul, of
each of the reactants were added to the reaction chamber.
The temperature in the reaction chamber follows an expo-
nential rise with a time constant of ~2.4 s, eventually
reaching a peak and thereafter decaying to room temperature
with a longer time constant. The decay time constant is long
since the chamber was designed to be thermally insulated
from all directions except where it faces the quartz tempera-
ture sensor. A similar experiment with urease (enzyme) to
catalyze the hydrolysis of urea was performed and the heat
of reaction could be monitored in real time. The enthalpy
change of the reaction is —61 kJ/mol. In the experiments it
was found the frequency increase for 0.4 M urea is about 2.3
kHz. Taking into account of the sensor sensitivity, the
calculated temperature change in quartz resonator sensor is
1.2° C. This implies that with the current design only 23%
of the generated heat from biochemical reaction is trans-
ferred to the sensor from the top reaction chamber.
VI. Conclusions

This paper reports the first experimental results on the
design, fabrication, and characterization of temperature sen-
sitive quartz resonators fabricated using heterogeneous inte-
gration methods able to fabricate high-density, thermal con-
ductance fluctuation-limited thermal sensors. Two different
applications were described in detail: infrared sensing and
calorimetric biochemical sensing.
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F. Exemplary Embodiment 6 (Monitoring
Biochemical Reactions Using Y-Cut Quartz
Thermal Sensors)

Abstract—In this paper, we present a micromachined
Y-cut quartz resonator based thermal sensor array which is
configured with a reaction chamber that is physically sepa-
rated but located in close proximity to the resonator for
sensitive calorimetric biosensing applications. The coupling
of heat from the reaction chamber to the quartz resonator is
achieved via radiation and conduction through ambient gas.
The sensor was packaged onto a 300 mm thick stainless
plate with an opening in the middle. The sensor array was
aligned to the opening and mounted from the underside of
the plate. A reaction chamber designed for performing
(bio)chemical reactions was used in the measurements. This
configuration of the sensor allows for a very robust sensing
platform with no fouling of the sensor surface or degradation
in its performance metrics. Impedance-based tracking of
resonance frequency was used for chemical, enzymatic, and
cellular activity measurements. The sensor described has
impedance sensitivity of 852 W/° C. or a frequency sensi-
tivity of 7.32 kHz/° C. for the 91 MHz resonator used in this
work. Results on exothermic reaction between hydrochloric
acid and ammonium hydroxide, the hydrolysis reaction of
urea by urease and the catalytic reaction of glucose with
glucose dehydrogenase are reported. From the signal to
noise ratio analysis of the glucose sensor, <10 uM glucose
sensitivity could be obtained improving the detection limit
by a factor of 250 in comparison to our previous work using
thermopile sensors. Finally, calcium ionophore induced cel-
Iular activity was measured in pancreatic cancer cells using
the sensor.

Index Terms—Calorimetric Biosensors, Y-cut Quartz,
Thermal Sensors, Enzymatic Sensing, Glucose Sensor, Cal-
cium lonophore
1. Introduction

Historically, gravimetric (mass) measurement mode has
been the primary focus of quartz resonator research for
(bio)chemical sensing but as it turns out quartz resonators
can be used as sensitive temperature sensors as well. A major
impediment in the use of temperature sensitive cut of quartz
resonators for thermal biosensing applications is the con-
comitant mass loading effects that confound the results and
therefore make calorimetric analysis of the results difficult.
In this paper we present a novel configuration of a quartz
resonator-based thermal sensor in which the reaction cham-
ber is physically separated and located in close proximity to
a micromachined quartz resonator [1]. The coupling of heat
from the reaction chamber to the quartz resonator is
achieved via radiation and conduction through ambient gas.
The close proximity of a reaction chamber of a few tens-
hundreds of microns and the high absorption coefficient of
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quartz in the 8-12 um wavelength range render this system
into a very sensitive calorimeter design. The non-contact
measurement results in no mass loading effects on the quartz
resonator and therefore provides clear calorimetric data.

Biological reactions are more or less always exothermic
in nature and therefore lend themselves to calorimetric
analysis [2, 3]. When an exothermic biological reaction is
performed on a freestanding, thermally isolated, microma-
chined structure, the small thermal mass and the good
thermal isolation of the structure causes the temperature of
the freestanding membrane to rise. This principle has been
used to demonstrate calorimetric biosensors using thermo-
piles, thermistors, and other temperature sensors [4-8]. J.
Weaver et al. designed one of the first thermal enzyme probe
used to detect the reaction of glucose and urea [9]. In the
1980s, B. Danielson conducted a comprehensive research on
reaction enthalpy and developed thin film calorimetric bio-
sensors to detect glucose oxidase/catalase catalyzed reac-
tions [5, 10]. They used differential measurements with one
of the sensors coated with enzyme to measure the tempera-
ture change during biochemical reactions. Following the
development of advanced microfabrication technology, See-
beck effect based thermopile thermal sensors were exten-
sively investigated. G. R. Lahiji et al. demonstrated one of
the first thermopile based infrared detector with a respon-
sivity of 6 V/W and a time constant of 15 ms. [11].
Thermopile based thermal biosensors have been since dem-
onstrated several research groups [8, 1215].

More recently, calorimetric detection for use in gaseous
and liquid ambient for (bio)chemical sensing based upon the
out-of-plane bending of micromachined bimetallic cantile-
vers was proposed and demonstrated by Gimzewski et al. at
IBM, Zurich [16-20]. By using a simple model, the ultimate
sensitivity of the system was estimated to be of the order of
10 pW with a minimum detectable energy of ~20 femto-
joules [17]. Nakagawa et al., used this technique to observe
rotator phase change in n-alkanes with a heat sensitivity of
500 pJ for a sample mass of 7 pg and a time resolution of 0.5
ms [21]. However, these cantilever based systems are dif-
ficult to functionalize as arrays and operation in liquid
environment dramatically degrades their overall perfor-
mance [22]. Although several groups have demonstrated
excellent performance in laboratory conditions, these
devices are still beset with challenges relating to robustness,
ease of use, repeatability, and reliability for practical (bio)
chemical and clinical diagnostic applications.

1I. Ideal Thermal Sensor

An ideal thermal sensor is schematically illustrated in
FIG. 6A. The detector element of thermal mass H (I/K) is
coupled to the heat sink at a constant temperature T, (K) via
a thermal conductance G (W/K). Upon absorption of a
power Q' (W) by the detector element, its temperature T is
found by solving the equation:

a(T - Ty)
dr

BD

Q’=H( )+G(T—T0)

where t(s) is the time. For a sinusoidal power input,
Q=Qexp(imt), eq. (31) can be solved to yield

Qhexplin) 32

VG + w212

AT=T-Ty=
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For a thermal detector to exhibit high sensitivity, AT must
be as large as possible which, according to eq. (32), can be
achieved by making G as small as possible and w sufficiently
low so that wH<<G. In other words both the thermal heat
capacity of the detector element and its thermal coupling to
the surroundings should be as small as possible. The impli-
cation of making H as small as possible results in a sensing
element of as small and as light a construction as practicable.
A characteristic thermal time constant T, for the detector can
be defined as

t=H/G 33)

In most thermal detectors the noise limit of a detector is
set by the spontaneous temperature fluctuations of the detec-
tor element due to the heat conductance G to the surround-
ings.

For the ideal thermal detector shown in FIG. 6 A, the mean
squared temperature fluctuations are given by [23]

ap2 o _Ys T’G 34

" T Gt

where kj is the Boltzmann constant and the noise is mea-
sured at a frequency  in a 1 Hz bandwidth. The minimum
detectable power P, per unit bandwidth due to temperature
fluctuations is determined from the condition when the
temperature change due to signal input is equal to the root
mean squared noise fluctuations. Using eq. (32) and eq. (34),
P,.,, can be written as

P,.=2IVKG

III. Quartz Resonator Based Calorimetric Biosensor

In this paper we measure the rise in temperature in
real-time using the quartz crystal resonator (QCR) located
right under the freestanding reactor membrane. FIG. 6B
shows the schematic illustration of the device. Freestanding
micromachined membranes of small thermal mass are very
sensitive to small changes in heat and are thus capable of
analyzing very small quantities of reactants and products
[24, 25]. They also have fast response times required for
real-time study of reaction kinetics. Specificity to identify
our perform a selective assay is achieved by coating the
reactor with specific catalysts such as enzymes, antibodies
or even single stranded oligonucleotides for DNA sequence
analysis [2]. When the analyte is exposed to such immobi-
lized enzymes or probe DNA strands on the freestanding
reaction chamber, the biochemical reaction begins and its
evolution in terms of total amount of heat generated and
kinetics is proportional to the concentration of the reactants
as well as the rate constants of the reaction [26]. The
applications of the presented sensor [27] can be broadly
categorized under (i) health care, (ii) monitoring and control
of industrial processes, and (iil) environmental monitoring.

Quartz resonators fabricated from certain crystal cuts can
be used as sensitive temperature sensors with unprecedented
resolutions of up to 107% C. [28]. This phenomenological
sensitivity of quartz crystals makes them highly competitive
technology alternative to the currently used uncooled ther-
mal detectors such as vanadium oxide-based bolometers
[29], thermopiles, and pyroelectric detectors [30]. Thus
quartz crystal resonators can be configured as high perfor-
mance thermal sensors and can achieve temperature resolu-
tions as low as few mK. The possibility of using quartz bulk
acoustic wave resonators for thermal infrared sensing was
first presented in 1985 by Ralph and co-workers, followed
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by a detailed evaluation the same for infrared (IR) imaging
applications by Vig et al. in 1996 [31, 32]. However over the
intervening years, the experimental realization of these
sensors has not been fully demonstrated. Recently we have
published papers on the application of micromachined Y-cut
quartz bulk acoustic resonators for IR sensing applications
[33, 34].

The resonance frequency of bulk acoustic wave quartz
resonators is determined by the thickness of the resonator t
as:

(36)

where L is the elastic modulus and p is the density of quartz.
For quartz, n=2.95x10'° Pa and p=2.65x10> kg/m®. Typical
commercially available resonator crystals consist of 100 to
300 um thick quartz with resonance frequencies in the 5 to
20 MHz range. Using bulk micromachining techniques, we
have fabricated resonators from 18 um thick Y-cut quartz.
These resonators have fundamental resonance frequencies
of ~90 MHz. Y-cut quartz has a temperature sensitivity of
+90 ppn/K yielding a temperature sensitivity of ~8 kHz/K.

FIG. 6C shows an optical picture of the quartz resonator-
based temperature sensor array consisting of eight 1-mm
diameter and 18 pm thick micromachined Y-cut quartz
resonator pixels with a resonance frequency of ~90 MHz and
quality factor >10,000. Thee fabricated sensor array is
packaged onto a 300 um thick stainless steel plate with an
open window facing the sensors. A 6x6 mm” biochemical
reaction chamber is made by attaching PDMS mold onto a
160 um thick glass cover slip and placed atop the sensor
array. The thick PDMS walls provide good thermal isolation
while the bottom glass plate couples the heat from the
reaction chamber efficiently to the sensor array. The fabri-
cation process of the quartz sensor array is described in
detail elsewhere [35]. With the sensor array mounted under
the steel plate and the reaction chamber placed atop the steel
plate, the gap is determined by the thickness of the plate.
IV. Results & Discussion

A. Y-Cut Quartz Resonator Sensor Calibration

FIG. 6D shows the real and imaginary part of the imped-
ance of the fabricated quartz resonator sensor measured
using an Agilent 42994A impedance analyzer. The reso-
nance frequency of the measured sensor is about 90.96 MHz
and calculated quality factor is ~27700. Using eq. (31), the
calculated effective thickness of quartz sensor after the
fabrication process is ~18.3 um, is in accordance with our
designed process parameters. The temperature sensitivity of
the resonators was measured around room temperature by
placing the packaged resonator in an oven and allowing for
the temperature to stabilize for 30 minutes before taking the
resonance frequency measurement. Inset in FIG. 6D shows
the measured temperature sensitivity which gave a value of
7.32 kHz/° C. for the 90.94 MHz resonator and is consistent
with the expected temperature sensitivity of ~90 ppm for
Y-cut quartz.

The analyzer used in this work is capable of acquiring up
to 801 impedance measurements over the experimentally set
frequency span. Even using extremely fast scan rates, each
impedance scan takes around 3 s. Since the expected bio-
chemical reaction times are expected to be much faster, this
method of tracking the resonance frequency is unsuitable for
the current application. To overcome this limitation a new
strategy as described in detail in our recent work has been
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used [34]. Briefly, the impedance analyzer is set to a fixed
frequency at the mid-point between the two inflexion points
in the imaginary component of the impedance curve shown
in FIG. 6D and the change in imaginary part of impedance
is monitored in real-time. For small temperature changes, an
increase and/or decrease in the frequency, about the set
quiescent frequency, translates into an increase or decrease
in the value of Im(Z). This method offers an additional gain
to the measurement of temperature (T) sensitivity of reso-
nance frequency (f,,) since

dImZ) _ d(ImZ)
ar =~ dfy Iy,

af (37
T —Slope

dh
aT

For the case shown, Y-cut quartz has a temperature
coeflicient of frequency 7320 Hz/° C. The gain factor from
the slope of the graph shown is —0.12 Q/Hz which results in
an impedance sensitivity of -852 Q/° C. Furthermore, using
this method, continuous tracking of the resonance frequency
reduces to real-time monitoring of the imaginary component
of impedance at a fixed frequency. So long as the quiescent
point of the circuit is set to be at the mid-point between the
inflection points in the impedance curve, and the tempera-
ture changes are small, this method offers a very simple
electronic measurement method which can be readily scaled
to large arrays. For the 91 MHz resonator shown here, the
linear range of frequency excursion is limited to ~5.6 kHz
corresponding to a pixel temperature change of ~0.75° C.
Since the temperature change induced in the sensor pixel in
the described biosensors is expected to small, this method is
reasonably well suited for this application. Labview® based
program was developed to find the maximum slope factor in
the linear region of impedance vs. frequency curve and to
set-up the measurement frequency for real time measure-
ment of admittance change during the biochemical reaction
at the set maximum slope point. With this new test method,
the scanning time for every data point is only ~0.15 second,
which resulted in 20 times more data points being recorded
during experiments.

Using the method described above, the temperature sen-
sitivity of the quartz resonator sensor was measured using
hot water, from 24° C. to 31° C. in the reaction chamber.
~100 pl of water heated on a hot plate with the temperature
set to the desired value and measured using a thermometer
was instantly placed in the reaction chamber using a plastic
syringe. The experimental data is shown in FIG. 6E. From
the data, it is found that temperature sensitivity of quartz
temperature sensor is 1.942 kHz/° C., which is ~3.5 times
lower than the temperature sensitivity measured by placing
the device in an oven and shown in the inset in FIG. 6D. The
discrepancy in the temperature measured using this and the
oven technique shown in FIG. 6D can be attributed to heat
loss during the transfer of hot water to the reaction chamber
and the heat losses within the reaction chamber and between
the reaction chamber and the quartz resonator sensor.

B. Liquid Batch Testing

Systematic experimental studies have been performed to
test the fabricated quartz resonator sensor for enthalpic
measurements using liquid batch testing. The studied experi-
ments include the neutralization reaction between hydro-
chloric acid (from J. T. Baker) and ammonium hydroxide
(from J. T. Baker), the hydrolysis of urea (from J. T. Baker)
with urease (5 U/mg, EM Science Inc), and the catalytic
reaction of D-(+)-glucose (99.5%, from Sigma Aldrich) by
glucose dehydrogenase (279 U/mg, Sigma Aldrich). For
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ease of operation, all the experiments are performed in open
chamber condition. A reaction chamber made using PDMS
mold is attached to a 160 pum thick glass cover slip to form
a 6x6 mm? area reaction chamber was used and placed atop
the hole in 300 um thick steel plate under which the quartz
sensor was mounted.

As an initial demonstration, the exothermic reaction of
hydrochloric acid and ammonium hydroxide was chosen to
test the quartz resonator sensor. The neutralization reaction
can be expressed as following:

HCl+ NH,OH= /" /NH,C1 + H,0

The enthalpy of the reaction AH=-57.35 kJ/mol. In this
measurement, the HC1 and NH,OH solutions were made by
diluting the original stock solutions from the manufacturer
with DI water to 0.5% to 4% (wt %), respectively. Prior to
the test, the sensor was connected to Agilent impedance
analyzer to stabilize for 30 minutes. The reaction chamber
(opening in the PDMS walls) was aligned on top of the
sensor array and 100 pl of 1% HCI solution was placed in the
reaction chamber. The chamber with HCl solution was
allowed to equilibrate in the ambient for ~5 minutes to
eliminate any temperature difference between the reaction
chamber and the sensor. 100 ul of 0.5% ammonium hydrox-
ide solution was thereafter added to the reaction chamber
using a pipette and the impedance change in real-time was
measured using the Labview® program as described earlier.
Identical procedure was repeated for 1%, 2% 3%, and 4%
NH,OH solution reaction with 1% HCI solution. FIG. 6F
shows the time dependence of the output of quartz resonator
sensor from the reaction of 1% HCI with various concen-
trations of NH,OH. Since the chemical reaction requires 1:1
molar concentration for the maximum evolution of heat, the
amount of heat evolved beyond 2% weight concentration of
NH,OH for fixed 1% HCI solution saturates. As a confir-
mation, a linear response is observed if 1:1 wt. % concen-
trations of HCI and NH,OH are reacted. An exponential rise
in the temperature with an average time-constant of 0.5 s is
observed.

C. Urea Sensing

The hydrolysis of urea in the presence of the catalyst
urease can be written as follows:

CO(NH,), + ZHZO-E%’;L[ INH} + COZ

The enthalpy change of the reaction is —61 kJ/mol. 0.05
M, 0.1, 0.2, 0.3 and 0.4 M solutions of urea were prepared
in phosphate buffer saline (PBS, pH 7.0) solution. Since 1
unit of urease can hydrolyze 0.5 pumol of urea, urease
solution 250 U/ml in PBS was prepared which has sufficient
enzymes to react with urea for all the concentration in the
experiment. Initially, 200 pl of 0.05 M urea solution was
placed into reaction chamber. Then similar to the experi-
mental procedure described earlier, the reaction chamber
was stabilized in air for ~5 minutes following which 30 ul
of urease solution was added into the urea solution in the
reaction chamber. The data was acquired by the Labview®
program, for 0.05M, 0.1M, 0.2M, 0.3M and 0.4M urea
solutions, respectively. The experiment data for hydrolysis
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of urea is shown in FIG. 6G. The data exhibits a linear
dependence of the peak sensor output as a function of the
concentration of the urea.

To better understand the observed output of the sensor, the
device was modeled using finite element analysis using
Comsol® software. A 20 um thick, 1 mm diameter circular
Comsol quartz resonator sensor in 100 pum-thick quartz
substrate and the reaction chamber modeled as a 160 um
thick glass plate spaced 300 um apart from the quartz with
air as the medium in between was drawn to scale and
meshed using tetrahedral elements. The boundary conditions
were chosen to closely approximate the experimental con-
ditions used in the experiment. Since the reactant used in any
given test was fixed, the evolution of heat (Q') in the reaction
chamber was modeled as an exponentially decaying function
of time given by the expression

O'=12exp(—0.51) (3%)

The time-constant was chosen based upon the typical
reported rates of enzymatic reactions for the quantity of
enzymes and reactants used. FIG. 6H, part (a) shows the
measured temporal evolution of temperature for 0.3 M
urea-urease solution with the experimental and simulated
temperature outputs overlaid. The graph shows a remarkable
agreement between the simulated and measured evolution
off temperature evolution for the urea-urease reaction. The
spatial distribution of temperature profile across the resona-
tor pixel at two different times t=1 s and t=100 s is shown
in FIG. 6H part (b).

D. Glucose Sensor

As a further demonstration of the sensor for enzymatic
reaction monitoring, 1 mM, 5 mM, 10 mM and 50 mM
D-glucose solutions in PBS were catalyzed using the
enzyme glucose dehydrogenase. Glucose dehydrogenase
catalysis glucose according to the chemical reaction:

D-Glucose+NAD(P)+F D-Glucono-1,5-Lactone+
NAD(P)H+H*

This oxido-reductase enzyme acts on the CH—OH group
of glucose with NAD+ or NADP+ as acceptors with an
enthalpy of reaction of ~-80 kJ/mol. Identical experimental
procedure as described for the urea reaction was used for
testing of glucose oxidase and with 100 pl of glucose
solutions. As it is known that 1 unit of glucose dehydroge-
nase enzyme can catalyze 1 umol of D-glucose, appropriate
amounts of the enzyme were diluted in phosphate buffer
solution prior to the experiment. FIG. 61 shows the results of
enzymatic catalysis of D-glucose using glucose dehydroge-
nase. For the concentrations tested, a linear dependence of
the sensor output to the concentration of the glucose solution
is observed. Based on the stability of the sensor output and
the impedance noise, a signal to noise ratio of ~130 was
obtained for 1 mM glucose solution allowing for a glucose
detection resolution of less than 10 uM of D-glucose using
this technique. This resolution represents ~250 times
improvement in the measurement of glucose over thermo-
pile base sensing reported earlier [6].

E. Measurement of Cellular Activity

As a further demonstration of the efficacy of the current
sensor for the measurement of cellular activity, pancreatic
cancer cells were plated and grown in several reaction
chambers prepared with PDMS walls. Upon successfully
obtaining confluent cells in the reaction chamber, the sensor
set-up was prepared for measurement. The cells immersed in
growth medium in the reaction chamber were taken out of
the incubator and allowed to equilibrate to room temperature
for ~30 minutes. 10 pl of 0.25 and 0.5 mM A23187 calcium
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ionophore solution premixed in cell growth media was
added to the cells while the heat evolved from the reaction
was measured in real-time.

A23187 acts as a divalent cation ionophore, i.e. lipid
soluble molecule capable of transporting Ca®* ions across
the lipid cell membrane allowing these ions to cross cell
membranes, which are usually impermeable to them. The
ionophore is typically used in laboratories to increase intra-
cellular Ca®~ levels in intact cells. Furthermore, the disrup-
tion of the transmembrane ion concentration gradients,
required for the proper functioning and survival of micro-
organisms induces apoptosis in cells. After an initial
enhancement in the reaction, inferred as a result of the
opening of the ion channels in the cells mediated by the
A23187 solution, the reaction was observed to decay expo-
nentially. Observation under microscope of the cells after the
experiment clearly showed the cells having shrunk from
their original appearance and delamination from the reaction
chamber surface. FIG. 6] shows the results of the reaction—
furthermore it can be seen that the exponential decay due to
the addition 0.25 mM Ca®* ionophore solution is ~1.15
times slower than that of 0.5 mM. While intuitively we
should be expecting a ratio of ~2, the resulting discrepancy
can be due to differences in the actual number of cells in the
two experiments as well as due to other experimental
variables. Most importantly, this experiment shows the
effectiveness of the sensor in tracking energetics of reactions
in real-time in cell populations.

V. Conclusions

This paper describes the design and implementation of a
calorimetric biosensor based on micromachined Y-cut quartz
resonator. The sensor was packaged onto a 300 pm thick
stainless plate with an opening in the middle. The sensor
array was aligned to the opening and mounted from the
underside of the plate. A reaction chamber designed for
performing (bio)chemical reactions made from a glass cov-
erslip with thick PDMS walls was specifically designed and
used in the measurements. Since the reaction chamber was
simply placed atop the sensor array, upon completion of the
reaction they could be readily taken off and replaced with a
new one for the next sensor test. This configuration of the
sensor allows for a very robust sensing platform with no
fouling of the sensor surface or degradation in the perfor-
mance metrics. Using the recently described method for
tracking resonance measurement in real-time, impedance
based chemical, enzymatic, and cellular activity measure-
ments were made. The sensor described has an ideal imped-
ance sensitivity of 852 W/° C. or a frequency sensitivity of
7.32 kHz/° C. for the 91 MHz resonator used in this work.

Several experiments were conducted to test the quartz
resonator sensor, such as the exothermal reaction between
hydrogen chloride acid and ammonium hydroxide, the
hydrolysis reaction of urea with urease and the catalytic
reaction of glucose with glucose dehydrogenase. From the
signal to noise ratio analysis of the glucose sensor, <10 uM
glucose sensitivity could be obtained improving the detec-
tion limit by a factor of 250 in comparison to our previous
work using thermopile sensors. Using an exponentially
decaying heat input function, a remarkable agreement
between the experimentally measured and finite element
simulation of the evolution of the sensor signal was obtained
and showed that the overall sensor operation is in accor-
dance to the original design. Finally, calcium ionophore
induced cellular activity was measured in pancreatic cancer
cells using the sensor. In summary, the sensor shows good
repeatability, high sensitivity and robust performance espe-
cially in comparison with previous reported devices using
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thermopile and thermistor based devices. And although
single sensor measurements are reported in this work, the
sensor configuration can be readily extended for array level
measurements.
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G. Options and Alternatives

As previously stated, the Exemplary Embodiments
described in the preceding sections, are but a few specific
examples of forms and configurations the invention can
take. It is to be understood that the invention can take many
forms and embodiments, and the exemplary embodiments
set forth herein do not limit the same. For example variations
obvious to those skilled in the art will be included within the
invention.

By further example, it is to be noted that the Exemplary
Embodiments themselves point to a number of possible
alternatives, variations, or options for aspects of the inven-
tion. For example, they give ranges of dimensions, alterna-
tives for different fabrication methods, and some generalized
rules regarding certain aspects of the invention or how to
make and use certain aspects of the invention.

Exemplary Embodiment 2 gives several specific alterna-
tives or options. For example, FIG. 2A and related written
description defines a handheld, portable device envisioned
to incorporate at least one of the exemplary embodiment
concepts, and could incorporate several. FIG. 2B and related
description detail another resonator array incorporated into
a device for a 2 by 2 resonator array. Other embodiments are
described.

Furthermore, the FExemplary Embodiments describe
options. One example is a reference sensor to compensate
for temperature drift effects. Another is self assembling
monolayer (SAM) (well-known in the art) functionalization
of reaction chambers used with the sensors. Another is use
of fluorescent molecules and detectors, in combination with
monitoring heat signals from reactions. Another is addition
of a heater into the reaction chamber for artificially manipu-
lating temperature. These and other alternatives and options
show the versatility and potential applicability of the inven-
tion.

Examples of the measurand for the method of ultra-
sensitive temperature measurement includes such things as
impedance, phase of impedance, admittance, phase of
admittance, and the real and/or imaginary part(s) of imped-
ance or admittance. It is to be understood it could be other
parameters of network analysis.

Examples of materials for the resonator include but are
not limited to lithium niobate, lithium tantalate, quartz,
aluminum nitride, zinc oxide, langasite, barium titanate, lead
magnesium niobate-lead titanate crystal, lead zinc niobate-
lead titanate crystal, or any other single crystal piezoelectric
material.

It will therefore be appreciated that the invention meets all
of its stated objectives. The embodiments described herein
present potential significant benefits in the utilization of
crystal resonator calorimetric sensors.

What is claimed is:

1. An apparatus for temperature measurement comprising:

temperature sensitive resonator-based calorimetric sensor

having a resonant frequency that varies with tempera-
ture;
a fixed reference frequency source providing a reference
frequency near the resonant frequency of the sensor;

an impedance or admittance measurement circuit opera-
tively connected to the sensor and the reference fre-
quency source, the measurement circuit having an
output related to a characteristic of impedance or
admittance of the sensor at the fixed reference fre-
quency; and
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a reaction chamber having a measurement location for
temperature measurement, the reaction chamber
including the measurement location disposed in close
proximity to and not in contact with the sensor forming
a small separation between the reaction chamber and
the sensor;

wherein the output is used for deriving temperature based
on the characteristic.

2. The apparatus of claim 1 wherein the sensor comprises

a piezoelectric crystal.

3. The apparatus of claim 2 wherein the crystal comprises
Y-cut quartz and the characteristic of impedance or admit-
tance comprises modulus or phase of impedance or modulus
or phase of admittance, wherein the resonator is made from
a high quality factor crystal material including lithium
niobate, lithium tantalate, quartz, aluminum nitride, zinc
oxide, langasite; barium titanate, lead magnesium niobate-
lead titanate crystal, lead zinc niobate-lead titanate crystal,
or any other single crystal piezoelectric material.

4. The apparatus of claim 1 wherein the sensor comprises
a crystal resonator member.

5. The apparatus of claim 4 wherein the crystal member
comprises quartz on the order of 2 to 10 um in thickness.

6. The apparatus of claim 4 wherein the crystal member
comprises quartz on the order of micro-size in length and
width.

7. The apparatus of claim 1 wherein the close proximity
comprises on the order of 10 nm-1 mm.

8. The apparatus of claim 1 further comprising a sensor
array comprising a plurality of said sensors at spaced apart
positions.

9. The apparatus of claim 8 further comprising a reaction
chamber array comprising a plurality of reaction chambers
at spaced apart positions corresponding to the sensors in the
sensor array, the sensor array and reaction chamber array
positionable near each other.

10. The apparatus of claim 1, wherein an analyte disposed
in the reaction chamber is in proximity to and not in contact
with the sensor.

11. The apparatus of claim 1, wherein the close proximity
of the reaction chamber from the sensor allows for effective
coupling of heat to sensor and the small separation of the
reaction chamber from the sensor allows for decoupling of
a mass loading effect on the sensor for the detection of
temperature change such that a shift of the resonance
frequency is only from temperature change.

12. A method of temperature measurement comprising:

placing a temperature sensitive resonator-based calori-
metric sensor having a resonant frequency that varies
with temperature near a measurement location of a
reaction chamber;

obtaining an output from an impedance or admittance
circuit operatively connected to the sensor, the output
being related to a characteristic of impedance or admit-
tance of the sensor at a fixed reference frequency near
the resonant frequency of the sensor; and

converting the obtained output to a temperature value
based on the characteristic,

wherein the reaction chamber including the measurement
location is disposed in close proximity to and not in
contact with the sensor.

13. The method of claim 12, wherein the sensor comprises

a piezoelectric crystal.

14. The method of claim 13, wherein the crystal com-
prises a Y-cut quartz resonator having a resonant frequency,
the reference frequency is offset from the sensor resonant
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frequency, and the measurand comprises a component of
complex impedance or admittance.
15. The method of claim 12 wherein the measurand
comprises one of:
a. impedance,
b. phase of impedance,
¢. admittance,
d. phase of admittance,
e. the real or imaginary part of impedance,
f. the real or imaginary part of admittance, and
g. network analysis.
16. The method of claim 15 further comprising setting the
reference frequency by:
a. obtaining a plot of real and imaginary components of
impedance or admittance for the sensor over a range of
frequencies at and near resonant frequency of the
sensor, the imaginary component comprising two
inflection points;
b. selecting a frequency between the two inflection points
of the imaginary component.
17. The method of claim 12 further comprising a plurality
of additional said sensors and simultaneously tracking the
measurand and converting the measurand to a temperature
value for each of the plurality of additional sensors, wherein
the sensor and the plurality of additional sensors are fabri-
cated in a sensor array, further comprising a plurality of
additional reaction chambers, wherein the reaction chamber
and the plurality of additional reaction chambers forming an
array of a plurality of reaction chambers, where each said
reaction chamber of the reaction chamber array is placed
close to at least one sensor of the sensor array, such that:
a. heat of reaction, specific heat changes, or calorimetric
measurement of an analyte in each reaction chamber of
a reaction in a said reaction chamber is derived by
tracking the measurand with a said sensor at said
reaction chamber
i. by coupling of heat to the sensor including radiative
transfer of energy; but

ii. with sufficient separation between said sensor and
said reaction chamber to allow for decoupling of any
mass loading effect on the sensor;

ili. to promote maximum energy transfer from the
analyte to the sensor, and

b. aligning the reaction chamber and sensor arrays for
temperature sensing of plural analytes.

18. The method of claim 12, wherein

a small separation is between the reaction chamber and
the sensor;

wherein the output is a component of complex impedance
of the sensor; and

wherein there is radiative and gas-conduction coupling of
heat or reaction between an event at the measuring
location and the sensor without direct conductive cou-
pling or mass loading factor between the sensor and the
event for maximum temperature sensitivity.

19. The method of claim 18 wherein in close proximity
comprises on the order of 10 nm-1 mm, wherein in close
proximity allows direct detection of temperature change but
the small separation allows decoupling of mass loading
effect.
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20. The method of claim 18 further comprising fabricating
an array of a plurality of sensors and multiplexing signals
from each sensor for analysis, recording, or other further use
wherein method comprises fabricating small thermal mass
quartz wafers for use in calorimetric sensors for temperature
measurement comprising:

a. applying at least one electrode to a first side of a quartz

wafer of a first thickness and area;

b. mounting the first side with applied electrodes to posts
associated with a silicon wafer;

c. modifying the second side of the quartz wafer to
produce a second thickness for the quartz wafer, thinner
than the first thickness;

d. applying at least one electrode to the second side of the
thinner quartz wafer;

e. creating thermally isolated pixels of smaller area from
the thinner quartz wafer;

f. thus producing a free-standing, thermally insulated,
silicon co-integrated small form factor quartz resonator
element.

21. The method of claim 18 further comprising fabricating
plural sensors in a micro-scale planar array, operatively
electrically connecting the electrodes of each sensor to a
measurement circuit; wherein the measurement circuit is
adapted to track each resonator; the measurement circuit
comprises a circuit to track near-resonance complex imped-
ance of the sensor at a fixed frequency set around the
resonant frequency of the sensor; and:

a. a reaction chamber placed in proximity to the sensor;

b. so that there is radiative and gas-conduction coupling
of heat or reaction between an event at the measuring
location without direct conductive coupling or mass
loading factor between the sensor and the event for
maximum sensitivity.

22. The method of claim 18 further comprising fabricating

temperature sensor arrays comprising:

a. fabricating an array of the sensors into a 2D array, each
resonator comprising a miniaturized quartz member;

b. integrating the array of sensors either with an array of
corresponding reaction chambers or a chamber for all
sensors;

c. aligning and controlling placement and distance
between the array of sensors and the reaction chamber
or chambers.

23. The method of claim 18 further comprising fabricating

temperature sensors comprising:

a. producing a quartz resonator-based calorimetric sensor
with a y-cut quartz having:

i. a thermally thin cross-section compared to conven-
tional sensors;

ii. a high operating frequency compared to conven-
tional sensors;

b. wherein:

i. the thermally thin cross section comprises on the
order of 2 to 20 um, and
ii. the operating frequency comprises 80-1000 MHz.
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