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Department of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Kgs.
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Abstract
The detection of benzyl methyl ketone (BMK) is of interest as it is a common precursor for the synthesis of (meth)amphetamine. Resonant gravimetric
sensors can be used to detect the mass and hereby the concentration of a gas
while colorimetric arrays typically have exceptional selectivities to a target analyte. We present a sensor system consisting of a Capacitive Micromachined
Ultrasonic Transducer (CMUT) and a colorimetric array for detection of BMK.
The CMUT is used as a resonant gravimetric gas sensor where the resonance
frequency shift due to mass loading of the plate. A single Local Oxidation of
Silicon (LOCOS) step was used to define the cavities which were sealed with
a Si3 N4 plate with a thickness of 100 nm, resulting in a resonance frequency
zg
3
of 38.8 MHz and a mass sensitivity of 28.3 Hz·µm
2 or 8.5 × 10

cm2
g .

This sen-

sitivity is, to our knowledge, the best reported as compared with the state of
the art of CMUTs. The CMUTs were functionalized with the same dyes used
to fabricate the colorimetric arrays. While both the CMUT and the colorimetric array showed selectivity between BMK and acetone and water, the highest
selectivity was achieved with the colorimetric array. Here the analyte BMK
resulted in the only signal (color change), while acetone and water did not give
any signal. Furthermore, the mass of the BMK was found as a function of time.
Thus, the combination of a colorimetric array and a CMUT resulted in a sensor
system with a selectivity between BMK, acetone and water and in addition a
quantitative value for the mass.
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1. Introduction
Detection of illegal drug and explosive precursors is of interest for government agencies. Amphetamine and methamphetamine are recreational drugs and
in most countries they are classified as controlled substances. A common syn5

thesization route for these drugs involves the reductive amination of the illegal
precursor molecule benzyl methyl ketone (BMK) [1]. Therefore, it is desirable
to be able to detect BMK, especially in the gas phase.
The detection and identification of molecules in the gas phase can be done
in a variety of ways, including: gas chromatography, infrared spectroscopy,
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nuclear magnetic resonance spectroscopy, mass spectrometry and by resonant
gravimetric detection. Of these only the latter has the potential for miniaturization, low cost, low power consumption, and integration with integrated
circuits, while still maintaining a high sensitivity and mass resolution [2]. Consequently, gravimetric sensors are strong candidates for mobile sensing systems
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or as distributed sensors. Examples of such sensors include: bulk acoustic wave
(BAW) sensors: quartz crystal microbalances (QCMs) [3], and film bulk acoustic resonators (FBAR) [4], surface acoustic wave (SAW) sensors [5], micro- and
nano-cantilevers/bridges [6], and capacitive micromachined ultrasonic transducers (CMUTs) [7]. The criteria for a good resonant gravimetric sensor for
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gas phase measurements are manyfold: high mass sensitivity, low limit of detection (LOD), high signal to noise ratio (SNR), and ease of functionalization.
Based on these criteria the CMUT is an attractive candidate. The normalized
CMUT mass sensitivity is high compared with the other sensor types, as will be
shown in Section 5. Compared with the other gravimetric sensors the CMUT
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has a LOD per area which is among the lowest due to a combination of a low
Allan deviation (10−8 to 3 · 10−8 ) and a relatively large surface area (0.09 mm2

to 0.25 mm2 ) [2]. A single CMUT sensor is typically comprised of hundreds to
thousands of CMUT cells connected electrically in parallel, lowering the overall

2

impedance and noise [7], while increasing the SNR. The ease of massive paral30

lelism of the CMUT cells is contrasted by the other gravimetric sensor types
that often are comprised of a single resonating structure.
CMUTs have previously been used for sensing applications. In 2007 Park
et al. demonstrated the use of CMUTs as sensors by detecting water, isopropanol, acetone, and methanol [8]. The sarin stimulant molecule dimethyl
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methylphosphonate (DMMP) has been detected by CMUTs with a volume LOD
of 50.5 pptv and a volume sensitivity of 34.5 pptv/Hz [7]. These results show
that unprecedented sensitivities and LODs can be obtained using CMUTs as
gravimetric sensors. CMUTs have also been used as biosensors, specifically as
an immunosensor where the antigen antibody pair interacts in a highly selective
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reaction causing the resonance frequency to decrease [9]. Finally, CMUTs have
also been used for environmental monitoring where the concentration of CO2
has been measured [10] [11].
A functional layer is needed in order to make the gravimetric sensors selective
towards a specific analyte. Functionalization is typically done by applying a thin
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coating on top of the resonator. Due to the closed and planar surface of the
CMUT device several methods can be employed including: spin coating, drop
coating, dip coating, and spray coating. One method of improving selectivity
between multiple analytes in a gas has been to employ several CMUT elements
each coated with a different functionalization layer [12]. A single chip with
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several CMUT elements can easily be fabricated, thus minimizing the footprint
and complexity.
In this paper we combine a CMUT sensor with a colorimetric array to detect BMK. Doing so, we benefit from the selectivity between BMK, acetone and
water offered by the colorimetric array and the sensitivity and quantitative out-
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put of the CMUT. Furthermore, having two independent sensor types combined
provides the total sensor system with redundancy. The article is structured as
follows: first the fabrication and characterization of the CMUT and colorimetric
array is presented. Then the experimental setup is described, followed by the
results in the form of the CMUT and colorimetric response. Finally a short
3
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discussion and comparison of normalized sensitivities for different gravimetric
resonators is given.

2. The Sensors
This section describes the fabrication and characterization of the CMUT and
colorimetric chip.
65

2.1. CMUT
2.1.1. Fabrication
The CMUT process flow can be seen in Figure 1. In step (1) a SiO2 layer
was grown on a low electrical resistivity Si wafer (< 0.025 Ωcm, <100>). A
Si3 N4 layer was deposited by LPCVD and subsequently patterned using UV
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lithography and a H3 PO4 etch. In step (2) local oxidation of silicon (LOCOS)
was performed using the patterned Si3 N4 as the oxidation mask [13].
The cavities were, in step (3), sealed under vacuum by fusion bonding a layer
of 100 nm Si3 N4 on a double side polished Si handle wafer to the cavity wafer.
Prior to the bonding process all wafer pairs were RCA cleaned to remove any
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particles. The pre-bonding process was performed in a wafer bonding machine
(Süss Microtec, Substrate Bonder SB6 Gen2), with a piston pressure of 667 mbar
at a temperature of 50 ◦ C and a gas pressure of 5 · 10−4 mbar. Subsequently, the
pre-bonded wafer pairs were annealed in a furnace at a temperature of 1100 ◦ C

for 70 min. The bonding of Si3 N4 to SiO2 is discussed further in Section 5.
80

The top Si3 N4 layer in step (3) was etched in a dry etch. Hereafter, in step
(4), the Si handle wafer was etched in KOH (28 wt%, 80 ◦ C), which was chosen
due to the high etch selectivity between Si and Si3 N4 . The Si3 N4 plate and
the Si3 N4 layer on the backside of the cavity (bottom) wafer acted as etch stop
layers for the KOH etch of the Si handle wafer. Bottom electrode openings were
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etched in step (5) with a dry etch and finally the Al top electrode was deposited
and patterned in step (6) using a H3 PO4 : H2 O (2:1) etch at room temperature.
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Figure 1: Process flow of the CMUT.
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Al

2.1.2. Design and characterization
The design parameters of the CMUT used for sensing is shown in Table 1.
The resonance frequency was chosen to be around 40 MHz which is a compro90

mise between obtaining a high sensitivity and staying below the upper frequency
limit of the external electrical circuitry. The sensitivity was sought maximized
by decreasing the mass of the plate which was achieved by having a thin plate
(100 nm), which hereby uniquely determines the radius of the plate due to the
fixed resonance frequency. Figure 2a) shows a top view optical microscope im-
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age of a CMUT element consisting of 100 individual cells. The dark circles are
the individual CMUT cells, while the light-colored grid structure is the Al top
electrode. The top electrode grid design is chosen to decrease the parasitic capacitance and the total mass of the plate and top electrode. The width of the
individual grid lines of the Al top electrode is named W and is defined in Figure
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2a). A more narrow W decreases the parasitic capacitance but decreasing W
increases the electrical resistance and ultimately W is limited by the lithography
system used. The choice of W is therefore a trade-off between parasitic capacitance, sensitivity and electrical resistance. Figure 2b) shows a cross-sectional
SEM image of a single CMUT cell. The figure shows the Bird’s Beak formed
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by the growth of the SiO2 at the edge of the cavity. Figure 2c) shows a zoom in
which reveals that the Si3 N4 edge is well below the bonding plane. The plate
and metal layer bend upward, away from the substrate wafer. This could be
due to the repulsion of negative electrical charges on the plate and substrate
wafer from the electron beam of the SEM. However, since the Al top electrode
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and substrate wafer are grounded through the chip holder it is more likely that
the bending of the plate is due to the biaxial tensile stress in the Si3 N4 plate.
The elements used for sensing in this study consist of 1024 cells connected
in parallel. The theoretical zero voltage capacitance of the CMUT cells is
CCMUT = 0.64 pF while the theoretical parasitic capacitance is Cparasitic =
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4.62 pF. Hence, the useful capacitance CCMUT only makes up 12% of the total
capacitance of the element, which in part is due to the wire bond pad which

6

a)

W

b)

Plate

Post SiO2

Substrate wafer
c)

Figure 2: a) Top view of a CMUT element of 10 by 10 cells showing the grid pattern of the
metal layer. b) Scanning electron microscope image of a cross-section of a single CMUT cell.
c) Scanning electron microscope image zoom7in on the Bird’s Beak structure and bonding
interface.

Table 1: Properties of the fabricated CMUTs.

Parameter

Value

Radius, a

5 µm

Plate thickness, t

100 nm

Metal thickness

100 nm

Gap height

255 nm

Metal line width, W

2.5 µm

Wire bond pad area

(150x250) µm2
50 nm

LOCOS Si3 N4 thickness
Si3 N4 tensile stress

1.3 GPa

Number of cells (sensing element)
Resonance frequency, f0 (VDC = 32 VPI )

1024
38.8 MHz
150 V

Pull-in voltage

accounts for 45% of the parasitic capacitance. In order to decrease this parasitic capacitance the area of the wire bond pad could be decreased. Another
solution is to make a new design where the bond pad is raised above the plate
120

by a polymer or dielectric material, thus effectively increasing the post height in
this region, the downside being an additional lithography step. Figure 3 shows
impedance spectra (Keysight, E4990A) of the CMUTs at three different DC
voltages (Keithley, 2410) which demonstrates the spring softening effect. The
resonance frequency and pull-in voltage is found from these spectra and was
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found to be f0 = 38.8 MHz (at 23 VPI ) and VPI = 150 V, respectively (see Table
1). The pull-in voltage has been determined from the impedance spectra by
noting at which DC voltage the resonance peak disappears.
2.1.3. Sensitivity
Mass sensitivity is one of the key figures of merit of a gravimetric sensor.
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It can be calculated theoretically by approximating the CMUT as a 1-D linear
harmonic oscillator and assuming that the mass added to the plate is much

8

Phase angle (◦ )

|Z| (kΩ)

3

Vdc = 144V = 0.96VPI
Vdc = 120V = 0.8VPI

2

Vdc = 100V = 0.67VPI

1
0
90
45
0
−45

−90
30

35
40
Frequency (MHz)

45

Figure 3: Impedance spectra of a CMUT device at three bias voltages.

smaller than the mass of the plate. The theoretical distributed mass sensitivity,
Stheoretical , can then be expressed as [14]:

Stheoretical =

∂f0
1 f0
=−
,
∂m
2 mplate

(1)

where f0 is the resonance frequency and mplate is the mass of the plate. The
135

sensitivity is increased by having a plate with a high resonance frequency and
a low mass. In this paper this is achieved by having a low plate mass of 46 pg
due to a plate thickness of 100 nm and Al top electrode thickness of 100 nm,
while maintaining a resonance frequency of 38.8 MHz. The theoretical sensitivity Stheoretical for the CMUT device has been calculated using Equation 1:

140

Stheoretical = 0.45 Hz
ag . Table 2 shows both the theoretical sensitivity and the
measured sensitivity of Smeasured = 0.24 Hz
ag . The measured sensitivity is found
by determining the resonance frequency from impedance spectra and subsequently depositing a thin layer (11 nm) of Au on the CMUT element. Repeating the impedance measurement and deposition step, values of the resonance

9

Table 2: Table of the theoretical and measured sensitivity and limit of detection for the CMUT
device.

Parameter

Value

Stheoretical

0.45 Hz
ag

Smeasured

0.24 Hz
ag

−1
Stheoretical
/A

zg
28.3 Hz·µm
2

−1
Smeasured
/A

zg
51.8 Hz·µm
2

2.0 ag

LOD(1σ)

zg
25.8 µm
2

LOD/A(1σ)
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frequency as a function of added mass is found. Figure 4 shows such a plot
for the device. The amount of mass added to the plate is calculated from the
area of the plate and by measuring the step height of the deposited Au using
AFM. Finally, the measured sensitivity is obtained by fitting a linear expression
to the data and extracting the slope. Table 2 shows theoretical and measured
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sensitivities. The ratio Smeasured /Stheoretical = 0.53 shows that the measured
sensitivity is worse than the predicted theoretical value. This can be due to
an overestimation of the added Au mass or a violation of the assumption for
Equation 1 stating that mplate >> mAu which is likely since mplate /mAu ∼ 3.
In order to decrease the discrepancy between the theoretical and measured value
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either a thinner Au layer or a layer of lower density should be used. In Table 2
the sensitivity normalized to the area of the CMUT cell is also given in order
to ease comparisons with other CMUT sensors in the literature.
In order to compare sensitivities of different types of resonant gravimetric
sensors a normalized sensitivity should be used. One way of calculating this

10

Resonance frequency (MHz)

40
Measurement
Linear fit

38
36
34
32
30

0

5

10

15
20
Added mass (pg)

25

30

Figure 4: Resonance frequency as a function of added mass from the Au deposition.
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normalized sensitivity is given by [15]:

Snorm = lim

∆m→0

1 ∆f
∂f A
1
=
=
,
f0 ∆m/A
∂m f0
2ρt

(2)

where ρ and t is the mass density and thickness of the plate, respectively. Equation 2 can be seen as a normalized version of Equation 1 with respect to the
area and resonance frequency. For the CMUT the normalized sensitivity only
depends on the inverse product of the mass density of the plate material and
165

the thickness of the plate. The normalized sensitivity is therefore maximized,
for a given material, by having a thin plate.
2.1.4. Limit of detection
The mass limit of detection (LOD) is a measure of the minimum change in
mass a sensor can detect due to frequency noise. The LOD can be estimated
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by the following relation [2]:

LOD(τ ) = 2meff σ(τ ),

11

(3)

Overlapping Allan Deviation, σy (Hz)

101

100
10−4

10−3
10−2
Averaging time, τ (s)

10−1

Figure 5: Overlapping Allan deviation σy as a function of averaging time τ . Phase lock loop
band width: 10 kHz.

where meff is the effective mass of the plate and σ(τ ) is the Allan deviation.
The effective mass of the plate is lower than the total geometrical mass (meff <
mtotal = ρtA) but in all calculations in this paper the total geometrical mass
has been used in order to follow the established practice. The overlapping Allan
175

deviation is shown in Figure 5 and is calculated from frequency noise data for
the CMUT device. The minimum point on the graph is used to calculate the
minimum LOD = 2.0 ag, using Equation 3. The results are gathered in Table 2
where also the normalized LOD is included.
2.2. Colorimetric chip and functionalization
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The colorimetric arrays consist of two columns of dye spots. The spots in the
right column are made of Reichardt’s dye (CAS no.: 10081-39-7) [16], here called
coating A, and the dye spots in the left column, here called coating B, is Bengal
Rose B (CAS no.: 632-69-9) [17]. Coating A has solvatochromic properties
where the color changes depending on the polarity of the analyte. This is not

12
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the case for coating B, and coating A is therefore expected to change color
when in contact with the least polar molecule: BMK, while coating B is not
expected to react. The analytes are physically adsorped on the dyes through
Van der Waals interactions, hydrogen bonds, and π-π interactions, all of which
are weak interactions. The dye spots are made by dispensing several droplets
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of dye in a liquid solution on a white polypropylene substrate. The dispensing
and spot pattern are controlled by a computer and an automatic dispensing
machine (GESIM, Nano-Plotter) using a piezoelectric actuated needle. The
same setup is used to coat the CMUT surfaces with dye. The two dyes used
for the colorimetric arrays are used as functionalization layers on the CMUTs.
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The resonance frequency of the CMUTs decreased by approximately 4 MHz,
after coating A or coating B was applied. A decrease in resonance frequency is
expected as the functionalization layers add mass to the plates.

3. Experimental setup
The experimental setup is constructed so the CMUT frequency shift and
200

colorimetric color change can be measured simultaneously. The CMUTs and
the colorimetric chip are placed in a small (∼ 72 cm3 ) chamber, see Figure 6a).
Through an inlet hole in the chamber, analytes can be injected. The analytes
are in the liquid phase when injected into the chamber where they evaporate
and thus increase the gas phase concentration of the analyte until the vapour
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pressure is reached. The CMUT is glued to a Transistor Outline 8 (TO-8)
package which functions as a chip carrier. Au wirebonds connect the top and
bottom electrodes of the CMUT to two macroscopic pins, see Figure 6b). In
addition, a coated CMUT element can be seen in this figure. A microscope
records an image of the colorimetric chip every 30 s through the transparent top
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of the chamber. An example of such an image can be seen in Figure 6c), showing
the two columns of dye spots. Finally, the CMUT is connected to a bias tee
which supplies the CMUT with a DC voltage (Keithley, 2410) and an AC voltage
from a lock-in amplifier with a built-in phase locked loop (Zurich Instruments,

13

HF2LI PLL), see Figure 6d). The PLL ensures that the CMUT is driven at
215

resonance while the resonance frequency shifts are saved to a computer. The
resonance frequency can be measured for two CMUT elements simultaneously.

4. Results
The color change of the colorimetric dyes is found by analysing the optical
images recorded as time passes. Difference maps are created by subtracting all
220

images from a reference image, which here is chosen as the image at t = 0 s. The
difference maps highlight the changes in color and intensity of the dyes. Figure
7a) and b) show two microscope images before and after BMK (99 %, CAS no.:
103-79-7) has reacted with the dyes, respectively. Figure 7c) and d) show the
difference maps at the corresponding times, where c) is all black since this was
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used as the reference image and d) clearly exhibits a color change for dye A.
Figure 8 shows the intensity of the difference maps inside the dye spots A
and B as a function of time. The intensity is calculated by taking the mean of
the RGB values from the difference map in the area inside the dye spots. The
three graphs each shows the intensity as a function of time when either a) BMK,
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b) acetone or c) deionized water is introduced at t = 4 min. In Figure 8 a) dye
A shows an increase in intensity after BMK is injected and at about t = 15 min
the intensity has reached a constant maximum value and it is assumed that all
the dye has reacted with the BMK. The intensity of dye B does not change as a
function of time since no color change has occurred. In addition, no color change

235

is observed, for either coating, when acetone or water is injected, see Figure
8b) and c) respectively. Acetone is chosen as an analyte since the molecular
structure is similar to that of BMK expect for an aromatic ring and water is
chosen since water vapour is almost always present in the atmosphere in real life
applications. Figure 8 demonstrates that coating A has an affinity towards BMK

240

while coating B does not. Furthermore, coating A demonstrates a selectivity
between BMK, acetone and water, since no color change is observed for the two
latter cases.
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a)
Chamber

CMUT chip

Colorimetric chip
Inlet
c)

b)

Coating A

Coating B

Element
Pins

Coating

Chamber
CMUT chip

d)

Colorimetric chip
Bias-T

PLL

VDC
Figure 6: a) Top view photograph of the chamber enclosing the CMUT chips and the colorimetric chip. b) Optical microscope image of the CMUT chip wirebonded to two pins. A single
element is seen, coated with dye. c) Optical microscope image of the colorimetric chip showing
the two columns of dye spots. d) Schematic cross section of the experimental setup showing
the chamber enclosing the CMUT and colorimetric chip. The electrical actuation/readout
circuit of the CMUT is also seen which consists of a phase locked loop, a bias tee, and a DC
power supply.
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t = 0 min

t = 16 min

a)

b) Coating B

c)

d)

Coating A

Figure 7: Coating A and B, a) before and b) after reaction with BMK. Difference maps c)
before and d) after reaction with BMK. BMK is injected at t = 4 min.
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Figure 8: Mean intensity of the red, green and blue channels as a function of time for a) BMK,
b) acetone and c) water inside the dye spot area. The analyte is introduced at t = 4 min
indicated by an arrow.
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Figure 9 shows two plots of the frequency shift as a function of time for
two CMUTs coated with the two dyes. The added mass on the right axis is
245

calculated using Equation 1 and the measured frequency shift. Two experiments
are performed where in Figure 9, a) BMK and b) water are injected into the
chamber, respectively. Consequently, the resonance frequency decreases due to
the added mass of the evaporated analytes on the plate of the CMUT. The larger
decrease in resonance frequency, in Figure 9a), for the CMUT with coating A,
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demonstrates that coating A has a stronger affinity towards BMK than the
CMUT with coating B and no coating. Thus, the largest intensity change is
observed for coating A and the largest frequency shift is observed for the CMUT
with coating A. In order to test the selectivity of the coatings and whether the
difference observed is due to the coatings and not due to differences of the specific
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CMUTs, the experiment is repeated with water as an analyte, see Figure 9b).
The CMUT with coating A shows the smallest frequency shift. Hence, coating
A is selective towards BMK both when used as a coating on the CMUTs and
when used as a dye in the colorimetric chip.
The difference in the response times between the colorimetric chip and
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CMUT is due to the fact that for a color change to occur only a monolayer
of molecules will saturate the colorimetric response while the gravimetric response is affected by subsequent surface layers and possibly also absorption into
the volume of the dye. The CMUT response is therefore not saturated in the
same way as the color change of the colorimetric chip, and can continue to show
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a change in resonance frequency.

5. Discussion
Normalized mass sensitivities for different gravimetric sensor types are plotted in Figure 10. The normalized sensitivities in the figure are examples of the
state of the art for each sensor type. The plot shows that of the sensor types
270

CMUTs have the second highest normalized sensitivity, with nanoelectromechanical system (NEMS) sensors being the highest, due to the small dimensions
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1,000
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Figure 9: Frequency shift and added mass as a function of time for a) BMK and b) water as
analyte.

of these sensors. However, CMUTs are still desirable to use as gravimetric
sensors due to a lower LOD [2], a higher SNR and an easier functionalization
process. The highest normalized sensitivity of the CMUTs is obtained by the
275

sensor with the thinnest plate, in agreement with Equation 2. This is the device
presented in this work which has a plate thickness of 100 nm.
As described in Section 2.1, the CMUT cells were fabricated using a single LOCOS process and wafer fusion bonding to a Si3 N4 plate. CMUTs have
previously been fabricated by fusion bonding of SiO2 and Si3 N4 surfaces but
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the cavities were in these cases made with a reactive ion etch (RIE) process
[27, 28]. In [28] a CMP step was required in order to reduce the roughness of
the Si3 N4 surface which was not needed in the process used in this paper. This is
most likely due to the relatively thin (100 nm) Si3 N4 layer, since a thicker layer
typically results in a higher surface roughness which is more difficult to wafer
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bond [29]. The advantage of using a LPCVD Si3 N4 layer as a plate compared
with using the Si device layer of a SOI wafer is a reduced cost and an increased
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Figure 10: Normalized sensitivity (see Equation 2) for different gravimetric sensor types.

thickness uniformity. In addition, it is difficult to obtain 100 mm SOI wafers
with a device layer thinner than a couple hundreds nm, which, in the case of
CMUTs for sensing, is desired for increasing the mass sensitivity.
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6. Conclusion
A sensor system consisting of a CMUT and a colorimetric array was fabricated and used to detect BMK in the gas phase. The CMUT frequency
shift directly gave the mass of the absorbed BMK while the colorimetric array demonstrated selectivity between BMK, acetone and water. When used
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as a functionalization layer on the CMUT, the dye also provided the CMUT
with an affinity for BMK, compared with water. The CMUTs were fabricated
using a single LOCOS step and wafer bonding to a thin (100 nm) Si3 N4 plate,
thus eliminating the need for expensive SOI wafers. Furthermore, the sensitivity of the CMUT was both measured and calculated which resulted in the

20

300

zg
lowest sensitivity reported: 28.3 Hz·µm
2 . The normalized sensitivity was found

to be 8.5 × 103

cm2
g

which is surpassed only by NEMS cantilevers/bridges when

comparing with other resonant gravimetric sensor types, which highlights one of
the advantages of using the CMUT as a gravimetric sensor. Future work could
include making a setup where the color change is measured for the dye directly
305

on the CMUT chip. Furthermore, it should be investigated whether the dyes
can be regenerated e.g. by flushing with an inert gas since the analytes only
interact with the dyes through weak interactions.
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[8] K. K. Park, H. J. Lee, G. G. Yaralioglu, A. S. Ergun, Ö. Oralkan, M. Kupnik, C. F. Quate, B. T. Khuri-Yakub, T. Braun, J.-P. Ramseyer, H. P.
Lang, M. Hegner, C. Gerber, J. K. Gimzewski, Capacitive micromachined
ultrasonic transducers for chemical detection in nitrogen, Applied Physics
Letters 91 (2007) 094102–1 – 094102–3. doi:10.1063/1.2776348.

22

335

[9] D. Virzonis, G. Vanagas, A. Ramanaviciene, A. Makaraviciute, D. Barauskas, A. Ramanavicius, W. Wen, R. Kodzius, Resonant gravimetric immunosensing based on capacitive micromachined ultrasound transducers, Microchim Acta 181 (2014) 1749 – 1757.

doi:10.1007/

s00604-014-1244-3.
340

[10] H. J. Lee, K. K. Park, M. Kupnik, B. T. Khuri-Yakub, Functionalization layers for CO2 sensing using capacitive micromachined ultrasonic
transducers, Sensors and Actuators B: Chemical 174 (2012) 87 – 93.
doi:10.1016/j.snb.2012.08.025.
[11] D. Barauskas, D. Pelenis, D. Virzonis, J. P. Baltrus, J. Baltrusaitis,

345

Greenhouse Gas Molecule CO2 Detection Using a Capacitive Micromachined Ultrasound Transducer, Anal. Chem. 88 (13) (2016) 6662 – 6665.
doi:10.1021/acs.analchem.6b02085.
[12] Q. Stedman, K.-K. Park, B. T. Khuri-Yakub, Distinguishing Chemicals
Using CMUT Chemical Sensor Array and Artificial Neural Networks, IEEE

350

International Ultrasonics Symposium Proceedings (2014) 162 – 165doi:
10.1109/ULTSYM.2014.0041.
[13] K. K. Park, H. Lee, M. Kupnik, B. T. Khuri-Yakub, Fabrication of capacitive micromachined ultrasonic transducers via local oxidation and direct
wafer bonding, Journal of Microelectromechanical Systems 20 (1) (2011)

355

95–103. doi:10.1109/JMEMS.2010.2093567.
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