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a b s t r a c t
Sensing of carbon dioxide (CO2 ) using inexpensive, miniaturized, and highly sensitive sensors is of great
interest for environmental and consumer applications. In this paper, we present four functionalization
layers that are suitable for resonant sensors based on mass-loading for CO2 detection. We compare the
volume sensitivities of these layers to CO2 and relative humidity (RH) by using a highly sensitive 50-MHz
capacitive micromachined ultrasonic transducer (CMUT) as a resonant sensor. Among the four functionalization layers, the layer based on a guanidine polymer exhibits the highest volume sensitivity to CO2 of
1.0 ppm/Hz in N2 and 3.8 ppm/Hz in air (∼45%RH). Furthermore, we report on other important characteristics of the guanidine polymer for sensing applications, including polymer saturation, regeneration,
and repeatability.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The demand for carbon dioxide (CO2 ) sensors is high because of
their potential uses in a broad range of applications, including consumer, industrial, and agricultural applications. For example, CO2
sensors play an important role in monitoring and controlling indoor
air quality. When the level of CO2 is elevated above 1000 ppm from
the level in fresh air (∼300 ppm) due to, for example, inadequate
ventilation, approximately 20% of occupants in the room begin to
feel discomfort. CO2 sensors are also critical in the food processing
industry; controlling the CO2 level inside the storage packaging is
essential to maintaining the freshness and shelf life of food. Other
places that beneﬁt from CO2 sensors include breath analyzers in
healthcare, environmental incubators in biotechnology and petrochemical plants in industry.
The great number of potential applications has been an impetus for the developments of miniaturized CO2 sensors based on
microtechnology. Compared to existing CO2 sensing systems based
on infrared spectroscopy or gas chromatography, the miniaturized
CO2 sensors are attractive because of their small size, low cost, low
power consumption, and CMOS compatibility. Among miniaturized sensors, resonant chemical sensors based on the mass-loading
mechanism offer competitive advantages, such as superior sensitivity, high resolution, and a wide dynamic range [1]. Thus, by applying
a chemically sensitive layer to the resonant structures, many
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resonant devices have been developed as chemical sensors. Examples are micro/nano-cantilevers [2], quartz crystal microbalance
(QCM) devices [3], surface acoustic wave (SAW) devices [4], and
capacitive micromachined ultrasound transducers (CMUTs) [5].
Developing a resonant sensor for CO2 detection, however, is
challenging because it is difﬁcult to ﬁnd a functionalization layer
that would be both sensitive and selective to CO2 at room temperature. The layers that are chemically sensitive to CO2 have
previously been explored and developed for various applications,
such as sensing, separation, and capture of CO2 . These layers
include metal-oxide thin-ﬁlms [6], layers that are functionalized
with amino-groups [7], carbon nanotubes [8], and synthesized
polyimide ﬁlms [4]. Metal-oxide thin-ﬁlms react with CO2 only
at elevated temperatures (∼300–400 ◦ C) and other functionalization layers lack the chemical sensitivity or resolution to be used
at ambient conditions (Table 1). In addition, a functionalization
layer sensitive to CO2 is often also sensitive to H2 O, and, thus, the
cross-sensitivity to H2 O must be characterized.
This paper ﬁrst presents a comparative study on the volume
sensitivities of the CMUTs to CO2 and H2 O which are coated with
various functionalization layers suitable for a resonant sensor system based on the mass-loading mechanism. (Volume sensitivity
in this work is deﬁned as the sensitivity to the gas concentration
expressed as a volume fraction.) CMUTs operating at a mechanical
resonant frequency of 50 MHz are chosen as the sensing platforms
because of their superior sensitivity with a mass resolution below
1 ag (10−18 g), inherent array structure, and low thermal noise due
to massive parallelism [5]. Among the various functionalization layers used in this work, the guanidine polymer exhibited the best
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Table 1
Comparison of highly sensitive resonant chemical sensors based on mass-loading for CO2 detection.
Resonant device

Layers

Sensitivity (ppm/Hz)

Resolutiona (ppm)

SAW [4]
Resonant MEMS sensor [8]
QCM [3]
CMUT (this work)

Homo-polyimide
Carbon nanotubes
APTMS/PTMSb
Guanidine

13.8
104
8.3c
1.05

820
7000
50
4.9

a
b
c

1- conﬁdence level.
APTMS: (3-aminopropyl)-trimethoxysilane; PTMS: propyltrimethoxysilane.
Operating temperature: 70 ◦ C.

sensitivity of 3.8 ppm/Hz and a resolution of 17.7 ppm (1) to CO2
at ambient condition (∼45%RH). Considering that the CO2 concentration at ambient condition is 300 ppm (0.03%) and the threshold
limit value (TLV) for CO2 is 5000 ppm (0.5%), our sensor provides
more than sufﬁcient sensitivity and resolution. Thus, we further
investigated the characteristics of the sensor functionalized with
the guanidine polymer including polymer saturation and regeneration, sensor repeatability, and cross-sensitivity to water vapor.
2. Methods
2.1. CMUT sensor system
A CMUT-based sensor system, operating at a mechanical resonant frequency of 50 MHz, is used to investigate the sensitivity of
various functionalization layers for CO2 detection. The operational
principle of the CMUT resonant sensor is mass-loading; an increase
in the mass of the resonant structure results in a decrease in the
resonant frequency, as estimated by the following equation:
f0 = −

1
f0
×
× m,
2
m

(1)

Using the mechanical resonant frequency, f0 , of approximately
50 MHz and an effective mass of the resonant plate of 103 pg, our
CMUT resonant sensor achieves an excellent mass sensitivity of
4.3 ag/Hz (or 49 zg/Hz/m2 ). The surface of this highly sensitive
mass sensor is modiﬁed by a chemically sensitive layer to be speciﬁc
and sensitive to the analyte of interest. Physisorption or chemisorption of the analyte molecules on the sensitive layer increases the
mass, which results in a decrease in the resonant frequency proportional to the mass change.
A single CMUT resonant sensor consists of hundreds to
thousands of identical circular capacitive resonators, packed for
example in a hexagonal-shaped arrangement (Fig. 1(a)). These individual resonators are all electrically connected in parallel through
the common top electrode to form a multi-resonator conﬁguration. A multi-resonator conﬁguration offers the beneﬁt of signals
with reduced thermal noise, which determines the limit of detection (LOD), i.e. the resolution of the sensor system [9]. Twenty-two
of these CMUT resonant sensors are placed in an array structure on
a 2.5-mm-by-5-mm die to allow multichannel detection (Fig. 1(b)).
These sensors share the electrical ground connection through a
heavily doped silicon substrate.
The basic resonant structure of the 50-MHz CMUT is a parallelplate capacitor with a circular plate with a radius of 5.3 m (Fig. 2).
The top electrode is a 500-nm thick heavily doped single-crystal silicon plate, while the bottom electrode is the electrically conductive
silicon substrate. These two electrodes are separated by a 50-nm
vacuum cavity. The top plate is supported by a 1-m thick thermally grown silicon dioxide post [10]. The ﬁrst ﬂexural-mode (0,1)
resonant frequency for a circular plate is given by [11]
0.83
f0 =
a



Et 3
,
m(1 − 2 )

Fig. 1. Top-view optical pictures of (a) a section of a single sensor, showing multiple
circular resonant structures connected in parallel to form a single device, and (b) a
die showing an array of multiple sensors.

where a is the radius, E is the Young’s modulus, t is the thickness,  is
the Poisson ratio, and m is the mass of the circular plate. By designing for a small radius and using single-crystal silicon with a small
equivalent mass for the plate, we achieved a CMUT resonant sensor with a high mechanical resonant frequency of approximately
50 MHz.
The electrical input impedance of a CMUT sensor biased at various DC voltages was measured by using an impedance analyzer
(Agilent Technologies, Model 4294A, Palo Alto, CA) to examine
the resonant characteristics. The AC amplitude of the source of
the impedance analyzer was set to 50 mVRMS . The CMUT sensor,
consisting of 1141 resonators, biased at 48 V exhibits a series resonant frequency of 43.0 MHz and a parallel resonant frequency of
44.6 MHz (Fig. 3). The input impedance data was then ﬁtted to
the conventional Butterworth van Dyke (BvD) model to provide an

(2)
Fig. 2. Schematic cross-sectional view of a single circular CMUT resonator.
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The ﬁrst Type I material investigated is an organically
modiﬁed silicate functionalized with primary amine-group,
(3-aminopropyl)-trimethoxysilane (APTMS), which was cocondensed with propyltrimethoxysilane (PTMS) in 1:3 ratio
[13]. The second material examined is polyhexamethylene
biguanide (PHMB), a member of guanidine polymer family, which
has basic amide-bearing functional groups. In addition, a nonpolymeric Type I material, a mesoporous silica layer functionalized
with a primary amine-group, (3-aminopropyl)-triethoxysilane
(APTES) is also investigated [7]. The material tested for Type
II is a glassy polymer with a high solubility, a homopolyimide
developed by Hoyt et al. This homopolyimide is a mixture
of hexaﬂuoroisopropylidene diphthalic anhydride (6FDA) and
2,3,5,6-tetramethyl-1,4-phenylenediamine (4MPD) [4].
Prior to the functionalization, the CMUT devices were ﬁrst precleaned in acetone, methanol, and isopropanol and dried using a
nitrogen gun. The functionalization layers were then applied using
various coating methods, such as spin-coating and dip-coating, and
the thicknesses of the layers were estimated using the tools speciﬁed in Table 2. For APTMS/PTMS, the mixture was poured over the
sensor, removed by running it off the edge of the device and incubated in a humidity chamber for 30 min. All the chemicals were
used as received without further puriﬁcation from Sigma–Aldrich
(St. Louis, MO, USA), Arch Chemicals, Inc. (Norwalk, CT, USA), Ashland, Inc. (Covington, KY, USA) and Adherent Technologies, Inc.
(Albuquerque, NM, USA).

2.3. Experimental system

Fig. 3. (a) Plot of measured and ﬁtted (dotted line) input impedance characteristics
of the CMUT resonator biased at 48 V ± 50 mVRMS , in air. (b) Schematic of 4-element
van Dyke equivalent circuit model used to ﬁt the input impedance data of the CMUT.

equivalent circuit model for the interface circuit design [12]. The
model fails to accurately predict the impedance near the series resonant frequency because the BvD model assumes a single resonator
structure with equal quality factors (Q) at both resonances. Due to
the massive parallelism of the CMUT structure, Q at the series resonant frequency (Qs = 44) is much smaller than that at the parallel
resonant frequency (Qp = 120). Thus, we designed an opamp-based
oscillator to track the parallel resonant frequency using the equivalent circuit model and implemented it on a printed circuit board
(PCB) using off-the-shelf discrete components [5].
2.2. Functionalization layers
We examined four functionalization layers in terms of their sensitivity to CO2 and reversibility by applying them on top of the
CMUT (Table 2). The added mass from the functionalization layer
was insigniﬁcant to affect the mass sensitivity of the device because
the densities and thicknesses of functionalization layers are much
smaller than that of the silicon resonant plate. These layers can
be categorized into two types according to their interactions with
CO2 . The ﬁrst type (Type I) reacts directly with CO2 through acid
base interaction and includes, for example, polymers that are functionalized with a highly basic amine group. The second type (Type
II) is the one that has a high solubility to CO2 , such as polyimides
developed for membrane separation of CO2 .

The CMUT were interfaced with free-running oscillators tracking the changes in the resonant frequencies in real-time. The output
of the oscillator was connected to a frequency counter (Stanford
Research Systems, Model SRS620, Sunnyvale, CA) and the measured
frequency data was transferred to a regular personal computer via
General Purpose Interface Bus (GPIB). We evaluated the volume
sensitivity of a CMUT sensor by exposing the sensors, enclosed in
a glass chamber (0.8 cm3 ), to various controlled concentrations of
CO2 and H2 O in N2 . We generated various concentrations of analytes by using mass ﬂow controllers to adjust the ﬂow rate of the
analyte and the carrier gas (N2 ). In addition, the saturation bubbler
method [5] was used to generate H2 O vapor.
Another important parameter of our sensor system is the resolution or LOD, which indicates the smallest concentration the sensor
can detect. In a resonant sensor system, the LOD is determined by
the system frequency noise (␦f) in Hz and the volume sensitivity
in ppm/Hz. In this work, we used an overlapped Allan deviation,
which is a common measure of short-term frequency stability in
the time-domain. It is deﬁned as [14]:




y () = 


1
(yi+1 − yi )2 .
2(M − 1)
M−1

(3)

i=1

where M is the number of frequency samples and y is the fractional
frequency. The fractional frequency, y(t), is deﬁned as the ratio of
a difference in the oscillation frequencies, f(t) − f0 , to the nominal
oscillation frequency, f0 , at the given sampling time. First, successive frequency samples without dead-time were recorded over a
sampling period at a ﬁxed sampling time. Square roots of twosample variances were then computed on this data for different
sampling times to ﬁnd the minimum variance.
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Table 2
Summary of the functionalization layers investigated in the comparative study.
Functionalization layer

Abbreviation

Reaction type

Coating method

Coating parameters

APTMS:PTMS (1:3)

APTMS/PTMS

Type I

Rinsing

APTES-functionalized
mesoporous layer

APTES

Type I

Dip coating

6FDA:4MPD

Homopolyimide

Type II

Spin coating

PHMB (20%)

Guanidine

Type I

Spin coating

Solvent: none
Iteration: once
Thickness: ∼70 nm
(Proﬁlometer)
Solvent: ethanol
Pull-out speed: 6 mm/min
Thickness: 85 nm
(SEMa )
Solvent: chloroform
Spin-speed: 3 krpm
Thickness: 55 nm
(Ellipsometer)
Solvent: 1:1 IPA:water
Spin-speed: 2 krpm
Thickness: 70 nm
(Proﬁlometer)

IPA: isopropyl alcohol.
a
SEM: scanning electron microscope.

3. Results and discussion
3.1. Comparative study on CO2 sensitivity
The CMUT functionalized with four different layers were
exposed to various concentrations of CO2 in dry N2 from 0 ppm
to 20,000 ppm (i.e. from 0% to 2%). As predicted, the oscillation
frequencies of the CMUT decreased when the functionalization layers reacted with CO2 and increased back to the baseline when the
chamber was purged with the carrier gas (Fig. 4). The sensors were

Fig. 4. Transient frequency shifts in response to various concentrations of CO2 in N2
of the CMUT sensors functionalized with (a) APTMS:PTMS, (b) APTES, (c) homopolyimides, and (d) guanidine. CO2 starts to ﬂow in at 60 s or 120 s and stops at 240 s
or 360 s, respectively. The CO2 concentrations are represented in % where 1% is
equivalent to 10,000 ppm.

characterized at room temperature, except for the one functionalized with APTMS:PTMS. APTMS reacts with CO2 in the presence of
water as described in
Si(OCH3 )3 (CH2 )3 NH2 + H2 O + CO2  Si(OCH3 )3 (CH2 )3 NH2 + HCO3 − ,
where the equilibrium of the reaction is on the right-hand side
below 60 ◦ C indicating a slow desorption of CO2 at room temperature [13]. As the equilibrium lies far to the right-hand side at room
temperature, the as-deposited APTMS:PTMS layer (left in ambient
over 2 weeks prior to the chemical test) would absorb CO2 from
air. Desorption of CO2 from the as-deposited layer through purging
with N2 can be accelerated by increasing the operating temperature. Therefore, the APTMS:PTMS sensor unit was evaluated at an
elevated temperature of 60 ◦ C.
The maximum frequency shifts at different CO2 concentrations
are used to compute the volume sensitivity of each sensor (Fig. 5).
The volume sensitivity of each sensor is estimated by ﬁrst computing the slope using the best-ﬁt linear regression and then taking
the inverse of the slope. For the CMUT functionalized with guanidine, the maximum frequency shifts continued to increase as the
CO2 concentration increased. However, this happened at a smaller
increment due to polymer saturation. Thus, we used a best-ﬁt linear
regression at the linear regime between 0 ppm and 12,000 ppm (i.e.

Fig. 5. Plot of maximum frequency shifts observed at different CO2 concentrations
in N2 for four sensors. The numbers indicate the volume sensitivities in ppm/Hz
which were estimated using the best-ﬁt linear regression.
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Table 3
Summary of volume sensitivities and resolutions of the CMUT sensors to a small range of CO2 concentrations (0–20,000 ppm) and a wide range of H2 O concentrations
(0–100%RH), in N2 .
Layers

Frequency
noise (Hz) (1)

APTMS/PTMS
APTES
Homo-polyimide
Guanidine

a
b
c
d

2.02
0.38
0.41
4.62

CO2

H2 O

Sensitivity
(ppm/Hz)

Resolution (ppm)

Partition
coefﬁcient

Sensitivity (10−3 %RH/Hz)

Resolution
(10−3 %RH)

Partition
coefﬁcient

14.1a
1.66
57.8
0.75b
1.06c
3.84d

28
0.63
24
3.5b
4.9c
17.7d

25
175
8
471

1.61
1.16
0.96
0.18

3.25
0.44
0.39
0.83

54
62
115
484

60 ◦ C.
Before saturation.
After regeneration.
In air.

0–1.2%) to estimate the volume sensitivity. Among the four functionalization layers, guanidine shows the highest sensitivity to CO2
concentration (Table 3).
In addition, we computed a partition coefﬁcient, K, for each layer
for a performance comparison to include the effect of different
thicknesses of the functionalization layers. K is deﬁned as a ratio
between concentration in the stationary phase, Cs (absorbed in the
functionalization layer) and concentration in the vapor phase, Cv
[15]:
ıCs
K=
=
ıC v



1
S ×  × A × tp



m
f0

,

where S is the volume sensitivity in Hz−1 ,  is the gas concentration in kg/m3 , A is the detection area in cm2 , tp is the thickness of
the polymer in cm, and m/f0 is the device mass sensitivity in
g/kHz. Guanidine also shows the highest partition coefﬁcients to
CO2 compared to other layers.
3.2. Guanidine polymer
3.2.1. Polymer saturation and regeneration
The CMUT functionalized with the guanidine polymer exhibited
the largest response to CO2 at ambient condition, and, thus, is the
recommended polymer for further experiments. We have investigated this polymer in terms of polymer saturation, regeneration,
and repeatability – all important characteristics for implementing
a practical CO2 sensor.
We observed that the volume sensitivity of the guanidinecoated sensor worsened over time when exposed to a CO2
concentration above 16,000 ppm (i.e. 1.6%). Speciﬁcally, at each
cycle, the sensor was exposed to 2-min pulses of CO2 concentrations from 0 ppm to 20,000 ppm in an increment of 4000 ppm. The
sensor was exposed to three consecutive cycles and the volume
sensitivity degraded at each cycle (Fig. 6). After these three cycles,
the polymer was regenerated (i.e. a process to restore the absorptive capacity by desorbing adsorbed analytes) and the sensor was
exposed to another three consecutive cycles. The sensitivity estimated from the ﬁrst cycle after regeneration indicated that the
polymer regeneration was successful in recovering the sensitivity. However, exposing the sensor to a CO2 concentration above
16,000 ppm again resulted in a similar degradation in the volume
sensitivity (Fig. 6).
A possible cause for this degradation in the sensitivity is semipermanent saturation of the polymer where the absorbed CO2 is
not fully removed through the standard purging with N2 . This
semi-permanent saturation might be due to presence of a second
reaction between CO2 and a sorption site that is different from
the primary sorption site. If this second reaction requires higher

activation energy for absorption and desorption than that of
the primary reaction, the amount of absorbed CO2 from the
second reaction will become signiﬁcant at high CO2 concentrations. Because higher activation energy is required to remove this
absorbed CO2 , the standard purging might not be sufﬁcient. The
residual CO2 would then result in the semi-permanent saturation
of the polymer. One way to regenerate the polymer to reverse the
semi-permanent saturation is to provide a higher energy to facilitate the reverse reaction to occur by increasing the temperature. We
regenerated the polymer by heating the guanidine-coated sensor
to 120 ◦ C at a rate of 10 ◦ C/min and then holding the temperature
at 120 ◦ C for 20 min. The polymer was saturated and regenerated
twice to examine the robustness of the regeneration procedure. The
volume sensitivities of the ﬁrst cycles after two regenerations are
comparable to each other (Fig. 7).
The challenge with using the guanidine polymer is the need
for polymer regeneration when the layer is exposed to a CO2
concentration above 16,000 ppm. For environmental monitoring
applications, we can design the sensor to alarm when the concentration increases above the TLV of 5000 ppm to prevent polymer
saturation. If the sensor system must be designed to withstand
the exposure to CO2 concentration above 16,000 ppm, an electrical heating wire can be implemented underneath the sensor to
perform the polymer regeneration.
In the last cycle, the volume sensitivity of 1.06 ppm/Hz was
measured by exposing the sensor to even a lower range of

Fig. 6. Plot of volume sensitivity to CO2 calculated from each cycle of exposing the
sensor to 2-min CO2 pulses from 0 ppm to 20,000 ppm in an increment of 4000 ppm,
in N2 . After three initial cycles, the polymer was regenerated and additional three
consecutive cycles were applied.
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Fig. 7. Plot of maximum frequency shifts observed at different CO2 concentrations
in N2 at the ﬁrst cycle of each regeneration. The inset shows the maximum frequency
shifts of the guanidine sensor exposed to a lower range of concentrations from 0 ppm
to 1250 ppm demonstrating a distinguishable pulse as low as 250 ppm.

Fig. 9. Plot of maximum frequency shifts to 18 pulses of 4000 ppm CO2 concentration over 2.5 h showing the mean (black line) and ±3 (dotted line) frequency
shifts.

concentration from 0 to 1250 ppm with an increment of 250 ppm
(Fig. 7 (inset)). The lower concentrations were generated by using a
mass ﬂow controller with a larger ﬂow capacity. The sensor exhibited a distinguishable frequency shift (∼52 times the noise ﬂoor) to
CO2 concentration of 250 ppm, which is smaller than the ambient
CO2 concentration of 300 ppm. In addition, the sensor was exposed
to CO2 in air (∼45%RH) instead of in N2 (Fig. 8). While the sensitivity has decreased by three times due to the presence of water in air
(3.84 ppm/Hz), the sensor sensitivity and resolution are more than
sufﬁcient to be used at ambient condition.
3.2.2. Sensor repeatability
We evaluated the repeatability of the sensor system by exposing
the sensor to 19 consecutive pulses of 4000 ppm of CO2 over a time
period of 2.5 h. At each cycle, the sensor was exposed to 4000 ppm of
CO2 for 120 s and then purged with N2 for the next 240 s. The sensor
successfully responded to every pulse of CO2 without degradation
in sensitivity with a mean frequency shift of 4.75 kHz and a standard
deviation of 256 Hz (Fig. 9).
3.2.3. Cross-sensitivity to water vapor
A common problem with functionalization layers, sensitive to
CO2 , is their high responses to water vapor, as H2 O is often required
in the chemical reaction. Thus, we exposed the CMUT to various
concentrations of H2 O in dry N2 from 0%RH to 80%RH. As expected,
the four functionalization layers exhibited high sensitivities to relative humidity, and the layers with higher volume sensitivities
to CO2 also exhibited higher sensitivities to H2 O (Fig. 10). Potential solutions to the high cross-sensitivities to water vapor include

Fig. 8. Plot of maximum frequency shifts observed at different CO2 concentrations
in air (∼45%RH).

Fig. 10. Plot of maximum frequency shifts observed at different H2 O concentrations
for four sensors and linear ﬁts to estimate the volume sensitivities.

using a reference sensor that is either not exposed to humidity
or is sensitive only to humidity. Another solution is using array
implementations with different sensitive layers to perform pattern
recognition [4].

4. Conclusion
This paper has presented a comparative study of four functionalization layers, including polymers functionalized with basic,
amine-bearing functional groups and a polyimide with high
solubility, for CO2 detection using a 50-MHz CMUT as highly sensitive resonant sensor platform. We demonstrated through the
comparative study that the guanidine polymer is a promising functionalization layer for CO2 detection, which exhibited an excellent
sensitivity of 1.06 ppm/Hz and a resolution of 4.9 ppm to CO2 in
ambient condition. The presented sensor has more than sufﬁcient
sensitivity and resolution to track CO2 concentration in ambient
condition. In addition, by presenting other characteristics including
polymer regeneration, sensor repeatability, and cross-sensitivity to
water vapor, we have addressed practical issues of using guanidine
polymer as a functionalization layer for CO2 detection.
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