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Resonance frequency shift of a zinc oxide- (ZnO-) functionalized microcantilever as a response to carbon monoxide (CO) gas has
been investigated. Here, ZnOmicrorods were grown on the microcantilever surface by a hydrothermal method.The measurement
of resonance frequency of the microcantilever vibrations due to the gas was carried out in two conditions, that is, gas flow with
and without air pumping into an experiment chamber. The results show that the resonance frequency of the ZnO-functionalized
microcantilever decreases because of CO in air pumping condition, while it increases when CO is introduced without air pumping.
Such change in the resonance frequency is influenced by water vapor condition, and a possible model based on water-CO
combination was proposed.

1. Introduction

Microcantilever-based sensors could replace conventional
sensors because of the ability to detect ultrasmall mass with
fast response time. The working principle of this sensor is
based on deflection of microcantilever (MC) due to an object
attached on its surface (static mode) or resonance frequency
shift of theMCvibration due to an object (dynamicmode). So
far, the smallest mass detected usingMChas been reported as
femtogram (10−15 gram) level by Sone et al. [1], attogram level
(10−18 gram) [2], and zeptogram level (10−20 gram) by Roukes
group [3].

On the other hand, in order to selectively detect chemical
or biologicalmolecules, a sensitive layermust be deposited on
the microcantilever surface, such as polymer [4] and metal
oxide sensitive layers [5]. In gas detection, several publi-
cations have shown that the resonance frequency of MC
decreased due to exposure of the gas, such as mercury [6],

volatile organic compounds [7], ethanol [8], carbon dioxide
[9], freon [10], and water vapor [11]. However, for real sensor
applications, the sensor response should be considered in
various conditions, such as in higher humidity or vacuum
conditions.

Generally, gas detection on metal oxide surfaces, such as
zinc oxide (ZnO) which has a great potential in sensing appli-
cations, is especially influenced by the presence of humidity
[12]. In ambient condition, the surface is fully covered by
molecularly adsorbed water [13]. Gouvea et al. reported that
CO
2
and H

2
O energetically had same possibility for bind-

ing to a ZnO surface [14]. Consequently, the water-CO
combination should be considered as a model system for gas
detection on metal oxide surfaces.

In this work, we have grown ZnO microrods on the
microcantilever surface as sensitive layers for gas detection
and studied the effect of carbonmonoxide (CO) on resonance
frequency of theMC at a room temperature. Here, we studied
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Figure 1: Schematic circuit system using piezoresistive microcantilever. The inset figure is a SEM image of the microcantilever.

the effect of CO in different conditions, that is, with and
without air flow. We experimentally observed a decrease in
the resonance frequency due to gas flow with air pumping
and an increase in the resonance frequency without air
pumping. The possible model is also proposed to explain the
experimental results.

2. Experimental Details

2.1. ZnOMicrorods Formation. Formation of the ZnOmicro-
rods consists of initial layer preparation and growth of rods.
First, the MC was coated by an initial solution which was
made of 0.3M diethanolamine in ethylene glycol and stirred
at 75∘C for 1 hour.The coated cantileverwas annealed at 100∘C
for 30 minutes.

The ZnO was then grown on the cantilever surface
by dipping it in ZnO solution at 90∘C for 2 hours. Here,
the ZnO solution was prepared by using 0.02M zinc nitrate
tetrahydrate (Zn(NO

3
)
2
⋅6H
2
O) and hexamethylenetetram-

ine (CH
2
)
6
N
4
in ethanol and aqua bidest (1 : 3). Hexam-

ethylenetetramine acts as a pH buffer of the solution and
supply of OH− ions, as seen in the following reaction
equations:

(CH
2
)
6
N
4
+ 6H
2
O → 6HCHO + 4NH

3 (1)

NH
3
+H
2
O←→ NH

4

+ +OH− (2)

Zn2+ + 2OH− → Zn (OH)2 (3)

Zn (OH)2
Δ

→ ZnO +H
2
O (4)

Precipitation of ZnO nuclei starts when the concentration
of Zn2+ and OH− ions exceeds a critical value. Here, the
ZnO nuclei are building blocks for the formation of the rods.

Thus, Zn(OH)
2
can be transformed into ZnO crystals with

hexagonal shape due to the crystal habits of ZnO. As a result,
ZnO microrods are grown. Finally, the ZnO-microrods-
coated MC is dried at 80∘C for 1 hour. To confirm the growth
of ZnO, we performed energy dispersive spectroscopy (EDS)
analysis and scanning electronmicroscopy (SEM) on theMC
surface.

2.2. Electronic Circuit. In this work, a commercial piezore-
sistive microcantilever (Seiko Instruments Inc.) was used, as
shown in Figure 1. A long MC (see an inserted SEM image
in Figure 1) has a length of 400 𝜇m, a width of 50 𝜇m, spring
constant (𝑘) of 4N/m, and piezoresistor 𝑅

1
of about 630Ω

[1]. A short cantilever with piezoresistor 𝑅
2
(about 630Ω)

is a reference cantilever, which is crucial in order to reduce
background noise, such as thermal drift and gas turbulence
[15]. In the piezoresistive microcantilever, the deflection of
it produces a resistivity change of the piezoresistor. Such
resistivity change was measured by using a Wheatstone
bridge, which is constructed by two piezoresistors in the
MC (𝑅

1
and 𝑅

2
) and two external resistors (𝑅

3
and 𝑅

4
), as

schematically shown in Figure 1.
Output of Wheatstone bridge (Δ𝑉) in Figure 1 could be

written as Δ𝑉 = (𝑅
1
𝑅
3
− 𝑅
2
𝑅
4
)𝑉/(𝑅

1
+ 𝑅
2
)(𝑅
3
+ 𝑅
4
).

The output Δ𝑉 is varied when the value of piezoresistor
𝑅
1
changes during gas detection. Δ𝑉 is then amplified

resulting in 𝑉out, which is monitored with an oscilloscope.
In order to actuate the MC in dynamic mode operation, a
function generator is used for applying a sinusoidal wave to
piezoelectric element.

2.3. CarbonMonoxide GasMeasurement. When the actuated
microcantilever vibrates in a certain frequency, we measured
the resonance frequency of the MC vibration before and
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Figure 2: Schematic view of chamber for gas measurement.

after gas detection. In gas measurements, we first put two
cantilevers inside the chamber, as shown in Figure 2.The first
cantilever was coated by ZnO microrods (active cantilever),
while the second one was an uncoated reference cantilever.
We conducted the measurement at room temperature. First,
carbon monoxide gas was introduced into the chamber at
various concentrations, that is, 30 ppm, 70 ppm, and 100 ppm.
Then airwas pumped to the chamber by using an air compres-
sor.The resonance frequency shifts for each gas concentration
were measured by using an oscilloscope. Second, carbon
monoxide gas was introduced into the chamber at a flow rate
of 1ml/min at 25∘C and relative humidity of 65% RH. Here,
the gas was inserted (gas ON) and turned off (gas OFF) until
stable condition was reached. Then, change of the resonance
frequency as a function of time was monitored by using the
oscilloscope. We should note that, in contrast to the first
condition, air was not pumped into the chamber during gas
OFF condition.

3. Results and Discussions

3.1. Characterization of Zinc Oxide Rods. ZnO microrods
were successfully grown on silicon microcantilevers as a
sensitive layer. Figure 3 shows a SEM image of themdeposited
on theMC surface forming a flower-like ZnO structure. Even
though the formed rods are not well aligned, we can see the
hexagonal shape of the rods. It is predicted that the crystal
structure of ZnO fabricated in this way is hexagonal wurtzite.
The length and diameter of ZnOmicrorods are approximately
6 𝜇m and 1 𝜇m, respectively. These microstructures have a
virtue of large surface area to adsorb gas molecules.

Next, the chemical composition of the ZnO microrods
was characterized by EDS. Table 1 shows EDS result for the
“A” point of the rod deposited on a silicon MC surface
(see Figure 3). The elements of Zn and O refer to ZnO
composition with ratio 1.6 : 1, which indicate the presence
of defects of interstitial Zn or deficiency of the oxygen.
Oxygen vacancies in ZnO are attributed to donor type
defects contributing n-type conductivity of the material. The
element Si comes from siliconmaterial of themicrocantilever,
while the element Au is originated from residual conductive

A

Figure 3: Scanning electron micrograph of ZnO sensitive layer.The
inset is a zoomed-in image of hexagonal shape of ZnO. The yellow
character “A” indicates EDS sensing position.

Table 1: Energy dispersive spectroscopy (EDS) result for ZnO.

Element Mass% Error% Atom%
O 12.29 0.31 36.43
Si 2.65 0.35 4.48
Zn 79.63 1.54 57.78
Au 5.43 1.04 1.31
Total 100.00 100.00

material during SEM preparation. Even though the ratio of
Zn and O is not equal to 1 : 1, the EDS result clearly shows
that the rods formed on the MC surface are pure ZnO.

3.2. Resonance Frequency Shift due to Gas Adsorption

3.2.1. Various CO Concentrations during Air Pump Treatment.
The initial frequencies of both microcantilevers were mea-
sured before measurement. The initial resonance frequency
(𝑓) of the active cantilever was 29.060 kHz, while the fre-
quency of reference cantilever was 40.340 kHz. Note that
the resonance frequency of the active cantilever before ZnO
coating was about 40 kHz. The decrease in its resonance
frequency (Δ𝑓 ∼ 10 kHz) is caused by ZnO microrods
formation.

CO at concentrations of 30 ppm, 70 ppm, and 100 ppm
was then introduced and ambient air was pumped into the
chamber by using an air compressor pump before and after
introducing the gas. The effect of CO at various concen-
trations is shown in Figure 4. First, 30 ppm CO gas was
introduced into the chamber, resulting in decrease of the
resonance frequency of the active cantilever (blue marker)
to 28.880 kHz. After stabilizing, the gas flow was stopped
and air was pumped into the chamber. As a result, the res-
onance frequency increased to 29.050 kHz. Such resonance
frequency shift (Δ𝑓) of 180Hz is a function of a mass change
(Δ𝑚) due to adsorbed gas on the ZnO surface which can be
calculated using (5) and (6) [1]. It is noted that decrease in
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Figure 4: Resonance frequency as a function of time for both
microcantilevers (active cantilever: blue square markers for left axis,
and reference cantilever: red circle markers for right axis) exposed
to carbon monoxide gas in constant flow.

𝑄-factor [16] of ZnO-coated MC occurs when the gas was
introduced (Δ𝑄 ∼ 1 due to 1ml/min flow of CO), but such
small change of 𝑄-factor does not affect the measurement of
resonance frequency shift. Our results about a decrease and
an increase in resonance frequency due to gas ON and OFF
are consistent with previous reports of the microcantilever-
based gas detection [7–10].

From (5), the mass of the ZnO-coated MC (𝑚) is
determined to be 120 picograms, and using (6), the
absorbed molecules on the ZnO layer are calculated to
be 2.56 picograms. So the sensor sensitivity for carbon
monoxide detection is about 8.27 femtogram/Hz.

𝑚 =
𝑘

(2𝜋𝑓)
2
, (5)

Δ𝑚 = −2
𝑚

𝑓
Δ𝑓. (6)

Next, 70 ppm CO was inserted and the resonance fre-
quency decreased to 28.420 kHz. The longer response time
for reaching a stable state may be due to air humidity change
during this measurement. When the gas was turned off and
the air compressor was turned on, the resonance frequency
of the MC increased to 28.840 kHz. Finally, the MC was
exposed to 100 ppm CO. The resonance frequency shifted to
28.250 kHz and then increased to be 28.750 kHz due to gas
OFF and air flow. The difference of 310Hz in the resonance
frequency between initial resonance frequency (29.060 kHz)
and frequency after the gas measurement (28.750 kHz) is
probably caused by remaining gas molecules of about 1.49 fg
on the zinc oxide layer. Such difference was also found for
gas concentrations of 30 ppm and 70 ppm. It is noted that the
resonance frequency of the reference cantilever (red marker)
was almost constant during the measurement. We previously
found that the water vapor was directly adsorbed on the

uncoatedMCwhich reduced the resonance frequency of MC
[11]. However, in this work, the gas or water vapor may be
adsorbed on the uncoated MC surface generating a change
in its resonance frequency of less than 10Hz. As a result, the
frequency shift at the graph almost disappeared. Therefore,
it is convincing that the ZnO microrods play the role of the
sensitive layer for response to gas.

Figure 4 also shows that the resonance frequency shift of
the ZnO-coated MC increases with increasing concentration
of CO, which is plotted in Figure 5. Such frequency shift
depends on the number of CO molecules adsorbed on the
ZnO surface. Therefore, the higher gas concentration results
in larger resonance frequency shift. In Figure 5, the mass
change of each concentration is calculated according to (6).

The decrease of the active resonance frequency due to CO
can be probably explained as follows. Mostly, metal oxides
adsorb water vapor molecules at their surface in ambient air.
In the present experiment, air pumping treatment provides
water vapor spreading inside the experiment chamber. Water
molecules in air are likely to be dissociated on the ZnO
surface into OH− and H+. Such water dissociation on ZnO
surface into OH− and H+ may produce the hydrogen-rich
condition of the hydrogen ion, as discussed by Xu et al.
[12]. Air pumping treatment generates a large amount of
water vapor inside the chamber resulting in more dissoci-
ated hydrogen ion (hydrogen-rich) and vice versa. Under
hydrogen-rich conditions, all ZnO surfaces have low for-
mation energies [12] so that it would be easier to bind
other molecules, such as CO molecules. Due to the presence
of CO, the gas molecules are physically adsorbed on ZnO
surface through the dissociated water molecules (illustrated
in Figure 6), resulting in the increase in the effective mass of
the cantilever. Such increased mass generates the decrease in
resonance frequency of the microcantilever.

3.2.2. Constant Flow of CO Gas without Air Pump Treatment.
In this experiment, the CO gas was introduced into the
chamber at a constant rate of 1ml/min at humidity of 65%
RH, and then the gas was turned off without air pump
until reaching a stable frequency. The initial resonance
frequency (𝑓) of the active cantilever was 28.026 kHz, while
the frequency of reference cantilever was 40.351 kHz. When
gas flow was switched ON and OFF, the resonance frequency
of both cantilevers was measured and the frequency shift
was investigated. The resonance frequency change of both
microcantilevers due to CO can be seen in Figure 7. In
contrast to the previous result in Figure 4, the resonance
frequency of activeMC increased due to gas exposurewithout
air pump treatment. In order to explain this result, we firstly
calculate the concentration of CO (𝐶CO) in the chamber at
stable condition using the following equation [17]:

𝐶CO

=
𝑉CO𝜌CO

𝑉ch (MrCO/22.4) (273/ (273 + 𝑇)) (𝑃/101325)
in ppm,

(7)

where 𝑉CO is the sample volume of CO in m3, 𝜌CO is relative
density (g/m3),𝑉ch is the chamber volume in m3, MrCO is the
molar mass of the CO (g/mol), 𝑇 is temperature in Kelvin,
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Figure 5: Resonance frequency shift (blue solid curve for left axis) and mass change (black dotted curve for right axis) versus CO
concentration with average sensitivity of 8.27 femtogram/Hz.

CO gas

Water vapor
Zinc oxide layer

Water vapors
Zinc oxide layer

Adsorbed CO gases

Hydrogen-rich condition

CO gasgas

Hydrogen-rich condition

Figure 6: Possible model of CO gas adsorption in the presence of
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and 𝑃 is pressure in Pascal. In this calculation, we choose the
condition at 611 s in Figure 7 where the resonance frequency
saturated at 𝑓 ∼ 29.18 kHz after resonance frequency change
due to CO, and 𝑉CO = 0.01018m

3, 𝜌CO = 1.14 kg/m
3,

𝑉ch = 8 × 10
−5m3, MrCO = 28 g/mol, 𝑇 = 275K, and

𝑃 = 101.325 kPa. We obtained that the CO concentration
inside the chamber at the resonance frequency shift of Δ𝑓 ∼
1.16 kHz is approximately 126.68 ppm.

Next, the CO gas flow was turned off, resulting in a
decrease in the resonance frequency of active MC (blue
marker) to be 28.506 kHz. This frequency did not return
back to its initial value. As the gas flow was turned on,
the resonance frequency of the active cantilever increased
again to 29.276 kHz with the resonance frequency shift of
0.77 kHz, and the frequency decreased to 28.316 kHz due
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Figure 7: Resonance frequency versus time for both microcan-
tilevers exposure to carbon monoxide gas without air pump treat-
ment (active cantilever: blue square markers for left axis; reference
cantilever: red circle markers for right axis).

to gas flow being turned off. As shown in Figure 4, the
resonance frequency of reference MC (red marker) is also
almost unchanged during the measurement.

Unlike the gasmeasurement with air pump treatment, the
resonance frequency of the active MC increases due to effect
of CO. The possible mechanism of this result may be due to
the influence of water vapor which is explained in Figure 8.
In high humidity, water vapor is adsorbed and dissociated on
zinc oxide layer. In this experiment, the air pump treatment
was not performed, resulting in hydrogen-poor condition on
ZnO surface. Therefore, the structures with more dissociated
water vapor on the ZnO surface become unstable. As a result,
when CO is inserted into the chamber, the dissociated water
vapor is desorbed from the ZnO surface and CO is directly
adsorbed on the ZnO layer. Due to the lighter mass of CO
gas layer, the resonance frequency of the activeMC increases.
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compared to resonance frequency change of the ZnO-coated MC.

Here, the resonance frequency does not return to an initial
value after gas OFF because of limitation of the water vapor
molecules inside the chamber.

To support the possible model in Figure 8, relative
humidity (RH)was changedwhile COwas inserted, as shown
in Figure 9. Before introducing CO, the resonance frequency
of active cantilever, relative humidity, and temperature were
measured to be 27.230 kHz, 36.5%, and 19.4∘C, respectively.

When CO was inserted, the relative humidity decreased.
We should note that the minus RH might be originated
from sensor’s offset error, where the conventional sensor is
used in 1 atm air condition. The sensing condition at minus
RH is different; that is, ambient gas contains CO gas (not
pure air). However, the tendency of the RH changes reflects
the humidity change. And intervals showing approximately
+35%RH in Figure 9 aremeasured under pure air conditions.
Therefore, decrease in the RH data during insertion of CO
exhibited a certain change in the humidity. Such results
assumed thatwater vaporwas desorbed from theZnO surface
and CO was adsorbed on the surface. This alteration results
in an increase on the resonance frequency of the active
microcantilever. As CO was switched off, relative humidity
increased. Probably, CO was desorbed from the ZnO surface
and replaced by water vapor, resulting in a decrease of the
resonance frequency. The measurement was repeated three
times with similar results. These results show that the model
on Figure 8 can explain the increase of resonance frequency
for the active cantilever due to CO exposure.

In this study, the measurements were done in humid air
at room temperature. Therefore, the mechanisms proposed
above may not be appropriate for high temperature. If the
substrate temperature is raised, the water vapors at the ZnO
surface evaporate. In this case, CO will be directly absorbed
on the ZnO surface, resulting in a decrease in the resonance
frequency of the active MC. The same condition occurs if
the ZnO surface is modified with a hydrophobic coating,
in which the water vapor should not be adsorbed on the
ZnO surface, and in case of CO adsorption, the gas will be
adsorbed on the hydrophobic layer.

4. Conclusions

We have grown ZnO microrods on MC surfaces and studied
the gas response to the ZnO rods in humid air at room
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temperature. The results showed that the resonance fre-
quency of the ZnO-MC changed due to interaction with CO.
It was found that the sensitivity for CO detection was about
8 femtogram/Hz. However, the response is highly influenced
by the presence of humidity. The resonance frequency of
the ZnO-MC decreased due to CO in rich water vapor
condition, while the resonance frequency increasedwhenCO
was introduced in poor water vapor. We proposed the water-
CO combination-based model to explain the results.
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