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ABSTRACT An electrodeless monolithic multichannel quartz crystal microbal-

ance (MQCM) sensor was developed via the direct growth of Zn0 nanorod patterns

of various sizes onto an electrodeless quartz crystal plate. The patterned ZnO {
nanorods acted as independent resonators with different frequencies upon
exposure to an electric field. The added mass of ZnO nanostructures was found
to significantly enhance the quality factor (QF) of the resonator in electrodeless QCM
configuration. The QF increased with the length of the Zn0 nanorods; Zn0 nanorods

5 um in length yielded a 7-fold higher QF compared to the QF of a quartz plate
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without Zn0 nanorods. In addition, the ZnO nanorods offered enhanced sensitivity due to the enlarged sensing area. The developed sensor was used as an

electronic nose for detection of vapor mixtures with impurities.
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nO has attracted significant research

interest for its unique properties and

versatile applications in optics,’ elec-
tronics,? photovoltaics,® and sensors.*® Par-
ticularly, ZnO in nanostructure possesses a
high surface-to-volume ratio,® excellent electro-
magnetic (EM) wave absorption property,7
and tunable properties.® A variety of nano-
structural forms have been developed in-
cluding nanowires,® nanotubes,'® nanotetra-
pods,'" and nanorods,? using various syn-
thetic mechanisms, and display unique
chemical and physical properties. The large-
scale synthesis of ZnO nanostructures can
be easily realized at low cost, further con-
tributing to its advantages and utility in
practical applications.

ZnO nanostructures have been widely
employed in sensors, such as field-effect
transistor-type sensors and surface plasmon
resonance and quartz crystal microbalance
(QCM) sensors, for enhancement of effi-
ciency and sensitivity.”> Among these, a
QCM is a label-free acoustic sensor used as
a powerful tool for immunosensing,'* DNA
sensing,'® and chemical sensing'® owing to
its high sensitivity and ease of measurement.
The adsorption of analytes onto quartz crys-
tals affects the effective mass of the quartz
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crystal, and the mass change is directly
related to the change in the crystal reso-
nance frequency as described by the Sauer-
brey equation,'”

2
Af = - 2 A M

APl

where fy is the resonance frequency of the
unloaded crystal, Am is the adsorbed mass,
A is the active area of the quartz crystal
between the deposited electrodes, pq is the
density of quartz (2.648 g/cm?), and pg is the
shear modulus of quartz (2.947 x 1011
g/cm/s?). For simultaneous detection of multi-
ple analytes without environmental influ-
ences or chip-to-chip variations that are
inevitable with individual QCM sensors, a
QCM with multiple resonators, that is, a
monolithic multichannel QCM (MQCM),'®1°
has been developed. An MQCM is typically
realized by fabricating multiple resonators
with different resonance frequencies on a
quartz plate, generally involving expensive
and time-consuming micromachining pro-
cesses. Also, the conventional MQCM faces
problems associated with electrical lining,
which becomes complicated, compact, and
bulky when large numbers of resonators are
involved.
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Figure 1. Side-view SEM images of ZnO nanorods grown on a silicon wafer for growth times of (a) 1 h, (b) 3 h, and (c) 5 h.

Here, we have developed an MQCM sensor using
ZnO nanorods on an electrodeless quartz crystal plate.
ZnO nanorods in differently sized patterns were syn-
thesized directly onto a bare quartz crystal plate, and
each pattern resulted in an independently functioning
resonator in an electrodeless QCM, where the electro-
des were physically separated and placed in close proxi-
mity to the surfaces of the quartz plate. An electrode-
less QCM?°?' generally displays a low QF due to
the reduced transduction of electrical energy from
the distant electrodes. However, we found that the
employment of ZnO nanostructures not only en-
hanced the sensitivity through the enlarged sensing
area but also significantly enhanced the QF of the
electrodeless QCM. In addition, the adoption of an
electrodeless QCM configuration significantly simpli-
fied the method to generate multiple resonators and
to simultaneously measure the multiple resonance
frequencies by requiring only a single pair of remote
electrodes. The MQCM developed here was used as an
electronic nose to detect the vapors of various mixed
solutions.

RESULTS AND DISCUSSION

ZnO nanorods were grown directly on a 5 MHz bare
quartz crystal plate (2.54 cm in diameter) using the
hydrothermal method."? Figure 1a—c show scanning
electron microscope (SEM) images of the ZnO nano-
rods. The average diameters (lengths) of the nanorods
are 90 nm (0.7 um), 100 nm (3.6 um), and 130 nm
(6.0 um) at growth times of 1, 3, and 5 h, respectively.
The ZnO nanorod-grown quartz plate was mounted in
a sensing chamber with an integrated pair of 17 mm
(diameter) circular electrodes. The distance between
each electrode and the surface of the quartz plate was
ca. 800 um and was maintained by a pair of O-rings.

The QF-enhancing effect of the ZnO nanostructure
in the electrodeless QCM was investigated by compar-
ing the QFs of conventional and electrodeless quartz
resonators before and after growing the ZnO nanorods
in @ 12 mm circular pattern. Figure 2a and b show
the schematic representations of the experimental
setups and conductance spectra of conventional and
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electrodeless QCMs with ZnO nanorods grown on each
quartz resonator, respectively. The resonance peak of
the bare quartz crystal in an electrodeless QCM con-
figuration appeared at higher frequency than that in a
conventional QCM configuration because of the ab-
sence of the gold coating. The QF of the resonators was
calculated by dividing the resonance frequency by the
full width at half-maximum of the peak. Figure 2cand d
show the changes in resonance frequency and QF of
conventional and electrodeless QCMs, respectively, as
the length of the ZnO nanorods increases. The increas-
ing length, that is, the increasing mass of ZnO nano-
rods, resulted in the decrease in the resonance
frequencies of both the conventional and electrode-
less QCMs as predicted by eq 1. However, the length of
ZnO nanorods is shown to have a negligible effect on
the QF of the conventional QCM, while it significantly
increases that of the electrodeless QCM. The QF of the
electrodeless QCM was initially lower than that of the
conventional QCM due to the reduced transduction of
electrical energy from the distant electrodes; however,
the increasing length of the ZnO nanorods enhanced
its QF, far exceeding the QF of the conventional QCM.
The different effects of the ZnO nanostructures on
the QF of each resonator are tentatively attributed to
the position of the mass with respect to the position of
the electrodes.

The synthesis of ZnO nanorods in patterns with
various sizes can generate multiple resonators with
different frequencies on an electrodeless quartz crystal
plate. Figure 3a shows the top and side views of a
quartz plate with two ZnO nanorod patterns (3 and
5 mm in diameter), and Figure 3b shows the con-
ductance spectra of the quartz crystal at each growth
hour. The SEM images of the ZnO nanorods at growth
times of 2 h (1.9 um) and 5 h (5.1 um) are shown in the
inset. At time 0 h, prior to ZnO nanorod growth, only
one frequency, that is, the resonance frequency of the
quartz plate, is measured. However, the growth of ZnO
nanorods results in the appearance of two peak points
at different frequencies, and the number of peak points
corresponds to the number of ZnO nanorod patterns
on the quartz plate. As the ZnO nanorods grow, each
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Figure 2. Schematic representations of electrode configurations (a) and conductance spectra (b) of conventional and
electrodeless QCMs before (blue) and after (red) growing ZnO nanorods. Variations in frequency (black) and QF (red) of (c) a
conventional QCM and (d) an electrodeless QCM as a function of ZnO nanorod length.
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Figure 3. (a) Top and side views of a quartz plate with ZnO
nanorod patterns of 3 and 5 mm in diameter. (b) Corre-
sponding conductance spectra of the ZnO nanorod-pat-
terned quartz crystal at growth times of 0, 2, and 5 h and the
SEM images of the ZnO nanorods at growth times of 2 h
(1.9 um) and 5 h (5.1 um).

pattern adds a different effective mass onto the quartz
plate and causes different degrees of frequency
changes. Each ZnO nanorod pattern functions as a
resonator with a distinct frequency, and the frequency
difference between two resonators increases with the
length of the ZnO nanorods.

A higher number of resonators can be generated by
increasing the number of ZnO nanorod patterns pre-
sent. Figure 4a—c show the conductance spectra of
quartz crystals prepared with two (QC2), three (QC3), or
four (QC4) ZnO nanorod patterns, respectively, grown
for 5 h. The pattern diameters were 3 and 5 mm for
QC2;3.5,4.5,and 5.5 mm for QC3; and 3.5, 4.5, 5.5, and
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6.5 mm for QC4. The number of distinct conductance
peaks at different frequencies is equal to the number of
ZnO nanorod patterns on each quartz crystal plate. This
simple addition of patterned masses onto a bare quartz
plate generates several distinct frequencies corre-
sponding to their pattern sizes. Additional frequencies
can be introduced by adjusting the pattern spacing,
number, and size and, more critically, by using a
thinner quartz plate. The rule of thumb for the mini-
mum size of the ZnO pattern is 3 x (thickness of the
quartz crystal), and the minimum distance between
adjacent resonators is 7.5 x (thickness of the quartz
crystal).?? The thicknesses of 5 and 10 MHz quartz
crystals are 300 and 150 um, respectively. Note that
the conductance increases as the size of the ZnO
nanorod pattern increases because of the increase in
the acoustic energy trapping.?® For the simultaneous
measurement of multiple frequencies, only a single
pair of remote electrodes was used, rather than individ-
ual pairs of electrodes for each resonator. The electro-
deless MQCM configuration greatly simplifies the de-
sign and operation of the instrument.

The active area of a QCM is important for determin-
ing its mass sensitivity. The active area of a ZnO
nanorod-patterned electrodeless MQCM was deter-
mined by exposing a quartz plate with three ZnO
nanorod patterns (Figure 5a) to 20% ethanol vapor.
Figure 5b,c show the variations in the resonance
frequencies of the three resonators divided by the
square of the corresponding resonance frequency
measured by exposure of the flat (Figure 5b) and
ZnO nanorod-patterned (Figure 5c) sides of the quartz
crystal plate to ethanol vapor for 300 s. The ZnO
nanorod-patterned side yielded a 10-fold higher
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Figure 4. Conductance spectra of the quartz plates with (a)
two patterns, (b) three patterns, and (c) four patterns of ZnO
nanorods grown for 5 h.

frequency shift than the flat side of the MQCM due to
the increased surface area, verifying the advantage of
employing nanostructure for sensitivity enhancement.
All three resonators showed reproducible and almost
identical values of Af/f ((6.27 £ 0.05) x 10~ "> Hz™ "),
which is, according to the Sauerbrey equation, pro-
portional to Am/A. The active area of the generated
resonator, therefore, is solely confined to its own
patterned area possibly because each ZnO nanorod
pattern functions as a pseudoelectrode. As a result,
the adsorption-induced frequency change does not
depend on the size of each pattern.

The developed electrodeless MQCM was used as an
electronic nose for the detection of vapor mixtures
with impurities such as ethanol or toluene. A quartz
plate prepared with three ZnO nanorod patterns (4, 5,
and 6 mm in diameter) grown for 5 h was used, and
each resonator was coated with 0.5% poly(methyl-
methacrylate) (PMMA), poly(vinylpyrrolidone) (PVP),
or poly(vinyl acetate) (PVAc) by drop-casting. AFM
images of the ZnO nanorods before and after the
polymer coating showed negligible differences in the
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Figure 5. (a) Schematic illustration of electrodeless MQCM
with three ZnO nanorod pattern (4, 5, and 6 mm in diameter).
Normalized variations in the resonance frequencies of the
electrodeless MQCM prepared with three resonators (blue,
6 mm; red, 5 mm; green, 4 mm) upon exposure of (b) the flat
side or (c) the ZnO-NR side of the patterned quartz plate to
20% ethanol vapor.

shape, indicating that the polymer coating produced a
uniform thin film on the ZnO nanorods. Five samples,
including the vapors of 100% gasoline (a mixture of
hydrocarbons with various lengths), 100% toluene,
100% ethanol, and gasoline mixed with 20% (v/v)
toluene or ethanol, were sequentially introduced into
the sensing chamber for 30 s, followed by purging with
nitrogen for 90 s. Note that ethanol and toluene are the
typical adulterants of fake gasoline, which deteriorate
the performance and emissions of automobile en-
gines. Figure 6a—c show the variations of the reso-
nance frequency of each resonator coated with PMMA,
PVAc, or PVP, respectively, upon exposure to each
vapor sample. The frequencies fully recovered to the
original frequencies after purging, and the very similar
responses of each resonator to three sequential sam-
ple flows of the same concentration show the high
reproducibility of the MQCM response.
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Figure 6. Variations in resonance frequencies of (a) PMMA-,
(b) PVAc-, and (c) PVP-coated ZnO nanorod patterns upon
exposure to 100% gasoline (blue), 100% toluene (red), gas-
oline with 20% (v/v) toluene (green), 100% ethanol (purple),
and gasoline with 20% (v/v) ethanol (orange) and (d) PCA of
the obtained frequency changes from (a), (b), and (c).

Figure 6d shows a principle component analysis
(PCA) performed on the frequency data. Each vapor
appears on a different position of the graph, indicating
that the PCA can identify each sample. The PCA plot for
the vapor mixtures with the impurities is expected to
shift toward the upper left corner for the ethanol
mixture and toward the upper right corner for the
toluene mixture as the v/v % concentration of the
impurity increases. The trajectories followed by the

METHODS

Materials. Zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%),
ammonium hydroxide (28 wt % NH; in water), PMMA, PVP, PVAc,
and toluene (anhydrous, 99%), were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ethanol was purchased from
Merck. All chemicals were used as received. Toluene was used
to prepare the PMMA and PVAc solutions. Deionized water
(18.3 MQcm) was obtained from a reverse osmosis water
system (Human Science, Korea) and was used to prepare the
PVP and Zn(NOs),:6H,0 solutions. Gasoline was purchased
from an S-Oil gasoline station (Korea).

Synthesis of Zn0 Nanorods. Circular patterns of Ti (5 nm thick)
and ZnO (30 nm thick) seed layers with different pattern
diameters were sequentially sputtered onto one side of a
5 MHz quartz crystal. The sputtering conditions were set to a
base pressure of 3 x 107° Torr and a working pressure of
7 x 1073 Torr (Ar gas) with an RF power of 100 W at room
temperature. ZnO nanorods were hydrothermally grown on the
coated quartz crystal at 90 °C for various lengths of time in a
10 mM Zn(NO3)-6H,0 solution at a pH of 10.6 by adding
ammonia to the solution. The ZnO nanorod-grown quartz
crystals were then rinsed with deionized water and ethanol
prior to use.

Instrumental Setup. Circular electrodes of 17 mm were inte-
grated into the chamber. The distance between each electrode
and the surface of the quartz plate was approximately 0.8 mm.
The pair of electrodes was connected to a custom-built PC-
based conductance measurement system consisting of a func-
tion generator (NI PXI-5406), a digitizer (NI PXI-5114), and a
multiplexer (NI PXI-2593) assembled in a PXI-1033 chassis
(National Instruments, Austin, TX, USA). The measurement
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signal shifts are not expected to intersect. The elec-
tronic nose required only 2 min for rapid detection,
another advantage of the electronic nose. The detec-
tion time can be further shortened by employing other
coating layers that are more compatible with the
adulterants.

CONCLUSION

In summary, we developed an electronic nose using
a ZnO nanorod-patterned electrodeless MQCM. The
patterned ZnO nanostructures resulted in the localized
addition of mass that functioned as independent
resonators with different frequencies. The growth of
the ZnO nanostructures was found to significantly
enhance the QF of the electrodeless QCM, thereby
alleviating the major drawback to the electrodeless
QCM. The ZnO nanostructure also contributed to the
enhanced sensitivity of the sensor through the
enlarged surface area. The multiple resonance fre-
quencies were measured simultaneously by using
only a single pair of electrodes, thereby solving the
complicated instrumental problems associated
with a conventional MQCM. The nanorod length
and pattern size can be adjusted to further enhance
the QF and sensitivity, as well as to introduce a
larger number of resonators onto a single quartz
plate. This MQCM has potential utility for drug
screening or biosensing for the detection of multi-
ple diseases.

software was programmed in LabVIEW, and the conductance
spectra were obtained by measuring the admittance and
phase of a quartz crystal over the selected frequency span.
The resonance frequencies of the ZnO nanorod patterns were
evaluated based on Lorentzian fits of the conductance spectra,
and changes in the resonant frequencies upon the adsorption
of molecules were measured in situ. Gasoline with impurities
was detected in a dry nitrogen carrier gas stream, which was
bubbled through the gasoline sample with impurities to gen-
erate vapor. The gas flow was switched between the nitrogen
stream and the vapor stream using three-way valves. The gas
was introduced into the measurement chamber through two
side inlets, and it exited through one central outlet. All the
measurements were performed at room temperature and
atmospheric pressure.

Principal Component Analysis. Principal component analysis is a
mathematical procedure that simplifies data by reduc-
ing the number of dimensions. In this paper, PCS was conducted
to convert a 3-D plot into a 2-D plot (Figure 6d). ZnO patterns
coated with PMMA, PVAc, or PVP showed different frequency
changes upon exposure to different analyte vapors. Each
frequency change was then plotted on each ¥, y, and z axis.

ie.,

{,y, 2)x = Afommay = Afovac, z = Afpyp}

In the same manner, a 3-D data set was obtained for various
analytes. The obtained 3-D data set was then converted to a 2-D
data set in the following steps:

(i) Adjust original data by subtracting a mean value from
each dimension:
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Data Adjust = (x — y — z — ), where the overbar indicates
the mean of each dimension.

(i) Make a 3 x 3 covariance matrix in which the compo-
nents are the covariance (cov) between dimensions:

cov(x, x)
cov(y, x)
cov(z, x)

cov(x, z)
cov(y, 2)
cov(z, 2)

cov(x, y)

cov(y,y)
cov(z, y)

C =

(iii) Obtain 3 eigenvectors for the covariance matrix, and
also 3 corresponding eigenvalues.

(iv) Choose 2 eigenvectors by removing an eigenvector
having the smallest eigenvalues.

(v) Make a feature vector in which the columns are the
chosen eigenvectors:

feature vector = (eigenvector 1 eigenvector 2)

_ €,1 €2
I 2 B
k1 €2

(vi) Derive new 2-D data by multiplying the transpose of
the data adjust (from (i)) with the transpose of the
feature vector (from (v)):

New 2-D data = (transposeof feature vector)

x (transpose of data adjust) = <;j)
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