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Abstract—We report a ZnO-nanostructure-based quartz crystal
microbalance (nano-QCM) device for biosensing applications.
ZnO nanotips are directly grown on the sensing area of a con-
ventional QCM by metalorganic chemical vapor deposition
(MOCVD). Scanning electron microscopy (SEM) shows that the
ZnO nanotips are dense and uniformly aligned along the normal
to the substrate surface. By using superhydrophilic nano-ZnO
surface, more than tenfold increase in mass loading sensitivity of
the nano-QCM device is achieved over the conventional QCM.
The ZnO nanotip arrays on the nano-QCM are functionalized.
The selective immobilization and hybridization of DNA oligonu-
cleotide molecules are confirmed by fluorescence microscopy of
the nano-QCM sensing areas.

Index Terms—Biosensors, bulk acoustic waves, nanostructures,
ZnO.

I. INTRODUCTION

T HE quartz crystal microbalance (QCM) is a bulk acoustic
wave device that has a high-quality (Q) factor, typically

to at room temperature. It is a versatile research tool
for chemistry, nanotribology, wetting transition, and superfluid
transition studies. A typical QCM device consists of a piezoelec-
tric AT-cut quartz crystal sandwiched between a pair of metal
electrodes. The QCM sensors have been extensively used to
monitor the change in mass loading and viscoelastic properties
by measuring the shift of its resonant frequency. QCM devices
can operate in the range of several MHz to tens of MHz, de-
termined by the thickness of the quartz layer. Acoustic wave
transducer technology has been applied for biosensing in recent
years as sensitive, accurate, cheap, and portable sensors [1], [2].
Among them, the QCM sensors [3] in biological applications
have provided certain advantages over other biosensor technolo-
gies, namely, higher sensitivity than that of the electrical and
thermal biosensors [4]–[7], and more cost-effective and mobile
than the optical biosensors [8]. The QCM biosensors have been
used to investigate the adsorption of protein on metals [9], DNA

Manuscript received November 09, 2008; revised March 18, 2009; accepted
March 23, 2009. Current version published September 02, 2009. This work was
supported in part by AFOSR grant (FA 9550-08-01-0452) and in part by the
Rutgers Academic Excellence Fund. The associate editor coordinating the re-
view of this paper and approving it for publication was Prof. Massood Atashbar.

P. I. Reyes, Z. Zhang, H. Chen, Z. Duan, J. Zhong, G. Saraf, and Y. Lu are
with the Department of Electrical and Computer Engineering, Rutgers Univer-
sity, Piscataway, NJ 08854 USA (e-mail: ylu@rci.rutgers.edu).

O. Taratula and E. Galoppini are with the Department of Chemistry, Rutgers
University, Newark, NJ 07102 USA.

N. N. Boustany is with the Department of Biomedical Engineering, Rutgers
University, Piscataway, NJ 08854 USA.

Digital Object Identifier 10.1109/JSEN.2009.2030250

immobilization [10], human serum albumin [3], and biological
cell monitoring [6].

ZnO has been receiving increasing attention as a wide band
gap semiconductor and as a multifunctional material. With
proper doping and alloying, ZnO can be made conductive,
transparent, or piezoelectric. Moreover, ZnO can be grown
as thin films or as nanostructures on a variety of substrates.
ZnO-based sensors possess high sensitivity to various chem-
icals in either gaseous or liquid states, including , CO,

, , , tri-methylamine, ethanol, and , [11], [12].
Highly sensitive gas sensors have been demonstrated combining
surface acoustic wave devices (SAW) with ZnO nanostructures
to enhance the gas sensing performance [13]–[15].

ZnO and its ternary alloy, are known to be
biocompatible oxides, in which Zn and Mg are important
elements for neuroetransmitter production and enzyme func-
tion [13]. Furthermore, ZnO nanorods have been shown to be
compatible with intracellular material [16] and highly sensitive
to pH changes inside cellular environments [17], as well as
detection of enzymatic reactions with target biochemicals [18].
The biocompatibility of ZnO and its potential for biosensing
applications are further demonstrated in [19] and [20], where
antibody immunosensing is achieved through surface function-
alization of ZnO-based SAW devices.

In this paper, we report a nano-QCM biosensor by growing
ZnO nanotip arrays directly on the sensing area of a conven-
tional QCM. We developed a biochemical functionalization
scheme for the ZnO nanotips to facilitate selective immobi-
lization and hybridization of DNA oligonucleotides. Enhanced
sensitivity is achieved through wettability control of the nan-
otip sensing area. Liquid sample intake of the device is greatly
reduced due to the very large effective surface area provided
by the nanotips. The resulting biomolecule reactions with
the functionalized nanotips are demonstrated from the mass
loading on the nano-QCM and confirmed through fluorescence
microscopy. The experimental results show promising poten-
tial for the nano-QCM as a low cost, sensitive, and compact
biosensor.

II. DEVICE STRUCTURE

The nano-QCM device consists of ZnO nanotip arrays that
are integrated with a standard AT-cut QCM by growing them
directly on the sensing area of the QCM using MOCVD. The
nano-QCM device schematic is shown in Fig. 1(a) and its mul-
tilayer structure in Fig. 1(b). The piezoelectric AT-cut quartz
layer has a thickness of 166.8 sandwiched between two
100 nm gold electrodes. The quartz substrates have a diameter
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Fig. 1. Schematic diagram of the nano-QCM device. (b) Cross section of the
multilayer structure of the nano-QCM.

Fig. 2. FESEM image of ZnO nanotips grown by MOCVD. The ZnO nanotips
have an average height of 700 nm and average diameter of 70 nm.

of 1.37 cm and the sensing area is 0.2047 . Single crys-
talline ZnO nanotips of 700 nm height and 70 nm in diameter,
with spacing are directly grown on the sensing area
through a shadow mask with a diameter of 0.51 cm. ZnO nan-
otips were grown by MOCVD using Diethylzinc (DEZn) and

as Zn source and oxidizer, respectively. The substrate tem-
perature was kept at and chamber pressure remained at
around 50 Torr during the growth. The field emission scanning
electron microscope (FESEM) image for the vertically aligned
ZnO nanotips is shown in Fig. 2.

III. DEVICE TESTING

A. Device Calibration

The characterization and testing of the nano-QCM device
was conducted using an HP 8573D Network Analyzer (Agilent
Technologies, Palo Alto, CA). The forward transmission param-
eter of the device was measured. The mass loading on the
QCM can be determined directly from the shift in its resonant
frequency and its mass sensitivity, is given by the formula

(1)

where is the resonant frequency shift due to mass loading,
is the resonant frequency of the QCM, is the mass loading,
and is the area of the quartz layer.

Fig. 3. Simulated device impedance spectrum of the nano-QCM showing a
frequency shift of 3.1414 kHz corresponding to a mass loading of 5�� of water.

The measured resonant frequency of the standard QCM is
9.9936 MHz, while the nano-QCM has 9.9163 MHz resonance.
Sauerbrey’s model [21] is popular to calculate the QCM’s
mass loading. However, Sauerbrey’s model which is typically
used for dry sample testing is not accurate to predict frequency
shifts in the liquid phase. In the liquid case, the acoustic waves
would leak out to the liquid layer and introduce a damping
effect on the resonating acoustic modes, resulting in reduc-
tion in the forward transmission parameter amplitude
and change in its phase, which collectively cause the shift in
resonant frequency. For simulation of QCM’s mass loading
in liquid case, we have used our multilayer transmission line
(MTL) model [22] in which we consider the acoustic wave
propagation through the different layers of the QCM device and
calculate the acoustic impedance of the device by treating each
layer as a two-port system. The MTL simulation parameters
of the nano-QCM follow the multilayer structure shown in
Fig. 1(b). The density of the piezoelectric AT-cut quartz layer
used in the simulation is 2.648 , and its acoustic
velocity is 3.336 . For the Au electrodes the density
is 19.32 and acoustic velocity is 3.240 .
Similarly, for the ZnO sensing layer we used the density value
of 5.665 and acoustic velocity of 6.152 .
The output of the MTL simulation is the device impedance
spectrum and is shown in Fig. 3. The simulated frequency shift
due to mass loading of 5 of water on the nano-QCM is
3.1414 kHz, which is in good agreement with the experimental
data of 2.9034 kHz shown in Fig. 4.

B. Sensitivity Enhancement Through Wettability Control

We have shown that ZnO nanotips can be made reversibly
superhydrophylic and superhydrophobic by UV irradiation and
oxygen annealing, respectively [23]. Making the nanosensing
area superhydrophilic significantly decreases the liquid sample
consumption. In this work, the nano-QCM is exposed under UV
radiation from a lamp (Model 66002, Oriel Optics, Stratford
CT) for 10 min to make the nanosensing area superhydrophilic.
The nano-QCM with the superhydrophilic nano-ZnO surface
only requires 0.5 of DI water to cover the entire sensing
area, while it needs to take 16 for the standard QCM. More-
over, the same nano-QCM device exhibits a tenfold increase in
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Fig. 4. � parameter measurement of the nano-QCM showing a frequency
shift of 2.9034 kHz corresponding to a mass loading of 5 �� of water.

Fig. 5. Simplified schematic of the chemical functionalization scheme for the
ZnO nanotips to implement selective DNA immobilization and hybridization.

frequency shift in detecting the same 1 mL of water from the
standard QCM (6.2 kHz for the nano-QCM and 0.7 kHz for the
standard QCM). This enhancement in device sensitivity is at-
tributed to the giant effective sensing area for the liquid sample
introduced by the superhydrophilic ZnO nanotip surface.

IV. FUNCTIONALIZATION OF ZNO NANOTIPS

An optimized chemical functionalization scheme was de-
veloped for the ZnO nanotips. The functionalization scheme
is used to implement the selective binding of specific DNA
oligonucleotides on the ZnO nanotips, and then hybridized
with its fluorescent-tagged complement. The detailed chem-
ical binding procedures for each functionalization step will
be published elsewhere [24]. A set of optimized linkers to
functionalize ZnO with DNA in this work can be summarized
in three steps (as shown in Fig. 5): step 1: ZnO linker; step
2: DNA immobilization; and step 3: fluorescence-tagged DNA
hybridization. The bifunctional linker hexadecanoic carboxylic
acid N-(15-carboxypentadecanoyloxy)succinimide (NHSHA)
was used with the COOH group to form a N-hydroxysuc-
cinimide-ester functionalized surface on ZnO nanotips. The
nano-QCM sensing area was immersed in the linker solution
in a Teflon liquid flow static cell (International Crystal Man-
ufacturing Company, Inc.) for 12 h (step 1). DNA incubation

Fig. 6. Demonstration of selective DNA from the fluorescence images (bar is
100 ��) of the ZnO nanotips grown on C-sapphire with (a) step 1 only, (b) step
1 � step 2 (c) step 1 � step 3, and (d) step 1 � step 2 � step 3. Only the nan-
otips with properly immobilized and hybridized DNA molecules are positively
fluorescing.

was done on the device for 4 h (step 2) and hybridization took
1.5 h (step 3). After every step, the nanotips were rinsed with
a pH-controlled buffer solution and gently dried under gentle
nitrogen flow. It is found that the selective DNA immobilization
and hybridization can only be achieved on the ZnO nanotips if
the three steps are completely followed in order.

In this work, we also performed fluorescence imaging of the
ZnO nanotips simultaneously grown on c-sapphire substrate
to confirm if selective immobilization and hybridization was
achieved or not when different combinations of the chemical
steps were implemented. An Axiovert 200M confocal fluores-
cence microscope (Zeiss Axiovert 200M, Gottingen, Germany)
was used with a 510 nm filter and 480 nm excitation to ob-
tain reflection type fluorescence images of the ZnO nanotips.
Fig. 6(a)–(d) show fluorescence images of the nanotips for
different combinations of the three chemical steps: in (a) only
step 1 is performed, in (b) only steps 1 and 2 are performed, in
(d) only steps 1 and 3 are performed, and in (d) all three steps
are performed in order. Only the nanotips with all the three
complete steps are positively fluorescing which confirms the
selective binding of the ZnO nanotips.

V. DNA IMMOBILIZATION AND HYBRIDIZATION

USING THE NANO-QCM DEVICE

The nano-QCM device is used to sense the mass loading of
each chemical step outlined earlier. The device sensing area
was first made superhydrophilic by exposing it to UV light for
10 minutes. The device is then calibrated for DNA molecule
detection by adding 2 of nonactivated DNA oligonucleotide,
which yielded a frequency shift of 0.3 kHz due to mass loading.
The device sensitivity of 154.817 was calculated using
(1). We then performed the optimized three-step procedure on
the nano-QCM for DNA immobilization and hybridization that
was outlined in the previous section. The frequency shifts of the
nano-QCM’s parameter, resulted from the mass loading ef-
fect for each of the three chemical binding steps. The frequency
response demonstrating the mass loading detection of each
chemical step is shown in Fig. 7. The shift of 1.992 kHz after
step 1 confirms that there are 265.606 ng of the linker molecules
on the nano-QCM sensing area. A shift of 2.271 kHz after step
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Fig. 7. Frequency response �� � of the nano-QCM, (Step 0) nano-QCM only,
(Step 1) linker coating on ZnO, (Step 2) DNA immobilization, and (Step 3) DNA
hybridization.

Fig. 8. (a) Fluorescence image (bar is 50��) of the nano-QCM device sensing
area (center region) after DNA hybridization and (b) fluorescence image (bar is
100 ��) of the edge of the sensing area revealing binding only at the nanotip
sites.

2 shows that 302.673 ng of DNA molecules are immobilized
on the nanotips via the bifunctional linkers, and finally, a shift
of 2.271 kHz after step 3 shows that 264.939 ng of the fluores-
cence-tagged complement DNA molecules are hybridized on
the nanotips containing immobilized DNA. The uniform shift
in frequency throughout the three-step chemical process
indicates that the immobilized and hybridized DNA molecules
have uniformly attached to the sensing area. The sensing area
of the nano-QCM was washed with a pH-controlled buffer
after hybridization and fluorescence imaging confirms that the
immobilization and hybridization only occurs at the nanotip
sites. Fig. 8(a) shows the fluorescence image of the nano-QCM
sensing area after the three-step process which confirms the
presence of hybridized DNA on the nanotips. Fig. 8(b) shows
the fluorescence image of the edge of the sensing area of the
same device confirming that the DNA molecules bind only
to the ZnO nanotip-covered sensing area of the device. The
three-step DNA binding scheme was also performed on a
standard QCM. The experiment yielded no discernible fre-
quency shift from the parameter and showed negatively
fluorescing images of the sensing area. This confirms that the
linker layer is validated only to ZnO nanotips and DNA. The
ability of the ZnO nanotips to enhance the sensing function
of the conventional QCM to facilitate and detect selective
DNA immobilization and hybridization make the nano-QCM
a promising biocompatible sensing device. Such a sensor also
possesses advantages, including high sensitivity, simple struc-
ture, low cost, and compact size. The nano-QCM biosensor

is promising to be used for enhanced chemical reaction anal-
ysis and high precision mass determination. Furthermore, the
possibility of operating the nano-QCM wirelessly enables it to
be used in noninvasive sensing in controlled biological testing
environments.

VI. CONCLUSION

In summary, a novel ZnO nanostructure-based QCM device
(nano-QCM) was demonstrated for use in selective biochem-
ical sensing. A layer of ZnO nanotips was grown directly on the
sensing layer via MOCVD. Integration of ZnO nanotips on the
standard QCM greatly enhances the performance of the device.
The superhydrophobic ZnO nanotip layer increases the device’s
mass loading frequency shift tenfold as compared to a stan-
dard QCM; furthermore, it also significantly reduces the liquid
sample consumption of the device. The results from device sim-
ulations using the transmission line model of multilayer bulk
acoustic wave structures show good agreement with the experi-
mental data. Fluorescence-tagged DNA molecules on the func-
tionalized nanotips show selective binding to only linker-ac-
tivated DNA. The nano-QCM device selectively detects DNA
immobilization and hybridization using two types of optimized
nanotip functionalization schemes.
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