Journal of ELECTRONIC MATERIALS, Vol. 38, No. 8, 2009
DOI: 10.1007/s11664-009-0813-4

© 2009 TMS

Special Issue Paper

Multifunctional ZnO-Based Thin-Film Bulk Acoustic Resonator
for Biosensors

YING CHEN,! PAVEL I. REYES,! ZIQING DUAN,! GAURAV SARAF,!
RICHARD WITTSTRUCK,! YICHENG LU, OLENA TARATULA,?
and ELENA GALOPPINTI?

1.—Department of Electrical and Computer Engineering, Rutgers University, Piscataway,
NJ 08854, USA. 2.—Department of Chemistry, Rutgers University, Newark, NJ 07102, USA.
3.—e-mail: ylu@rci.rutgers.edu

Zinc oxide (ZnO) and its ternary alloy magnesium zinc oxide (Mg,Zn;_,O) are
piezoelectric materials that can be used for high-quality-factor bulk acoustic
wave (BAW) resonators operating at GHz frequencies. Thin-film bulk acoustic
resonators (TFBARs) are attractive for applications in advanced communica-
tion and in various sensors as they offer the capability of monolithic inte-
gration of BAW resonators with radio-frequency integrated circuits (RF ICs).
In this paper we report Mg,Zn;_,O-based TFBAR biosensors. The devices are
built on Si substrates with an acoustic mirror consisting of alternating quar-
ter-wavelength silicon dioxide (SiOz) and tungsten (W) layers to isolate the
TFBAR from the Si substrate. High-quality ZnO and Mg,Zn;_,O thin films are
achieved through a radio-frequency (RF) sputtering technique. Tuning of the
device operating frequency is realized by varying the Mg composition in the
piezoelectric Mg,Zn;_,O layer. Simulation results based on a transmission-
line model of the TFBAR show close agreement with the experimental results.
ZnO nanostructures are grown on the TFBAR’s top surface using metal-
organic chemical vapor deposition (MOCVD) to form the nano-TFBAR sensor,
which offers giant sensing area, faster response, and higher sensitivity over
the planar sensor configuration. Mass sensitivity higher than 10°® Hz cm?ng
is achieved. In order to study the feasibility of the nano-TFBAR for biosensing,
the nanostructured ZnO surfaces were functionalized to selectively immobi-
lize DNA, as verified by hybridization with its fluorescence-tagged DNA
complement.

Key words: Thin-film resonators, biosensors, MgZnO, piezoelectricity, DNA
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INTRODUCTION

Bulk acoustic wave (BAW) resonators, which are
often associated with communication system appli-
cations,’® have many advantages, such as small
size, low insertion loss, and lower power consump-
tion. Thin-film bulk acoustic wave resonators
(TFBARs) are particularly attractive as they offer
the capability of monolithic integration of BAW

(Received November 22, 2008; accepted April 6, 2009;
published online April 25, 2009)

resonators with Si-based radio-frequency integrated
circuits (RF ICs), leading to miniaturization by
reducing the circuit footprint. Piezoelectric ZnO
thin-film transducers are used in a variety of
microwave acoustic device applications for the gen-
eration and detection of surface acoustic wave
(SAW) and BAW due to their high electromechani-
cal coupling coefficients. Various RF devices utiliz-
ing piezoelectric ZnO-based TFBARs have been
reported, ranging from high-frequency filters to
compact, low-power Global System for Mobile
Communication (GSM) receivers.> In addition to
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their applications for communications, BAW devices
have also been used for sensor applications, such as
temperature, pressure and ambient gaseous atmo-
sphere detection.”® Since TFBARs allow the imple-
mentation of BAW devices from several hundred
megahertz up to 20 GHz, a higher sensitivity man-
ifested in a large frequency shift per unit mass
loading is expected. In addition, TFBAR sensors are
much smaller, and can be readily integrated into
arrays. Solidly mounted TFBAR sensors can be
fabricated on silicon, glass or other substrates using
planar technology. The sensors can be integrated
with other Si-based electronic components on the
same Si substrate. Another distinct advantage of
BAW sensors is that they can be used for wireless
distance probing in ecological applications. Gabl
et al. reported solidly mounted ZnO FBARs with a
frequency around 2 GHz for bio- and gas detectlon
with an optimized sensitivity of 2500 Hz cm?ng,
which was 2500 times larger than that of typlcal
20-MHz quartz crystal microbalance (QCM) sensors.”

Mai et al. demonstrated ZnO-based FBAR devices
for an ultra-mass- sens1t1ve (0.057 x 10° Hz cm?/ng)
sensor application.'® An 1mp1antable resonant mass
sensor was reported for liquid sensing.!! This sensor
has alow @ value (40) at 2 GHz and a5 ppm resonant
freqsuency shift was detected, corresponding to

g/cm? mass change on the sensor surface.

The recent progress in nanoscale science and
technology is promising for the development of no-
vel nanobiosensors with faster response and higher
sensitivity and selectivity than those of the planar
sensor configurations (due to their nanoscale
dimensions), dramatically increased sensing surface
area, and strong binding with biological and chem-
ical reagents. Such novel nanostructured sensors
can be used to detect gas absorption and biological
molecules interactions of DNA-DNA, DNA-RNA,
protein—protein, and protein—small molecules. ZnO
nanostructures are becoming one of the most
promising multifunctional nanostructures, and
have found broad applications in optoelectronics,
electronics, catalysts, and especially high-sensitiv-
ity sensor technology. A nano-SAW sensor, consist-
ing of ZnO nanotips grown on a 128° Y-cut LiNbO;
SAW delay line, greatly enhanced DNA immobili-
zation.'? ZnO nanorod and nanowire film-coated
QCMs were investigated as humidity sensors.!®!*
Surface functionalization of ZnO nanostructures
in gas or 11qu1d phase has been studied for bio-
chemical sensing.!® A ZnO nanotip-based QCM
sensor was demonstrated to have a 10-fold larger
frequency shift than that of regular QCM sensors
when measurlng the same DNA oligonucleotide
solution.'® Furthermore, through the wettability
control, the superhydrophlhc surface of a ZnO
nanotip layer on such a sensor significantly boosts
solution intake, thereby significantly saving liquid
DNA samples and enhancing sensitivity.

A new piezoelectric material, Mg,Zn;_,O, which
is a ternary alloy of ZnO and MgO, has been

discovered and successfully grown.'®? ZnO belongs
to the wurtzite crystal class, and is a well-known
piezoelectric material. In contrast, MgO is a nonpi-
ezoelectric material with a rock-salt cubic structure.
For the range of Mg content below approximately
33%, the Mg,Zn;_,O crystal retains the wurtzite
structure. In comparison with ZnO, MgO has higher
longitudinal and transverse bulk acoustic wave
velocities. Thus, Mg,Zn;_,O’s acoustic velocity
increases and piezoelectric coupling decreases with
increasing Mg content. By controlling the Mg mole
percentage, the TFR frequency response can be
tailored. Mg,Zn;_,O thin-film bulk acoustic wave
devices have been demonstrated on r-plane sapphire
substrates.?

In this work, Mg,Zn;_,O-based single-mode thin-
film bulk acoustic wave resonators (TFBARs) are
built on Si substrates. In order to achieve the single-
mode TFBAR, an acoustic mirror reflector structure
is used to prevent the acoustic wave from trans-
mitting into the Si substrate. The piezoelectric
properties are tailored by controlling the Mg com-
position in the Mg, Zn;_,O film. The TFBARs are
adapted for mass-sensitive sensors. ZnO nanotips
are grown on TFBAR surface using MOCVD to
make the ZnO nano-TFBAR with high mass sensi-
tivity. The ZnO nanostructured surfaces are func-
tionalized through selective DNA immobilization
and hybridization for biosensing.

DEVICE STRUCTURE AND MATERIAL
GROWTH

A schematic of the TFBAR device structure
consisting of Al/Mg,Zn;_,O/Au/acoustic mirror/Si is
shown in Fig. 1. For the experiments performed in
the “Device Modeling and Testing” section of this
paper, the device consists of Al and Au as the top
and bottom electrode, respectively. Au is chosen as

Zn0 nanostructures
Al or Au top electrod

Zn0 or Mg,Zn, O

Bond pad Au bottom electrode  |Bond pad|

(001) Si

Fig. 1. Schematic diagram of the Mg,Zn;_,O/Si TFBAR structure;
inset shows an optical microscope image of a TFBAR device. For the
TFBAR nanosensor, Au top electrode is used to facilitate MOCVD
growth of ZnO nanostructures.
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Fig. 2. X-ray 0—20 scan of (a) ZnO and (b) Mgo.17Zno.830 deposited on SiO./Si.

the bottom electrode to allow deposition of high-
quality ZnO and Mg,Zn;_,0O thin films on top of it
by the RF sputtering technique.?! Al or Au is used
as the top electrode. The Al electrode is used for the
regular TFBAR without ZnO nanostructures to
minimize the mass loading from the electrode. The
acoustic mirror consists of two periods of quarter-
wavelength SiOo/W Bragg reflector, which is used to
isolate the resonator from the Si substrate. ZnO and
Mg,7Zn_,O thin films are used as the piezoelectric
layers. When a signal is applied between the top and
bottom electrodes, a longitudinal acoustic wave
mode is excited. We have also integrated ZnO
nanostructures with the TFBAR to form novel bio-
sensors, where the ZnO nanostructures are depos-
ited on a Au top electrode to provide a giant sensing
area. The Au top electrode is used instead of Al to
facilitate MOCVD growth of ZnO nanostructures
with good crystallinity and to avoid oxidation of the
metal electrode.

The c-axis-oriented ZnO and Mg,Zn;_,0 (0 < x <
0.33) films were deposited using the RF sputtering
technique. As-grown ZnO and Mg, Zn;_,O films
generally show n-type semiconducting properties
due to oxygen vacancies, Zn interstitials, and other
defects and impurities. In order to effectively stim-
ulate the piezoelectric effect in ZnO and Mg,Zn;_,O,
this n-type conductivity has to be compensated by
heavily doping with species such as Li, Ni or Cu. We
made ZnO and Mg,Zn,_,O sputtering targets
with Ni doping. The ZnO and Mg,Zn,_,O sputtering
targets were prepared by mixing appropriate
quantities of 99.99% pure ZnO and MgO powders
with 2 wt.% NiO powder for compensation doping.
The ZnO and Mg,Zn;_,0 films deposited from these
targets do not require postdeposition diffusion at
high temperature.

The sputtering chamber is equipped with a stan-
dard RF power source. Before deposition, the
chamber was kept at a vacuum level of 5.0 x
10~ Torr. During deposition, a mixture of 1:1 Ar
and O, was fed into the chamber, with the pressure
of the chamber maintained at 7.5 x 10~2 Torr. The
substrate was heated at 400°C to achieve films with
good crystal quality and surface morphology. A ZnO

buffer layer (50 nm) was first deposited, followed by
deposition of a thicker film at a deposition rate
higher than 0.7 um/h.

The crystallographic orientation and structural
quality of the as-grown films were determined using
a Bruker D8 Discover four-circle x-ray diffractome-
ter (XRD). Figure 2a shows an x-ray 0-20 scan of
Zn0O and Mgg 17Zng 30 sputtered on SiOy/Si. The
scan is done using CuK, radiation to analyze the
orientation of the ZnO film. A ZnO (002) peak is
observed at ~34.3°, indicating a predominantly
c-axis-oriented ZnO film. Figure 2b shows the x-ray
0—20 scan of predominantly c-axis-oriented Mg 17-
Zn g30 (002) with a peak at ~34.7°.

The surface morphology of the Mg,Zn;_,O films
was characterized using a Leo-Zeiss field-emission
scanning electron microscope (FESEM). Figure 3a
shows an FESEM image of a Mgy 2Zng gO thin film
deposited on the mirror/Si structure. The image is
taken from the active region of the device where the
film is directly on the acoustic mirror, rather than
on the Au bottom electrode. The Mg 2Zng gO film
has a dense columnar structure, with smooth sur-
face. The two-period acoustic mirror structure
(750 nm SiOy and 720 nm W) is clearly visible as
alternating light and dark layers.

Single-crystalline ZnO nanostructures of 200 nm
height and 70 nm diameter were directly grown on
a Au electrode by MOCVD. The details of the
MOCVD growth have been reported earlier.?*%?
Diethyl zinc (DEZn) and Oy are used as the Zn
source and oxidizer, respectively. The substrate
temperature was maintained at ~475°C and the
chamber pressure at ~50 Torr during the MOCVD
growth. An FESEM image of the vertically aligned
ZnO nanostructures is shown in Fig. 3b.

DEVICE MODELING AND TESTING

Tuning of Resonant Frequency Using
ngznl —xO

The three-port transmission-line model™ was
used to analyze behavior of the acoustic waves
propagating in the Mg,Zn; ,O thin-film resona-
tors built on Si substrates, as shown in Fig. 4.
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Piezo-ZnO

MgZn0O(20%) on mirror

Fig. 3. Cross-sectional FESEM images of (a) Mgo 2Zng O film deposited on the mirror/Si structure and (b) ZnO nanostructures deposited on Au
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Fig. 4. Transmission-line model for the multilayer TFBAR structure used for simulation of the frequency response of the device.

The resonator only excites the longitudinal wave
mode, hence the circuit model only consists of the
piezoelectrically active longitudinal branch.

This equivalent circuit model of the multi-
layer structure of the TFBAR was constructed using
a modular Dbuilding-block approach, wherein
each layer corresponds to a network feature. The
acoustic impedances of W and SiOy are 97.40 x
10°kg s ' m 2 and 13.25 x 10% kg s™! m 2, respec-
tively. The reflectivity of the W-SiO, interface is:

~ 0.79. (D

The two-period mirror structure effectively iso-
lates the main resonance. In order to completely
eliminate the spurious resonances from the sub-
strate, a multiple-period mirror structure should be
used.

RF characterization of the TFBAR devices was
conducted using an HP 8573D network analyzer
(Agilent Technologies, Palo Alto, CA) and a Cascade
Microtech probe station (Cascade Microtech Inc.,
Beaverton, OR). The reflection parameter S1; of the
thin-film resonator was measured and the longitu-
dinal acoustic velocity was calculated. The operat-
ing frequency of the TFBAR was measured for the
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Fig. 5. Measured S;i spectra of the Mg,Zn;_,O TFBARs with
varying Mg compositions x =0, 0.17, and 0.20 in the Mg,Zn;_,O
films. The experimental results closely match the simulation results.
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corresponding mole fraction of Mg in the Mg,Zn;_,O
film. Figure 5 shows the S;; spectra of Mg,Zn;_,O
TFBARs whose device area is 400 ym x 400 ym.
The solid line is the frequency response of a TFBAR
with a 1.12-um-thick ZnO layer; the resonance fre-
quency is at 2.04875 GHz with S;; = —13.14 dB.
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The dashed line represents a TFBAR with a
1.25-um-thick Mg 0sZng 920 layer; the resonance
frequency is at 1.96875 GHz with S;; = —21.19 dB.
The dotted line presents a Mg, 2Zny sO TFBAR with
film thickness of about 1.38 um; the resonance fre-
quency is at f=1.91687 GHz and S;; = —23.5 dB.
The simulation results based on the transmission-
line model reveal that the resonant frequency of the
thin-film resonator can be tailored by using differ-
ent mole fractions of Mg in the piezoelectric
Mg,7Zn_,0 layer. The series resonant frequency [ is
determined by the ratio of the phase velocity, v, and
the thickness of the piezoelectric layer, A:

v

The calculated phase velocity increases 7% when
the Mg mole composition increases from 0% to 2%.
The measured data of the resonant frequency cor-
responding to various mole fractions of Mg in
Mg,7Zn,_,O agree closely with the simulation
results. The calculated phase velocities from Si;
measurements are 4,589 m/s for ZnO, 4,922 m/s for
Mgo.oszno.gzo, and 5,291 m/s for Mg0~2Zn0,SO.

Device Calibration and Mass Loading
Sensitivity

The sensitivity due to the mass loading effect is
calculated using Sauerbrey’s formula®®:

2
Af = %o Am = —SrAm, 3)

A Jcesp

where f; is the reference resonant frequency and
fo + Af is the loaded frequency, cgg is the stiffness
constant of the piezoelectric material, and p is the
density of the piezoelectric material. In the case of
7Zn0, ceg = 4.43 x 10'° N/m? and p = 5680 kg/m>.
The TFBAR used for sensitivity measurement has a
piezoelectric ZnO layer with a thickness of 1.24 um.
To determine the mass loading sensitivity S; we
deposited a 60-nm layer of SiO5 on the top electrode
(with area of 150 um x 150 ym) of the TFBAR
using plasma-enhanced chemical vapor deposition
(PECVD). The density of SiO5 deposited by PECVD
is 2.3 g/em®. The measured frequency shift due to
the deposited SiO, layer is 23.7 MHz, as shown in
Fig. 6. The experimental mass sensitivity Sy of
1.72 x 10® Hz cm®ng is achieved, which is useful
for ultrasensitive mass loading sensor applications.

FUNCTIONALIZATION OF ZnO
NANOSTRUCTURES FOR BIOSENSING

Zn0O nanostructures were integrated with the
TFBAR to form the ZnO nano-TFBAR. The ZnO
nanostructures were grown directly on the top
electrode by MOCVD as described in the “Device
Structure and Material Growth” section. The ZnO
nanostructures have the advantage of controllable
wettability, which allows it to be a superhydrophilic

— original
........ mass loaded

20} i
(Si02 60nm)
15 16 1.7 18 1.9
f (GHz)
Fig. 6. Measured S;4 spectra of a 150 um x 150 um ZnO TFR built
on a mirror/Si substrate, before and after deposition of 60 nm SiO,

as mass loading. Frequency shift due to mass loading results in
1.72 kHz/ng sensitivity.

surface. The superhydrophilic property of the
nanostructured TFBAR surfaces allows for the
consumption of much less liquid samples during
sensing.

The functionalization of the nanostructured ZnO
sensing surface enables the nanostructures to
selectively bind only to the prescribed set of bio-
molecules. The functionalization scheme was used to
implement the selective binding of specific DNA
oligonucleotides onto the nanostructured ZnO sur-
face, which were then hybridized with their fluo-
rescent-tagged complements. An optimized chemical
functionalization scheme was developed for the ZnO
nanostructures on the nano-TFBAR. The detailed
chemical binding analysis will be published else-
where.?® A set of optimized linkers to functionalize
ZnO with DNA in this work can be summarized in
three steps (as shown in Fig. 7): step 1: ZnO +
linker, step 2: DNA immobilization, and step 3:
fluorescence-tagged DNA hybridization. After every

Step 0 Step 1 Step 2 Step 3
Zno ZnO + linker DNA DNA
Immobilization  Hybridization

Fig. 7. Simplified schematic of the chemical functionalization
process for the ZnO nanotips to implement selective DNA immobi-
lization and hybridization.
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Fig. 8. Frequency shift due to mass loading on the nano-TFBAR,

step 0: nano-TFBAR only, step 1: adding bifunctional linker, step 2:

DNA immobilization, and step 3: DNA hybridization. The inset shows

the fluorescence image of three nano-TFBAR sensors on the same

substrate where the gray squares correspond to the sensing areas of
the nano-TFBAR devices containing the fluorescing hybridized DNA.

step, the nanotips were rinsed with a pH-controlled
buffer solution and the S;; spectrum of the nano-
TFBAR was measured for frequency shift due to
mass loading.

Figure 8 shows the frequency shifts of the nano-
TFBAR after each chemical step in the optimized
functionalization scheme outlined above. The nano-
TFBAR sensing area is 0.25 mm x 0.25 mm. The
solid black line represents the frequency response of
TFBAR before step 1. The frequency peak at mini-
mum insertion loss is 1562.81 MHz. After step 1,
the frequency at minimum insertion loss shifted to
1553.75 MHz. After step 2, the frequency at mini-
mum insertion loss shifted further down to
1540.94 MHz. After step 3, the frequency at mini-
mum insertion loss shifted further to 1535.94 MHz.
The measured results show that the resonance fre-
quency decreases with increasing mass loaded on
the top electrode of the nano-TFBAR. The total
frequency shift was about 26 MHz, corresponding to
16.25 ng of hybridized DNA and linker molecules
combined. To verify that the immobilized and
hybridized DNA molecules only selectively attached
to the ZnO nanostructured sensing area, we per-
formed fluorescence measurements on the nano-
TFBAR sensing area. The fluorescence image of the
nano-TFBAR in the inset of Fig. 8 shows that only
the ZnO nanostructured sensing electrode area
(bright gray squares) is positively fluorescing. This
confirms that the DNA molecules only attached
themselves to the ZnO nanostructured sensing area
of the nano-TFBAR device. These results demon-
strate that the ZnO nano-TFBAR is a promising
device for biosensing applications.

CONCLUSIONS

Thin-film bulk acoustic resonators using the new
piezoelectric material Mg, Zn;_,O were demon-
strated. The TFBAR devices were built on Si sub-
strates with an acoustic mirror consisting of

alternating quarter-wavelength SiO, and W layers.
The mirror isolates the acoustic wave from trans-
mitting into the Si substrate, assuring single-
mode operation. The c-axis-oriented piezoelectric
Mg,Zn{_,O thin films were deposited using RF
sputtering on the mirror/Si substrate. The bulk
acoustic wave velocity can be tailored by changing
the Mg composition in the Mg,Zn;_,0O. This allows
flexibility in TFBAR device design because the res-
onant frequency can be determined by both thick-
ness and the Mg composition of the piezoelectric
film. The mass sensitivity of ZnO-based 1.67-GHz
TFBAR is 1.72 x 10°® Hz cm®ng, which is three
orders of magnitude higher than that of a standard
QCM. A nano-TFBAR biosensor was made by inte-
grating ZnO nanostructure on the ZnO-based
TFBAR device. Selective DNA immobilization and
hybridization were realized by optimized function-
alization of the nanostructured sensing area.
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