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This study reports the fabrication method and sensing performance for novel 1D zinc oxide (ZnO)
nanorods and nanotubes grown on nickel MEMS cantilevers. The fabrication of the nanostructures and
the cantilevers are simple and low-cost using standard lithography, electrodeposition, and hydrothermal
etching processes. 1D ZnO nanostructures increase the total sensitive area for biological and chemi-
cal sensor applications. We performed experiments with various VOCs with a real-time sensor system
developed in our laboratory. While Ni microcantilevers produced no signal, ZnO nanostructure coated
microcantilevers showed good sensitivity and repeatable changes. Furthermore, the nanotube coated
microcantilevers showed more than 10 fold increase in sensitivity compared to the nanorod coated
microcantilevers which can be explained to the fact that ZnO nanotubes have higher surface area and
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Zinc oxide subsurface oxygen vacancies and these provide a larger effective surface area with higher surface-to-
Nanorods volume ratio as compared to ZnO nanorods. The tests are performed using dynamic mode of operation
Nanotubes near resonant frequency using magnetic actuation and optical sensing. The phase stability and the limit

of detection of ZnO nanotube coated microcantilevers exposed to diethylamine (DEA) were 0.02° and
lower than 10 ppm, respectively. ZnO nanostructure coated microcantilevers have good potential for
VOC sensor applications especially for amine groups.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Micro and nano cantilevers have been investigated by
many groups for chemical and biological sensors due to
their extraordinary sensitivities in mass changes [1-7]. Micro-
cantilevers can be utilized for gas sensor especially volatile
organic compounds (VOC) sensing, by thin polymer film coat-
ing (poly-etherurethane, poly-epichlorohydrin, poly-isobutylene,
poly-methylmethacrylate, ethyl cellulose, poly-dimethylsiloxane
ect.) and/or by thin or porous inorganic film coating as sensitive
materials [8-18]. Most of the published literature focuses on poly-
mer based mass sensitive gas sensors whereas there is lack of
investigation on inorganic based mass sensitive gas sensor.
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There are important parameters for mass sensitive micro-nano
mechanical sensors: minimum detectable mass (absolute mass
sensitivity), low concentration detection, sensor response time,
selectivity etc. In order to achieve smaller detectable mass changes
lighter cantilevers with higher quality factors is required. The
absolute mass sensitivity of nanomechanical cantilevers have
been observed down to single molecule level [19-22]. But, single
molecule detection requires high concentrations of the analytes,
due to the small surface area of the device [21,23]. In order to
obtain low concentration gas detection and fast response, micro-
cantilevers were coated with nanostructured materials due to
their high total surface area-to-volume ratio [24-27]. Ruan et al.
[24] synthesized carbon nanotube (CNT) networks on a microcan-
tilever and investigated explosive vapor sensing of the modified
microcantilevers. They obtained that the rising surface to volume
ratio with CNTs enables fast adsorption of the gases and improves
limit of detection. Similarly, Xu et al. [25] fabricated multi-wall
carbon nano-tube (MWCNT) modified microcantilever for trini-
trotoluene (TNT) vapor detection. Hence, ZnO nanostructures
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Fig. 1. A schematic diagram for fabrication steps of ZnO nanostructures coated Ni microcantilevers.

coated cantilever in this study fabricated to enhance total surface
area-to-volume ratio and it is expected to obtain improvement in
LOD and response time.

Here we present novel chemical sensor material using an inor-
ganic molecule, ZnO, based nanorods and nanotubes grown on
top of nickel (Ni) microcantilevers. The electrodeposition method
is used for coating the ZnO nanorod on the cantilever. After
the electrodeposition of ZnO nanorods, nanotubes are formed by
hydrothermal etching of the nanorods. VOC sensing measurements
are performed at room temperature in a custom cartridge by using a
non-contact based sensor employing magnetic actuation and opti-
cal read out.

2. Experimental details
2.1. Microfabrication

The fabrication process of functionalized microcantilevers is
shown in Fig. 1. Previously, the fabrication of Ni microcantilevers
was reported in details and the usage of these cantilevers for bio-
sensing and viscosity sensor applications was studied [28-32].
After standard cleaning of a 4”-diameter, (100) single crystalline
silicon wafer, a 20 nm/100 nm Cr/Au layer is deposited on the wafer
via RF sputtering (steps 1 in Fig. 1). Here Cr layer is used to provide
adhesion of gold layer to Si, whereas Au layer serves as the seed
layer for subsequent Ni electroplating. On top of Au surface, a pos-
itive photoresist (PR), AZ1514H, layer is coated (steps 1 in Fig. 1)
and then the cantilever geometry is patterned with UV lithogra-
phy (steps 2 in Fig. 1). After the electrodeposition of nickel layer
the remaining PR is stripped via AZ100 remover (steps 3 in Fig. 1).
Cantilevers are released through wet etching of Cr and Au by com-
mercial etchants and finally wet etching of Si in 35% KOH solution
at 60°C (steps 4 in Fig. 1).

2.2. Fabrication of ZnO nanorods

ZnO nanorods are coated on released Ni cantilevers with
electrodeposition method without seed layer. The cantilever is set
as working electrode in a three electrode system, whereas Ag/AgCl
and graphite is utilized as the reference electrode and the counter

electrode, respectively. The detailed ZnO nanorod fabrication on
indium tin oxide (ITO) for photovoltaic applications was published
before [33]. ZnO Nanorods’ production is subject to a serious
optimization of critical conditions. The optimized ZnO nanorod
production procedure is frankly described in detail as follows;
7 mM KCl and 6 mM ZnCl; are employed in ultra-pure water. This
time, the procedure is carried out in a thermo-stated bath, which
is stabilized at 80+ 1°C. It should be noted that the temperature
control is actually a critical parameter in nanorod growing. Also
another optimized parameter is the 0.9V cathodic voltage, with
respect to the reference electrode. With these optimized parame-
ters, we were able to grow ZnO nanorods both on naked cantilevers
and on ZnO thin film coated cantilevers under the same circum-
stances (steps 5 in Fig. 1). Preliminarily results for fabrication of ZnO
nanorod coated microcantilevers are published recently in Ref. [34].
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Fig. 2. Schematic view of measurement principle and setup. Actuation of Ni can-
tilevers is achieved with an external coil. LDV is utilized for optical read-out.
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Fig. 3. SEM images of ZnO nanorod coated Ni microcantilever at increasing magnifications. (a and b) shows 60° tilted views and (c-f) shows top views.

2.3. Fabrication of ZnO nanotubes

ZnO nanotubes are fabricated by chemical etching of ZnO
nanorods in diluted KOH solution (steps 6 in Fig. 1). Aqueous
0.125M KOH solution is prepared in auto cleavable glass baker.
Then vertically aligned ZnO nanorods on Ni cantilever are placed
in this solution and aged for 1h at 80°C. After etching process,
ZnO nanotubes are rinsed in deionized water and isopropyl alco-
hol, respectively. The surface morphology of ZnO nanorods and
nanotubes coated Ni cantilevers is analyzed by scanning electron
microscopy (ZEISS EVO LS15).

2.4. VOC sensing measurements

ZnO nanostructure coated Ni cantilevers are actuated magnet-
ically with an external coil. The coil is driven with a high power
broadband current amplifier with a fixed current. The actuation
signal is a sinusoid generated by a signal generator and applied
via coil driver electronics. The actuation frequency is typically
within 3 dB of the resonant frequency of the cantilever. A Laser
Doppler Vibrometer (LDV) is used for the optical read-out. The
phase between the cantilevers mechanical motion and the actu-
ation signal is monitored real-time. The phase between the input
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signal and the output signal is monitored with a Lock-in Ampli-
fier (Stanford Research SR830). When there is a gas adsorption by
the ZnO nanostructures a shift in the resonant frequency occurs.
Due to this shift, the phase corresponding to the excitation fre-
quency varies and the absorbed gas amount can be obtained by
monitoring the phase variation. The phase variation (A¢) is defined
as A¢=gas — Po where ¢gas and ¢ are the phase angles between
the actuation signal and the LDV output signal under analyte and
carrier gases respectively. Fig. 2 shows a schematic view of the
measurement setup. Temperature is a crucial parameter for mass
sensitive bio-chemical sensors. In order to stable the temperature
of the measurement cell, a controller unit with a 0.1 K precision is
used during the experiments.

In order to dilute the VOCs in dry air, a certain amount of VOC
was injected into the tedlar gas-sampling bag pre-filled with dry
air, through a septum with a gas tight micro syringe. The diluted
VOCs were manually exposed to ZnO nanostructure coated can-
tilever sensors with syringes by using laboratory syringe pump in
order to control the flow rate. One syringe was contained dry air for
cleaning process and the other was used for diluted VOCs exposure.
The volumes of syringes were 50 ml and this limits the exposure and
cleaning times during the measurements. The exposure and purg-
ing times were manually fixed depending on the nanostructure as
about 100-150s and 150-300 s respectively.

3. Results and discussion
3.1. Fabrication and structural characterization

ZnO nanorods were successfully fabricated on Ni microcan-
tilevers by electrodeposition technique at 80 °C without seed layer
coating. Fig. 3 shows the SEM images of ZnO nanorods coated Ni
cantilever. It is clearly seen from the tilted-view SEM images in
the figure that the ZnO nanorods are coated uniformly and cov-
ers the entire cantilever surface. The top-view SEM images of
ZnO nanorods with different magnification shows that the ZnO
nanorods are well aligned and hexagonal-shaped. The diameter and
the length of the ZnO nanorods are approximately 100 nm and 1
micrometer respectively. ZnO nanorods are uniformly coated on
whole Ni cantilevers and Ni anchor surfaces as seen in top SEM
images (Fig. 3c-f). Electrochemical growth mechanism of the ZnO
nanorods has two parts: solution chemistry process and electro-
chemistry process [35]. First, oxygen reduction occurs on or near
the substrate surface, and then the hydroxide ions are formed. Zn%*
ions and OH~ ions generated ZnOH and transform ZnO on the sur-
face when the temperature higher than 40 °C. The reactions during
the electrodeposition of ZnO nanorods could be summarized as
below [36]:

0, +2H,0 + 4e~ — 40H- (1)
Zn?* +20H™ < Zn(OH), (2)
Zn(OH); < ZnO + H,0 (3)

Electrochemical deposition of ZnO nanorods on ITO substrate
have been achieved for solar cell applications in a previous work
[33]. In this study, electrochemical growth of ZnO nanorods on Ni
microcantilevers substrate is achieved for the first time and VOC
gas sensing properties of the functionalized Ni microcantilevers
are investigated. Fig. 4 shows the current variation during the elec-
trodeposition of ZnO nanorods. A sharp decrease is observed during
the first minute due to the resistance increase during the nucleation
of ZnO on Ni microcantilevers substrate. Afterwards, the current
tarts to increases till minute 3 while the ZnO grains were formed as
previously investigated by Guo et al. [35]. After 3 min, the current
remained constant for a short time and started to decrease with

0.8

0.7 4

0.6 4

0.5 1

Current (mA)

0.4

0.3 4

T M T v T M T Y T T T T T
0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 4. The current versus time plot during the electrodeposition of ZnO nanorods
on the Ni microcantilever sample.

time. The decrease in the current could be related to a loss of oxy-
gen in the reaction medium. Formation of ZnO requires the OH~
ions and reduction of O, in the reaction medium causes reduction
of OH™.

ZnO nanotubes were synthesized on Ni microcantilevers by
hydrothermally etching the ZnO nanorods at 80°C for 1h. Fig. 5
shows the top SEM images of a ZnO nanotubes coated Ni cantilever
with various magnifications. ZnO nanotubes with the outer diam-
eters of about 100 nm were observed and ZnO nanotubes were
vertically aligned on the microcantilevers. When the ZnO nanorods
were etched to obtain ZnO nanotubes, the top edge of the hexago-
nally shape were disturbed as seen in Fig. 5. If desired, the shape
could be maintained better by adjusting the process parameters
such as concentration, etching time, solution type, and temper-
ature. The formation of ZnO nanotubes in aqueous KOH solution
could be clarified with selective dissolution of the top and the side
surfaces of ZnO rods [37-39]. The etching of ZnO nanorod is based
on chemical reaction between ZnO and OH ions. After this chemical
reaction, soluble complex product occurs and the chemical reaction
is given below [40];

ZnO + 20H™ +H,0 — Zn(OH)42~ (4)

Generally, the thermodynamically stable crystal structure of
ZnO was hexagonal wurtzite crystal system and also the crystal
structures of fabricated ZnO nanorods were hexagonal wurtzite.
In the form of hexagonal wurtzite crystal structures, ZnO has
chemically active polar faces ([001],[001]) and chemically stable
non-polar faces ([010],[100],[11 0]) which are very important for
growing nanorods or selective dissolution of nanorods. The polarity
of faces is based on chemical bonding of Zn atoms. While growing
rate of polar faces was faster than non-polar faces, the etching rate
of polar faces was slower than other [39-41].

3.2. VOC sensing

The VOC sensing properties of ZnO nanostructures coated Ni
microcantilevers are investigated by measuring the phase angle
between the actuation signal and the optical readout signal when
the functionalized microcantilevers are exposed to various VOC
vapors at room temperature. Details of the magnetic actuation and
sensing system developed in our laboratory can be found in Refs.
[28,31].

Fig. 6 shows the change in the phase while the devices are
exposed to varied concentration of diethylamine (DEA) in dry
air. The exposure and purging times of ZnO nanorods coated
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(b)

Fig. 5. The top SEM images of ZnO nanotube coated Ni microcantilever with differ-
ent magnifications ((a) 60,000x and (b) 150,000x).

microcantilever were manually kept constant as 100 s for exposure
to VOCs and 150 for cleaning with dry air. As seen in Fig. 6a, while
the Ni microcantilever without the nanostructures showed nearly
constant phase, ZnO nanorod coated Ni microcantilever showed a
repeatable change corresponding to the changes in the gas con-
centration. After the base line phase reached a steady state value
in 5sccm (Standard Cubic Centimeters per Minute) dry air flow,
the device was exposed to 5000 ppm DEA at the same flow rate
and the phase of the device decreased sharply for a few seconds
and then the decrease in the phase slows down. When DEA is des-
orbed and removed with dry air flow, the phase increased rapidly
and then the increase in the phase slows down and then the phase
almost recovered to the base line. Subsequent changes in the DEA
concentrations also showed similar behavior and the changes with
time in the subsequent experiments are shown in Fig. 6a. Response
time is defined as the time required for the phase of the nanostruc-
ture coated microcantilever to reach 90% of the total change in the
phase when exposed to VOC gas. Recovery time is defined as the
time required for the phase of the nanostructure coated microcan-
tilever to return 90% of the baseline when cleaned with dry air. The
response and the recovery times were measured as approximately
80 s and 120 for the nanorods coated microcantilever exposure to
5000 ppm DEA respectively.
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Fig. 6. Phase versus time graphs for microcantilever devices exposure to different
DEA concentrations. DEA detection of ZnO nanorod coated — uncoated Ni microcan-
tilever (a) and ZnO nanotube coated microcantilever (b).

VOC gas testing cycles for ZnO nanotube coated microcantilever
sensor were manually implemented with constant exposure time
(~150s)and constant purge time (~300 s). Similarly to the behavior
of ZnO nanorods coated microcantilever sensor, the phase of ZnO
nanotube coated microcantilever device decreased with expos-
ing to DEA and increased with purging by dry air flow for all
the measured concentration ranges as seen in Fig. 6b. After the
base line phase reached a stable value in 5 sccm dry air flow, ZnO
nanotube coated microcantilever device was exposed to 1000 ppm
DEA at the same flow rate and the phase of the device decreased
sharply and then the decrease in the phase slows down. When DEA
removed with dry air flow, the phase increased rapidly and then
the increase in the phase slows down. The phase of ZnO nanotube
coated microcantilever device did not recovered in purging time
of 300 s and the phase is shifted. The response time was measured
as approximately 120 s for the nanotubes coated microcantilever
exposure to 5000 ppm DEA. The phase variation of both ZnO nano-
tube and nanorods coated Ni microcantilevers devices increased
with increasing concentration of DEA as given in Fig. 6. While ZnO
nanotube and nanorod coated Ni microcantilevers device exposed
to 5000 ppm DEA, the phase variations of these devices were mea-
sured as approximately 7.5° and 0.6°, respectively.

The phase variation of the ZnO nanostructure coated microcan-
tilever depends on the number of VOC molecules adsorbed on the
surface of the ZnO nanostructures. All fabricated microcantilevers
sensors were the same with respect to the resonant frequency,
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Fig. 7. (a) The concentration dependence phase change for ZnO nanotube and
nanorod coated microcantilever sensor. (b) The phase versus time graph of ZnO
nanorods and nanotubes coated microcantilevers in 5sccm dry air flow for phase
stability. The sensitivities (A¢/C) of the nanotube and the nanorod coated micro-
cantilevers devices are about 1.2 m°/ppm and 0.11 m°/ppm respectively.

active area and quality factor. So, the change in mass due to the
adsorption of VOC gas molecules on ZnO nanostructures primarily
depends on the surface area of the ZnO nanostructures. ZnO nano-
tube has higher surface area and subsurface oxygen vacancies than
that of ZnO nanorods. Thus more VOC molecules are adsorbed on
the ZnO nanotubes with the increase in the surface area.

The sensing properties of the ZnO nanostructure coated micro-
cantilevers sensor can be assessed by determining the sensitivity,
which is defined as
Sensitivity = % (5)
where A¢ is the phase variation that defined as A¢=¢gas — o
and C is VOC concentration. The sensitivities of the nanotube and
the nanorod coated microcantilevers devices are 1.2 m°/ppm and
0.11 m°/ppm respectively. The sensitivity of the nanotubes coated
on the cantilever were shown to be more than 10 times better than
that of the nanorods, which can be referred as a result of a larger
effective surface area with higher surface-to-volume ratio of the
nanotubes. Previously, for resistive and quartz crystal microbalance
based mass sensitive gas sensors it is observed that the increase in
the effective surface reaction sites causes high sensor response and
fast responding kinetics (high sensitivity and low response time)
[42-50]. On the other hand, there is literature available that report

(b)

Fig. 8. A bar diagram graph for phase variation (A¢) of ZnO nanorods (a) and ZnO
nanotubes (b) coated microcantilevers sensors exposure to different VOCs with
5000 ppm concentration and 50% RH.

lower LOD by using micromechanical biological sensors function-
alized with nanostructured materials. Lu et al. [23] prepared Si
nanowires array on top of a Si/SiO, bilayer thin membrane res-
onator by using reactive ion etching method to achieve detection
of biomolecules at low concentrations and achieved the high sensi-
tivity by the strongly enhanced total surface area-to-volume ratio
of the resonator.

Fig. 7a shows the concentration dependence phase variation
for ZnO nanorods and nanotubes coated microcantilever sensors.
The phase variation (A¢) increases linearly with enhancing DEA
concentration for both the nanorods and the nanotubes coated
microcantilever sensors in the indicated concentration range.
Fig. 7b shows the phase stability of ZnO nanorods and nanotubes
coated microcantilevers for 5 min in 5 sccm dry air flow. The peak
to peak phase variation in 5min was about 0.05° for both ZnO
nanorods and nanotubes coated microcantilevers. The phase sta-
bility of ZnO nanorods or nanotubes coated microcantilever was
measured from Fig. 7b as 0.02° for 2 min, and the limit of detections
(LOD) of the nanorod and the nanotube coated microcantilever
sensors for DEA were calculated as 100 ppm and 10 ppm from
the measurements in the concentration range of 1000-5000 ppm,
respectively.

The selectivity of ZnO nanorod coated microcantilever was
tested with ammonia, triethylamine (TEA), DEA, toluene, isopropyl
alcohol (IPA), methanol and relative humidity. The phase changes of
ZnO nanorods coated microcantilever to these analytes (5000 ppm)
at room temperature are depicted in Fig. 8a. The higher sensor
response is observed for amine groups and the highest phase
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variation (A¢) is obtained for ammonia. ZnO nanorods coated
microcantilever shows lower sensor response to IPA, methanol
and relative humidity as seen in Fig. 8a. Besides, ZnO nanotubes
coated microcantilevers device was tested for TEA, DEA, IPA and
methanol. A bar diagram for the phase variation of the nano-
tubes coated microcantilevers device exposure to 5000 ppm VOC
is seen in Fig. 8b and the higher sensor response is also observed
for amine groups. The sensor response of the nanotubes coated
microcantilevers was higher than that of the nanorods coated
microcantilevers due to higher effective surface area of nanotubes.
ZnO nanostructure coated microcantilevers shows higher sensor
response to amine groups, but the nanostructure coated microcan-
tilevers cannot distinguish one amine in an amine group mixture.
The selectivity of metal oxide based gas sensors is a drawback due
to cross response to many gas species and it is difficult to use
only one metal oxide in a gas sensor. The most used method for
selectivity was a sensor array contains several metal oxides which
exhibit different responses to various gases. The detected gas can
be determined by solving data that obtained from the sensor array
with appropriate data-processing system such as artificial neural
network.

4. Conclusions

We used ZnO nanorod or nanotube grown on microcantilever
as a VOC gas sensor for the first time to our knowledge. ZnO
nanostructures deposited on to Ni micromechanical cantilever by
electrodeposition and hydrothermal methods due to obtain high
effective surface area with higher surface-to-volume ratio. Gas
sensing measurements were carried using a custom cartridge and
a custom sensor system developed in-house that employs mag-
netic actuation and optical read out. The highest sensor response
is observed for ammonia using the ZnO nanostructure coated
microcantilevers. The sensitivities (A¢/C) of the nanotube and the
nanorod coated microcantilevers for DEA were measured to be
1.2m°/ppm and 0.11 m°/ppm, respectively. The higher sensitiv-
ity of nanotube coated microcantilevers could be explained with
higher surface area and subsurface oxygen vacancies of the nano-
tubes and these provide a larger effective surface area. A 10 ppm
sensitivity of DEA is predicted using the nanotube coated Ni can-
tilevers. The functionalized cantilever with ZnO nanostructures has
practicable sizes and shapes and promises good potential for bio-
logical and chemical sensing applications.

Acknowledgements

Necmettin Kilinc was supported by TUBITAK-BIDEB National
Postdoctoral Research Fellowship Program. The authors thank KUY-
TAM and Dr. Baris Yagci for SEM measurements. This research is
supported by TUBITAK Grant no.: 111E184 and 113F403.

References

[1] A.Boisen, S. Dohn, S.S. Keller, S. Schmid, M. Tenje, Cantilever-like micromech-
anical sensors, Rep. Prog. Phys. 74 (2011) 036101.

[2] KR.Buchapudi, X. Huang, X. Yang, H.-F. Ji, T. Thundat, Microcantilever biosen-
sors for chemicals and bioorganisms, Analyst 136 (2011) 1539-1556.

[3] J. Fritz, Cantilever biosensors, Analyst 133 (2008) 855-863.

[4] N.V.Lavrik, M.]. Sepaniak, P.G. Datskos, Cantilever transducers as a platform for
chemical and biological sensors, Rev. Sci. Instrum. 75 (2004) 2229-2253.

[5] J. Tamayo, P.M. Kosaka, ].J. Ruz, A. San Paulo, M. Calleja, Biosensors based on
nanomechanical systems, Chem. Soc. Rev. 42 (2013) 1287-1311.

[6] P.S. Waggoner, H.G. Craighead, Micro- and nanomechanical sensors for envi-
ronmental, chemical, and biological detection, Lab Chip 7 (2007) 1238-1255.

[7] C. Ziegler, Cantilever-based biosensors, Anal. Bioanal. Chem. 379 (2004)
946-959.

[8] L. Fadel, F. Lochon, I. Dufour, O. Frangais, Chemical sensing: millimeter size
resonant microcantilever performance, J. Micromech. Microeng. 14 (2004) S23.

[9] C. Hagleitner, A. Hierlemann, D. Lange, A. Kummer, N. Kerness, O. Brand, H.
Baltes, Smart single-chip gas sensor microsystem, Nature 414 (2001) 293-296.

[10] H.P.Lang, R. Berger, F. Battiston, ].P. Ramseyer, E. Meyer, C. Andreoli, ]. Brugger,
P. Vettiger, M. Despont, T. Mezzacasa, L. Scandella, H,J. Glintherodt, C. Gerber,
J.K. Gimzewski, A chemical sensor based on a micromechanical cantilever array
for the identification of gases and vapors, Appl. Phys. A 66 (1998) S61-S64.

[11] D. Lange, C. Hagleitner, A. Hierlemann, O. Brand, H. Baltes, Complementary
metal oxide semiconductor cantilever arrays on a single chip: mass-
sensitive detection of volatile organic compounds, Anal. Chem. 74 (2002)
3084-3095.

[12] M.A. Urbiztondo, 1. Pellejero, M. Villarroya, J. Sesé, M.P. Pina, I. Dufour, J. San-
tamaria, Zeolite-modified cantilevers for the sensing of nitrotoluene vapors,
Sens. Actuators B: Chem. 137 (2009) 608-616.

[13] C.Vancura, M. Riiegg, Y. Li, C. Hagleitner, A. Hierlemann, Magnetically actuated
complementary metal oxide semiconductor resonant cantilever gas sensor sys-
tems, Anal. Chem. 77 (2005) 2690-2699.

[14] J. Zhou, P. Li, S. Zhang, Y. Huang, P. Yang, M. Bao, G. Ruan, Self-excited piezo-
electric microcantilever for gas detection, Microelectron. Eng. 69 (2003) 37-46.

[15] M.A. Urbiztondo, A. Peralta, 1. Pellejero, J. Sesé, M.P. Pina, 1. Dufour, J. Santa-
maria, Detection of organic vapours with Si cantilevers coated with inorganic
(zeolites) or organic (polymer) layers, Sens. Actuators B: Chem. 171-172(2012)
822-831.

[16] D. Spitzer, T. Cottineau, N. Piazzon, S. Josset, F. Schnell, S.N. Pronkin, E.R. Savi-
nova, V.Keller, Bio-Inspired nanostructured sensor for the detection of ultralow
concentrations of explosives, Angew. Chem. Int. Ed. 51 (2012) 5334-5338.

[17] T. Cottineau, S.N. Pronkin, M. Acosta, C. Mény, D. Spitzer, V. Keller, Synthe-
sis of vertically aligned titanium dioxide nanotubes on microcantilevers for
new nanostructured micromechanical sensors for explosive detection, Sens.
Actuators B: Chem. 182 (2013) 489-497.

[18] N. Shiraishi, T. Ikehara, D.V. Dao, S. Sugiyama, Y. Ando, Fabrication and testing
of polymer cantilevers for VOC sensors, Sens. Actuators A: Phys. 202 (2013)
233-239.

[19] K.L.Ekinci, Y.T. Yang, M.L. Roukes, Ultimate limits to inertial mass sensing based
upon nanoelectromechanical systems, J. Appl. Phys. 95 (2004) 2682-2689.

[20] T.P. Burg, M. Godin, S.M. Knudsen, W. Shen, G. Carlson, ].S. Foster, K. Babcock,
S.R. Manalis, Weighing of biomolecules, single cells and single nanoparticles in
fluid, Nature 446 (2007) 1066-1069.

[21] B.llic,Y.Yang, K. Aubin, R. Reichenbach, S. Krylov, H.G. Craighead, Enumeration
of DNA molecules bound to a nanomechanical oscillator, Nano Lett. 5 (2005)
925-929.

[22] AK. Naik, M.S. Hanay, W.K. Hiebert, X.L. Feng, M.L. Roukes, Towards single-
molecule nanomechanical mass spectrometry, Nat. Nano 4 (2009) 445-450.

[23] Y.R.Lu,S.M.Peng, D. Luo, A. Lal, Low-concentration mechanical biosensor based
on a photonic crystal nanowire array, Nat. Commun. 2 (2011).

[24] W.Ruan, Y. Li, Z. Tan, L. Liy, K. Jiang, Z. Wang, In situ synthesized carbon nano-
tube networks on a microcantilever for sensitive detection of explosive vapors,
Sens. Actuators B: Chem. 176 (2013) 141-148.

[25] P. Xu, X. Li, H. Yu, M. Liu, J. Li, Self-assembly and sensing-group graft of pre-
modified CNTs on resonant micro-cantilevers for specific detection of volatile
organic compound vapors, J. Micromech. Microeng. 20 (2010) 115003.

[26] P. Xu, H. Yu, X. Li, Functionalized mesoporous silica for microgravimetric
sensing of trace chemical vapors, Anal. Chem. 83 (2011) 3448-3454.

[27] T. Cottineau, S.N. Pronkin, M. Acosta, C. Meny, D. Spitzer, V. Keller, Synthe-
sis of vertically aligned titanium dioxide nanotubes on microcantilevers for
new nanostructured micromechanical sensors for explosive detection, Sens.
Actuators B: Chem. 182 (2013) 489-497.

[28] A. Ozturk, H.I. Ocakli, N. Ozber, H. Urey, I.H. Kavakli, B.E. Alaca, A magnetically
actuated resonant mass sensor with integrated optical readout, IEEE Photonics
Technol. Lett. 20 (2008) 1905-1907.

[29] E. Timurdogan, B.E. Alaca, I.H. Kavakli, H. Urey, MEMS biosensor for detection
of Hepatitis A and C viruses in serum, Biosens. Bioelectron. 28 (2011) 189-194.

[30] E.Timurdogan, N. Ozber, S. Nargul, S. Yavuz, M.S. Kilic, I.H. Kavakli, H. Urey, B.E.
Alaca, Detection of human kappa-opioid antibody using microresonators with
integrated optical readout, Biosens. Bioelectron. 26 (2010) 195-201.

[31] E. Uzunlar, B. Beykal, K. Ehrlich, D. Sanli, A. Jonas, B.E. Alaca, A. Kiraz, H. Urey,
C. Erkey, Frequency response of microcantilevers immersed in gaseous, liquid,
and supercritical carbon dioxide, ]. Supercrit. Fluids 81 (2013) 254-264.

[32] O. Cakmak, C. Elbuken, E. Ermek, A. Mostafazadeh, I. Baris, B. Erdem Alaca, L.H.
Kavakli, H. Urey, Microcantilever based disposable viscosity sensor for serum
and blood plasma measurements, Methods 63 (2013) 225-232.

[33] Y. Hames, Z. Alpaslan, A. Késemen, S.E. San, Y. Yerli, Electrochemically grown
ZnO nanorods for hybrid solar cell applications, Solar Energy 84 (2010)
426-431.

[34] N. Kilinc, O. Cakmak, A. Kosemen, E. Ermek, S. Ozturk, Y. Yerli, Z. Ozturk, H.
Urey, A VOC sensor based on micromechanical cantilever functionalized with
ZnO nanorods, in: 17th International Conference on Miniaturized Systems for
Chemistry and Life Sciences, Freiburg, Germany, 2013, pp. 1529-1531.

[35] M. Guo, C. Yang, M. Zhang, Y. Zhang, T. Ma, X. Wang, X. Wang, Effects of prepar-
ing conditions on the electrodeposition of well-aligned ZnO nanorod arrays,
Electrochim. Acta 53 (2008) 4633-4641.

[36] S. Peulon, D. Lincot, Mechanistic study of cathodic electrodeposition of zinc
oxide and zinc hydroxychloride films from oxygenated aqueous zinc chloride
solutions, J. Electrochem. Soc. 145 (1998) 864-874.

[37] G. She, X. Zhang, W. Shi, X. Fan, J.C. Chang, Electrochemical/chemical syn-
thesis of highly-oriented single-crystal ZnO nanotube arrays on transparent
conductive substrates, Electrochem. Commun. 9 (2007) 2784-2788.



364 N. Kilinc et al. / Sensors and Actuators B 202 (2014) 357-364

[38] G.-W. She, X.-H. Zhang, W.-S. Shi, X. Fan, J.C. Chang, C.-S. Lee, S.-T. Lee, C.-
H. Liu, Controlled synthesis of oriented single-crystal ZnO nanotube arrays on
transparent conductive substrates, Appl. Phys. Lett. 92 (2008) 053111-053113.

[39] L. Vayssieres, K. Keis, A. Hagfeldt, S.-E. Lindquist, Three-dimensional array
of highly oriented crystalline ZnO microtubes, Chem. Mater. 13 (2001)
4395-4398.

[40] X. Gan, X. Li, X. Gao, W. Yu, Investigation on chemical etching process of ZnO
nanorods toward nanotubes, ]. Alloys Compd. 481 (2009) 397-401.

[41] L.Vayssieres, Growth of arrayed nanorods and nanowires of ZnO from aqueous
solutions, Adv. Mater. 15 (2003) 464-466.

[42] A.Fulati, S. Usman Ali, M. Riaz, G. Amin, O. Nur, M. Willander, Miniaturized pH
sensors based on zinc oxide nanotubes/nanorods, Sensors 9 (2009) 8911-8923.

[43] D.Lee, M. Yoo, H. Seo, Y. Tak, W.-G. Kim, K. Yong, S.-W. Rhee, S. Jeon, Enhanced
mass sensitivity of ZnO nanorod-grown quartz crystal microbalances, Sens.
Actuators B: Chem. 135 (2009) 444-448.

[44] C.S.Rout,S.HariKrishna, S.R.C. Vivekchand, A. Govindaraj, C.N.R. Rao, Hydrogen
and ethanol sensors based on ZnO nanorods, nanowires and nanotubes, Chem.
Phys. Lett. 418 (2006) 586-590.

[45] X. Wang, W. Liu, J. Liu, F. Wang, J. Kong, S. Qiu, C. He, L. Luan, Synthesis of
nestlike ZnO hierarchically porous structures and analysis of their gas sensing
properties, ACS Appl. Mater. Interfaces 4 (2012) 817-825.

[46] ]J.-H. Lee, Gas sensors using hierarchical and hollow oxide nanostructures:
overview, Sens. Actuators B: Chem. 140 (2009) 319-336.

[47] S. Oztiirk, N. Kiling, Z.Z. Oztiirk, Fabrication of ZnO nanorods for NO, sensor
applications: Effect of dimensions and electrode position, J. Alloys Compd. 581
(2013) 196-201.

[48] S. Oztiirk, N. Kiling, N. Tasaltin, Z.Z. Oztiirk, A comparative study on the NO,
gas sensing properties of ZnO thin films, nanowires and nanorods, Thin Solid
Films 520 (2011) 932-938.

[49] S.Ozturk, N.Kilinc, I. Torun, A. Kosemen, Y. Sahin, Z.Z. Ozturk, Hydrogen sensing
properties of ZnO nanorods: Effects of annealing, temperature and electrode
structure, Int. J. Hydrogen Energ. 39 (2014) 5194-5201.

[50] Y. Sahin, S. Ozturk, N. Kilinc, A. Kosemen, M. Erkovan, Z.Z. Ozturk, Electrical
conduction and NO, gas sensing properties of ZnO nanorods, Appl. Surf. Sci.
303 (2014) 90-96.

Biographies

Necmettin Kilinc received the B.Sc. degree from Marmara University, Istanbul, in
2003, and M.Sc. and Ph.D. degrees from Gebze Institute of Technology in 2006 and
2012, all in Physics, respectively. After his Ph.D., he started to post doc at Optical
Microsystems Laboratory Koc University to research cantilever based biosensors. He
is an assistant professor at Nigde University, Mechatronics Engineering Department,
Nigde, Turkey. His research interests are fabrication of nanostructures and thin films
of metal oxides and organic materials and structural and electrical properties of
these materials and using these materials for bio-chemical sensor applications.

Onur Cakmak received his B.Sc. degree in Mechanical Engineering from Istanbul
Technical University and M.Sc. degree on Vibration Engineering from the same Uni-
versity in 2010. Between 2008 and 2010 he worked as an engineer in vibration &
acoustics group at Arcelik Beko R&D Center, Istanbul, Turkey. During that period he
took part in R&D projects on noise and vibration control of the products. In May 2011

he joined Optical Microsystems Research Laboratory at Kog University, Istanbul. He
is taking part in Biosensor Project at under the supervision of Prof. Dr. Hakan Urey.
Working on mechanical design and microfabrication of MEMS biosensor chips which
are consisting of electromagnetically actuated microresonators working in liquid
medium and microfluidic channels. Responsible for optimization of those design
and microfabrication processes in order to obtain detection with high sensitivity.

Arif Kosemen received his M.Sc. degree in physics from Gebze Institute of Technol-
ogy in 2009. He is a research assistant at Department of Physics of Mus Alparslan
University. His research interests are: organic solar cells and chromic devices.

Erhan Ermek received his M.Sc. degree in Department of Biomedical Engineer-
ing from Baskent University in 2010. He is a senior research engineer in Optical
Microsystems Research Laboratory at Electrical Engineering Department, Ko¢ Uni-
versity, Istanbul. His research interests are: mass sensitive transducers such as
cantilever and QCM, biosensors.

Sadullah Ozturk received his M.Sc. degrees in physics from Gebze Institute of Tech-
nology in 2009. He is working as a research assistant in Department of Physics, Gebze
Institute of Technology. He interest on fabrication and characterization metal oxide
nanostructures.

Yusuf Yerli received the B.Sc., M.Sc. and Ph.D. degrees from Ondokuz Mayis Uni-
versity in 1987, 1995 and 2002 respectively, all in Physics. He is a professor at the
Department of Physics, Yildiz Technical University, Istanbul, Turkey. His research
interests are EPR, Magnetic properties, Transition Metal lons, Free Radicals, Nano
structures, Conducting Polymers, OLED, Organic Solar Cells, OFET, Electrochromic
Device, Electrical Characterization.

Zafer Ziya Ozturk is professor of solid-state physics at Gebze Institute of Tech-
nology, Turkey. He received his undergraduate education at Hacettepe University,
Ankara, Turkey and the graduate education at the Technical University of Darmstadt,
Germany, Ph.D. degree in 1982. He was a Postdoctoral Fellow at the Institute for
Physical Chemistry, University of Tuebingen, Germany. He has held several research,
teaching and scientist positions including University of Dicle, Diyarbakir, TUBITAK
Marmara Research Center, Gebze and University of Marmara, Istanbul, Turkey. His
research interests involve solid-state device sensors, molecular electronics, chemi-
cal and biochemical sensors.

Hakan Urey received the B.Sc. degree from Middle East Technical University, Ankara,
in 1992, and M.Sc. and Ph.D. degrees from Georgia Institute of Technology in 1996
and in 1997, all in Electrical Engineering. After completing his Ph.D., he joined
Microvision Inc.-Seattle as Research Engineer and he played a key role in the devel-
opment of the Retinal Scanning Display technology. He was the Principal System
Engineer when he left Microvision to join the faculty of engineering at Kog¢ Uni-
versity in 2001. He was promoted to Associate Professor in 2007 and Professor in
2010. He published about 50 journals and 100 international conference papers, 7
edited books, 4 book chapters, and has more than 25 issued and several pending
patents. His research interests are in the area of optical MEMS, micro-optics and
optical system design, 2D/3D display and imaging systems, and biosensors. He is
a member of SPIE, IEEE, and OSA. He received an Advanced grant from the Euro-
pean Research Council (ERC-AdG) in 2013, Outstanding Faculty Award from Kog¢
University in 2013, TUBITAK-Encouragement Award in 2009, Outstanding Young
Scientist Award from the Turkish Academy of Sciences (TUBA) in 2007, and Werner
Von Siemens Excellence Award in 2006.



	Fabrication of 1D ZnO nanostructures on MEMS cantilever for VOC sensor application
	1 Introduction
	2 Experimental details
	2.1 Microfabrication
	2.2 Fabrication of ZnO nanorods
	2.3 Fabrication of ZnO nanotubes
	2.4 VOC sensing measurements

	3 Results and discussion
	3.1 Fabrication and structural characterization
	3.2 VOC sensing

	4 Conclusions
	Acknowledgements
	References

	Biographies

