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Multifunctional ZnO-Nanowire-Based Sensor
 A simple fabrication of ZnO-nanowire-based device and their implementa-
tion as a pH sensor, temperature sensor, and photo detector is reported. The 
presented multifunctional ZnO multiple-nanowire sensor platform contains 
a Au fi nger structure, which is realized by conventional photolithography on 
a SiO 2  substrate. The nanowires are grown using thermal chemical vapor 
deposition. In order to detect the physical signals, changes in electrical 
signals were measured (conductance and current). For temperature sensing, 
the current behavior from 90 to 380 K under vacuum conditions exhibit a 
tunneling behavior between spaced nanowires. For photo sensing, the cur-
rent response between the “on” and “off” states of light was measured when 
exposed to different wavelengths ranging from UV to visible light. Finally, for 
pH sensing the conductance was measured between a pH of 5 and 8.5. The 
ZnO nanowires were protected from chemical attacks by a thin layer of C 4 F 8 -
plasma-based coating. 
  1. Introduction 

 Recently, ZnO Nanowires have been attracting great deal of 
attention due to their amazing electronic, optical, and biocom-
patible properties for sensing, which can be employed in var-
ious fi elds. The abovementioned properties can be effi ciently 
exploited for detecting a number of different physical phe-
nomena such as typical fi eld-effect transistors in different con-
fi gurations, [  1,2  ]  chemical and biological sensors, [  3  ]  pH sensors 
(e.g., for intracellular sensors), [  4,5  ]  gas sensors, [  6,7  ]  mechanical 
sensors, [  8,9  ]  photo detectors, [  10,11  ]  photovoltaic applications or 
temperature sensors. [  12  ]  Potential integration of such nanowire 
structures with microsystems and microelectronic readout cir-
cuits enable a coupling of nanoelectronics with microelectronics. 
In this study, we focus on the application of ZnO-nanowire-
based sensors for detecting temperature, light, and pH all on 
one single sensor setup enabling an all-in-one sensor platform 
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applied in both fl uidic and ambient air 
environments. We use a thermal chemical 
vapor deposition (CVD) approach for the 
growth of ZnO nanowires directly on 
the Au electrodes, which fi rst simplifi es the 
fabrication and integration into the meas-
urement platform and second enhances 
the measurement signal since the 
approach generates the growth of multiple 
nanowires on interdigitated electrodes. [  13  ]  
Hence, the multiple-nanowire device pro-
vides a higher signal throughput. Previ-
ously, a similar approach by ultralong 
bridging ZnO nanowires was reported, [  14  ]  
but only UV was detected by this device. 
The major advantages of our method are 
the cost and time reduction by using a 
simple and single fabrication approach. 
In contrary to other fabrication tech-
niques such as with e-beam lithographic 
or etching methods, [  15,16  ]  this method provides the growth and 
electrical connection of ZnO nanowires in one step enabling a 
direct integration into a microelectronic unit. 

 The two-zone CVD growth furnace provides controlled 
ZnO nanowire growth over a large area due to separately con-
trolled heating zones enabling a higher throughput of device 
fabrication compared to single zone furnaces. [  17  ]  A controlled 
and repeatable growth of high quality ZnO nanowires can be 
obtained at optimum growth conditions which was shown by 
previous works. [  18  ]  The obtained nanowire sensor structure pro-
vides Schottky barriers due to the metal–semiconductor–metal 
(MSM) structure (Au, multiple nanowires, Au). The grown 
overlapping nanowires touching each other which furthermore 
creates tunneling effects due to an infi nitely small gap between 
closely orientated nanowires. In the fi rst experiment, we 
measure the temperature dependence of the sensor to detect 
temperatures ranging from 90 K to 380 K. The current–voltage 
( I–V ) behavior follows an exponential temperature dependent 
characteristic which allows potential integration into a micro 
processing and a reading out unit by comparing with a look-up 
table. 

 For photoresponse measurements, we illuminate this MSM 
structure with light of different wavelengths (from UV to vis-
ible) and an intensity of 1.6 mW cm  − 2  and detect the response 
to each of the wavelengths which enables the implementation 
of a new ZnO nanowire spectrometer. The vapor solid (VS)-
grown ZnO nanowires at standard ambient conditions provide 
one sharp photoluminescence near-band-edge (NBE) emis-
sion peak in the UV region and a broad green emission peak 
in the visible range, which is related to the defects. [  19,20  ]  These 
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defect related deep levels are reported as zinc vacancies, oxygen 
vacancies, zinc interstitials, oxygen interstitials, and oxygen 
antisites. [  20,21  ]  The photoconductivity of this n-type device 
should be varied while illuminating with different wavelengths 
in both the UV and the visible range. With the information of 
the broad luminescence peak in the visible range, it is possible 
to detect different wavelengths in the visible region that will be 
utilized in this investigation. The obtained electrical photo-
response measurement data were compared with photolumi-
nescence (PL) measurements, where the structure is excited 
with a 325 nm HeCd laser source. 

 With an additional coating of ZnO nanowires by a very thin 
fi lm of C 4 F 8  plasma polymer and integrating it into a micro fl u-
idic channel platform to measure in dark condition, the pH of 
the environment solution is detected at standard ambient con-
ditions. Here, the effect of charge of the electrolyte is utilized to 
change the conductance  G  of the nanowire surface. 

   2. Results and Discussion 

  2.1. Fabrication of Interdigitated ZnO Nanowire 
Sensor Structures 

 The obtained ZnO nanowire structures on the fi nger electrodes 
can be seen in  Figure    1  b. The entire Si chip (10 mm  ×  5 mm) 
contains a set of interdigitated electrodes (IDE) and bond pads 
(Figure  1 d). Nanowires are grown randomly by a vapor–solid 
(VS) method in a two-zone thermal CVD furnace. Here, the 
main Figure  1 a displays a scanning electron microscopy (SEM) 
image of the IDE fi nger structure, and the inset on the left-hand 
side (Figure  1 b) shows a magnifi ed picture of two electrode 
fi ngers including the cross-grown ZnO nanowires between 
electrodes. The majority of nanowires contact each other (see 
Figure  1 c), while some of them are fused during growth (not 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 4342–4348

     Figure  1 .     a) SEM image of an interdigitated electrode structure and ZnO n
a VS method. b) Magnifi cation of grown ZnO nanowires on the electrode fi n
tion of two touching ZnO nanowires providing infi nitely small gaps. d) Enti
on a 10 mm  ×  5 mm Si chip dice.  
shown here). The contacting nanowires contain an infi nitely 
small gap between them. The right inset shows a magnifi ca-
tion which exemplifi es the concept of overlapping touching 
nanowires. This provides an additional tunneling effect 
between the nanowires and is assumed to be the major barrier 
for emission limited current fl ow. Such overlapping structures 
can be modeled by infi nitely small gaps between the respective 
nanowires, which exhibit potential barriers and yield into a tun-
neling  I–V  characteristic. [  22,23  ]  Hence, a behavior following the 
temperature dependent characteristics at a given applied poten-
tial between the electrodes is expected for such a nanowire 
confi gured system. The main element of the sensor structure 
consists of the semiconducting ZnO nanowires grown on both 
sides of the metal electrodes exhibiting an MSM confi guration 
with Schottky barriers.  

   2.2. Temperature Sensor 

 The temperature-dependent behavior of the sensor platform has 
been studied to fi nd the sensor’s temperature stability at certain 
environment temperatures when applying as a physical sensor. 
Furthermore, the temperature-dependent characteristic can be 
addressed to a potential temperature sensor device which can 
be applied to the multifunctional sensor platform as well. 

 Temperature-dependent  I–V  characteristics by a calibration 
procedure are taken in a liquid nitrogen-based, temperature-
controlled cryogenic setup which is operated at vacuum conditions 
( ∼ 10  − 6  mbar) and are displayed in the range of 90 K (minimum 
reachable temperature of the setup) up to 380 K in  Figure    2  a. 
The obtained measurements follow mainly a Schottky character-
istic. From these data, the temperature dependent currents are 
determined for different bias voltages,  V  DS . Tunneling through 
the vacuum junction between the nanowires is expected to be 
the dominant effect in our structure. Taken the best fi ts of these 
data according to the tunneling equation as stated and derived 
bH & Co. KGaA, Weinh

anowires grown by 
gers. c) Magnifi ca-
re sensor structure 
by Stratton in 1962, [  22  ]  the measurement data 
are found to follow the tunneling equation 
very well (see Figure  2 b). This demonstrates 
that the touching nanowire topology follows 
the electron tunneling law of two conductive 
electrodes separated by an insulating gap. 
From the obtained results, we can conclude 
that two major effects are playing a role: the 
fi rst is the current, governed by the Schottky 
effect at the metal–semiconductor barriers, 
while the second is the current arising from 
the overlapping nanowires including their 
extremely narrow gaps (in the subnanometer 
range), which results in tunneling effects.  

 However, for sensor applications, it is 
more practical to approximate the calibration 
data with rather simple equations. Hence, the 
data were fi t by an exponential function at 
different  V  DS  which, again, fi ts the data very 
well. Such a simple form can then be used 
to determine the temperature from a given 
current. Furthermore, the expression is also 
suitable for a look-up table which enables the 
eim 4343wileyonlinelibrary.com
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     Figure  2 .     a) Drain-Source current  I  DS  versus bias voltages  V  DS  character-
istics of interdigitated electrode structure at different voltages ranging 
between 90 K and 380 K. b) Temperature dependence of current providing 
exponential characteristics.  
implementation of the sensor platform into a microprocessing 
unit. In the sample demonstrated here, the best-fi t current–
temperature ( I  DS  –T ) characteristics based on the measurements 
are given by Equation 1:

 IDS(T ) = ib + i0 exp(cT )  (1)    
 Here,  i  b  describes an offset current which can be approximated 
by a second-order polynomial with respect to the applied DC 
bias voltage  V  DS  i.e.,

 ib(VDS) = ib0 + ib1VDS + ib2V 2
DS   (2)    

 Similarly the parameters  i  0  and  c  in 
 Equation 1  can be approximated as second-order series:.

 i0(VDS) = i00 + i01VDS + i02V 2
DS   (3)   

 c(VDS) = c0 + c1VDS + c2V 2
DS   (4)   

  For example, the current–temperature characteristics for a  V  DS  
of 1 V yields 7.82  μ A for  i  b , 0.178  μ A for  i  0 , 0.0158 K  − 1  for  c , and a 
© 2011 WILEY-VCH Verlag 4 wileyonlinelibrary.com
correlation coeffi cient of 0.997 for  r  2  for the linear fi t. This shows 
that after a calibration procedure, the temperature, even for small 
values, can be very accurately determined by the exponential func-
tion. A related sensitivity at the region around 300 K and 90 K can 
be determined to be 0.7685  μ A K  − 1  and 0.0167  μ A K  − 1 , 
respectively. 

   2.3. Photodetector 

 The ZnO nanowire fi nger grid structures have been used to 
detect the photoresponse for different wavelengths. The device 
was exposed to the emission of each of the wavelengths by 
applying a fi xed intensity of 1.6 mW cm  − 2  illuminating the 
nanowire device region. Please note that a fi xed intensity cor-
responds to a different number of photon packages with respect 
to the used wavelength. Hence, the intensity and the number of 
photons cannot be controlled at the same time. Therefore, the 
sensitivity will also be affected by this effect. 

 The measurements were conducted at atmospheric pres-
sure and room temperature (296 K). The light source is 
positioned opposite to the nanowire device, as shown sche-
matically in  Figure    3  a. The current change in “on” and “off” 
states (light and dark currents) of the LEDs at a bias voltage 
 V  DS  of 1 V is recorded for each wavelength and the values 
are compared. The here presented experiments demonstrate 
that wavelengths beyond UV (larger 380 nm) are also detect-
able but with a smaller change in current, as it is demon-
strated for exciting with UV at 405 nm, blue (465 nm), yellow 
(590 nm), and red (630 nm) wavelengths. Additional experiments 
were conducted at a wavelength of 370 nm whose energy 
is slightly higher than the bandgap energy at around 
380 nm to demonstrate the strong response and the recovery 
of the device. With the above described conditions, absolute 
current changes (light with respect to dark current) of 77.8  μ A 
(370 nm), 28.5  μ A (405 nm), 1.8  μ A (465 nm), 19.7  μ A 
(520 nm), 0.3  μ A (590 nm), 1.1  μ A (630 nm), and 4.2  μ A (white 
spectrum) were detected (see Figure  3 b). The corresponding 
time-resolved photoresponse data for LEDs of different 
wavelengths in “on” and “off” states are shown in  Figure    4  .   

 The illumination with green light shows a relatively fast 
photoresponse, which rapidly goes into saturation. This short 
response time is related to the short carrier life time due to a 
large number of green defects. The green light yields enough 
energy to excite electrons to the defect states, which might be 
mainly at the surface. The UV energy at 370 nm is higher than 
the bandgap energy of ZnO at around 380 nm, which turns 
into a rapid response time and saturation. The response time of 
the measured UV at 405 nm is in the same order but saturates 
slower compared with 370 nm illumination, which refl ects into 
a relatively weaker sensitivity of the device at this wavelength. 

 Ratios of UV detection to other wavelengths at the same 
intensity to the underlying device can be found as following: 
 Δ  G  370 / Δ  G  405   =  2.7,  Δ  G  370 / Δ  G  465   =  44.4,  Δ  G  370 / Δ  G  520   =  3.9, 
 Δ  G  370 / Δ  G  590   =  248.8,  Δ  G  370 / Δ  G  630   =  73.6,  Δ  G  370 / Δ  G  white   =  18.7. 
The ratios give a tendency on how much defects are excited with 
respect to the bulk excitation and how that contributes to the 
photocurrent. A mechanism playing a role for the modifi cation 
of photoinduced conduction could be the electron–hole pair 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 4342–4348
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     Figure  3 .     a) Schematic diagram of ZnO nanowire photo detector. The 
detector is biased by the  V  DS  voltage and current or conductance  G  is 
read out when illuminating the device with intensities of various wave-
lengths. b) On and off current difference when measuring the current in 
dark or illuminating conditions with different wavelengths. The device is 
additionally illuminated with a white light source.  

     Figure  4 .     Relative change in ZnO nanowire conductance ( Δ  G / G  UV ) for 
on- and off- states at different wavelengths. The relative data show the 
sensitivity for different illuminated wavelengths.  
excitation and a reduction of band-bending due to the surface 
charges. [  10  ,  24–26  ]  In case of UV illumination, electron–hole pairs 
are generated from the excitation over the band gap. With the 
consequence of neutralization of the adsorbed surface charges, 
the surface band-bending is reduced due to desorption of 
trapped gas ions. The increased carrier density enhances the 
conductivity represented by the UV photo response. [  10  ,  27  ]  In 
general, the presented light detector “functionalizes” the native 
defects within the ZnO crystals or at the surface. The sensi-
tivity of the light detector for visible-light exposure depends 
on the corresponding defect states of the ZnO NWs, which are 
observed by means of the corresponding green luminescence. 
The results from PL measurements of the IDT ZnO nanowire 
device can be seen in Figure S1 (in the Supporting Information, 
SI). The PL data are normalized to the peak intensity of the 
NBE luminescence demonstrating that the green luminescence 
is rather weak compared to the NBE. In the inset of Figure S1 
the magnifi ed range between 350 nm and 700 nm is shown, 
which corresponds to the actual range of the presented study 
and indicates the excited wavelengths to the device. The results 
demonstrate that nanowires that even have a rather low green 
luminescence intensity can absorb the light in the visible range, 
as was also shown by density functional theory (DFT) calcula-
tions recently. [  28  ]  The case of the relatively high response to the 
green-light-source illumination shows that even high-quality 
ZnO nanowires with a high NBL still have a certain amount of 
defect states. 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 4342–4348
   2.4. pH Detector 

 ZnO nanowires have the tendency to dissolve in acidic and 
basic solutions and therefore a coating step is required to create 
a thin passivation layer on the nanowire structure. [  29–31  ]  Hence, 
the ZnO nanowire device is additionally coated with a plasma 
deposited C 4 F 8  polymer. The shells of the obtained coated 
nanowires have an averaged thickness of 5 nm. Later measure-
ments have shown that the sensitivity has dropped in compar-
ison to noncoated nanowires but the stability in acidic and basic 
solutions has been much improved. For pH sensing experi-
ments, a 10 mM PB buffer solution (consisting of Na 2 HPO 4  
and NaH 2 PO 4  in H 2 O) is prepared, which is also used for bio-
logical solutions. After mounting the device into a microfl uidic 
platform (made by polydimethylsiloxane, PDMS for short) and 
electrically connecting it to a source meter, the PB solution is 
introduced by a fl ow into the fl uidic platform (the experimental 
setup is illustrated schematically in  Figure    5  a). An Ag/AgCl ref-
erence electrode is introduced to the system to obtain a liquid 
gate potential which is set to ground. By varying the HCl and 
NaOH ratio inside the PB carrier solution, the pH is adjusted 
between 5 and 8.5. The ionized molecules in the solution act 
as the active charges around the coated ZnO NWs during the 
adjustment of pH (generating a chemical FET gate on the 
nanowires). With the presented setup, the change in conduct-
ance  G  of the nanowires device has been recorded as a function 
of the surrounded pH at room temperature (296 K) and atmos-
pheric pressure. The negative charges are trapped around the 
mbH & Co. KGaA, Weinheim 4345wileyonlinelibrary.com
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     Figure  5 .     a) Schematic diagram of the ZnO nanowire interdigitated elec-
trode structure integrated into a PDMS fl uidic platform and electrical con-
nection including an Ag/AgCl reference electrode. b) Absolute change 
in conductance  Δ  G  of the ZnO nanowires coated with C 4 F 8  polymer 
when exposing the device to electrolytes of different pH. A sensitivity 
of  − 2.063  μ S pH  − 1  can be achieved by this method.  
nanowire and build up a potential that acts as the gate poten-
tial. [  32  ]  The charged ions in the fl uid are trapped close to the 
polymer surface, attracting charged ions inside the nanowires 
and bend the valence ( E  V ) and conduction ( E  C ) bands on the 
surface with respect to the applied charge. Therefore, the dis-
tance between the Fermi level ( E  F ) and the  E  C  is shifted rela-
tively with the surface potential change. Surrounding positive 
ions relatively lower the distance between the local  E  F  and the 
 E  C  and increase the conductivity of the nanowires (in case of 
a decrease in the pH). A rising pH value leads to an increase 
in the amount of negatively charged molecules on the surface 
(rising negative gate voltage) and this lifts up the distance of  E  F  
and  E  C  and the nanowire conductance  G  decreases. In Figure  5 b, 
the resulting change in  G  with respect to the baseline of the ini-
tial pH of 5 is associated with the change in pH is plotted. From 
recorded time data of the conductance, an averaged steady-state 
value at a given pH was taken and a decreasing conductance 
was observed with increasing the pH. The obtained plot shows 
linear characteristics enabling the presented nanowire sensor 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
device to be applied as a potential pH sensor. The slope of the 
conductance with respect to the pH ( dG/d pH) can be found 
as  − 2.063  ±  0.14 ( μ S pH  − 1 ). Compared to reported single 
nanowire devices characterized for ZnO or Si, a sensitivity 
enhancement of around 240 (for ZnO) and around 20 (for 
Si), respectively, could be achieved for the presented multiple-
nanowire device. [  33,34  ]   

 The isoelectric point (IP) of the ZnO surface is in the pH 
range of 9–10. [  35,36  ]  This means that in the range of the taken 
measurements the surface charge is relatively positive. Clearly, 
increasing the pH causes the adsorption of OH  −   ions increasing 
the amount of negative surface charge on the ZnO nanowires 
which reduces the conductance due to the nature of n-type 
conductivity. This suggests also the use of ZnO nanowires 
for biological applications due to the relatively high IP and 
the lower pH of the biological environments. In case of meas-
uring only in the neutral pH range, the additional deposited 
monomer protection fi lm can be avoided due to the dissolving 
stability at this pH. Thus, a slightly higher sensitivity can 
be obtained (we measured a sensitivity of  − 2.64  μ S pH  − 1 ). 

    3. Conclusions 

 In summary, we demonstrated a procedure for simple fab-
rication of a multifunctional sensor platform based on ZnO 
nanowires. This versatile platform can be utilized to detect dif-
ferent physical signals both in air and in fl uidic environments 
by applying only small modifi cations to the sensor device. 
The different types of experiments done here at different con-
ditions show the effectiveness of the fabricated device as a 
multifunctional device. The above results were reproducible 
and several IDE ZnO nanowire devices were tested with similar 
sensitivities. 

 Temperatures between 90 and 380 K were detectable and 
sensitivities in the  μ A K  − 1  range can be determined which ena-
bles the sensor to operate both at low and higher temperatures 
as a temperature sensor. The sensing effects were explained by 
tunneling effects between the nanowire gaps and the Schottky 
barrier at the MSM structure. Higher temperatures could be 
theoretically achieved where the maximum detected tempera-
ture would be limited by the melting point of the metal contacts 
and diffusion processes of the Zn. 

 The effects of NBE for UV and broad emission peak due to 
defects were utilized to detect wavelengths of UV and several 
wavelengths in the visible range. It was demonstrated that even 
high-quality ZnO nanowires with a low green luminescence 
peak compared to the NBE peak are able to absorb visible light 
and yield to a photo response. Ratios of relative conductance 
( Δ  G  UV / Δ  G  vis ) change responses between 2.7 and 248.8 for UV 
wavelengths and visible light wavelengths at same intensities 
were detectable which enables the sensor device for applying as 
potential wavelength spectrometers. 

 Integrating the device into a fl uidic channel platform and 
exposing to electrolytes of different pH values made it able to 
utilize the device as a pH sensor. A sensitivity of  − 2.063  μ S pH  − 1  
was achieved by coating the nanowires with a thin fi lm of C 4 F 8  
as a passivation layer. The simple fabrication process further-
more allows the possibility of integrating and combining 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 4342–4348
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the device into microelectronics and other micromechanical 
platforms. 

   4. Experimental Section 
  Design of the Interdigitated Electrode (IDE) Finger Structure and 

ZnO Nanowires Synthesis : A typical standard photolithographic resist 
patterning step is required to create the IDE fi nger grid structures. For 
the presented platform, the ID electrodes have widths of 4  μ m and 
gaps of 2  μ m. A 100 nm gold evaporation step is required after 5 nm 
chromium deposition. A lift off process is followed to remove the resist 
on the Si wafer. The patterned wafer or the diced single pieces containing 
the fi nger structures (see Figure  1 d) can then be placed into a ZnO 
growth chamber. The devices will then be placed into a two zone heating 
CVD growth system, which has the advantage of providing the growth 
over a large substrate area (the detailed growth systems geometry is 
described in our previous work). [  17  ]  The growth conditions are 20 min 
with a constant fl ow rate of 30 sccm containing an Ar and O 2 /Ar (1:10 
ratio) carrier gas mixture at 30 mbar. The temperature of the 1 g source 
(99.999% ZnO and 99.99 graphite powders in a weight mixture of 1:1) 
is set to 950  ° C and the substrate temperature is set to 750  ° C during 
the growth time of 20 min. The position of the substrate is set to the 
downstream of carrier gas with respect to the source boat. 

 The obtained ZnO nanowire structures, as can be seen in Figure 
 1 , are ready for wire bonding into a printed circuit board (PCB). 
Aluminum wires were used to connect the fi nger grid bond pads with 
a PCB for electrical reading out the device. For integrating the sensor 
as a pH-sensing platform, the chip is electrically connected by Al wire 
bonding and passivated by PDMS. 

  ZnO Nanowire Device Integration for Temperature Characterization : 
The as-grown ZnO nanowire interdigitating device was integrated into 
a Dual-Inline-Package and electrically connected by Al wire bonding. 
Then, the device package was mounted into the cryogenic cooled setup. 
This setup is cooled by liquid nitrogen and temperature controllers are 
used to keep a steady state temperature at desired levels inside the 
chamber. The chamber is pumped down and the pressure of  ∼ 10  − 6  mbar 
is monitored by a pressure gauge. First, the temperature was cooled 
and controlled down to the minimum achievable temperature of 90 K. 
After stabilizing, the temperature is slowly increased in 10 K steps up 
to 380 K and  I–V  curves are recorded (each at measured steady state 
temperatures). 

  Photo Response Detection : The IDE ZnO nanowire device was 
electrically connected by Al wire bonding and integrated into a dark box 
containing LEDs of different wavelengths in the opposite direction to 
the nanowire device. The dark box is completely sealed to prevent any 
interfering UV illumination coming from outside the box so that only the 
LEDs generate the applied wavelengths. Firstly, the light intensities at 
the position of the nanowire device were adjusted to be  ∼ 1.6 mW cm  − 2  
for each wavelength before exposing to the nanowire device. Then, the 
nanowire device was illuminated by turning on the power of the LED 
until the conductance  G  has been stabilized. To show the repeatability, 
each LED was subsequently turned off until stabilization and a following 
period by on and off states is followed. The time resolved data are also 
shown in Figure  4 . 

  Surface Modifi cation and pH Detection : The interdigitating ZnO 
nanowire device as described in the previous section was surface 
modifi ed before wire bonding. A 5 nm C 4 F 8  monomer was created as 
a passivation layer to increase the protection of the ZnO nanowires 
for dissolving in acidic and basic solutions. The prepared structures 
were then mounted into a PDMS fl uidic platform with exposing the 
interdigitating area to a fl uidic channel. An Ag/AgCl has been used 
to measure the against a reference potential and to generate a fl uidic 
gate potential. A fl ow of a PB buffer (Na 2 HPO 4  and NaH 2 PO 4  in H 2 O) 
containing HCl and NaOH in a titrated ratio exhibiting a pH of 5 is 
introduced and the conductivity is recorded over the time. The electrolyte 
is titrated with NaOH to change the pH in 0.5 steps which is continuous 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 4342–4348
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