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An extended gate field-effect transistor (EGFET) of ZnO/TiO2 bilayer film as pH sensor was
demonstrated in this paper. The sol-gel zinc oxide (ZnO) and titanium dioxide (TiO2) were
prepared and spin coated onto indium tin oxide (ITO) coated glass substrate. After
deposition process, this bilayer film then was annealed from 200° C up to 700° C. EGFET
measurement employed to obtain the sensitivity of the bilayer thin film towards pH buffer
solution, which is pH4, pH7 and pH10. According to the measurement process, we
obtained that bilayer film annealed at 400° C produced highest sensitivity among other
bilayer film, which is 66.8 mV/pH.
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1.0 INTRODUCTION

Over recent years, pH sensing is required in various
fields such as biomedical, biosensor, food and health
environment and of the most reported sensor type for
pH sensing is the ion-sensitive field effect transistor
(ISFET) sensor [1] . However, due to some drawbacks of
ISFET, Extended-gate FET (EGFET) sensor has been
designed as an alternative. EGFET was designed to
isolate the sensing FET from chemical environment [2]
to overcome the instability problems of ISFET.
Comparing with ISFET, EGFET has some advantages

which are light insensitive, simple fo passivate and
package, and stable [3]. EGFET is more stable
compared to ISFET because only the sensing
membrane will dipped in the measure and instead of
the whole FET as for ISFET [4].

In order to fabricate the sensing membrane for
EGFET, there are a lot of sensing materials that have
been used such as palladium oxide (PdO) [5], fin oxide
(SnO) [6], titanium dioxide (TiO2) [7] and also zinc oxide
(ZnO) [8]. However, among these materials, TiO2 has
been widely used in pH sensing field due to its
advantages and capability. Besides that, TiO2 also has
been used in numerous applications such as cosmetics,
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dye, paints and others. TiO2 has been considered as a
useful material because of its wide band gap, good
stability at high temperature, chemical durability and
mechanical abrasion [7].

Other than that, researchers have been extensively
studied on ZnO due to their dual properties, which are
semiconducting and piezoelectric materials. These
properties make ZnO thin films demonstrated to have
enormous  applications in sensing  application,
fransparent electronic, ulfraviolet (UV) light emitter,
optoelectronic, chemical sensor, piezoelectric devices
and etc [9] [10]. Furthermore, there is a lot of presented
result based on ZnO thin films shows the performance
of device is direct connected with the good crystalline
structure quality ZnO thin film [11].

Therefore, ZnO and TiO2 have been considered as a
suitable couple in order to produce a good thin film for
pH sensing application [12]. However, the chemical
and physical properties of this ZnO/TiO2 bilayer film are
depending on the fabrication and manufacturing
method. There are several method that can be used to
fabricate the thin film such as physical vapor deposition
[13]. hydrothermal [14] and sol-gel [15]. Between all of
these methods, sol-gel technique is most suitable due
to its low cost process with and controllable on the fim
purity and uniformity.

In this paper, we investigate the ZnO/TiO2 bilayer film
which produced by sol-gel method. This bilayer film was
annealed at various temperatures which started at
200°C up to 700°C. The deposition process was done
using spin coating fechnique. Then, the bilayer film was
used as pH sensing membrane. This sensing membrane
also has been characterized in order to explore its
characteristics.

2.0 EXPERIMENTAL

In this investigation, there were two separate solutions
prepared which are TiO2 and ZnO solution. Both of
these solutions were deposited onto Indium Tin Oxide
(ITO). which act as the substrate. Sol-gel method has
been used and the deposition process was done by
using spin-coating tfechnique in order to deposit the
bilayer film.

2.1 TiO2 Sol-Gel Peparation

The 0.4M TiO2 sol-gel solution was prepared by mixing
two separate solutions (Solution A and B). For solution A,
absolute ethanol (C2HsOH), glacial acetic acid, GAA
(CH3COOH) and fitanium isoproxide, TTIP
(TI(OCH2CH2CH2CHs)4) were used in the solution
preparation process. For solution B, the chemicals used
were absolute ethanol (CoHsOH), friton X-100
(C14H220(C2H4)n n=9-10) and deionized water. Both of
these solutions were stirred separately for 1 hour at 2000
rem. Then the stirring process for 1 hour was continued
after the solutions were mixed up together.

2.2 InO Sol-Gel Peparation

The solution were prepared by using zinc acetate
dehydrate (Zn (CH3COQO)2 2H20) and aluminium nifrate
(AI(NOs)s) as  starting material, 2-methoxyethanol
(C3HgO2) as a solvent and monomethanolamine (MEA,
C2H7N14) as a stabilizer. Zinc acetate was dissolved in a
mixture of 2-methoxyethanol and MEA solution to
produce 0.4M solution concentration. This solufion was
stired at 300 rom and heated at 80°C for 3 hours. In
order to obtain a clear and homogenous solution, this
solution was kept aging for 24 hours at room
temperature.

2.3 InO/TiO2 Bilayer Film Deposition

The fabrication of these bilayer films was conducted by
using spin-coating technique at room temperature. The
deposition process was conducted by dropping ten
drops of TiO2 solution onto ITO/glass substrate at 3000
rom of spin speed for 60s. Then, the deposition process
continued with ZnO solution onto the TiO2 layer with the
same drops, spin speed and duration of speed. After
that, this bilayer film was annealed at 200°C, 300°C,
400°C, 500°C, 600°C and 700°C. The anneadling time
was fixed at 15 minutes.

2.4 EGFET Measurement And Characterization

The ZnO/TiO2 bilayer film was then connected to the
gate pin of commercialized MOSFET NDP6060L by using
copper wire fo form the extended gate of EGFET sensor
setup. Then, the MOSFET was connected to a readout
interfacing circuit (ROIC). Kapton tape and silver paste
were used as bonding agent between wire and
substrate. The sensitivity of the bilayer film towards pH
was done by dipping the fabricated sensing
membrane with reference electrode (Ag/AgCl) into
three different pH value, pH4, pH7 and pH10. The value
of the sensitivity was obtained from the s lop of the
graph plotted. All of the fabricated ZnO/TiO2 bilayer
films were characterized by using Field Emission
Scanning Electron Microscope (FESEM), Atomic Force
Microscopy (AFM) and X-Ray Diffraction (XRD).
Repeatability issue which may be caused by noise was
solved by referencing the voltage levels to the sensor
response in deionized water (DIW) [16][17] [18].

3.0 RESULTS AND DISCUSSION
3.1 Sensitivity of the Bilayer Film

Sensitivity can be defined as the slope of the oufput
characteristic curve or generally, the minimum input of
the value of Vout and senisitivity of the thin film physical
parameter that will create a detectable output
change [2]. In this investigation, the sensitivity of
InO/TiO2 bilayer films was estimated from the slope of
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the Vout vs pH graph. The numerical results are
tabulated in Table 1.
Figure 1 shows the anneadling temperature

dependence of the sensifivity. As can be seen,
InO/TiO2 bilayer fim annealed at 400°C exhibit highest
sensitivity which is 66.8 mV/pH. However, this value of
sensitivity can be classified as super-Nernstian response
since the theoritical Nernst value for EGFET is 59.12
mV/pH [19]. The super-Nernstian response is related to
the reactive mechanism of one fransport electron per
1.5 H* ion [20]. According fo this, we assumed that
there are more than one profon react with one
electron contained in the solution.

Senisitivity of the bilayer film shows an increase trend
when annealed at 200°C-400°C. However, the
sensitivity decreased when sample annealed at 500°C

Table 1 Sensitivity value for each of bilayer film

Annealing Temperature

C) Sensitivity (mV/pH)

200 52.5

300 53.9

400 66.8

500 50.3

600 42,7

700 16.1
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Figure 1
films

Sensitivity comparison between all ZnO/TiO2 bilayer

and above. ZnO/TiO2 bilayer film annealed at 700°C
exhibit lowest sensitivity value which is 16.1 mV/pH. The
bilayer film annealed at suitable and appropriate
temperature produced better sensitivity because of the
improvement in electrical and material characteristics
[21]. Based on this finding, 400°C is the most suitable
temperature to anneal this ZnO/TiO2 bilayer film.

From this, we assume that besides the improvement
of the materials characteristics, when the thin was film
anneadled at suitable temperature, all the solvents in
the solution were removed and only TiO2 and ZnO were
on the thin fim [10]. Different with the thin film
annealed at low temperature, there were solvents that
still contained at the thin film which gave the effects to
the sensitivity value. In the other hand, when annealed
at too high temperature, the sensitivity of the bilayer
film decrease numerously. Yao et. Al proposed that

annealing temperature was predominated in pH
sensitivity due to its phase transition [2].

3.2 Surface Morphology Of The Bilayer Films

The micrographs from FESEM images show that

ZnO/TiO2 bilayer films are porous, which is normal
phenomenon for sol-gel ZnO thin film [1]. However,
there is only ZnO nanoparticle that can be observed,
not the TiO2 nanoparticles. This is due fo the layer of
deposition, which is ZnO act as the upper layer, and
TiO2 is bottom layer. According to the micrograph
obtained, the size of the particles is increase gradually.
The increase in grain size is attributed tfo the
agglomeration due fo the increasing annealing
tfemperature [22].

The temperature is believed to give the effect to the
grain size of the ZnO/TiO2 bilayer film. Figure 2 shows
that the grain size of the bilayer film increases as the
annealing temperature increase. This increasing of
grain size influenced the bilayer film to become less
sensifive towards pH buffer solution.

Figure 2 SEM images for ZnO/TiO2 bilayer film anneal at (a)
300°C, (b) 400°C, (c) 500°C, (d) 600°C and (e)700°C.

3.3 Surface Roughness Characterization

The 3 dimensional images for all of ZnO/TiO2 bilayer fim
annealed at different temperatures are shown in Figure
3. The 3D images show that the surface morphology
and roughness increase with the increase annealing
temperature. The roughness values for each bilayer film
are recorded in Table 2. From the values recorded, we
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able to plot the graph in Figure 4 in order to observe
the roughness characteristic of each bilayer film.

Among all of the bilayer films, ZnO/TiO2 bilayer film
annealed at 400°C shows a smoother surface in
comparison with other samples. In addition, this bilayer
film also shows the uniform grain size. According to this,
we assume that annealing temperatures influenced the
surface smoothness and roughness of the ZnO/TiO2
bilayer film.

Regarding to the result obtained, ZnO/TiO2 bilayer
films show an increasing roughness trend with the
increasing annealing temperature. This is due fo the
annealing process, which involved the heat freatment
and  restructuring  process.  When  annealing
tfemperature increase, the materials deposited were
restructured and gave effect fowards its surface
roughness [23]. This condition gave the effect towards
its sensitivity. Bilayer film with the highest roughness
produces lowest sensitivity. However, bilayer film with
the lowest roughness also produces low sensitivity
towards pH solution. Means that, bilayer film with the
optimum roughness, which is 3.167 produced highest
sensitivity value. This bilayer film was annealed at 400°C.

Table 2 The roughness value for ZnO/TiO2 bilayer film anneal at
different temperatures

Annealing Temperature

<) Roughness
300 1.411
400 3.167
500 3.755
600 4.241
700 4.394
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Figure 3 Roughness comparisons for all samples

Figure 4 3D AFM images of ZnO/TiO2 bilayer film anneal at (q)
300°C, (b) 400°C, (c) 500°C, (d) 600°C and (e)700°C

3.4 Crystalline Analysis

XRD patterns of the samples annealed at 300°C, 400°C
and 500°C are shown in Figure 5. All of the diffraction
peaks in the result is according to the standard card
(00-036-1451) and (01-076-1940). ZnO/TiO2 bilayer fim
annealed at 300°C does not show any dominant peak,
so as ZnO/TiO2 bilayer film annealed at 500°C. Different
with ZnO/TiO2 bilayer film annealed at 400°C, there are
few dominant peaks that can be observed. From the
result, it can be seen that both ZnO and TiO present in
this bilayer film. We can observed that ZnO peak
present at 31.15° which is (100), meanwhile TiO2 peak
present at 35.82° (101). Due to this peak, we can
classify that the TiO2 peak present as rutile phase. Other
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than that, the other two peaks which present at 50.84
(440) and 60.62 (662) are our substrate which is ITO.

Diffraction angle (2 theta)

Figure 5 XRD spectra for ZnO/TiO: bilayer film annealed at
300°C, 400° and 500°C respectively

According fo the result obtained, the XRD analysis
supporfed the sensor performance of the ZnO/TiO2
bilayer. ZnO/TiO2 bilayer film an nealed at 400°C
produced highest sensitivity value, and shows the
dominant peaks of ZnO and TiO2 in XRD analysis
indicating that thin films with better crystalline quality
results in higher sensitivity.

4.0 CONCLUSION

The characteristics of the ZnO/TiO2 bilayer films anneal
at different temperatures were presented in this paper.
Zinc oxide and fitanium dioxide has been successfully
deposited on the IT O substrate by using spin-coating
technique. The sensitivity, surface morphology and
crystallinity of the bilayer film were observed and
determined. According fo the measurement process,
we obtained that ZnO/TiO2 bilayer fim annealed af
400°C exhibit highest sensitivity value which is 66.8
mV/pH. This result was supported with the AFM and XRD
characterization. The AFM result for this optimize bilayer
present a uniform surface, compare with other bilayer
films. For XRD analysis, the crystallinity of the bilayer film
was proved with the present of ZnO (100) peak and
TiO2 rutile phase (101) peaks. As a conclusion, 400°C
was proved as the optimum annealing tfemperature for
InO/TiO2 bilayer film.

Acknowledgement

This study was partially supported by MOE Malaysia
under the Niche Research Grant Scheme (NRGS)
(Project code: 600-RMI/NRGS 5/3 (7/2013) and Universiti
Teknologi MARA (UiTM).

References

[

(2]

(3]

(4]

(3]

[é]

(7]

8]

(91

(0]

(1]

(2]

(13]

[14]

[15]

[16]

(17]

(18]

Bari A. R, Shinde M. D., Deo V., and Patil L. A. 2009. Effect Of
Solvents On The Particle Morphology Of Nanostructured ZnO.
Indian J. Pure Appl. Phys. 47:24-27.

Yao P., Chiang J., and Lee M. 2014. Application Of Sol-Gel
Tioz2 Film For An Extended-Gate H* lon-Sensitive Field-Effect
Transistor. Solid State Sciences. 28 : 47-54.

Chi L., Chou J., Chung W., Sun T., and Hsiung S. 2000. Study
On Extended Gate Field Effect Transistor With Tin Oxide
Sensing Membrane. Material Chemistry. 63: 19-23.

Rahman R. A., Zulkefle M. A., Abdullah W. F. H., and Herman
S. H. 2015. Effect of Post Deposition Annealing Process on the
pH Sensitivity of Spin-coated Titanium Dioxide Thin Film.
Applied Mechanics and Materials. 749: 197-201.

Das A., Ko D. H., Chen C.-H., Chang L.-B., Lai C.-S.,. Chu F.-C,
Chow L., and Lin R.-M. 2014. Highly Sensitive Palladium Oxide
Thin Film Extended Gate FETs as pH Sensor. Sensors Actuators
B Chem. 205:199-205.

Batista P. D., Mulato M., Graeff C. F. D. O., Fernandez F. J. R,
and Marques F. C. 2006. SnO2 Extended Gate Field-Effect
Transistor as pH Sensor. Brazilian Journal of Physics. 36: 478—
481.

Lewkowicz A., Synak A., Grobelna B., Bojarski P.,
Bogdanowicz R., Karczewski J., Szczodrowski K., And
Behrendt M. 2014. Thickness And Structure Change Of
Titanium(IV) Oxide Thin Films Synthesized By The Sol-Gel Spin
Coating Method. Opt. Mater. (Amst). 36: 1739-1744.

Singh M. and Singh M. 2013. Thermal Expansion in Zinc Oxide
Nanomaterials. Nanoscience and Technology Research. 2:
27-29.

Fan Z. and Lu J. G. 2005. Zinc Oxide Nanostructures: Synthesis
and Properties.

Hsu C., Chang S., Hung H., Lin Y., Huang C., Tseng Y., and
Chen I. 2005. Vertical Single-Crystal ZnO Nanowires Grown
on InO: Ga/Glass Templates. [EEE Transactions on
Nanotechnology. 6: 649-654.

Foo K. L., Hashim U., Prasad H., and Kashif M. 2012.
Fabrication and Characterization of IDE ZnO Thin Films Using
Sol-Gel Method for PBS Solution Measurement. 10th IEEE
International Conference on Semiconductor Electronics
(ICSE). 19-21 Sept : 736-739.

Georgakopoulos T., Todorova N., Pomoni K., and Trapalis C..
2015. On The Transient Photoconductivity Behavior Of Sol —
Gel Tio2/Zno Composite Thin Films. Non-Crystalline Solids. 410:
135-141.

Bukauskas V., Kaciulis S., Mezzi A., Mironas A., Niaura G.,
Rudzikas M., Simkiené 1., and Setkus A. 2015. Effect Of
Substrate Temperature On The Arrangement Of Ultra-Thin Tio2
Films Grown By A Dc-Magnetron Sputtering Deposition. Thin
Solid Films. 585: 5-12.

Layek A., Middya S., Dey A., Das M., Datta J., and Ray P. P.
2014. Synthesis of ZnO composited TiO2 Nanoparticle And Its
Application In Dye Sensitized Solar Cells: A Novel Approach
In Enhancing Open-Circuit Voltage. Mater. Lett.126: 214-
216.

Nadzirah S. and Hashim U. 2013. Annealing Effects On
Titanium Dioxide Films by Sol-Gel Spin Coating Method. RSM
2013 IEEE Reg. Symp. Micro Nanoelectron. 25-27 Sept :159—
162.

Shang Y. 2009. Leader-following Consensus Problems with a
Time-varying Leader under Measurement Noises. Dynamical
System and Application. é: 1-12.

Droogendijk H., Sander R. G. P. S., and Krijnen G. J. M. 2013.
Uncovering Signals From Measurement Noise By Electro
Mechanical Amplitude Modulation.  New J. Phys., 15:
053029.

Abdullah W.F.H., Othman M., Ali M.A.M. 2009. Chemical Field
Effect Transistor with Constant Voltage Constant Current
Readout Circuit. [EEE Student Con Res. Dev. (SCOReD 16-18
Nov : 219-221.



38

(191

[20]

[21]

Rohanieza Abdul Rahman et al. / Jurnal Teknologi (Sciences & Engineering) 78: 5-8 (2016) 33-38

Zhao L., Xia M., Liv Y., Zheng B., Jiang Q., and Lian J. 2012.
Structure and Photocatalysis of TiO2/ZnO Double-Layer Film
Prepared by Pulsed Laser Deposition. Material Transaction.
53: 463-468,

Da Silva G. M., Lemos S. G., Pocrifka L. A., Marreto P. D.,
Rosario., A. V., and Pereira E. C. 2008. Development Of Low-
Cost Metal Oxide Ph Electrodes Based On The Polymeric
Precursor Method". Anal. Chim. Acta. 616: 36-41.

Kao C. H., Chen H., and Huang C. Y. 2013. Effects Of Ti
Addition  And Annealing On High-k Gd20s sensing
Membranes On Polycrystalline Silicon For Extended-Gate

[22]

(23]

Field-Effect Transistor Applications. Appl. Surf. Sci. 286: 328-
333.

Yadav A. B., Singh K., Pandey A., and Jit S. 2014. Annealing-
Temperature Effects On The Properties of ZnO thin films and
Pd/ZnO Schottky Contacts Grown on n-Si (100) Substrates By
Vacuum Deposition Method. Superlattices Microstruct. 71:
250-260.

Gao Y., Lu J., Zhang J., and Li X. 2015. Influence Of
Annealing Temperatures On Solution-Processed AlINZnO Thin
Film Transistors. J. Alloys Compd. 646: 675-679.



