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Simple Chemical Bath Deposited Zinc Oxide
Nanoflowers and their Applications for Extended-Gate
FET pH Sensor
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Abstract—Zinc Oxide (ZnO) nanostructures deposited using
simple chemical bath deposition (CBD) at different deposition time
ranging from 1 to 4 hours on indium tin oxide (ITO) substrates are
proposed as sensing membrane of extended-gate field effect
transistor (EGFET) pH sensor. The ZnO nanostructures were
grown without any seed or catalyst layer. The deposited samples
were characterized on their physical properties in order to
investigate the correlation between physical properties and pH
sensing behavior based on the influence of various deposition time
to the physical properties. It is evident from the FESEM result that
the nanostructures growth density is directly proportional to the
growth time. Same goes on crystallinity quality of the samples that
shows the same pattern as growth density. The physical properties
of the ZnO nanostructures can be related to the immersion time
and in turn influence the pH sensor performance. All deposited
samples showed the ability to be applied as the sensing material
for the EGFET pH sensor with the highest performance was
obtained from the 3-hours sample having sensitivity of 56.0
mV/pH and 0.9997 linearity. The high sensitivity obtained from
the 3-hour sample is related to high growth density of ZnO
nanostructures that provide high surface area which facilities
more contact between sensing membrane and pH buffer for ion
adsorptions.

Index Terms—ZnO Nanostructures, Chemical Bath Deposition
(CBD), Deposition Time, EGFET

[. INTRODUCTION

pH detection becomes a fundamental measurement in many
fields including industries, medical, and environmental. The pH
level can be determined by measuring the concentration of
hydrogen ions (H"). Since many chemical and biological
reaction are dependent on concentration of H* ion, therefore it
becomes a priority to researchers to produce pH sensors with
sensitive and reliable characteristics. Extended gate field effect
transistor (EGFET) pH sensor has attracted many researchers
since it offers several advantages that fulfill the requirement of
pH sensors [1, 2]. The EGFET consists of metal oxide
semiconductor field effect transistor (MOSFET) isolated from
electrolyte solution and the sensing membrane that is immersed
together with the reference electrode (RE) in the electrolyte
solutions [3]. Most of the study reported on EGFET pH sensors
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was focusing on the sensing membrane material [4-6].

Metal oxide semiconductor materials become one of the
common material used for sensing membrane due to their
excellent properties which are chemically stable and ease to
fabricate [7]. The size and morphology of metal oxide
semiconductor material also can be controlled for surface
modification [8-11]. Fayroz A.Sabah et al has deposited
Copper(Il) sulfide CuS as EGFET sensing membrane at
different post annealing time. They found that the sensitivity of
CuS is influenced by the CuS growth morphology. The
optimum sensitivity was found at 30 min annealed sample with
27.8 mV/pH of sensitivity value [1]. Besides that M. A.
Zulkefle et al has studied the porous TiO» as EGFET sensing
membrane [ 12]. The results obtained shows the porous TiO; has
ability as pH sensor sensing membrane with sensitivity and
linearity of 19.30 mV/pH and 0.9950 respectively. From
previous reserchers, it can be concluded that the growth
morphology of metal oxide play a significant role in enhance
the EGFET sensing performance [13-15]. Having an
outstanding characteristics in terms of electrical and sensing
properties, the zinc oxide (ZnO) becomes one of the promising
metal oxide semiconductor material as the sensing membrane
[16]. Besides that, ZnO also has variety of nanostructure
morphologies that provides large surface area which contributes
to favourable sensing performance. Until now, extensive
researches have been done to produce the sensing material with
novel structures that can improve the sensing performance [17].
This surface structures are depending on the synthesis methods
and their conditions [16]. Among the synthesis methods that
have been reported, solution-based methods have emerged as
an excellent method in producing high quality ZnO
nanostructures at lower deposition temperature that are required
for device applications. The deposition time during deposition
process was reported to play significant roles that would
influenced the growth morphologies of ZnO nanostructures and
contributes to better devices performance [18-21]. However,
there are still limited report on this effect on EGFET pH sensor
performance.

Therefore, in this paper, the influence of the deposition time
of ZnO nanostructures sensing membrane on the EGFET pH
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sensor performance is reported. The ZnO nanostructures was
growth using chemical bath deposition (CBD) method at
different deposition time ranging from 1 to 4 hours and further
applied as the sensing membrane for EGFET pH sensor.

II. MATERIAL AND METHODS

A.  ZnO Nanostructure Deposition

In this work, the CBD method was used to fabricate ZnO
nanostructures. 0.23 g zinc nitrate hexahydrate [Zn (NO3),.
¢H20] and 0.11 g of hexamethylenetetramine (HMT,
(C¢H12N4)) were dissolved in 100 ml of deionized (DI) water.
Prior to the stirring process, the solution was sonicated for 30
mins in ultrasonic bath. In order to ensure the solution was
dispersed, the mixture was stirred using magnetic stirrer at 300
rpm at room temperature for 3 hours.l cm X 2 cm indium tin
oxide (ITO) coated glass was used as the substrate due to the
high conductivity of ITO which is needed to complete the
circuitry of the EGFET pH sensor setup. The ITO substrate was
immersed in ZnO solution and placed in water bath at 95 °C
with the deposition time varied from 1 to 4 hours. After the
deposition process, the deposited samples was cooled at room
temperature for 14 hours followed by drying and annealing
treatment for 30 mins at 500 °C. The ZnO nanostructures was
deposited to form 1 cm x 1 cm sensing area while the rest of the
ITO substrate surface was left uncoated.

B. Sample Characterization

Field- emission scanning electron microscope (FESEM, JSM-
7600F) and X-ray diffraction (PANalytical X’Pert PRO XRD)
with monochromatic Cu Ka radiation (A = 0.154 nm) were used
to investigate the surface morphology and crystalline properties
of the ZnO nanostructures respectively. For pH sensing
capability, the uncoated conductive area of the ITO substrate
surface was connected to a metal wire using silver paste and
encapsulation was done to further strengthen the contact and
avoid leakage of the solution during measurement process. The
other end of the wire was connected to the gate of a
commercialized n type FET. The sensing membrane and a
reference electrode (Ag/AgCl) were dipped together into
different ready-made J.T. Beaker pH buffer solutions of pH 4,
7 and 10. Fig.1 Shows the measurement setup of EGFET pH
sensor. The Semiconductor Device Analyzer model Keysight
B1500A was used to measure current-voltage (Ip-Vrer)
characteristics of the deposited samples. The source (S) and
drain (D) terminal were connected to source measure unit
(SMU) 1 and 2 while the reference electrode was connected to
SMU 3 as shown in Fig. 1. From the transfer curve analysis, the
gate voltage versus pH graph was plotted based on gate voltage
at 100 pA for each pH level. The sensor sensitivity was
obtained from the Vrer -pH graph slope and the linearity was
the linear regression (R?).

III. RESULTS & DISCUSSION

A. ZnO Nanostructures Characteristics

The FESEM images of the synthesized ZnO nanostructures
are shown in Fig.2. It is clear that for the sample deposited at 1
and 2 hours, the nanostructures are small and distributed across

the substrate surface as shown in Fig.2 (a) and (b) respectively.
Most of the nanostructures are in the form of rods. There is no
distinct difference that can be observed between the samples
prepared at 1 and 2 hours, but increasing the deposition time to
3 hours caused the agglomeration of ZnO nanorods and formed
ZnO nanoflowers. The growth density of ZnO nanoflower on
the sample deposited at 3 hours is highest compared to other
samples, however, the nanostructure growth density reduces for
the sample deposited at 4 hours (Fig. 2 (d)). This can be
schematically explained in Fig. 3.

SMU 3

MOSFET
(NDPAOGOL)

Sitver Pasta

Solution

Fig. 2.FESEM images of the ZnO nanostructures deposited at a) 1, b)2,¢) 3
and d) 4 hours
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IV. RESULTS & DISCUSSION
TABLE I
THE MORPHOLOGICAL PARAMETERS FOR EACH THIN FILM AT DIFFERENT
DEPOSITION TIME

Deposition Time (Hour) Diameter (nm) Length (nm)

1 75-125 175-450

2 100-150 550-1075
3 225-425 875-1475
4 150-400 700-1200

A. ZnO Nanostructures Characteristics

The FESEM images of the synthesized ZnO nanostructures
are shown in Fig.2. It is clear that for the sample deposited at 1
and 2 hours, the nanostructures are small and distributed across
the substrate surface as shown in Fig.2 (a) and (b) respectively.
Most of the nanostructures are in the form of rods. There is no
distinct difference that can be observed between the samples
prepared at 1 and 2 hours, but increasing the deposition time to
3 hours caused the agglomeration of ZnO nanorods and formed
ZnO nanoflowers. The growth density of ZnO nanoflower on
the sample deposited at 3 hours is highest compared to other
samples, however, the nanostructure growth density reduces for
the sample deposited at 4 hours (Fig. 2 (d)). This can be
schematically explained in Fig. 3.
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Fig. 3.FESEM images of the ZnO nanostructures deposited at a) 1, b)2,¢) 3
and d) 4 hours

Fig.3 shows the schematic diagram of the growth mechanism
of ZnO nanostructures with regards to deposition time. The
growth mechanism in CBD method comprises of ZnO nuclei
and ZnO particles from solution and formed the ZnO
nanostructures solid phase [22]. Theoretically, the chemical
reactions involved in the formation of ZnO nanorods are
summarized as below [23, 24]:

(CHy)N, + 6 H,0 © 6CH,0 + 4NHs; (1)
NH; + H,0 © NH; + OH- @)
Zn(NO3), — Zn?* + 2NO3 (3)

TABLE It
(100) PEAK POSITION, FWHM AND CRYSTALLITE SIZE AS CALCULATED FROM
XRD
Deposition Time (Hour) 26 FHWM (°) D (nm)
1 32.32 0.3779 22.87
2 32.35 0.2786 31.03
3 32.10 0.2204 39.19
4 32.40 0.2204 39.22
Zn? 4+ 4NH; < Zn (NH3),** 4)
Zn** + 40H™ & Zn (OH),*” 5

Zn (NH3),*" + 20H™ © ZnO + 4NH; + H,0 (6)

Zn(OH),*” « Zn0 + H,0 + 20H" (7

The HMT (C¢Hi2N4) is a non-ionic cyclic tertiary
amine which hydrolyses in water at certain temperature and
dissociate into formaldehyde (CH,O) and ammonia (NH3) as
expressed in equation (1). The reaction of NH; in DI water
caused the formations of hydroxide ions, OH" (eq. (2)). while
zinc nitrate hexahydrate Zn(NO3),.6H,0 will disintegrate
into Zn*" ions as derives in equation 3. The presence of NHj
and OH anion from the reaction processes as stated in eq (1)
and (2) caused Zn?*" cations from Zn (NO3),. 6H,O reacted.
This Zn?" ion required for ZnO nanostructures formation. The
Zn?" ion will react with OH- and NH4" ions and may lead to
formation of aminezincate ion [Zn (NH;3)4]** and
tetrahydroxozincate ions Zn(OH4)*" as stated in equations (4)
and (5) respectively. This [Zn (NH3)4]*>" and Zn(OH4)* ions
will act as ZnO nuclei. The dehydration process of [Zn
(NH3)4]*" and Zn(OH4)* ions contributed to the formations of
ZnO nanostructures as shown in equation (6) and (7)
respectively.

The range of diameter and length of the ZnO nanostructures
are shown in Table 1. It is evident that as the deposition hour
increases, the diameter of ZnO nanostructures increased, with a
small reduction seen from the nanostructures deposited at 4
hours. The same pattern can be seen for the length where it
increases as the with the deposition time. The increasing
diameter and length at 1 hour to 3 hour may be due to the
consumption of (Zn*2, OH!) with time. On the other hand, the
slightly decreased of ZnO nanoflower length and diameter at 4
h need further detailed investigations to offer the growth
mechanism.

B. XRD pattern

Fig. 4 shows the XRD patterns for ZnO nanostructures
deposited at 1, 2, 3 and 4 hours respectively. It is ascertained
that the peaks for ZnO occur at (100) and (101) at 26 =
32.1~32.4° and 36.49° for all the samples. From the XRD
results, the (100) peak is dominant for all samples. Besides that,
it can be seen that the diffraction peaks are narrow and intense
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corresponding to high crystalline nature of ZnO nanostructures. . TABLE I

. HE VALUE OF SENSITIVITY AND LINEARITY FOR EACH THIN FILM AT DIFFERENT
The (100) peaks can be associated to lateral growth of ZnO DEPOSITION TIME
nanostructures [25].

Deposition Time (Hour) Sensitivity (mV/pH) Linearity
100 1 35.00 0.8523
2 35.00 0.9881
3 56.00 0.9997
4 43.00 0.9897

in buffer solution of pH 4, 7 and 10. This range of pH buffer is
reported suffice for pH sensor measurement [26]. In this
measurement, the drain voltage (Vp) was fixed at 500 mV while
the reference voltage (Vrer) was swept from 1 to 2 V. From the
figure, it can be seen that the transfer curve is not stable for the
1-hour sample since the Ip current for pH 10 is shifted to the
left and nearly overlapping with that of pH 7. There are not
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The crystallite size D of the as deposited films was calculated

. : . Fig. 5. Transfer characteristics (ID-VREF) of ZnO nanostructures deposited at
for (100) using Equations (7) as below: a) lhour, b) 2hours, ¢) 3hours and d) 4 hours for pH 4, 7 and 10.

= 294 (7 1.60
" BcosO ) ]
where A is the wavelength of the X-ray radiation source 215

(0.15406 A), g is FWHM and 0 is the diffraction angle of (100)
reflection, respectively. As can be seen in Table 2, the FWHM
value of the samples decreased with the increasing deposition
time to 3 h indicating the crystallinity improvement of the
samples before became constant at 4 h. It is clear that the
crystallite size of ZnO nanostructures increase with an increase
in deposition time. Bidier et al discussed that this is due to
restructure of interstitial defects (Zn and O) that reduce the
vacancies (Zn and O) and lead to increase of ZnO
nanostructures crystallite size [25]. The longer deposition time
facilitates more interstitial defects restructuring that results in
larger crystallite size.

y=0.056x+0.925
R =0.9997
2 410 = 3Hou
4576 7 8 8710
pH Level
C. EGFET pH Sensor Performance
Fig. 5 (a) (b) (c) and (d) shows the transfer characteristic (Ip- Fig. 6. Sensitivity and linearity for ZnO at a) lhour, b) 2hours, c¢) 3hours and
2 ¢ R . d) 4h
Vrer) of ZnO nanostructures deposited at 1 to 4 hours immersed ) dhours
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and 4 h as shown in Fig.5 (a),(b) and (c) respectively. From
transfer results, Vrer graph was plotted as shown in Figure 6.
The value of Vrer was observed at ~100 pA of drain current
(Ip) for each pH value 4, 7 and 10.

Fig.6 shows the gate voltage of the EGFET sensor during
immersion in pH 4, 7, and 10 buffer solutions. The sensitivity
and linearity of sensor were observed from slope and linear
regression of Vrer-pH level graph respectively. Both values for
each sensor are also tabulated in Table 3. The sensitivity and
linearity increases with the deposition time with the highest
sensitivity achieved is 56 mV/pH and the linearity is 0.9997.
The increment may be attribute to the density of the ZnO
nanostructures where it is evident from the FESEM results that
the nanostructures density of the samples deposited for 1 and 2
hours were lower than 3 hours sample.

The high density provides high surface area that facilitates
more contact between the membrane and the measurand thus
more ion adsorptions occur that lead to higher sensitivity. The
sensitivity parameter (f) is expressed in equation (8) below [1]

g )

KTCpp

where q is electron charge, Ny is surface site density, K, and
K}, are acidic and basic constants respectively. The Boltzmann
constant, absolute temperature and capacitance of electrical
double layer are represented by K, T and Cp; respectively.
According to Eq. (8) ,besides the surface to volume ratio, the
number of available site (Ny) on the surface of sensing
membrane also contribute to better performance of pH
sensitivity. In addition, the pH sensitivity also dependent on
charge of surface potential (¥) between sensing membrane

and electrolyte interface as can be seen in equation (9) below:

KT
W = 2303 T2 (pHpzc — pH) ©)

where the pH value at the point of zero charge is denotes by
pH,-.. Referring to the equation (8) and (9), it can be said that
directly proportional to Ny and ¥. The relationship between Ns
and ¥ is explained by site binding theory [1]. The site binding
theory states that, the ¥ between sensing membrane and
electrolyte surface can be altered by N, on the sensing
membrane. According to equation (9), the ¥ of the membrane
increases with increasing of N,. This ¥ improves the ion
exchange process which lead to increase in accumulation of
positive charge on surface membrane that enhance the pH
sensitivity. Theoretically, the mechanism of pH sensor is
dependent on surface reaction [1]. Thus the presence of both
parameter (surface-to-volume ratio and Ns) are the crucial
elements in increasing the pH sensor performance. This can
also be related to the observation that the sensitivity of the
sample immersed for 4 hour decreases to 43 mV/pH, and as can
be seen from the FESEM result in Fig. 2(d), the decrease is
probably due to lower density of ZnO nanostructures.

ZnO material is an inorganic metal oxide with amphoteric
surface sites. These amphoteric surface sites are prone to the

dissociation process between ZnO surface and electrolytes. The
ZnO surface consists of OH hydroxyl group that perform a role
as discrete sites for surface chemical reaction when in contact
with the electrolyte solution.The surface charging mechanism
begins when the hydroxyl group at ZnO surface adsorbed the
hydroxyl ion to form positive or negative ion respectively. In
aqueous medium and at alkaline pH, the chemisorbed protons
(H") dissociate from the particle surface leaving a negatively
charge surface with partially bonded oxygen atoms. At acidic
medium, protons from the environment are likely to react with
the particle surface resulting in a surface with positive charge.
This formation in both alkaline and acidic mediums are
described as follows [27, 28]

Zn0) + 2H,0 = Zn(0H)3 ) H* (alkaline) (10)

ZnOy + H* = ZnOH{, (acid) (11)

The sensing performance also have been tested using bare
ITO as in order to confirmed that the high sensitivity obtained
from this research are attributed by ZnO material. From the
results, the pH sensitivity obtained using bare ITO is 22.0
mV/pH. Therefore this result proved that the high sensitivity
obtained using ZnO nanostructures does not depend on ITO
substrate.

The linearity of the 2-hour sample is 0.9881 which is higher
compared to the 1-hour sample, 0.8523. This non-linearity also
can be seen from the transfer curves result where the Ip current
for the 1-hour sample in pH 7 and pH 10 are overlapping
indicating that the output was unstable. This might be due to
weak adhesion of ZnO nanostructures on glass substrate that
cause the ZnO nanostructures to be peeled-off during the
subsequent immersion in pH 4, 7 and 10 buffer solutions. The
linearity of the 3-hour sample is the highest, 0.9997,
approaching to 1, however, that of 4-hour sample decreases to
0.9897. Referring to the XRD results tabulated in Table 2, while
the crystalline quality of the 3 and 4-hr samples is quite similar
based on the FWHM, the sensor performance is different.
Relating this to the FESEM images of the samples, this suggests
that besides the crystalline quality, the sensing material density
on the sensor surface also plays a crucial element to the overall
sensor performance. The highest sensitivity achieved by 3
hours sample (56.0 mV/pH ) is also higher than other ZnO
sensing membrane reported in literature as tabulated in table 4.

V. CONCLUSION

ZnO nanoflowers were successfully deposited on ITO
substrates using simple immersion CBD process at a low
temperature of 95 °C, without any seed or catalyst layer. The
deposited ZnO nanoflowers were then applied as the sensing
membrane of an EGFET pH sensor. The growth of ZnO
nanostructures was influenced by the immersion time. For 1 to
2-hours immersion time, ZnO nanostructures were formed
scattered on the substrate surface. The pH sensing sensitivity
for both samples were around 35 mV/pH but the linearity was
found to be improved from 0.8523 to 0.9981 when the
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TABLE IV
COMPARISON OF SENSITIVITY PERFORMANCE OF ZNO SENSING
MEMBRANE USING VARIOUS METHODS

ZnO growth

Deposition Sensitivity

morphologies Methods (mV/pH) Ref
ZnO Thin Film Radio 0.8523 [28]
frequency
Sputtering
passivated i-ZnO  Vapor cooling  0.9881 [29]
nanorod array condensation
ZnO Nanorods Thermal 0.9997 [30]
Chemical
Vapor
Deposition
ZnO Chemical 0.9897 This work
Nanoflowers Bath
Deposition

immersion time was increased from 1 to 2 hours. The highest
sensitivity and the best linearity were achieved from the sample
deposited for 3 hours which produced highest density
nanoflowers resulting in a high sensitivity of 56 mV/pH and
linearity of 0.9997. The sensing performance can be related to
the density of the ZnO structures on the substrate surface. High
nanostructure density gives high surface area that facilitates
more ion adsorption on the sensing membrane. The growth
density of ZnO nanostructure was found highest for the 3-hour
sample, which in turn produced the highest sensor performance.
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