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ZnO/Au/ZnO (ZAuZ) multilayer structures with different thicknesses are deposited on a glass
substrate by using the RF and DC magnetron sputtering methods and then are used as extended
gates in field effect transistors (FET) for the pH detection. Their structural, optical, and
electrical properties are investigated. The thickness parameter affected the pH sensitivity of the
multilayers, by increasing the sensitivity from 0.25 𝜇A1/2/pH to 0.3𝜇A1/2/pH in the saturation
region and from 50 mV/pH to 66.66 mV/pH in the linear region. On the contrary, in the
hysteresis voltage case, it is reduced from 10.11 mV to 9.87 mV, as the thickness of multilayers
increases from (100/50/100) nm to (200/100/200) nm.
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1. Introduction
Recently, it was found that the metal-oxide-semicon-
ductor field effect transistor (MOSFET) as one of the
family of devices involving a field effect transistor and
derived from an ion-sensitive field effect transistor
(ISFET) (see, e.g., [1]) is of interest in the detection
of ions and plays an important role in biosensor ap-
plications as a pH sensor. The extended gate field ef-
fect transistor (EGFET) was used to develop ISFET
except for that the gate in the former was out and
presented for first time by van der Spiegel in 1980
(see, e.g., [2]).

In studies of sensing materials such as ZnO,
H.-H. Li et al. [3] achieved a higher sensitivity of
ZnO/Si nanowires as EGFET for a pH sensitivity of
0.73 𝜇A1/2/pH in the range of pH 1 → 13 of buffer
solutions.

A. Shenoy et al. [4] prepared ZnO nanowires by the
spray pyrolysis method and tested as EGFET. In the
pH sensor applications, the sensitivity of films was
158.605 𝜇A1/2/pH.

In this paper, we produce ZnO/Au/ZnO multilay-
ers with different thicknesses and use them as an ex-
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tended gate in FET, by applying as pH sensors. The
effect of the thickness parameter on the sensitivity of
multilayers is investigated.

2. Methodology

2.1. Growth of ZnO/Au/ZnO
multilayer films

Glass substrates (1 cm× 3 cm) in size were used to de-
posit ZnO/Au/ZnO multilayer thin films. The glass
slide was ultrasonically cleaned in acetone and deioni-
zed water and then dried with nitrogen. The depo-
sition of ZnO/Au/ZnO multilayers consists of three
steps. First, a 𝑛-type ZnO layer was sputtered on
the glass substrate; second, an Au metal layer was
deposited on the ZnO layer; and, finally, a ZnO
layer was deposited on the Au layer. So, three layers
ZnO/Au/ZnO were formed, by using an HHV Auto
500 vacuum coater with a turbo molecular pump-
ing system and RF and DC magnetron sputtering
systems. The base pressure was 4.35× 10−5 mbar,
and the pressures during the working were 6.75×
× 10−3 mbar for a ZnO target and 5.6× 10−3 mbar
for an Au target. The RF and DC were fixed at
100 W. All multilayers were fabricated with the use
of ZnO targets (99.999% purity) and Au targets
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Fig. 1. pH sensor set up

Fig. 2. ZAuZ XRD pattern

(99.999% purity). The thicknesses of ZnO/Au/ZnO
multilayers were controlled by the sputtering time
and set to be (200/100/200) nm and (100/50/
100) nm.

2.2. Characterization of Zna/Au/ZnO
multilayer films

The equipment used to investigate the structural,
optical, and electrical properties of the multilayer
films after the deposition was an X-ray diffractome-
ter equipped with a CuK𝛼 source (𝜆 = 0.15418 nm)
to check the tie intensity peak and the crystallinity
structure of ZnO/Au/ZnO multilayer films. For the
nanoscale analysis, the atomic force microscopy
(AFM) was used to determine the morphology and

roughness of the multilayer film by 3D images. We
applied a field emission scanning electron microscope
FEI NOVA Nano SSM450 to examine the top view
of ZnO/Au/ZnO multilayers for various thicknesses
and, finally, measured the resistivity and Hall mo-
bility of the multilayer structures, by using the Hall
effect, on an HL 5500 pc-hall effect device (Accent
optical technologies Inc.).

2.3. Measurement of the performance
of ZAuZ multilayers. EGFET as a pH sensor

The system seen in the schematic below was used
in measurements of the electrical properties of
ZnO/Au/ZnO multilayers as an extended gate field
effect transistor. The electrical circuit includes two
Keithley 2400 instruments, personal computer (PC)
to store data and to analyze, commercial MOSFET
HEF4007UBD (its drain and source being connected
to one of the Keithley instruments), and the gate
of MOSFET connected to the sensing membrane
(ZnO/Au/ZnO), which was immersed in a pH buffer
solution put in a cavity, reference electrode to calcu-
late the sensitivity and hysteresis of the sensing mem-
brane, and a pH buffer solution in the range (4 → 10).

3. Results and Discussion

3.1. Properties of multilayer structures

When the growth of ZAuZ multilayers was completed,
the phases and peaks of multilayer films were inves-
tigated by the X-ray diffraction analysis.

In Fig. 2, we show the XRD results, which indi-
cate that the ZnO/Au/Zns multilayers of different
thicknesses have the same phase and that the poly-
crystallinity of films with intense Au peaks (111),
(200), (220) has a cubic structure with lattice con-
stants 𝑎 = 𝑏 = 𝑐 = 4.0796, Å, while ZnO has
hexagonal structure with the intense peaks (102) and
(311) and the lattice constants 𝑎 = 𝑏 = 3.2648 Å,
𝑐 = 5.2194 Å. From the results above, it is seen that
the thickness has no effect on XRD results contrary to
AFM results. The AFM analysis of 3D images indi-
cates that the average roughness (Ra) increases from
0.5 nm to 1 nm with the thickness of multilayers from
100/50/100 nm to 200/100/200 nm.

The Ra data show the irregularities in the surface
of multilayers represented by projections and valleys
(see Fig. 3, (a, b).
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a b
Fig. 3. AFM analysis of ZnO/Au/ZnO multilayers: 200/100/200 nm(a); 100/50/100 nm (b)

a b
Fig. 4. ZnO/Au/ZnO multilayer FESEM images: 200/100/200 nm (a); 100/50/100 nm (b)

From FESEM images (Fig. 4, a, b), we can see a
quite homogeneous surface of the films due to the
RF and DC sputtering methods used to deposit the
multilayer films.

3.2. Electrical properties
of ZnO/Au/ZnO multilayers

The sheet resistance, Hall mobility, and Q-factor
were calculated for ZsO/Au/ZnO with thicknesses of
200/100/200 and 100/50/100 nm. From the results
presented in Table 1, we see that the sheet resistance
of ZnO/Ao/ZiO decreases, as the thickness of multi-
layers increases. This is attributed to that the resis-
tivity of multilayers obeys the Ohm law according to
the relation

1

𝑅Total
=

2

𝑅ZnO
+

1

𝑅Au

∼=
1

𝑅Au
, (1)

where 𝑅Total is the total resistivity of multilayers,
𝑅ZnO the resistivity of a ZnO layer, and 𝑅Au the re-
sistivity of the Au layer.

On the contrary, the results on the Hall mobility
show that its value increases with decrease in the
thickness of the multilayers (ZAuZ).

Electrical properties of ZnO/Au/ZnO
at different thicknesses of multilayers

Film
structure

Sheet
resistance

(Ω/�)

Hall
mobility
(cm2/Vs)

Q-factor
Φ𝑇𝑐 = 𝑇 10/𝑅sh(Ω

−1)

ZnO/Au/ZnO
200/100/200 nm 12.72 121.39 4.019× 10−3

ZnO/Au/ZnO
100/50/100 nm 22.31 103.55 3.467× 10−4

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 8 701



H.S. Rasheed, Naser M. Ahmed, M.Z. Matjafri

Fig. 5. 𝐼–𝑉 characteristic curves for ZnO/Au/ZnO multilayers in the saturation region (a) and the linear region (b)

The Q-factor for ZnO/Au/ZnO multilayers that
plays an important role in measurements of the per-
formance of the multilayer device is calculated, by
using the Hank relation [see also (4)]

⊘TC =
𝑇 10

𝑅sh
, (2)

where ⊘TC is the Hank Q-factor, 𝑇 the average op-
tical transmissition of the multilayers, and 𝑅sh the
sheet resistance of the multilayers.

3.3. pH-sensing membrane

The drain source current versus the drain source volt-
age (𝐼DS–𝑉DS) and the drain source current versus
the gate source voltage (𝐼DS–𝑉GS) for the multilayers
of ZnO/AD/ZnO for thicknesses of (200/100/ 200)
and (100/50/100) nm are presented in Fig. 5, (a,
b). On the left side called the saturation region, 𝐼DS

decreases with increase in the pH value, which is at-
tributed to the accumulation of H+ in an acidic so-
lution, while the left side of Fig. 5 shows the linear
region, where 𝐼DS increases with pH.

To calculate the performance of a sensing mem-
brane represented by the chemical sensitivity, we use
the site binding model [5] with the surface potential
depending on pH, as expressed by the relation

2.303(pHpzc-pH) =
𝑞𝜙

𝑘𝑇
+ sinh−1 𝑞𝜙

𝑘𝑇𝛽
, (3)

where pHpzc is the pH value at the point with zero
charge, 𝐾 Boltzmann constant, and 𝑇 the absolute
temperature.

The chemical sensitivity 𝛽 depends on the number
of surface sites per unit area 𝑁𝑠:

𝛽 =
2𝑁𝑠𝑞

2(𝑘𝑏/𝑘𝑎)
1/2

𝐾𝑇𝐶DL
, (4)
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Fig. 6. The sensitivity plot of the ZnO/Au/ZnO multilayers in the saturation region (a) and in the linear
region (b)

a b
Fig. 7. Hysteresis of the (ZAuZ) multilayers at different thicknesses: (200/100/ 200) nm (a) and
(100/50/100) nm (b)

where 𝐾𝑎 and 𝐾𝑏 are constants, and 𝐶DL is the elec-
tric capacitance. From relation (2), higher 𝑁𝑆 lead to
higher 𝛽.

The left and right sides of Fig. 7, a show the satu-
ration sensitivity of ZnO/Au/ZnO for thicknesses of
(200/100/200) nm and (100/50/100) nm, respective-
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ly. The sensitivity was calculated by plotting the squ-
are root of 𝐼DS in 𝜇A versus pH [6]:

pH sensitivity (saturation region) =
Δ
√
𝐼DS

ΔpH
. (5)

The higher sensitivity equal to 0.31 𝜇A1/2/pH is re-
vealed by the multilayers with higher thicknesses of
(200/100/ 200) nm. The linear sensitivity seen in the
left side of Fig. 7, b for multilayers with thicknesses
of (200/100/200) nm is higher than a sensitivity of
50 mV/pH for the multilayers with thicknesses of
(100/50/ 100) nm. This implies that a higher thick-
ness leads to a higher sensitivity, which is attributed
to the higher surface-to-volume ratio. This result is
in agreement with relation (4).

4. Hysteresis Characteristic

The hysteresis phenomena are related to many chem-
ical interactions between ions and the defects of the
sensing membrane surface and can define the dif-
ference between the high loop 7→ 10→ 7 and low
loop 7→ 4→ 7 hysteresis voltages of ZnO/Au/ZnO
multilayers, which are different for thicknesses of
(200/100/200) nm and (100/50/100) nm, as is seen
in Fig. 7, a.

5. Conclusion

In this research work, we have reported on the synthe-
sis of multilayers ZnO/Au/ZnO with different thick-
nesses, by using the RF and DC magnetron sput-
tering methods. For the first time, we have pro-
duced the films as extended gate field effect tran-
sistors. The multilayers have single clystalinity with
the intense Au peak (111) investigated by the XRD
technique. The multilayer films with thicknesses of
200/100/200 nm have higher saturation and linear
sensitivity (0.31 𝜇A1/2/pH, 70 mV/pH) as compared
with the films with thicknesses of (100/50/100) nm
(0.25 𝜇A1/2/pH, 50 mV/pH), on the contrary with
the hysteresis case.
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НОВИЙ ZnO/Au/ZnO ПОЛЬОВИЙ
ТРАНЗИСТОР З ШИРОКИМ ЗАТВОРОМ
ЯК СЕНСОРНА МЕМБРАНА

Р е з ю м е

ZnO/Au/ZnO (ZAuZ) багатошаровi структури рiзної тов-
щини утворенi РЧ i ПТ-магнетронним розпиленням i потiм
використанi як широкий затвор у польовому транзисторi
для вимiрювання рН. Дослiджено їх структуру, оптичнi та
електричнi властивостi. Товщина структур впливає на рН-
чутливiсть, яка росте вiд 0,25 𝜇A1/2/pH до 0,3 𝜇A1/2/pH
в областi насичення i вiд 50 мВ/pH до 66,66 мВ/pH на лi-
нiйнiй дiлянцi на вiдмiну вiд випадку з гiстерезисом, коли
чутливiсть зменшується вiд 10,11 мВ до 9,87 мВ, якщо тов-
щина зростає вiд (100/50/100) нм до (200/100/200) нм.
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