yournal of Engineering and Developmen;

www.jead.org
Vol. 20, No.1, January 2016
ISSN 1813-7822

FABRICATION AND CHARACTERIZATION OF PALLADIUM -
DOPED ZINC OXIDE THIN FILMS AND ITS APPLICATION AS
EXTENDED-GATE FIELD -EFFECT TRANSISTOR PH SENSOF

Dr.Raad HamdaFhahe!, Ghusoon Mohsin Afj *Ali AzzamAbdullatee®

1) AssistProf., Electric&ingineering Departmerthe Universityof MustansiriayalBaghdad, Irai
2) Lect., ElectricdEngineering Departmerthe Universityof Mustansiriayat8aghdad, Irai
3) M.Sc. student, ElectricEhgineering Departmerthe Universityof Mustansiriayal8aghdad, Ira.

(Receivec06/28/2015 ; Accepted:16/09/2015)

Abstract: This work presents the fabrication, characterizatiod performance analysis Zinc Oxide (ZnO)
and Palladium doped Zinc Oxide -ZnO) thin films based Extended-Gate Fi@ffect Transistor (EGFET) p
sensor. The Pdeped ZnO thin films with different molar concenivas (Pd = 0%, 2% and 4%) were depos
onto p-type Si<lll>substrate by s-gel method.The EGFET pbkensor has been prepared by linking
fabricated sensing devices to the gate terminah afommecial Metal Oxide Semiconductor Fi-Effect
Transistor (MOSFET CD4007UB). The fabricated segsievices were immersed in buffer solutions with
range of (pH 3- pH 11).The pH sensing characteristics of ZnO ad-ZnO/silicon EGFET devices we
studied using Semiconduct@haracterizatioc System (SCS-Keithley 4200The undope ZnO EGFET sensor
exhibits current sensitivity and linearity of 46uA/pH and 97.81%with pH range of (pH - pH 11) andthe
current sensitivity and linearity ¢fc-doped ZnO (with 4%molar concentration of Pd) EGFET sensor with
range of (pH 5 - pH 11) are 44\/pH and 96.22%, respectively
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1. Introduction

In recent years, there is noteworthy interest imgipH-sensors based on Field Effect
Transistor (FET) in biomedical applications suchhasman blood, urine, and saliva because
the fabrication of pH-sensors is tending toward mst, small size, disposable, and real-time
measurement. The pH value is an important parameténe environmental and medical
detection. For example, a small change of pH vaue to the wastewater from factories
would threaten the living creatures inside therrimeocean. In addition, a small difference in
pH value of the blood can wreck the balance of hulmady system. Many process industries
also deal with pH measurements such as food indsstdrugs and semiconductors.The
structure of ion-sensitive field effect transis(BFET) was fabricated as an alternative to the
fragile glass electrode by Bergveld in 1970 at theiversity of Twente [1].The main
difference between ISFET and standard metal oxadeiconductor field-effect transistor
(MOSFET) is that there is no metal gate electradéhe former. Silicon dioxide (S¥pwas
the first sensitive membrane used in ISFET, whiati several disadvantages such as unstable
sensitivity and large drift. Many sensitive membimnere used as pH-sensing elements like
Aluminum nitride (AIN) and Aluminum oxide (ADs) [2,3].The advantages of ISFET over
conventional glass electrodes are miniaturizatibigh input impedance, low output
impedance, easy to mass product and suitable dsebsor applications.

Extended Gate Field Effect Transistor (EGFET) wasally suggested as an alternative
to ISFET in pH measurement by Van Der Spiegel ahdre in 1983 [4].The EGFET utilizes
the same principle of operation of the ISFET.EGH&@ structure used to isolate MOSFET
from the chemical environment. In 2000, Chi andeathpresented an improved structure of
EGFET. The developed device consists of membram&tse to hydrogen ion (sensing part)
and commercial MOSFET (CD4007UB) [5]. This struetlias many advantages such as less
sensitive to light, stable and flexible shape & #xtended gate. Various materials were also
used as the ion sensitive parts such as Tin 0x8d€}] and Titanium dioxide (Tig) [6,7].
Zinc oxide (ZnO) thin films are technologically iilmpant with wide range of electrical and
optical properties [8], which make them suitable foany applications such as varistors,
surface acoustic wave devices, transparent comguetiectrodes, piezoelectric transducers,
solar cells and gas sensors. ZnO is II-VI semicotalumaterials with wide and direct band
gap (~3.37eV) at room temperature, non-toxic maltecheap and good chemical and thermal
stability. Zinc oxide was doped with various maaéisuch as Aluminum, Gallium and Indium
to modify specific properties[9,10,11]. In this Werthe characterization and pH-sensing
characteristics of palladium-doped ZnO thin filnsspdd-EGFET sensor were investigated.

2. Experimental Work

2.1. Thin Film Deposition
The cleaning of substrates isthefirst step to reemany contaminations and dirts. For

deposition process, p-type silicon substrates Sizdith thickness of 500 pm)and

resistivity 2—7 Q.cm were used. The substrates were subjected #@miolp process in
ultrasonic bath for five minutes using trichlorogdne (CICH.CCL), immersed in acetone
for one minute, cleaned in a solution of 40mL ofigBuric acid (HSO,) and 60 mL of

hydrogen peroxide (#D,), and cleaned in de-ionized water(resistivity =M&.cm) [12].
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For un-doped ZnO film, 1.75 gram powder solute dityanof Zinc acetate dihydrate
(Zn(CH;COO),2H,0) was dissolved in 20 mL of isopropanol ((§4€HOH) and 0.8 gram
Diethanolamine (¢H11:NO,) at room temperature to synthesize 0.4 mole/ldtercentration of
aqueous precursor solution of ZnO. For Pd-doped Zaldtions, 0.02 (2%) and 0.04 (4%)
mole/liter concentrations of aqueous precursortewia of Palladium (IlI) nitrate dehydrate
(2NGs.Pd.2HO) were prepared by dissolving powder quantity dfl0and 0.21 grams of
Palladium (II) nitrate dehydrate (the solute) inusons of 20mL isopropanol (the solvent),
1.75 gram of Zinc acetate dehydrate and the deamealint of Diethanolamine, respectively.
The molar concentration of Zinc acetate dihydratas 0.4 mole/Liter. The resultant solutions
were mixed at room temperature by a magnetic sfiorel h to obtain clear and homogeneous
solutions[13].

ZnO and Pd-dopedZnO films were prepared by spitiregp#he precursor solutions on the
substrates for 50 second at a speed of 4,000 rpis.step was followed by preheating the
coated substrates at 18D for 10 minutes by a hot plate device. The spit@oand hot plate
devices (model: CHEMAT TECHNOLOGY, KW-4A).The caagi and preheating steps were
repeated for three times. Then, the deposited fivese annealed at 45C for 1 hour by
conventional thermal annealing device (Model: MREL-1100X).

2.2. Surface Morphology and Crystal Structure
In this study, the surface morphology of Pd-dopeat oxide films deposited onto the

Silicon substrates using sol-gel synthesis was adday a field emission scanning electron
microscope (FE-SEM) (model: FE-SEM, Tescan Vega dd atomic force microscopy

(AFM) (model: NT-MDT, SPM Ntegra). The crystal stture of deposited films was

examined by the X-ray diffractometer device (modelb X XRD-6000, Shimadzu)with Cu

Ka radiation, voltage 40 kV, current 30 mA.

2.3. Electrical Properties
Hall Effect measurement system (model: Ecopia, HW80) was used to measure the

electrical characteristics of thin films with magindield and constant current value of (0.55
Tesla and 1Q@Ampere) respectively. Van der Pauw square geonsatnyple was used with
1.5 cm length of sides and four aluminum triangatamtacts at the corners.

2.4. Palladium Comb-Like Electrode
A ten finger metal mask was used to thermally evagothe Palladium comb like

electrodes on the fabricated ZnO samples. The depoBngers were designed to have a
width of 0.5 mm, a length of 16 mm, and spacin@ ohm between the mask fingers. This
design has proven to be reliable throughout oukw®dhen, the sensing filmswere bound to a
metal wire with silver paste (electrical contadtipen, the wire-bond region was encapsulated
by epoxy resin to prevent electrical contact witle €lectrolyte and avoid leakage current
during measurements. The sensing area was detefrain25 cnx 2.5 cm by epoxy resin.
The cross section of the pH sensing electrodieds/s in Fig.1.
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Figure 1: Cross section of the sensing electrode of EGFET.

2.5 Current-Voltage Measurement System of EGFET pH Sensor
The (I-V) measurement system is shown in Fig. 2this work, commercial MOSFET

(model: CD4007UB, RCA Solid State Division) was diseThis device has good
characteristics and also commercially availables §ate terminal of n-channel transistor was
connected to the sensing structurewhile the dramh source terminals were connected to
Semiconductor Characterization System (model: SE® 4Keithley Instruments, Inc.) via a
bread board. The reference electrode was Ag/Ag€ttelde (model: Digi-lvy, Inc.),
providing a bias voltage on the sensing electrddemeasure the sensing performance of the
fabricated pH sensor, the sensing unit and the §GlAeference electrode were immersed in
a beaker containing electrolyte buffer solution iy seconds before measuring, and the
distance between the reference electrode and geasinhwas kept at about 1 cm. After each
measurement, the sensing gate was rinsed in deesbnwater for 15 seconds before
conducting another measurement in a new buffertisalun order to remove any residual
chemical compounds. All measurements were achiaveabm temperature.

:
= VA
MOSFET
CD4007UB
Reference Sensor
electrode /
Buffer
solution I-V system
Keithley 4200

Figure 2: (I-V) measurement system of EGFET.
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3. Results and Discussions

3.1 Surface Morphology of films
The influence of Pd doping on the surface morphplojZnO and (ZnO:Pd) films is

shown in Fig.3.The AFM and SEM topographical imagetow that theZznO and Pd-doped
ZnO films havehomogeneousind uniform surfaces without any crackke scanned area is
too small compared to the whole thin film area. ,Butstill provides a positive hint about
homogeneity and absences of surface cracks. Fravh iéBults, thegrain sizes were 36.1 nm,
37.3 nm, and 41.6 nm for undoped, 2%, and 4% PedldpO thin films respectively.

The clustering of the grains is clearly observe®didoped ZnO films.However, there is
no significant difference in grain size between qpetl and 2% Pd-doped ZnO filmBhe
SEM topographical nanographith 100kx magnification iRig.3(aghows thatthe undoped
ZnO film consists of densely packed nanoparticlesa8FM image. In 2% Pd-doped ZnO
film Fig. 3(b), tiny grains were merged to largeregresult in a small increase in grain sizeand
this is clearly observed in AFM image. Fig. 3(cpyes that the 4% Pd-doped ZnO thin film
consists of agglomerations like clusters resulamnincrease in grain size and this in good
agreement withAFM image. From AFM test, Root megnase (RMS) value of surface
roughness were 2.553, 1.817 and 1.625 nm for undapeO, 2%, and 4% Pd-doped ZnO thin
films, respectively. The small values of surfacagimness indicate the formation of granular
nanostructures in ZnO and ZnO:flds. The decrement in surface roughness of the deposited
films is clearly observed in SEM images.
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Figure 3: AFM and SEM images of (a) undoped ZnO film (b) 2% Pd-doped ZnO film (c) 4% Pd-doped ZnO film.

The thickness of the deposited films was estimasedg the SEM cross-section images of the
prepared structures as shown in Fig. 4. The thekmé the undoped ZnO, 2%, and 4% Pd-
doped ZnO was about 110 nm, 600 nm and 610 nmecasgpely. The diminution in surface

roughness of the prepared films with increasingatigoncentration was clearly observed by

SEM cross-section images.
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Figure 4: SEM cross-sections of (a) ZnO/Si, (b) ZnO:Pd/Si with 2% Pd doped and (c) ZnO:Pd/Si with 4% Pd doped
structures.

3.2 Crystal Structure

The XRD patterns of the prepared films are obtaibgdX-ray diffractometer with 2
starting from 20° to 50° as shown in Fig.5. Thefrdidtion peaks of all films are fairly
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matching with the hexagonal wurtzite ZnO structid@PDS card no. 36-1451). There are no
peaks corresponding to the dopant (Pd) regardiege aopant concentration, which may be
due to the low amount of Pd doping. In undoped Zm® film, four peaks that correspond to

the (100), (002), (101), and (102) directions oé thexagonal ZnO crystal structure are
appeared at 31.82°, 34.45°, 36.32°, and 47.62°%otisely with no presence of dominant

peak. The c-axis lattice constant was calculaté28gA.
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Figure 5: The XRD spectra of undoped and Pd-doped ZnO thin films.

In 2% Pd-doped ZnO thin film, one sharp peak aB@4and three small peaks at 31.42°,
35.93, and 47.22° are observed corresponding tenystal planes (002), (100), (101), and
(102), respectively. The ratio of the intensitidstlte peaks (002) to (100), i.egodl100, IS
about 3 suggesting preferential growth along thaxis; which indicated by the plane
(002).The c-axis lattice constant was calculatéd22tA. In 4% Pd-doped ZnO thin film, the
only diffraction peak is the ZnO (002) peaks lodate 34.28° whereas the secondary peaks
corresponding to the crystal planes (100) and (&0 )negligibly small. This film has enough
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preferred orientation (002) crystal plane along thaxis, which indicated that the film is
polycrystalline with a hexagonal wurzite struct{i4].

The c-axis lattice constant was calculated as5.226/&d-doped ZnO films, deviation in
peak positions to lower angles is clearly obseraed the corresponding d-spacing becomes

larger than standard d-spacing{gluregUstandard due to the effect of the uniform tensile
(positive) strain [15]. Lattice strain is arisingom crystal imperfections, such as lattice
dislocations. One of the sources of strain is ttengboundary (GB) [16]. Grain boundaries
are defects in the crystal structure, and leadetwrahse the electrical properties of the film.
Therefore, the mobility of charge carriers was dased in this film, as illustrated in Hall-
effect measurement later. The diffracted intensitgreases by increasing the dopant
concentration due to increasing the size of ZnQigles [17]. It's observed that the lattice
constants (c) increases with the dopant conceoraflhis variation in lattice constants
preliminarily denotes that Pdions substitute of Zii ions in the ZnO lattice because of the
larger ionic radius of Pdion (0.086 nm) than ionic radius of Zrion (0.074 nm) [18].

3.3 Hall Effect measurement of films

The measured electrical properties of the ZnO an@®:Bd sensing films like carrier
concentration, resistivity, mobility, and semiconting type are summarized in Table 1. Hall-
effect measurements indicate that ZnO and ZnOlRt fare n-type materials. The observed
diminution in mobility of 2% Pd-doped ZnO film mde due to the presence of the grain
boundaries, resulting in the scattering and tragpihthe charge carriers at grain boundaries,
as previously illustrated in XRD results. Thereforghen the grain boundary density
decreased the mobility increased. The increasirigarmobility of 4% Pd-doped ZnO film as
compare with 2% doping concentration film may bilaited to the increasing in the grain
size and improving in crystallinity with doping. Haneasurements indicate that there is no
significant change in carrier concentration of defsal films regardless of the doping
concentrations, resulting in no considerable changthe resistivity of the Pd-doped ZnO
films, which can be attributed to the low amountdopant material in the synthesized films
[12].

Table 1Electrical characteristics of the sensing films by hall-effect.

Sensing film ZnO ZnO:Pd (2%) ZnO:Pd (4%)
Current(nA) 100 100 100
Magnetic field (T) 0.55 0.55 0.55
Mobility (cm?/Vs) 114.1 96.9 112.6
Resistivity .cm) 29.6x10? 33.5x10? 47.1x107?
Carrier concentration (cfi) 1.85x10" 1.92x10" 1.18x10"

3.4 Sensing Performance of ZnO and Pd-doped ZnO Based EGFET pH Sensor

To investigate the sensing performance of the Zn@®Rd-doped ZnOEGFET pH sensors
in solutions of various pH values, The output chemastics (drain current versus drain source
voltage, bs—Vps) of the undoped ZnO, 2%, and 4% Pd-doped ZnOisgffigms with (Vs =
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4 V and \bs varied from 0 to 5 V) are measured as shown in6Fig and 8, respectively.
These curves are plotted by MATLAB software. Frdmse curves, it is observed that the
drain-source current{$) decreased with the increase of the pH value. balsavior can be
explained as follow; at high pH values, low amoohhydrogen ions presented in the solution
according to the definition of pH:

pH =—logio(H") 1)

This means that there are small amount of hydrages adsorbed (accumulated) onto the
surface of the sensing membrane, which in turndeadmall surface potential voltagg) ©n
the sensing membrane and large threshold voltagerér as expressed:

Vr (EGFET) = V1 (MosrFeTy+ AC”” + Erer "j(sol:v_\}v (2)
'z

Constant Variable
whereMVrwosreT) is the threshold voltage of the MOSFEER' is the liquid-junction potential
difference between the reference electrode andstietion, ker is reference electrode
potential, ang™ is the surface dipole potential of the electrolytijch is a constant [19]he
large threshold voltage nécreT) In turn, leads to the small drain-source curigsy) of the
EGFET sensor as expressed inthe |-V characterfstidSGFET sensor:

Ib =Ky (VGS—VT(EGFET))2 (3)

Where } is the drain current and ,Kis the conduction parameter for the n-channel
enhancement MOSFET[20].
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Figure 6: output characteristics (Ips—Vps) of ZnO EGFET sensor in the saturation region.
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Figure 7: output characteristics (Ips—Vps) of 2% Pd-dopedZnO EGFET sensor in the saturation region.
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Figure 8: output characteristics (lIps—Vps) of 4% Pd-dopedZnO EGFET sensor in the saturation region.

In each curve, the drain-source voltagedMs fixed at 3 V as reference value so that the
MOSFET device (CD4007UB) can be operated in theratibn region. From this value, a line
parallel to the Y axis is drawn. The intersectidrihas line with (I-V) curve of each pH value
gives seven points with coordinatep#3 V, IDSpH)' From these points, thgsland pH values

with coordinate (pH,ds) are taken and plotted in order to calculate tmeenit sensitivity and
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linearity. Sensitivity is one of the important par@ters for a sensor device and the definition
of the current sensitivity is that the dependenicthe measured drain-source curregt)lon
the pH value(current sensitivity Alps/ApH).Sensitivity and linearity can be calculated by
linear fitting between ds and pH values using MATLAB software and Origin P8d
software, respectively. Hence the sensitivity i stope of the linear fit line and the linearity
iIs defined as the correlation coefficient of theelr fit. pH current sensitivity curves of
undoped, 2%, and 4% Pd-doped ZnO sensing filmskawn in Fig.9, 10 and 11 respectively.
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Figure 9: pH currentsensitivity of undoped-ZnO EGFET in the saturation region.
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Figure 10: pH currentsensitivity of 2% Pd-doped ZnO EGFET in the saturation region.
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Figure 11: pH currentsensitivity of 4% Pd-dopedZnO EGFET in the saturationregion.

According to the linear fit, the current sensiyvand linearity of undoped ZnO EGFET
device in the range of pH 3 to 11 are 46:44pH and 0.9781 (or 97.8%), respectively. The
current sensitivity and linearity of 2%Pd-doped ZBEGFET device in the range of pH 5to 11
are 40.7uA/pH and 0.9621 (or 96.21%), respectively. The entrsensitivity and linearity of
4%Pd-doped ZnO EGFET device in the range of pH &ltare 44uA/pH and 0.9622 (or
96.22%), respectively. The transfer characteridfilrain current versus gate-source voltage,
Ibs—Vgs) of the 0% (undoped), 2%, and 4% Pd-doped ZnOisgrigms in the linear region
(Vps = 0.2 V) and s varied from 0 to 4 V were mentioned in referer¥ [

The voltage sensitivity (voltage sensitivity AVgs/ApH = AV1/ApH) was derived
fromthe transfer characteristics under constanteotf300A). The voltage sensitivity and
linearity of ZnO EGFET device in the range of pHo311 are 31.5 mV/pH and 0.9809 (or
98.1%), respectively. This result is not far aweynt that in ref. [22]. The voltage sensitivity
and linearity of 2% Pd-doped ZnO EGFET device midnge of pH 5 to 11 are 24.41 mV/pH
and 0.9774 (or 97.74%), respectively. The voltagessivity and linearity of 4% Pd-
dopedZnO EGFET device in the range of pH 5 to 14 2f.86 mV/pH and 0.9785 (or
97.85%), respectively[21].

4. Conclusions
In this work, ZnO and Pd-doped ZnO thin films welevelopedas sensing devices of

EGFET pH sensor. pH sensing characteristics of am@ Pd-ZnO thin films as sensing
electrodes for EGFET pH sensor device were invatdyin buffer solutions with range of pH
(3—11). The ZnO pH-EGFET sensors present the optipdrsensing characteristics in this
work (i.e., the higher voltage sensitivity of 3In®//pH, the larger linearity of 0.9809 (or
98.1%) in linear region, the higher current sewsjtiof 46.17 ©/A/pH, the larger linearity of
0.9781 (or 97.8%) in saturation region and the wg#nsing range of (pH-3 pH 11), which
may be attributed to the vertically well-alignednoparticles, high surface roughness, large
amount of surface sites for'kbn adsorption, less structural defects, and baghier mobility.

In Pd-doped ZnO films, pH sensing characteristicBa>doped ZnO film with Pd dosage of
4% is better than 2% Pd-doped ZnO film. This imgment in sensing properties can be
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attributed to the increasing in grain size duehi® ¢tlustering of grains and improvement in
crystallinity with doping concentration. This caause a decrease in grain boundary scattering
and an increase in carrier mobility. As observettdBped ZnO films cannot distinguish pH
value of 3. This behavior refers to that the dopewksing films by sol-gel method do not work
for the whole pH range because the doped ZnO fiiage less hydroxyl-bonding sites for
adsorption of A ions than ZnO films at its surfaces.At the saimeet the linearity and pH
voltage sensitivity of the ZnO based EGFET senseratéso better than Pd-doped ZnO based
EGFET sensor regardless of dopant concentratios.agrees with the above stated reasons
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