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Abstract: In this study, the Ing 9Gag 1O sensing membrane were deposited by using the RF magnetron
sputtering at room temperature and combined with commercial MOSFETs as the extended gate
field effect transistor (EGFET) pH sensors. The sensing performance of the Ing9Gag 0O EGFET pH
sensors were measured and analyzed in the pH value of range between 2 to 12. In the saturation
region, the pH current sensitivity calculated from the linear relationship between the Ipg and
pH value was approximately 56.64 A /pH corresponding to the linearity of 97.8%. In the linear
region, the pH voltage sensitivity exhibited high sensitivity and linearity of 43.7 mV /pH and 96.3%,
respectively. The Ing9Gag 1O EGFET pH sensors were successfully fabricated and exhibited great
linearity. The analyzed results indicated that the Iny9Gag 1O was a robust material as a promising
sensing membrane and effectively used for pH sensing detection application.

Keywords: extended gate field effect transistor; Ing 9Gag 1 O sensing membrane

1. Introduction

The pH sensors have widely attracted attention and been used for biological and
chemical applications, such as biosensors [1-3], the medical community [4-6], and clinical
measurements [7]. Since the first ion-sensitive field-effect transistor (ISFET) was fabricated
by Bergveld in 1970 [8], several teams in the world have studied to improve the sensing
performance of the ISFET [9-11]. To avoid the device contact with solution, the structure
of extended gate field-effect transistor (EGFET) was invented by J. Van Der Spiegel et al.
in 1983 [12,13]. This structure was developed for the disadvantages of ISFET. Instead of
the sensing region separated from the FET and connected through a wire, the EGFET
has the following advantages over ISFET, such as the transistor could be reused, the
extended gate contact to the sensing membrane through the wire could reduce the risk
of ESD damaging the transistor, and the light-induced damage of the devices can also be
reduced [14]. The distinction between ISFET and EGFET is that the metal gate of MOSFET
is replaced by a high resistivity sensing membrane. Compared with the ISFET, the EGFET
also operates through adjusting the concentration of absorbed ions residing on the surface,
which caused the electrical signal variation between the sensing membrane and buffer
solution. Therefore, the EGFET is a useful structure for detecting several reactions in various
applications. The EGFET pH sensors have become processes compatible, convenient, and
stable regard to light and outside temperature [15,16]. Recently, several materials were
developed and used on the EGFET pH sensors as the sensing membranes, such as zinc oxide
(Zn0O) [17], titanium dioxide (TiO,) [18], ruthenium oxide (RuOy) [19], and vanadium oxide
(V20s5) [20], but scientist still develop more materials for the application. More recently,
indium gallium oxide (InGaO) was also found to be a robust material as a promising
sensing membrane due to its inherent properties, including wide bandgap, and can be
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deposited at room temperature [21,22]. Moreover, indium gallium oxide (InGaO) has been
used in various applications, such as thin-film transistors (TFT) [23], electrolyte—insulator—
semiconductor [24], and solar-blind photodetectors [22]. Among these device applications,
the InGaO thin-film transistors were based on their high stability and field-effect mobility,
and the solar-blind photodetector has the advantage of adjustable broadened detection
range between 3.5 eV to 4.9 eV. According to the bandgap of 3.5 eV of In,O3, it can properly
combine with the Ga,O3 with a bandgap of 4.9 eV [22,23]. However, the InGaO extended
gate field-effect transistor (EGFET) has never been published in previous literature, even
though InGaO is a robust material for using as a sensing membrane. In this paper, we
investigated the characteristics of the material and the device application of EGFETs
fabricated by the InGaO alloy deposited by radio frequency (RF) magnetron sputtering. To
measure the sensing properties of the InGaO sensing membrane, we constructed EGFETs
by connecting the InGaO sensing membrane to a commercial MOSFET. The commercial
MOSFET CD4007UB is manufactured by Texas Instruments. The electronic characteristics
were discussed in detail.

2. Materials and Methods

The schematic configuration of InGaO extended gate field-effect transistor (EGFET)
is shown in Figure 1. Before deposition of the InGaO sensing membrane, the quartz
substrates were prepared by the following processes. First, the quartz substrates were
placed in the ultrasonic oscillator and sequentially rinsed with acetone, methanol, and DI
water, respectively. Next, the substrates were then dried by N, gas and deposited 70 nm
titanium conductive film by using E-beam evaporation to serve as a contact electrode.
To assure the sensing membrane quality and prevent the influence by other impurities,
the chamber was necessarily evacuated to a background pressure of 10~° torr by a high
vacuum pump before processing. The 300 nm InGaO sensing membrane were deposited on
the Ti (70 nm)/quartz substrates by RF magnetron sputtering at room temperature, using
InGaO ceramic sputtering targets (atomic ratio In:Ga = 9:1, 99.99% purity). According to
the sputtering targets, the atomic ratio of indium to gallium was 9:1, the InGaO sensing
membrane was represented by Ing 9Gag 10. During Ing9Gag 1O deposition, the base pres-
sure, deposited pressure, and RF sputtering power, gas flow ratios of O, /(O; + Ar) were
kept at 3 x 10~® Torr, 5 mTorr, 100 W, and 20%, respectively. The distance between Ti
(70 nm)/ quartz substrate holder and target gun was 9 cm, and the angle between the gun
and the holder was 30°. The holder was rotated at a speed of 10 rotations per minute to lead
the good uniformity of sensing membrane thickness distribution. The completed sensing
membrane was connected to the gate of the commercial MOSFETs (CD4007UB) with wire.
In order to avoid leakage current, the devices were packaged by epoxy to prevent the
reaction between titanium and solution. The size of the sensing widow of 1 cmx1 cm was
defined and packaged by using the epoxy resin. To measure the sensing performances of
the Ing 9Gag 1O EGFET pH sensors, the encapsulated devices and the reference electrode
(Ag/AgCl) were immersed together in the electrolytic solution of the various pH values.
The pH value of the electrolytic solution was varied from 2 to 12, which depended on
the concentration of the H* ions. The measuring system constructed by Agilent 4156C
semiconductor parameter analyzer was used to verify the performance of the Ing9Gag 0
EGFET pH sensors. The whole system was shown in Figure 2.

Commercial MOSFETs In, ,Gay,0 membrane (300 nm)

C}Qf Epoxy

Ti (70 nm)

Quartz substrate

Figure 1. Schematic diagram of sensing structure.
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Figure 2. Measurement system of the Ing 9Gag ;O EGFET pH sensors.

3. Results and Discussion

To investigate the material characteristics of the Ing9Gag 10 sensing membrane, a
thickness of 75 nm Ingp 9Gag 1O thin film was deposited on a quartz substrate to serve as
the test sample. Figure 3a,b showed the surface morphologies of the Ing9Gag 10 sensing
membrane. Figure 3a was the top-view image measured by the field emission scanning
microscope (FESEM) operated at 10 keV. It was observed the Ing gGag ;O sensing membrane
exhibited a uniform surface, indicating that the film was deposited with good thickness
uniformity by the RF-sputtering system. As shown in Figure 3b, the surface roughness
was measured by AFM, with a scanning area of 5 um x 5 um. The root mean square
surface roughness obtained was 1.088 nm. Furthermore, in the aspect of elemental analysis,
secondary-ion mass spectrometry (SIMS) was used to reveal the signal intensity of all the
elements, including indium (In), gallium (Ga), and oxygen (O). As shown in Figure 4, the
stable intensity of In, Ga, and O along the z-direction indicated the uniform distribution of
these elements in the Ing 9Gag 1O sensing membrane.
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Figure 4. The SIMS profile of the Ing 9Gag 1O sensing membrane.
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The drain current (Ips) and drain-source voltage (Vpg) varied with the pH value,
which can be obtained by the basic MOSFET expressions. Figure 5 shows the Ips—Vpg
characteristics of the Ing 9Gag 1O EGFET pH sensors operated at a reference voltage (Vrer)
of 3 V with the value of pH buffer solution from 2 to 12. For understanding the Ips—Vpg
characteristics of the Ing 9Gag 10O EGFET pH sensors in the saturation region, the Ips—Vpg
curve can be expressed as the following equation [25,26]:

C W 2
IDS — :unz (%9 X f |:(VREF — VT(EGFET)) :| (1)

where ji;, is the electron mobility, Coy is the gate capacitance per unit area, W/L is the
channel width to length ratio, Vrggrer) is the threshold voltage of the Ing9Gag 10 EGFET
pH sensors. As shown in Figure 5, the drain current operated in the saturation region
increased with decreasing value of pH buffer solution. The drain current of the Ing9Gag 0
EGFET pH sensors operated at a reference voltage (Vrer) of 3 V affected by the H* ions
concentration. The amphoteric reaction between the Ing 9Gag ;O membranes surface and
pH butffer solutions can be realized by the site-binding model theory. The metal-OH groups
were formed by the dangling bond that resided on the surface of Ing9Gag ;O membrane.
When the Ing 9Gap 10 membrane is immersed in the pH buffer solutions, the metal-OH
groups can accept or donate a proton led the surface charge accreted. In the low pH
value, it denotes the high accretion of H' ions on the sensing membrane in acidic solution
and provided positive charge (OH;). Conversely, the high pH value denotes the high
accretion of OH™ ions on the sensing membrane in alkali solution and provided negative
charge (O™). The protonation and deprotonation mechanism can be expressed as following
equation [27-29]:

M—-OH+H" <+ M — OH; ()

M-OH+OH <+M-0" +H,O 3)

The surface potential voltage (¢) of the Ing9Gag;O EGFET pH sensors between
Ing 9Gap 1O membrane and pH buffer solutions can be expressed as the following equation
by the site-binding model and double layer theory [24,30]:

KT
o= 2.303qﬁﬁ1 (PH,... — PH) @)
where pH, . is the pH value at the point of zero charge, K is Boltzmann’s constant, T is the
absolute temperature, g is the elementary charge, and f is the sensitivity parameter. The
sensitivity parameter dependent on the various factors, including the H* ions concentration
and the surface sites of the Iny9Gagp O membrane, it could be expressed as following
equation [24,31]:

_ zqus(KaKb)l/z

b= kTCpr,

where N is the total number of sensing sites per area, K,; and K, are the acid and base equi-
librium constants and Cpy, is the capacitance of the electric double layer at the Ing 9Gag 10
membrane/pH buffer solutions interface. The sensing mechanism of the Ing9Gag10
membrane surface/pH buffer solutions interface could be described by using the Gouy—
Chapman-Stern mode [32]. When the Ing9Gag 10 EGFET pH sensors were immersed in the
pH buffer solutions interface, the cations and anions were distributed between the reference
electrode (Ag/AgCl) and Inp 9Gag 1O membrane. The electric double layer was formed on
the interface and composed of space charge from the electrolyte. The capacitance (Cpy)
value dependent on the reaction of ions absorption and desorption from the electric double
layer. In general, the pH sensing properties of EGFET pH sensors affected by the surface
potential voltage (¢). According to the reason mentioned above, the drain current (Ipg)
in saturation region (Vpg = 3 V) shift downward with increasing pH value was obtained
and shown in Figure 6. To find the properties of the Ing9Gag 10O EGFET pH sensors, the
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pH current sensitivity could be derived from the linear relation between the drain-source
current and the pH value. As shown in the Figure 6, the derived pH current sensitivity of
the optimized and reproduction device was approximately 56.64 uA/pH and 53.30 A /pH,
corresponding to the linearity of 97.8% and 99.8%, respectively.

3

2.0x10°F In, Ga O EGFET pH sensors pH2
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Figure 5. The drain current (Ipg) and drain—source voltage (Vpg) of the Ing 9Gag ;O EGFET pH sensors.
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Figure 6. The drain current (Ipgs) as a function of pH value.

Figure 7 reveals the transfer characteristic curves (Ips—Vrgr) characteristics of the
Ing9Gag 10 EGFET pH sensors with the pH value from 2 to 12 at a fixed drain—-source
voltage of 0.3 V. The Ips—Vggr characteristics of the Ing9Gag 10 EGFET pH sensors in the
linear region can be expressed as following equation [26]:

C 14
Ips = @ X T [Z(VREF — VT(EGFET)>VD5 o Vlz)s} ©

where Vg is the drain to source voltage, Vrpcrer) is the threshold voltage and it can be
expressed in the following equation [26]:

Vr(ecrer) = VT(MOSFET) — ¢7M +Erer+ x5 — ¢ @)

where Vr(yosreT) is the threshold voltage of the commercial MOSFET, ¢y is the work
function of the metal gate relative to the vacuum level, Ergr is the potential of the reference
electrode, x*° is the surface dipole potential of the solvent, and ¢ is the surface potential
voltage at Ing 9Gag 1O membrane/pH buffer solutions interface. As shown in Figure 7, the
threshold voltage (Vr(gcrper)) shifted to a higher voltage (Vrer) as the pH value increased,
which was consistent with the site-binding model. According to the site-binding model,
the H" and metal-OH groups of the Iny9Gag ;O membrane surface attracted with each
other by the hydroxyl bond to protonated, leading to the surface potential increased with
increasing H' ions in acid. Therefore, the threshold voltage (Vr(ecreT)) decreased with



Coatings 2021, 11, 929

6 0f 9

increasing surface potential. Contrarily, deprotonated reaction happened while the pH
value of buffer solution increased, where the increased OH™ will combine with metal-OH.
The deprotonation led to the threshold voltage (Vr(gcrer)) shift toward the higher bias with
increasing the pH value. To find the properties of the Ing9Gay 10 EGFET pH sensors, the
pH voltage sensitivity can be extracted from the transfer characteristic curves (Ips—VRrer)
characteristics and expressed as the following equation [18]:

oo AVrecrET)
pH voltage sensitivity = “ApH 8)
Figure 8 reveals the characteristics of Vrrr versus pH value derived in the linear
region of the Ips—VRrr curve at a fixed Vpg of 0.3 V and Ipg of 200 pA. The values of Vrgr
were 1.65V,1.75V,1.80V,1.88V,1.96 V, and 2.12 V for various pH values range from 2 to
12, respectively. As shown in Figure 8, the pH voltage sensitivity of the Ing9Gagp ;O EGFET
pH sensors was estimated to be 43.7 mV /pH and the corresponding linearity was revealed
about 96.3%. It was observed the positive correlation between Vrgr and pH value and
exhibited great linearity.

5.0x10"
In, Ga O EGFET pH sensors

40107 V=03V
3 d e
S 3.0x107 | ——pH4
£ —a—pH6
= 2.0x10°F ——PpHS 7
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a8 B Lt

0.0 et s . , .
0.0 0.5 1.0 15 20 25 3.0

Reference voltage (V)

Figure 7. The transfer characteristic curves (Ips—Vrgr) characteristics of the Ing9Gag,0O EGFET
pH sensors.
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Figure 8. Reference voltage (Vrgr) as a function of pH value.

In general, the pH voltage sensitivity depend on the surface potential is limited to the
value of 59 mV/pH at room temperature, which was based on the Nernst response [33].
Here, we summarized the EGFET pH sensor performance of the Iny9Gag ;0O and other
sensing membranes in previous study in Table 1. As shown in Table 1, P. D Batista et al.
used the zinc oxide (ZnO) film as the sensing layer and the sensitivity was 38 mV /pH [17].
The sensitivity of CuS thin films reported by F. A. Sabah et al. and showed improved
sensitivity of 37 mV /pH by using the structure of the CuS/ITO membrane [34,35]. E. M.
Guerra et al. investigated the sensing performance of vanadium oxide/hexadecylamine
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(V2,05/HDA) membrane and presented a voltage sensitivity of 38.1 mV/pH [20]. Com-
pared to the previous device fabricated by using various materials as the sensing membrane,
the Inp 9Gap 10O membrane used in this work and revealed good properties was one of the
potential materials as the sensing membrane of EGFET pH sensors. To realize Ing9Gag10
membrane properties for pH sensing application, the stability of the In,O3; based and
InGaO based sensing membrane was published in the previous study [24,36]. The In,O3
based pH-EGFET was reported by B. R. Huang et al., it confirms the immediate response
of the pH was changed from 2 to 12 in steps of 2 pH units [36]. The stability of InGaO
based electrolyte-insulator-semiconductor (EIS) was reported by C. H. Kao et al. [24], it
was evaluated with pH sequence of 7, 4, 7, 10, and 7. As the previous results, it indicated
that the compound fabricated by the material of the indium oxide and gallium oxide were
promising materials for the pH value detection for various type device applications.

Table 1. Comparison of the sensitivity of the EGFET pH sensors based on various structures and sensing membranes.

Sample I;I:ni::f‘l;ftn; Linearity I;I:n:i(ﬁizf; Linearity pH Range Ref.
ZnO NA NA 38 mV/pH NA 2to 12 [33]
CuS 25 uA/pH 96.9% 23 mV/pH 96.5% 2to12 [34]

CuS/ITO 37 uA/pH 99.3% 37 mV/pH 98.5% 2to12 [35]
V,05/HDA NA NA 38.1mV/pH NA 2to 12 [19]
Ing9Gag 10 56.64 uA/pH 97.8% 43.7 mV/pH 96.3% 2to 12 This work

4. Conclusions

In this study, we deposited the Ing9Gag ;O membrane with RF magnetron sputtering
at room temperature and successfully applied it to be the sensing film in the structure
of the extended gate field-effect transistor (EGFET). To demonstrate the properties of the
Ing9Gap 10 EGFET pH sensors, the devices were immersed in the pH buffer solution
and measured the variation of current and voltage to calculate device sensitivity. In the
saturation region, the pH current sensitivity calculated from the linear relationship between
the Ip and pH value was approximately 56.64 A /pH, corresponding to the linearity of
97.8%. In the linear region, the pH voltage sensitivity exhibited higher sensitivity and
linearity of 43.7 mV/pH and 96.3%, respectively. These results reveal that the Ing9Gag ;0
EGEFET pH sensors could accurately respond to the protonation and deprotonation by the
metal-OH groups resided on the Ing9Gag 10 sensing membrane in the different pH values.
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