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ABSTRACT: We used a microwave annealing process to fabricate a highly
reliable biosensor using amorphous-InGaZnO (a-IGZO) thin-film tran-
sistors (TFTs), which usually experience threshold voltage instability.
Compared with furnace-annealed a-IGZO TFTs, the microwave-annealed
devices showed superior threshold voltage stability and performance,
including a high field-effect mobility of 9.51 cm2/V·s, a low threshold
voltage of 0.99 V, a good subthreshold slope of 135 mV/dec, and an
outstanding on/off current ratio of 1.18 × 108. In conclusion, by using the
microwave-annealed a-IGZO TFT as the transducer in an extended-gate
ion-sensitive field-effect transistor biosensor, we developed a high-
performance biosensor with excellent sensing properties in terms of pH
sensitivity, reliability, and chemical stability.
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■ INTRODUCTION

Ion-sensitive field-effect transistors (ISFETs) are electro-
chemical sensors that convert a chemical signal into an
electrical signal; Bergveld first proposed them in the 1970s.1

The structure of ISFETs is based on metal-oxide semi-
conductor field-effect transistors (MOSFETs), in which the
metal gate electrode is replaced by an electrolyte grounded with
a reference electrode. The extended-gate field-effect transistors
(EGFETs) are examples of ISFETs. They comprise an FET
(transducer) and a sensing device (detector) that is separated
from the FET to prevent it from being damaged by the
chemical environment.2,3 Although EGFETs have many
advantages, including small size, low cost, rapid response,
insensitivity to light, and compatibility with complementary
metal-oxide semiconductor (CMOS) process, they have poor
sensitivity, which limits the Nernstian pH response to 59 mV/
pH at 25 °C, the maximum sensitivity achievable. For enhanced
sensitivity that exceeds the Nernst limit, the dual-gate (DG)
ISFET pH sensors, with silicon-on-insulator (SOI) substrates,
were developed to replace the classic single-gate (SG) ISFETs
on bulk-Si substrates.4−7 The DG ISFETs can significantly
amplify their sensitivity without additional amplification circuits
by inducing capacitive coupling between the top and bottom
gate oxides.8,9 Especially, in biological sensing applications, the
DG ISFETs have enormous potential because they can greatly
enhance the small signals monitored during biological events

such as nucleic acid hybridization, protein−protein interactions,
enzyme−substrate reactions, and antigen−antibody bind-
ing.10−14 However, SOI-based devices do have some issues,
including the high cost of the SOI wafer, poor transparency,
and difficulty in fine-tuning structures, such as the channel layer
and buried oxide (BOX), which are involved in the capacitive
coupling ratio.
Recently, devices based on transparent amorphous oxide

semiconductors (AOSs) have received considerable attention as
alternatives to conventional silicon-based devices. Among them,
amorphous indium−gallium−zinc oxide (a-IGZO) thin-film
transistors (TFTs) have been applied in various devices, such as
phototransistors, nonvolatile memory devices, and biosen-
sors,15−17 because of their superior electrical and optical
characteristics, including high field-effect mobility, outstanding
transparency in the visible spectrum, and superior spatial
uniformity. In particular, application of an a-IGZO TFT as a
transparent biosensor could provide high reliability because it
can detect optical and electrophysiological signals simulta-
neously that are caused by a chemical stimulus.18,19 However,
before using an a-IGZO TFT as a biosensor, the problem of
threshold voltage instability of the TFT must be resolved.20,21
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For biosensor applications, this instability is one of the most
critical considerations because it directly affects the reliability of
the biosensors. To overcome this problem and achieve
satisfactory performance and stability of the device, use of the
high-temperature thermal annealing process at ∼600 °C is
typically required.22−24 However, the high-temperature thermal
annealing process can also be limited for use in fabricating
devices based on some transparent or flexible substrate such as
glass, plastic, or paper.
We studied a microwave annealing process that can be used

with various substrates because the low heating temperature
used in the process would remedy this problem. The favorable
characteristics of microwave annealing are that it is fast, has a
low thermal budget, has a shorter manufacturing period,
provides thermal uniformity, and suppresses diffusion of
unexpected species.25−27 With this process we were able to
fabricate high-performance DG ISFET biosensors by improving
the threshold voltage instability of a-IGZO TFTs.

■ EXPERIMENTAL SECTION
Fabrication of the EGFET Sensing Membrane. A 75 nm thick

indium tin oxide (ITO) film, which serves as a metal that transmits the
electrical potential variation on the surface of the sensing membrane to
the gate electrode, was deposited on a clean glass substrate by radio
frequency (RF) magnetron sputtering at room temperature. A 45 nm
thick tin dioxide (SnO2) film, a sensing membrane, was then formed

on the ITO film on the glass substrate by RF magnetron sputtering,
during which the RF power, chamber pressure, and Ar gas flow rate
were 50 W, 3 mTorr, and 20 sccm, respectively. Finally, to inject the
pH buffer solution, polydimethylsiloxane (PDMS), a reservoir, was
attached onto the sensing membrane using silicone glue. The optical
transmittance curve of the SnO2/ITO films deposited on the glass
substrate is shown in Figure 1a. The transmittance was greater than
80% in the visible light region.

Fabrication of a-IGZO TFTs as EGFET Transducer. Thermal
oxide films that are 300 nm thick were grown on p-type bulk Si (100)
wafers and had a resistivity of 10−20 Ω·cm. For the active layer, a 70
nm thick layer of a-IGZO (In2O3/Ga2O3/ZnO, target composition
ratio = 1:1:1 mol %) was deposited by RF magnetron sputtering at
room temperature. The initial vacuum level was less than 5 × 10−6

Torr, while the working pressure, RF power, and ambient Ar gas flow
rate were set at 6 mTorr, 100 W, and 30 sccm, respectively.
Presputtering was performed for 10 min before the active layer was
deposited to remove any contamination on the target surface. Then,
10 nm thick titanium (Ti) and 60 nm thick gold (Au) layers were
formed into the source and drain electrodes by the e-beam evaporation
method. A 100 nm thick tantalum pentoxide (Ta2O5) layer was
deposited by RF magnetron sputtering, with RF power set at 75 W,
working pressure at 6 mTorr, and Ar flow rate of 20 sccm. The Ta2O5

film was used as a gate dielectric because of its high dielectric constant
of ∼29.28 A 150 nm thick aluminum (Al) gate electrode was made
using the e-beam evaporation method and the image-reversal process
of photolithography. The channel length and width of the fabricated a-
IGZO TFTs were 10 and 20 μm, respectively. Finally, to remove any

Figure 1. (a) Optical transmittance curve of the SnO2/ITO films deposited on a glass substrate (inset shows fabricated transparent EG). Schematic
illustrations of fabricated (b) a-IGZO TFTs and (c) EGFETs in DG operation mode.
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intrinsic defects of a-IGZO or the gate dielectric and to improve the
interface between the a-IGZO layer and the gate insulator,
postdeposition annealing (PDA) was performed using a furnace
annealing system and a microwave annealing system at a microwave
frequency of 2.45 GHz. Furnace annealing was performed at 400 °C
for 30 min in ambient N2, and microwave annealing was performed at
a microwave power level of 1000 W for 10 min. The maximum
internal temperature of the microwave annealing system, as detected
by thermal coupler, was ∼87 °C. The fabricated a-IGZO TFTs and
EGFETs (in DG operation mode) are illustrated in Figure 1b,c,
respectively.
Measurements. An Agilent Hewlett-Packard 4156B semiconduc-

tor parameter analyzer was used to measure the electrical character-
istics of the a-IGZO TFTs and the pH-sensing properties of the
EGFETs. A commercial Ag/AgCl electrode was used as a reference
electrode for the pH-sensing measurements. All measurements were
performed in a dark box to avoid any interference from external factors
such as light and electrical noise.

■ RESULTS AND DISCUSSION
Figure 2 shows the transfer characteristic (ID−VG) and the
output characteristic (ID−VD) curves of the a-IGZO TFTs that

were fabricated by furnace and microwave annealing. The
devices were swept by top gate; the electrical parameters are
summarized in Table 1. The microwave-annealed device

(device A) exhibited better electrical properties than the
furnace-annealed device (device B) with respect to device
performance, despite a relatively low annealing temperature (87
°C) and a short processing time (10 min). This indicates that
the microwave annealing process eliminates defects inside the
device more effectively than the furnace annealing process.25,26

Device A had a high field-effect mobility of 9.51 cm2/V·s (drain
voltage = 50 mV), a good subthreshold swing (SS) of 135 mV/
dec, a low threshold voltage (Vth) of 0.99 V, and an excellent
on/off current ratio of 1.18 × 108.

To investigate the defects that affect the threshold voltage
instability of a-IGZO TFTs, the transfer curves were measured
using a double-sweep mode. Figure 3a,b shows the hysteretic

characteristics of the a-IGZO TFTs swept by bottom gate (BG)
and top gate (TG), respectively. The electrical characteristics of
a-IGZO TFTs with different annealing methods in BG and TG
sweep mode, respectively, are given in Table 2.
The SS values of the devices were estimated using the

following equation:

Figure 2. Transfer characteristics of a-IGZO TFTs annealed by
microwave (red ●) and furnace (white □). (inset) The output
characteristic curves of a-IGZO TFTs annealed by microwave (red ●)
and furnace (white □).

Table 1. Electrical Parameters of a-IGZO TFTs Annealed by
a Microwave and a Furnace

annealing mobility [cm2/V·s] Vt [V]
SS

[V/dec]
on/off current

ratio

microwave 9.51 0.99 0.13 1.18 × 108

furnace 4.51 4.85 0.15 3.38 × 107 Figure 3. Hysteretic characteristics of a-IGZO TFTs annealed by
microwave (red solid line) and furnace (black dashed line) in (a) BG
and (b) TG sweep mode for the forward (①) and reverse (②) gate
voltage sweep. (c) C−V curves of MIS capacitors with the structure of
Al/Ta2O5/p-Si according to annealing method.
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where VGS is the gate bias, which is the maximum slope in the
transfer curve during forward and reverse sweeping. Thus, for
the BG sweep mode (Figure 3a), device A exhibited a slight
threshold voltage shift (ΔVth) of 0.01 V and a small change in
SS (ΔSS) of 0.01 V/dec, while device B had a ΔVth of 3.81 V
and a ΔSS of 0.08 V/dec The positive shift in Vth that
accompanied the change in SS for device B during the double
sweep is attributed to defects within the a-IGZO bulk and to
negative charge carriers that were trapped at the a-IGZO/SiO2
interface or injected into the SiO2 bulk from the a-IGZO
channel layer.29 This means device B still had some defects after
furnace annealing. On the other hand, the small hysteresis
window and no change in SS for device A indicate that almost
all defects in the a-IGZO bulk and at the a-IGZO/SiO2
interface were eliminated.
Meanwhile, as seen in the inset of Figure 3b, the TG of a-

IGZO TFTs was biased with grounded BG. Thus, device B had
a ΔVth of 3.16 V and a ΔSS of 0.09 V/dec, whereas device A
had a relatively small ΔVth of 1.08 V and a ΔSS of 0.03 V. (A
similar trend in the results for device B in BG sweep mode can
be seen.) An interesting phenomenon seen in the results is that
in TG sweep mode, device A still had a hysteresis window and a
small variation in SS, unlike in the BG sweep mode, although
microwave annealing was performed. We conclude that these
results derived from the simple charge trapping that occurred in
the gate dielectric (Ta2O5) or at the a-IGZO/Ta2O5 interface
because it is apparent from Figure 3a that the defects within the
a-IGZO bulk were thoroughly eliminated by the microwave
annealing. Furthermore, because there was no significant
change in the SS value, the charge-trapping phenomenon in
device A is thought to be associated mainly with the Ta2O5
bulk.
To further investigate the charge-trapping dynamics in the

Ta2O5 bulk, we fabricated metal−insulator−semiconductor
(MIS) capacitors (Figure 3c inset). The gate electrode and
insulator of MIS capacitors were formed under the same
processing conditions used for fabricating the TFTs; the
fabricated capacitors were annealed using a furnace annealing
system and a microwave annealing system. The size of the
square electrode was 230 × 310 μm2. Figure 3c shows the curve
of C versus V measured at 1 MHz using an Agilent 4284A
precision LCR meter. The hysteresis voltage (VH) of the
microwave-annealed capacitor was 60.47 mV, and that of the
furnace-annealed capacitor was 228.41 mV. Even if the
microwave-annealed device had relatively lower traps inside
the Ta2O5 bulk compared with furnace-annealed devices, the
former would still have a hysteresis window, which is consistent
with the results shown in Figure 3b. Consequently, the
remaining defects in device A after microwave annealing are

caused by the Ta2O5 bulk. Thus, to use the fabricated a-IGZO
TFTs in the transducer of EGFETs, the BG sweep mode is
better than the TG sweep mode because of the enhanced
reliability provided. To eliminate these charge-trapping defects
in the Ta2O5 bulk and achieve stronger electrical characteristics,
more studies are needed.
Figure 4 shows the bias-temperature-stress instability of the

fabricated a-IGZO TFTs in BG sweep mode. In our study, we

performed only positive bias-temperature-stress (PBTS)
measurements because the devices are influenced mainly by
positive bias stress.30,31 The devices were stressed under the
following conditions: VGS = +20 V, VDS = 0 V, stress time = 1 h,
and stress temperatures of 25, 60, 90, and 125 °C. Compared to
that in device A, the Vth shift (ΔVth = Vsth − Vith, where Vsth and
Vith are the threshold voltages after 1 h of stress and at the
initial state, respectively) in device B increased largely with
stress temperature, indicating that the threshold voltage
instability of a-IGZO TFTs can improve with the use of
microwave annealing.
Figure 5 shows the ID−VG curves of EGFETs with device A

(Figure 5a) and device B (Figure 5b). The EGFETs were
operated in SG (data not shown) and DG modes, respectively.
Unlike the conventional SG operation (where the top reference
electrode was biased), the DG operation, as shown in Figure 1c,
was conducted by biasing the BG of a-IGZO TFTs with a
grounded top reference electrode (see the Supporting
Information, Figure S1). Thus, in both SG and DG modes,
the reference voltage (VR) of EGFETs shifted in a regular
manner by varying the pH from 3 to 10. Here, VR was defined
as the gate voltage, where the drain current (reference current)
was 3 or 6 μA in SG mode and 10 μA in DG mode under a
drain voltage of 1 V. The sensing properties of SG and DG
EGFETs with devices A and B are summarized in Table 3 for
comparison.
In the SG mode, the sensitivity of EGFETs with device B was

101.27 mV/pH (data not shown), which is an abnormal value
beyond the limit of the Nernstian pH response, which has a
theoretical maximum value of 59 mV/pH (see the Supporting
Information, Figure S2a). This abnormal sensitivity value
occurred because the Vth instability of device B affected the
ΔVR of the EGFETs. On the other hand, the EGFETs with
device A had a pH sensitivity of 57.73 mV/pH, which was very
high but within the normal pH response range (see the
Supporting Information, Figure S2b). These results suggest that
device A is an adequate transducer for EGFETs in terms of

Table 2. Electrical Characteristics of a-IGZO TFTs
According to Annealing Method in (a) BG and (b) TG
Sweep Mode

sweep
mode

annealing
method

ΔVth
[V]

SS [V/dec],
forward sweep

SS [V/dec],
reverse sweep

ΔSS
[V/dec]

(a) BG microwave 0.01 0.26 0.27 0.01
furnace 3.81 0.30 0.38 0.08

(b) TG microwave 1.08 0.13 0.16 0.03
furnace 3.16 0.15 0.24 0.09

Figure 4. PBTS tests for the microwave-annealed device (half-filled □)
and the furnace-annealed device (half filled ⬠) at various stress
temperatures, including 25, 60, 90, and 125 °C.
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reliability. Meanwhile, in the DG operation mode, the pH
sensitivity was ∼5 times greater than that in the SG mode. The
sensitivity of DG EGFETs with device A was 286.76 mV/pH
(Figure 5a) and with device B 499.42 mV/pH (Figure 5b). We
presented the details on the amplification of sensitivity by
capacitive coupling between the top and bottom gate oxides in
DG EGFETs in our previous work.6,7,9,32 Consequently, these
results for DG EGFETs are consistent with those for SG
EGFETs.
Figure 6 shows the hysteresis phenomenon (Figure 6a) and

the drift characteristics (Figure 6b) of the EGFETs with devices
A and B. The hysteresis phenomenon is an indicator to evaluate
the reliability of the devices by repetitive variation of the pH for
a short time, and it is defined as the difference between the
reference voltages in the first and last pH 7 solutions during the
pH loop of 7−10−7−4−7.33 We investigated the transition of
the reference voltages by measuring them five times per pH
value at 2 min intervals. The EGFETs with device A had a

much lower hysteresis voltage with respect to sensitivity (VH, SG
= 25.28 mV and VH, DG = 99.88 mV) than EGFETs with device
B (VH, SG = 763.78 mV and VH, DG = 1805.90 mV). To compare
the degree of hysteresis phenomenon of each device in SG or
DG operation, the percentage of variation of VH for the
respective sensitivity is taken into consideration. As a result, the
DG EGFETs with device A showed the best reliability.
Meanwhile, the drift effect is used to evaluate the long-term
chemical stability of sensors and is defined as the rate of
variation in the maximum and minimum reference voltages for
only one type of pH buffer solution.34 In this work, we
observed the tendency of the reference voltages to change in
pH 7 buffer solution over 6 h. As a result, the DG EGFETs with
device A had the lowest drift rate at a sensitivity of 17.04%,
which means that these devices have better long-term chemical
stability than any other device. In conclusion, with respect to
pH sensitivity, reliability, and chemical stability, the DG
EGFETs with device A had superior sensing properties.

Figure 5. ID−VG curves of EGFETs with (a) device A and (b) device B
for different pH buffer solutions. The drain bias is set at 1 V. The
response voltage (VR) for each pH buffer solution, shown in the inset,
was defined as the corresponding gate voltage to the drain current
(reference current: IR) of 10 μA.

Table 3. Sensing Properties of (a) SG and (b) DG EGFETs Using Devices A and B

operation mode transducer sensitivity (nA/pH) linearity (%) VH (mV) drift rate (mV/h) VH for sensitivity (%) drift rate for sensitivity (%)

(a) SG device A 57.77 99.38 25.28 25.80 43.76 44.66
device B 101.27 99.27 763.78 138.66 754.20 136.92

(b) DG device A 286.76 99.81 99.88 48.77 34.83 17.01
device B 499.42 99.42 1805.9 302.19 361.60 60.51

Figure 6. (a) Hysteresis phenomenon of EGFETs with device A (red
●) and device B (white □) for three buffer solutions. The EGFETs
were subjected to the pH loop of 7−10−7−4−7 for 60 min. (b) Drift
characteristics of EGFETs using device A and device B in a pH 7 buffer
solution for 6 h.
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■ CONCLUSION

In this work, we investigated how microwave annealing
improved the threshold voltage instability of a-IGZO TFTs.
The a-IGZO TFTs fabricated by microwave annealing
exhibited enhanced device performance, including mobility of
9.51 cm2/V·s and an on/off current ratio of 1.18 × 108. In
contrast with the furnace-annealed devices, the threshold
voltage instability of microwave-annealed a-IGZO TFTs was
greatly improved because of the elimination of defects inside
the a-IGZO TFT by microwave annealing. On the basis of our
results, we used the microwave-annealed a-IGZO TFTs as the
transducer of EGFET biosensors. The DG EGFETs with
microwave-annealed a-IGZO TFTs had excellent sensing
properties in terms of pH sensitivity, reliability, and chemical
stability. Kim et al. discussed recent advances and developments
in the bioanalytical technology of ISFET-based biosensors.10

The pH-based transistor biosensors are well-represented in
their literature. For example, enzyme-based ISFET has the same
principle as that of pH-sensitive ISFETs because the
concentration of hydrogen ions changes in proportion to the
level of substrate curing an enzymatic reaction. Also, the pH-
based ISFETs can be used as an immunosensor detecting the
charge variation induced by the antigen−antibody interaction
after attaching the antibodies on the surface. This means that a-
IGZO TFT-based pH sensors fabricated in this work can be
used to detect various biological events. Therefore, we believe
that the DG EGFETs with microwave-annealed a-IGZO TFT
provide a novel path to biosensor applications with high
reliability and stability.
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