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Biosensor based on In,O3 Electrolyte Gated
Thin Film Transistor with Integrated On-Chip
Gate Electrode

Peng Yang, Haofeng Rong, Zhisheng Wu, and Yanli Pei

Abstract—In this work, In203 electrolyte gated thin film
transistors (INn203-EGTFTs) with integrated on-chip gate
electrode were investigated as a label-free biosensor. The
In203 channel works as sensitive membrane and the
on-chip gate electrode replaces reference electrode. The
pH sensitivity of the device is 64 mV/pH with the deviation
of 10 mV. The In20s channel was coated by
streptavidin/neutravidin receptors to detect the target
biomolecules of biotin. The streptavidin modified device
presents an ultra-low working voltage (Ve=0 V, Vps=50 mV)
and the detection limit as low as 50 pgmL™*. And the
neutravidin modified device presents apparent detecting
performance even in low biotin concentration of 50 fg mL
under a working voltage of Ve=2 V and Vps=50 mV. This
work provides a high-performance biosensor device with
low power consumption and simple structure that is easy
to integrate and package.

Index Terms—On-chip gate, In203
biosensor.

TFT, electrolyte,

I. INTRODUCTION

IOSENSORS based on indium oxide (In,Os3) thin film
transistors (TFTs) have been widely studied. It shows good
biological compatibility, fast response for real-time, high
uniformity, and large detectable concentration range [1]-[6]. In
addition, the exposed In,O; channel region can be easily
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modified by various functional groups or receptors, making
In,O; biosensor suitable for a variety of biosensors, such as uric
acid, dopamine, glucose, cancer antigen 125 (CA-125) and
insulin-like growth factor 11, etc [3]-[6]. In previous work, we
have prepared a high sensitivity pH sensor based on In,O;
electrolyte gated TFTs (EGTFTs) and applied as biosensor. The
sensitivity of 150 nA-dec’! and detection limit of 50 ng-mL"!
were obtained for biotin detection through specific linkage with
streptavidin [11]. The result is important for development of
biosensing technology. In general, pH detection is valued as the
core of biosensing technology. A lot of biological processes or
molecules can be detected indirectly by pH change, for
example, the processes of DNA sequencing and glucose
oxidation [7], [8]. Furthermore, as a typical specific biological
binding pair, avidin-biotin pair has been widely used to detect
bio-molecules such as atrazine and urea by bio-molecules
biotinylation [9], [10]. Considering the possibility of
biotinylation of numerous bio-molecules, the research of
sensing technology for the specific binding of avidin-biotin is
expected to greatly promote the development of biosensing
technology. However, in that work, a gold tip was used as an
external gate electrode, and immersed in phosphate buffer
solution (PBS), directly. The integration and package of the
device will be big problems for further practical application.
Also, the detection limit needs to improve further.

In order to improve the integration and the packability of the
device, we developed an integrated on-chip gate electrode
biosensor based on the In,Os; EGTFT, which replaced the
external gold tip gate electrode. The electric double layer (EDL)
serves as gate dielectric in EGTFTs. The integrated plane
electrode on chip can modulate the channel electronic
characteristics through EDL just like reference electrode. The
pH and biotin detection properties were investigated using this
integrated on-chip gate electrode biosensor device.

[I. EXPERIMENTAL

In,O3-EGTFT based biosensors with an integrated on-chip
gate electrode were fabricated using conventional
semiconductor microfabrication techniques. Firstly, a 15
nm-thick In,O; thin film was grown on Si/SiO; substrate by
metal organic chemical vapor deposition (MOCVD) as
described in literature [12]. Then, the In,O3 channel layer was
patterned with a channel width (W) of 1600 um and a channel
length (L) of 400 um by wet etching process. Secondly, the
stack layer of Ti (10 nm)/Au (90 nm) was deposited by electron
beam (EB) evaporation and patterned by lift-off process as
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Fig. 1. (a) Schematic diagram and physical image of the In,Os-TFT
biosensor. (b) The transfer curves of the electrolyte-gated In,O; TFT
biosensor measured with various pH buffer solutions from pH 4.00 to pH
9.18. (c) Linear fitting of the Vth as function of the pH value. (d) Time
dependent sensing characteristics of the on-chip gated In,Os-TFT
biosensor.

source, drain (S/D) and on-chip gate (G) electrodes. Finally, the
electrodes were passivated with SU-8 polymer to prevent short
circuit between S/D through liquid electrolyte solution. The
schematic structure and physical image of the In,O3-EGTFT
sensor are shown in Fig. 1(a). The electrical characteristics are
recorded by an Agilent BI5S00A Semiconductor Parametric
Analyzer at room temperature. After one test step, the device
was rinsed with DI water and dried with N, for next test.

Ill. RESULTS AND DISCUSSION

A. pH Detection

For pH detection, pH buffer solution as liquid gate
electrolyte was dripped on the In,O3 channel and connected
with the on-chip gate electrode. Fig. 1(b) shows the transfer
curves of the In,O3 EGTFT sensor measured at Vps= 0.05V
with various pH buffer solutions from pH 4.00 to pH 9.18. The
transfer curves shift to negative direction in parallel with the
decrease of the pH value, indicating the increase of the positive
potential on the electrolyte/In,Os interface. The result is in good
agreement with literature we have reported [13]. Through linear
fitting of the Vi, as function of the pH value, the pH sensitivity
of ~64 mV -pH™! with linearity of 98.1% was obtained as shown
in Fig. 1(c). Here, the Vi, was estimated by linear extrapolation
method. We noticed that the obtained pH sensitivity is lower
than the value of 75 mV-pH-' reported in our previous work
[13], where the gold tip is used as external gate electrode. The
pH sensitivity may be affected by the fabrication process,
especially the evaporation process of gold for on-chip gate
electrode.

In order to evaluate the long-term chemical stability of the
In,O3 EGTFT sensor, the repeated test was demonstrated. As
shown in Fig. 1(d), the four measurements at the same pH value
show similar Vy, indicating that the device has good retention
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Fig. 2. (a) Schematic diagram of In,Os-TFT with different plane gate
electrodes. (b) Transfer characteristics of the on-chip gate TFT with
different gate-to-channel distances under Vps=0.05V. (c) The transfer
characteristics with gate positions of G1, G2 and G3 from left to right
respectively. (d) The transfer curve of the In,O3 TFT sensor at Vps =
0.05V, pH buffer acting as electrolyte (pH=6.86), and capacity changing
from 1 pL to 4 uL.

stability. At the same time, the hysteresis width was also
measured. It is defined as the difference in Vi, between the
starting pH 4 solution and the final pH 4 solution in a pH
measurement loop (pH 4 — pH 6.86 — pH 9.18 — pH 6.86 —
pH 4). The hysteresis width was estimated from Figure 1d to be
about 10 mV. The long-term chemical stability is significantly
improved compared with the Vy, deviation of 40 mV reported
previously [13].

In order to investigate the influence of the gate electrode
structure, such as the distance and position of the integrated
on-chip electrode to channel, we designed the In,O3; EGTFT
with different on-chip gate electrodes as showed in the
schematic diagram (Fig. 2(a)). Figure 2(b) shows the transfer
curves measured from the devices with various gate electrode
distances to channel. The curves show negligible difference at
the distance range of 50-400 um. The result is consistent with
the characteristics of the electric double layer (EDL) transistor.
The device functions through the construction of the EDL at the
electrolyte-sensitive layer interface. The capacitance of the
EDL is independent on the gate-channel distance varying in a
certain range. Integrated on-chip gate electrode utilizes the
transverse coupling effect of the electrolyte gate. Also, the
position of the on-chip electrode has no significant influence on
the device properties. The result shows in Fig. 2(c). These

results suggest that the device can operate with multi-gates.
The influence of the electrolyte solution volume on the
device properties was investigated. Here, the pH 6.86 buffer
solution was used as electrolyte. As shown in Fig. 2(d), the
transfer curves are stable even the electrolyte volume is as low
as lpL. The result indicates that with the further reduction of
the device size, it is possible to test the submicron pH solution.
In contrast, for the device with external gold tip gate electrode,
at least 4 uLL pH solution is necessary. The good robustness of
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the integrated on-chip gate electrode may be the reason for the
improvement of the Vi, deviation.

B. Electrical Performance of In,O3 EGTFT Biosensor

Prior to biological modification, the device was
characterized with electrolyte gate of 4uL PBS. The PBS
solution is 100 times dilution (0.01M PBS pH 7.4). The transfer
curves of the device are showed in Fig. 3(a). We found that the
three consecutive tests are essentially identical, indicating the
good stability of the device in PBS. Vi, 0f -0.13V, Ion/Iofr of ~10*
are confirmed.

For biotin detection, the streptavidin biomolecules (600
pg'mL! in 0.1M PBS) and neutravidin (600 pug-mL"! in 0.1M
PBS) were immobilized on the aldehyde-functionalized In,Os
surface as receptors. It is done by successively coating In,O3
active channel surface with ATPES and GA. The immobilized
streptavidin and neutravidin molecules have special binding
property  with  biotin. And  then, the  biotin
(N-hydroxysuccinimide ester) (Sigma-Aldrich) in DMF (N,
N-Dimethylformamide) was dribbled onto the streptavidin or
neutravidin functionalized In,O; surface at room temperature.
The detail process was described in literature [11]. Finally, in
order to get the biomolecular signals, the 0.01M PBS solution
was dripped into the sensing chamber as gate electrolyte, which
connected with the integrated on-chip gate electrode. After
twice baseline signal establishing in pure 0.01M PBS buffer,
we detect the electrical signals of the biotins through
monitoring the change of Ips. The concentration of the biotin is
from 50 fg'mL"' to 50 pg'mL"' and the interval of each
concentration is 10 times. Figure 3(b) shows Ips current versus
function of time for streptavidin-biotin linking system. Here,
the ultra-low operation voltages of Vg=0V, Vps=50 mV were
applied. The arrows indicate the time of the biotin addition. As
shown in Fig. 3(b), the current is increased step by step with the
increase of the biotin concentration. The result indicates that
the biotin as target is captured by the streptavidin. It generates
positive potential at the In,O3 channel surface.

Figure 3(c) shows Alps as a function of the biotin
concentration for the streptavidin modified device. The Alpg is
defined as I-Io, where I is the drain current tested at Vg=0 V,
Vps=50 mV for the cases with various biotin concentrations, Iy
is the drain current for the case without biotin. The error bar
was obtained from device to device fluctuation. We found that
the Alps keeps good linearity of 98.4% when the biotin
concentration is between 50 pg'mL! and 5 pg-mL-. The
sensitivity about 280 nA-dec! was obtained. When the
concentration of the biotin was increased to 50 pg-mL-!, the Ips
with 100 nA increase was observed. It indicates that the
detection limit of the biosensor is as low as 50 pg-mL-".

Compared with our previous work [11], the detection limit is
reduced by three orders of magnitude. It is presumably due to
the excellent stability of the In,O3; EGTFT with integrated
on-chip gate electrode.
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Fig. 3. (a) Transfer characteristics of PBS buffer as electrolyte gate. (b)
Current versus time for the streptavidin modified In,O; surface following
the addition of biotin solution. (c) Linear fitting of Alps with the change of
biotin concentration for the streptavidin modified device. (d) Linear fitting
of Alps with the change of biotin concentration for the neutravidin
modified device.

However, the increase of Alps is observed to slow down with
biotin of concentration larger than 5 ug-mL-'. It indicates that
the change of Ips, in other word, the change of the surface
potential, tends to saturation. The detectable biotin is limited
by the receptors’ concentration on the surface of the active
layer. When all the streptavidin biomolecules are bound with
biotin, theoretically the surface potential and Ips are not able to
change any longer.

Furthermore, we have detected the biotin using the
neutravidin instead of the streptavidin, with the same method.
Differently, the devices with neutravidin modification are
tested under a constant gate bias of 2V. Under the conditions of
0 V gate bias, the devices are tested to be in off state. It is
presumably due to the different properties in pH value for
streptavidin and neutravidin (the former is slightly acidic, while
the latter is close to neutral). The result is shown in figure 3(d).

Excitingly, we find that the devices modified by neutravidin
show apparent detecting performance even in low biotin
concentration of 50 fg-mL-!, and there is no obvious detection
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TABLE |
COMPARISON OF SOME BIOSENSORS BASED ON DIFFERENT STRUCTURES
Channel Target species Operating Voltage(V) Sensitivity ( nA dec?) Detection limit (M) ref
ZnO nanowire Streptavidin <1 20 2.5%10° [14]
In,03 nanowire Cancer antigen <0.6 10 510 [4]
Organic P3HT Biotin <20 50 1101 [15]
ITO-TFT Virus H5N1 <1 150 1.5%107 [16]
IGZO-TFT Biotin <10 220 15 <10 [17]
In,05-TFT Dopamine <10 5 11010 [3]
In,03-TFT(streptavidin)  Biotin <0.4 280 1.5x1010 present
In,05-TFT (neutravidin) Biotin 2 286 1510 present
limit in the concentration range where the experiment is
conducted. The sensitivity of the devices at the biotin REFERENCES
; mT -1 RS O I
concentration range of 50 fg-rmL™' to 50 pg-mL™" is found to be [1] Q.Z Liu, N. Aroonyadet, Y. Song, X. L. Wang, X. Cao, Y. H. Liu, S.

278 nA-dec’!, which is comparable to the sensitivity of the
devices modified by streptavidin. However, with the further
increase of the biotin concentration, the Alps of the devices
increases sharply, while the reproducibility of the devices
deteriorates. The sensitivity of the devices is roughly estimated
to be 2.55 pA-dec! for biotin concentration ranging from 5
ng'mL! to 500 ng'mL!. We have not fully understood the
mechanism why the performance of the devices changes
suddenly, while we will explore this phenomenon more detailly
in future works. The Alps of the devices tends to saturation with
much higher biotin concentration, similar to the performance of
the devices modified by streptavidin, which is limited by the
receptors’ concentration on the surface of the active layer.
According to the measurement so far, the devices modified by
neutravidin are more competent for detection of relative low
biotin concentration, while the streptavidin modified devices
are more competent for detection of higher.

We need to remind that we have not achieved the
regeneration of the devices having been used for detecting
biotin so far. We will put our hand to this problem in the future
work.

The device properties were compared with other groups in
Table 1. Considering three factors (detection limit, operation
voltages, and sensitivity), comprehensively, the In,Os EGTFT
with an integrated on-chip electrode is a good candidate for
biosensor applications.

IV. CONCLUSIONS

In summary, the In,Os EGTFTs with integrated on-chip gate
electrode were fabricated. The pH sensitivity of 64 mV-pH!
was obtained, and the hysteresis width of the cycle test was less
than 10 mV. After surface modification, the streptavidin
molecules were immobilized on the In>Os3 channel surface as
receptor molecules to capture the target molecules of biotin.
The positive charges in the biotin causes an increase in the drain
current of the In,O3; EGTFT. The biotin detection sensitivity is
as high as 280 nA-dec™ under low operation voltage (Vg=0V,
Vps = 50 mV). The detection limit is 50 pg-mL"'. Compared
with our previous work, the detection limit is reduced by three
orders of magnitude. Furthermore, for the devices with
neutravidin modification, the biotin detection concentration is
as low as 50 fg-mL!. This work provides a progressive way to
fabricate high performance TFT based biosensor chip.
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