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It is widely accepted that the operation mechanism of pH-sensitive ion sensitive field effect transistor (ISFET) can be divided into three categories;
reaction of surface sites, chemical modification of insulator surface, and ionic diffusion into the bulk of insulator. The first mechanism is considered
as the main operation mechanism of pH sensors due to fast response, while the others with relatively slow responses disturb accurate pH
detection. In this study, the slow responses (often called drift effects) are investigated in silicon nanowire (SiINW) pH-sensitive ISFETs. Based on
the dependence on the channel type of SiNW, liquid gate bias, and pH, it is clearly revealed that the drift of n-type SiNW results from H* diffusion
into the insulator whereas that of p-type SiNW is caused by chemical modification (hydration) of the insulator.

© 2016 The Japan Society of Applied Physics

1. Introduction

Since the development of nano-fabrication technology,
biomedical detection devices which can detect small bio-
logical entities such as DNA, proteins and virus have been
widely researched.!™ Among the biomedical detection
devices, silicon nanowire (SINW) FET based biosensor has
been considered as a promising device due to its merits of
high sensitivity, low-cost, mass producibility, and real-time
detection which originate from its high surface-to-volume
ratio and rapid depletion/accumulation of charges.’? In
addition, SINW biosensors can be co-integrated with CMOS
(for read-out circuit) by top-down fabrication process.>"
Despite these advantages, challenges still remain for
commercialization as chemical/biomedical sensors. Partic-
ularly, unstable operation by current drift (change of drain
current with measurement time under a fixed bias) has been
one of the main obstacles. As a matter of fact, in repeated
detections of pH, the measured drain current (/p) increases or
decreases, which prevents accurate pH detection.?**? Drift
effect may be generally due to one or more of following
causes: field enhanced ion migration within the insulator,
injection of electrons from the electrolyte, slow surface
effects, and bulk ionic diffusion.?>2® However, these
explanations have limited measurement data in terms of
channel type. In this study, the underlying physical causes
of the drift effect are thoroughly analyzed with fabricated
(both n- and p-types) SINW biosensors by measuring time-
dependent I under various pH and liquid gate biases.

2. Experimental methods

Top-down fabrication was used for SINW ISFETSs, which
enables CMOS-compatible fabrication and accurate nanowire
alignment.?” The schematic diagram of the fabricated SINW
ISFET with co-integrated CMOS is shown in Fig. 1(a). With
an exception of the sensing area opening, all the process steps
were conducted simultaneously.

The process flow is illustrated in Fig. 1(b). Devices were
fabricated on 1 x 10" cm™ boron doped (100) silicon-on-
insulator (SOI) wafers to efficiently define silicon nano-wire
channels. After a buffer oxidation, channel was implanted
with boron and phosphorus on each region of the SOI wafers
to adjust threshold voltages (Vi) of n-type/p-type SiNW
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Fig. 1. (Color online) (a) Cross sectional schematic diagram and

(b) fabrication process of the complementary SiNW ISFET with MOSFET.

ISFETs. Active region was patterned by mix-and-match
(e-beam and photo) lithography to define nanowires and
active pads (Fig. 2). After gate oxidation, the poly silicon
gate was patterned only for the MOSFET because the channel
region of SINW biosensor must be exposed to electrolyte.
Subsequently, source/drain implantation was conducted
followed by a conventional back-end process including
interlayer dielectric (ILD) deposition, contact/pad hole
formation and metallization. Lastly, 300-nm-thick ILD oxide

© 2016 The Japan Society of Applied Physics
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Fig. 2.
electron microscope images of nanowire patterned by mix-and-match
lithography.

(Color online) (a) Cross sectional and (b) top viewed scanning
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Fig. 3.

(Color online) Measurement system for pH detection.

of SINW biosensor region was removed by photolithography
and RIE in CHF;/CF, plasma to make a sensing area.

The measurement system of pH sensing is shown in Fig. 3.
Poly(dimethylsiloxane) (PDMS) micro-fluidic channel was
attached to the fabricated chip for the injection of pH
solution. The surface of the channel was then treated with
3-aminopropyltriethoxysilane (3-APTES) to protect native
oxide as well as to obtain linear sensitivity.>

3. Results and discussion

3.1 Transfer characteristic as a pH sensor

Transfer characteristics of fabricated n-channel SiNW (n-
SiNW) and p-channel SiNW (p-SiNW) ISFETs with L=
6um and W=220nm were measured at various pHs.
Potassium di-hydrogen phosphate (KH,PO,4) and potassium
mono-hydrogen phosphate (K;HPO,) were used as a buffer
solution with hydrochloric acid (HCI) and potassium hydrox-
ide (KOH). The drain biases of n-SiNW /p-SiNW were 1 and
—1V, respectively. Figures 4(a) and 4(b) show the transfer
characteristics measured in three different pH solutions.
Average subthreshold swings (SS) are 100.8 mV /decade for
n-SiINW and 159.1 mV/decade for p-SiNW. Threshold
voltage shifts are 54.2 and 51.4 mV /pH, respectively, which
are close to the Nernst limit.?®

3.2 Investigation of drift effect on n-SiNW pH sensor

Subsequently, transient measurements were conducted to
investigate the drift effect of the ISFETs. The SINW ISFETs
were exposed to the pH solution with fixed liquid gate
and drain biases. Figure 5(a) shows the result of n-SiNW
measured for 500 s with Vg =135V and Vp =1V at pH 9.
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Fig. 4. (Color online) Transfer characteristics of (a) n-SiNW ISFET and
(b) p-SiNW ISFET measured in various pH solutions.
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Fig. 5. (Color online) (a) Transient characteristics and transfer curve

changes (inset) of n-SiNW ISFET. (b) Transient characteristics of n-SiNW
ISFET measured in five different pH solutions.
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The drain current increases gradually for about 8 min without
saturation, which indicates an unavailability of the reprodu-
cible detection. After 500s, the transfer characteristic was
measured again as shown in the inset of Fig. 5(a). The
threshold voltage was shifted to the negative direction.
Moreover, as pH value decreases (concentration of hydrogen
increases), the amount of the drift increases as depicted in
Fig. 5(b). Considering the direction of the Vj, shift, the
polarity of the gate bias, and the drift dependency on pH, this
slow response is evidently the result of positive species (H*
ions) trapped at buried sites inside the insulator.?>® H* ions
diffuse into the insulator of ISFETs and combine with buried
OH sites, resulting in a slowly changing channel potential.
Contrast to surface sites binding, buried sites binding takes
longer time to change their states due to relatively low
diffusion constant of hydrogen ions in the oxide. It should be
noted that the native oxide was used as a sensing insulator,
which indicates vulnerability to ionic diffusion due to its
porous attribute in comparison to other insulators such as
pure oxide or high-k insulators.?0)

3.3 Investigation of drift effect on p-SiNW pH sensor
However, in contrast to the n-SiNW, the p-SiNW shows
completely different tendency. Figure 6(a) demonstrates that
the drain current decreases gradually throughout the measure-
ment. After the measurement, the threshold voltage was
shifted to the negative direction and the subthreshold swing
was increased fairly. Moreover, the amount of current drop
increases with higher pH value (concentration of OH™ ions)
and liquid gate bias as shown in Figs. 6(b) and 6(c). Based on
these results, it is simply noticed that the current drift in the
p-SiNW is related to the chemical reaction of OH™ ions with
gate insulator. However, considering the direction of the Vi,
shift and the extremely small mobility of OH™ ion in the
insulator, the drift cannot be induced by the trapping of
OH™ ions inside the insulator. The gate current was also
measured to check if the insulator had been broken down by
OH™ ions which are known to etch silicon dioxide. As seen
in Figs. 7(a) and 7(b), the gate current was not changed
throughout the transient measurement.

These phenomena can be explained by the chemical
modification of insulator due to the surface reaction:
hydration accelerated with OH~ ions.**3) The reaction
brings temporal decrease in the permanent dipole moment
of the material, resulting in the decrease of oxide capaci-
tance.”>>> Evidently, the degradation of subthreshold swing
[inset of Fig. 5(b)] supports the hypothesis. The change of
threshold voltage by the reduced insulator capacitance can be
derived as follows:

AVr(t) = AVeg(t) + AVox (), (1)

where AVgg and AVpx represent the flatband voltage and the
voltage drop across the insulator. Conventional AVgg and
AVpx equations can be substituted in Eq. (1) resulting

AVr(t) = =(Qox + Qacc)[Cox() — Cox(O],  (2)

where Qox is the density of charge inside the insulator and
Oacc is density of accumulation charge stored in the channel.
Cox can be determined by the series combination of the
hydrated layer capacitance and the underlying insulator ca-
pacitance. Detailed models are described in Refs. 24 and 25.
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Fig. 6. (Color online) (a) Transient characteristics and transfer curve

changes (inset) of p-SiNW ISFET. (b) Transient characteristics of p-SiNW
ISFET measured in five different pH solutions. (c) Transient characteristics
of p-SiNW ISFET measured at various gate biases.

Although the surface reaction may also occur in n-SiNWs,
the current of n-SiNW continuously increases as a function of
the measurement time since the current enhancement by H*
diffusion completely compensates the current reduction by
the surface reaction. This compensation can be proved by the
fact that the amount of the Vy, shift in n-SiNW is relatively
smaller than that of p-SiNW as can be seen in the insets of
Figs. 5(a) and 5(b).

4. Conclusions

The drain current drift was investigated in SiNW pH-
sensitive ISFETs. Through the liquid gate bias and pH
dependency of the ISFETS, the cause of the drift effect can be
divided into two categories: 1) field-enhanced H* diffusion
into the insulator and 2) chemical modification (hydration) of

© 2016 The Japan Society of Applied Physics
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Fig. 7. (Color online) (a) Drain, source, and gate currents of p-SINW 19)
ISFET measured during the transient measurement. (b) Enlarged gate current 20)
which is almost constant throughout the measurement. 21)
. ) ) ) 22)
the insulator. In n-SiNW, these mechanisms occur simulta-
neously but the current enhancement by the H* diffusion  23)
compensates the current reduction by the insulator modifica-
tion. Thus, the drain current increases during the measure- 24)
ment time even though the hydration occurs. On the contrary, 55
in p-SiNW, the drain current decreases throughout the
measurement time because only the hydration occurs without ~ 26)
OH™ diffusion into the insulator. 27)
28)
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