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In this study, we investigated the effects of nanowire size on the current sensitivity of silicon nanowire (SiNW) ion-sensitive ﬁeld-effect transistors
(ISFETs). The changes in on-current (Ion) and resistance according to pH were measured in fabricated SiNW ISFETs of various lengths and widths.
As a result, it was revealed that the sensitivity expressed as relative Ion change improves as the width decreases. Through technology computeraided design (TCAD) simulation analysis, the width dependence on the relative Ion change can be explained by the observation that the target
molecules located at the edge region along the channel width have a stronger effect on the sensitivity as the SiNW width is reduced. Additionally,
the length dependence on the sensitivity can be understood in terms of the resistance ratio of the ﬁxed parasitic resistance, including source/drain
resistance, to the varying channel resistance as a function of channel length. © 2017 The Japan Society of Applied Physics

1.

Introduction

As interest in point-of-care (PoC) testing has grown, rapid,
sensitive, and equipment-free diagnoses have become important. Following these trends, biosensors based on ionsensitive ﬁeld-eﬀect transistors (ISFETs) have been widely
studied owing to their label-free, highly sensitive, and realtime detection of biological entities such as DNA, viruses, and
proteins. A number of studies of sensing various target molecules have been reported.1–5) Furthermore, ISFET sensors with
CMOS-compatible device structures have received considerable attention owing to their good uniformity, high reproducibility, and low-cost fabrication for mass production.6–13)
The principle of electrical detection by ISFET sensors is based
on the gating eﬀect of the charged biomolecules on the gate
oxide, which can be converted directly to changes in electrical
properties such as current, conductance, and threshold
voltage.14–16) Beginning with micrometer-scale ISFET devices,17–19) various researchers have reported achieving the
maximum sensitivity of ISFETs.20,21) In recent years, silicon
nanowire (SiNW) channels1–4,6–13) and carbon nanotubes
(CNTs)22) have been studied to improve their sensing performance due to their high gate controllability and surface-tovolume ratio. In terms of sensing performance, sensitivity is
deﬁned as relative conductance or current change, which is
strongly related to the intrinsic performance of SiNW FETs.
The relationship between nanowire size and sensitivity has
been studied in various types of SiNW ISFETs.23–25) It is
broadly accepted that SiNW ISFETs with a small cross section
tend to have higher sensitivity. However, the eﬀect of
enhancing surface-to-volume ratio on the sensitivity of SiNW
ISFETs has not yet been speciﬁcally investigated by using
fabricated SiNW ISFETs. Moreover, it is necessary to
consider the physical eﬀect of the nanowire structure on
sensitivity owing to the electric ﬁeld concentration from the
edges of the nanowire as the width decreases. In terms of
length dependence on sensitivity, rigorous analysis has not
been possible owing to insuﬃcient experimental results.
Our group has developed a SiNW biosensor that can be
completely integrated with CMOS readout circuits.26,27) In

this study, we examined its sensitivity using fabricated SiNW
ISFET-based pH sensors of various lengths and widths. On
the basis of experimental results, the sensitivity depending on
nanowire size was explained. Through technology computeraided design (TCAD) simulations, the physical backgrounds
of the width=length-dependent sensitivity were rigorously
investigated.
2.

Experiment procedure and simulation conditions

2.1

Fabrication and experiment procedure
We fabricated a SiNW ISFET with a liquid gate for pH detection. The details of the fabrication are illustrated in Fig. 1(a).
Firstly, n=p-channel regions are deﬁned by ion implantation.
A B+ dose of 7 × 1012 cm−2 and 20 keV are applied to the
n-channel region, whereas a P+ dose of 3 × 1013 cm−2 and
40 keV are applied to the p-channel region. SiNW active
regions are formed by an electron-beam (e-beam) mix-andmatch lithography process followed by dry etching. After
gate oxidation for the gate dielectric and the deposition of the
the poly-Si gate for MOSFETs in CMOS readout circuits,
poly-Si on the nanowire channels of the ISFETs are etched
by the reactive-ion-etching (RIE) process in HBr=O2 gas.
Source and drain regions is implanted with As+ (3 × 1015
cm−2) in n-channel devices and BF2+ (3 × 1015 cm−2) in
p-channel devices, respectively. Then, the conventional backend-of-line (BEOL) process is conducted. An interlayer
dielectric (ILD) is deposited with oxide by the high-density
plasma chemical vapor deposition (HDPCVD) process. Next,
contact hole etching and metallization are carried out to wire
the sensors and their readout circuits. Lastly, the sensing
area is opened by oxide etching process in CHF3=CF4
plasma. The schematics of the fabricated SiNW ISFET are
shown in Figs. 1(b) and 1(c). The device structure is similar
to the conventional SiNW MOSFET structrue, except that the
SiNW channel is opened to contact a pH solution to which a
liquid gate voltage is applied. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
of the fabricated SiNW sensor are shown in Fig. 2.
Figure 2(a) indicates that the SiNW sensor is fabricated
adequately and the sensing area is opened successfully.
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Fig. 1. (Color online) Schematic illustration of (a) fabrication procedure and (b) cross-sectional and (c) top views of SiNW ISFET.
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Fig. 3. (Color online) Schematic diagram of measurement setup.
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Fig. 2. (Color online) (a) SEM images of SiNW ISFET and (b) crosssectional TEM image of SiNW.

Figure 2(b) shows that the corners of the Si channel are
slightly round, so the eﬀective SiNW width becomes smaller
because the liquid gate potential can be applied more deeply
at the corners of the channel. Thus, the sensitivity is
enhanced in SiNWs with rounded corners, compared with
SiNWs with right-angled corners in the simulated device
structure. Furthermore, the SiNW channel and the gate oxide
of the sensor are preserved during the etching of the sensing
area, as shown in Fig. 2(b). The width and thickness of the
SiNW are 105 and 80 nm, respectively. The measurement
procedure is illustrated in Fig. 3. Poly(dimethylsiloxane)
(PDMS) is attached to the fabricated chip. After that, the gate

oxide surface of the SiNW sensor is functionalized using
3-aminopropyl-triethoxysilane (APTES) to obtain an amine
(–NH2) surface. An amine surface is used to maintain the
linearity of sensitivity from low to high pH values of the pH
solution.14) The SiO2 surface of the SiNW is treated with
0.1× potassium phosphate buﬀer solutions with three diﬀerent pHs (pHs 4, 7, and 10) to detect H+ or OH− ions. A
ﬂuidic channel is used to inject the pH solution. Liquid gate
bias is applied to the pH solution through the Ag=AgCl
reference electrode.
2.2 TCAD simulation conditions
TCAD simulations are conducted to analyze the physical
origin of pH sensitivity in the SiNW sensors. The details of
the TCAD simulation method are described in a previous
report.28) The device architecture and physical parameters of
the SiNW sensor used in this work are shown in Fig. 4 and
Table I, respectively. The channel length of the SiNW is
2 µm. The source and drain regions are doped with 2 × 1020
cm−3 arsenic and the channel doping concentration is 1 ×
1017 cm−3 (boron). In addition, we consider that the electrical
double layer is a dielectric layer with a thickness of 4.43
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Fig. 4. (Color online) Device structure of SiNW ISFET used in
simulations.

Fig. 5. (Color online) Transfer curves of n-type SiNW ISFETs of various
widths at pH 7.

Table I. Parameters used in these simulations.
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Results and discussion

Width dependence on sensitivity of SiNW sensor
Figure 5 shows the transfer curves of the ISFETs of 35, 60,
70, 120, and 300 nm widths measured at pH 7. The threshold
voltage of each ISFET is slightly diﬀerent and thus the
sensitivity is deﬁned at a ﬁxed gate overdrive voltage (0.2 V)
to allow comparison between devices. Threshold voltages are
extracted from the transfer curves by the linear extrapolation
method.30) As a result, in Fig. 5, the threshold voltages of the
ISFETs are 1.05, 1, 1, 0.97, and 0.8 V.
Figure 6(a) shows the changes in the transfer curve as a
function of pH and Fig. 6(b) shows the width dependence of
the relative current change (sensitivity; ΔION=ION at pH 7)
extracted from the transfer curves. In Fig. 6(a), as pH
increased, more negative charges (OH− ions) are bound on
the gate oxide of the SiNW ISFET. Thus, the transfer curve is
shifted to the right and ION is decreased at a ﬁxed liquid gate
voltage. Figure 6(b) indicates that the SiNWs with smaller
widths tend to have higher sensitivity. In general, the absolute
ION and ΔION are both reduced as the nanowire width
decreases. However, in relative terms, ΔION=ION is improved
as the nanowire becomes narrower. The simulated ΔION=ION
data in Fig. 7 are also consistent with the measurement
results. This tendency can be explained by the fact that the
electron concentration of a narrower nanowire increases more
sharply than that of a wider nanowire. To understand the
width dependence on the sensitivity of SiNW, one needs to
focus on two factors: surface-to-volume ratio and e-ﬁeld
concentration. E-ﬁeld concentration means that both the
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nm. H and OH ions are modeled as positive and negative
charges on the gate oxide. The site-binding theory is used
to model the sensing mechanisms of target molecules
with charges.29) All the simulations are conducted using a
Synopsys Sentaurus™ TCAD simulator.
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Fig. 6. (Color online) (a) ION extraction of n-type SiNW pH sensor and
(b) ION sensitivity of ISFETs of various widths as a response to pH change.

vertical and lateral e-ﬁelds aﬀect the electrostatic potential
of the channel, especially at the corners of the nanowire.
Figure 8 shows that the energy band is more bent at the
corners owing to the combination of the e-ﬁelds crowding in
both directions. Owing to the additional band bending, the
electron density at the corners is higher than that in the middle.
Figure 9 shows the simulated electron density (e-density) of
the SiNW across the channel width and Fig. 10 shows that the
relative increase in the number of electrons (the ratio of
electron concentration at pHs 4 and 10 at the same Vov) in the
entire SiNW area is largest in the 35 nm SiNW. Interestingly,
the sensitivity change increases markedly when the nanowire
width becomes sub-60 nm, as shown in Fig. 11(a). This is
because the mechanism of sensitivity enhancement is slightly
diﬀerent between the narrow and wide SiNWs. When the
SiNW is wider (over 60 nm), the sensitivity depending on the
decreased SiNW width is generally improved by the decrease
in the area of the channel region where the e-ﬁeld is not con-
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Fig. 7. (Color online) Simulated (a) transfer curves and (b) ΔION=ION in the 35- and 300-nm-width SiNW ISFETs.
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Fig. 10. (Color online) Extracted ratio of electron concentration at pH 4
to that at pH 10 by integrating simulated electron density in Fig. 9.

centrated. On the other hand, as the nanowire gets narrower
“under 60 nm”, each side of the region with the concentrated
e-ﬁeld begins to interact and overlap as shown in Fig. 9. As a
result, the top area of the channel is more easily activated by
the accumulated electrons and the relative increase in the
number of accumulated electrons in the SiNW is enhanced.
Therefore, sensitivity enhancement in narrow SiNW is due
to the increase in surface-to-volume ratio as well as the
overlap of e-ﬁeld concentrated regions. This tendency can be
explained by the additional eﬀect of the overlap of the e-ﬁeld
concentrated regions. Furthermore, it is found that the eﬀect of
increasing surface-to-volume ratio declines with decreasing
SiNW width. In Fig. 11(b), the rate of sensitivity increase
gradually decreases as surface-to-volume ratio increases
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(that is, the nanowire width decreases). When only the
nanowire width is reduced, the increase in sensitivity owing to
the surface-to-volume ratio is limited because the bottom part
of the SiNW is diﬃcult to activate with electrons at the given
height of SiNW (80 nm).
To summarize, the sensitivity increases and the increase
becomes larger as the width of the SiNW decreases, because
the eﬀect of concentrated e-ﬁelds is added to the existing eﬀect
of increasing surface-to-volume ratio, which means that narrower SiNWs have a stronger response to external target ions.
3.2 Length dependence on sensitivity of SiNW sensor
The channel length dependence on sensitivity is investigated.
Figure 12(a) shows the measured transfer curves of the SiNWs
of various lengths. In general, channel length has a negligible
eﬀect on the performance of long-channel ISFETs with a
length of more than 1 µm.31) However, as shown in Fig. 12(b),
it is found that the sensitivity (relative ION change at a gate
overdrive voltage of 0.2 V) increases as the length of the SiNW
increases. This trend can be explained by the fact that the
parasitic resistance, including source=drain (S=D) resistance,
is decreased in the SiNWs with longer channels.32) The
sensitivity (S) examined in this paper can also be expressed as
1
1

R
R
I I  IpH7
pH7
¼
S¼
¼
I
IpH7
1
RpH7
RpH7  R
Rnw
¼
¼
:
ð1Þ
R
RS þ Rnw þ Rd
Here, Rs and Rd denote the resistances of the source and
drain, respectively. Rnw denotes the intrinsic channel resistance of the ISFET. When H+ or OH− ions are attached to the
gate oxide, the channel resistance (ΔRnw) changes. Note that

Fig. 12. (Color online) (a) Transfer curves of n-type SiNW ISFETs of
various lengths measured at pH 7 and (b) ION sensitivity of ISFETs of
various lengths.

both Rnw and ΔRnw increase as the channel length increases.
As the ISFET channel length increases, Rnw increases and
becomes a major part of the total resistance of the ISFET.
Since Rs and Rd extracted from Fig. 13 remain constant in
Eq. (1), the relative resistance change (S) in Eq. (1) according to pH variations increases as the SiNW becomes longer.
Furthermore, it is predictable from Eq. (1) that the extent of
increase in sensitivity is gradually reduced with increasing
channel length because Rs and Rd make up a smaller proportion of the total resistance and ﬁnally become negligible.
Figure 14 shows the extracted sensitivity (ΔION=ION at pH 7)
compared with the relative nanowire resistance change
(ΔRnw=Rnw). The nanowire resistances are extracted by
removing S=D parasitic resistances (extracted from Fig. 13)
from the total resistance (ION=Vd ) of the ISFET. It is clearly
observed that S increases with increasing nanowire length
and saturates when the nanowire length exceeds about 10 µm.
On the other hand, the relative change in SiNW resistance
(ΔRnw=Rnw) is almost unchanged as the SiNW length varies.
This phenomenon implies that the sensitivity dependence on
SiNW length is mainly aﬀected by S=D parasitic resistances.
In addition, the eﬀect of S=D resistances is diminished in
longer SiNW channels and ﬁnally the correlation between
SiNW length and sensitivity disappears.
Consequently, the sensitivity resulting from the relative
ION change is improved as the channel length increases owing
to the decreased inﬂuence of Rs and Rd. However, the
sensitivity improvement by using longer channels is limited
up to approximately 10 µm as the inﬂuence of Rs and Rd
decreases in longer SiNWs.
4.

Conclusions

We have researched the sensitivity trend of SiNW ISFET-
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based pH sensors of various widths and lengths. From the
experimental results, it is estimated that SiNWs with smaller
widths have a greater relative on-current change at a ﬁxed
gate voltage and thus have higher sensitivity than those
with larger widths. Through TCAD simulations, it is veriﬁed
that the SiNWs with smaller widths have higher accumulated
carrier concentration inside the channel in response to pH
variations owing to the overlap of electric ﬁeld concentrated
regions. Furthermore, the relationship between the sensitivity
and length of SiNW is successfully supported by the obtained
experimental data. The sensitivity is improved as the length
of SiNWs increases because the source=drain resistances
occupy a smaller proportion of the total resistance. Therefore,
the use of narrower and longer ISFETs will improve the
sensing performance of SiNW ISFETs.
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