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Abstract
Silicon nanowire (SiNW) sensors have been developed by using top-down fabrication that is
CMOS (complementary metal–oxide–semiconductor) compatible for resistive chemical
detection with fast response and high sensitivity. Top-down fabrication by electron beam
lithography and reactive ion etching of a silicon on insulator (SOI) substrate enables
compatibility with the CMOS fabrication process, accurate alignment with other electrical
components, flexible design of the nanowire geometry and good control of the electrical
characteristics. The SiNW sensors showed a large operation range for pH detection
(pH = 4–10) with an average sensitivity of (R/R)/pH = 2.6%/pH and a rise time of 8 s. A
small pH level difference (pH = 0.2) near neutral pH conditions (pH = 7) could be resolved
with the SiNW sensors. The sensor response to the presence of alkali metal ions and the long
term drifting effects were also investigated.
(Some figures in this article are in colour only in the electronic version)

demonstrated [5, 6, 13], the integration of bottom-up grown
nanowires with other microfabricated electronic circuits
is still a great challenge.
In many cases, researchers
still utilize deposition of a liquid suspension of multiple
nanowires on the pre-fabricated electrodes [15]. Others are
developing methods such as using microfluidic channels [16],
dielectrophoresis [17], microcontact printing [18], optical
trapping [19], and MEMS tweezers [20]. However, these
approaches do not guarantee the reproducibility and robustness
of the mechanical and electrical contacts. An alternative
solution is to use lithographically defined nanowires via a
top-down approach. Elibol et al [21] fabricated SiNW-like
structures (width of 40 nm, thickness of 7 nm) by using
confined lateral selective epitaxial growth (CLSEG) within
a confined space defined by photolithography. However,
the nanowire-like structure fabricated by this approach had
poor geometry with large line edge roughness (LER) and
low spatial density. Furthermore, accurate control of the
electrical properties was not easy. We have previously reported

1. Introduction
The high surface to volume ratio and small dimensions
of nanowires permit rapid depletion and accumulation of
charge carriers within their structures, and render them highly
sensitive to biological and chemical molecules. Various
materials including polymers (e.g. PEDOT, polyaniline and
polypyrrole) [1–3], metal oxides (e.g. ZnO, In2 O3 and
SnO2 ) [4–6], and silicon [7–10] have been used as materials
for producing nanowires. Among these, silicon (Si) is the
most common material for nanowire-based sensor use [9–14],
particularly in the detection of biomolecules. It has a wellestablished fabrication process, easy control of electrical
properties, facile surface functionalization with chemical
linkers and biomolecules, and mechanical and chemical
robustness for extended periods of usage.
Although excellent performance of nanowire sensors
for the chemical and biological detection devices has been
4 Author to whom any correspondence should be addressed.
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on SiNW sensors fabricated by a CMOS-compatible topdown approach using electron beam lithography and reactive
ion etching [9–12]. This top-down approach enabled much
more precise control of the geometry and electrical properties
of SiNWs and accurate alignment with other electrical
components than the bottom-up methods. Reproducible
fabrication of SiNWs down to 40 nm width is feasible in any
desired geometries via the design flexibility of electron beam
lithography. Furthermore, a larger metal–silicon contact area
connected seamlessly to SiNWs by electron beam lithography
design facilitated minimized contact resistance between metal
interconnections and SiNWs, enabling a good ohmic contact.
Another advantage of top-down fabricated SiNWs is that
they can be easily integrated in a high density array and so
novel applications such as chemical mapping (e.g. extracellular
biomolecule monitoring from single cells) with nanoscale
spatial resolution are possible.
However, in our previous reports [9–12], the geometrical
and electrical characterization of the fabricated SiNWs and
their sensing performance in areas such as pH level detection,
alkali metal ion sensitivity, and long term stability have not
been addressed in detail. In this paper, we will report on the
following aspects in depth: firstly, geometrical characteristics
such as the linewidth (LW) and line edge roughness (LER) of
SiNWs will be discussed. Secondly, electrical characteristics
and the thermal annealing effect of SiNWs will be addressed.
Thirdly, the performance of SiNW sensors in the detection
of chemical species properties such as the pH level will be
explained. Lastly, the sensitivity to alkali metal ions and the
long term stability of SiNW sensors will be investigated.

(3)

(4)

(5)

(6)

(MIBK) = 3:1) for 70 s and this was followed by soaking
in IPA for 60 s and finally rinsing with DI water. The
residual PMMA layer was descummed by low power O2
plasma etching.
A pattern of 15 nm thick chromium (Cr) was created in the
nanopatterns of the PMMA by a lift-off process. The Cr
layer was later used a mask for the RIE of SiO2 .
A SiO2 layer was etched by a RIE process in a CHF3 + Ar
environment. After removing the top Cr layer, a 50nm
thick Si device layer was etched by the RIE process in
an HBr plasma with SiO2 as the mask layer. Then, the
remaining top SiO2 layer was removed using 10:1 BOE.
Finally, a thin SiO2 layer of 3 nm was grown on the SiNW
surfaces at 925 ◦ C for 1 min in a dry O2 environment.
The Al interconnection was photolithographically defined.
Then, the sample was thermally annealed in forming gas
(10% H2 /90% N2 ) at 400 ◦ C for 30 min.
A PDMS microfluidic channel (width = 100 μm,
height = 50 μm) was bonded on the chip for fluidic
transport of the sample solution. Also, a plastic leaded
chip carrier (PLCC) package was used via wire bonding
for electrical connection of the sensor.

For obtaining the geometric characteristics of fabricated
silicon nanowires such as linewidth (LW) and line edge
roughness (LER), we used a SEM metrology interactive
toolbox (SuMMIT, EUV Technology, Inc.)
Electrical
characterization of the silicon nanowires was carried out by
employing an Agilent semiconductor analyzer HP 4155.
The testing setup for the SiNW sensor is shown in
figure 1. Sample solutions were supplied to the SiNW
sensor at a constant flow rate (0.10–0.50 ml h−1 ), controlled
by syringe pumps.
For the pH level detection, we
used commercially available color-coded pH buffer solutions
from Fisher Scientific, Inc.: the pH = 4 solution was
based on potassium hydrogen phthalate with formaldehyde
and methyl alcohol as additives; the pH = 7 solution
was based on sodium hydroxide, and potassium phosphate
monobasic; the pH = 10 solution was based on disodium
ethylenediaminetetraacetate dehydrate, potassium carbonate,
potassium borate, and potassium hydroxide; other pH level
solutions were titrated by mixing these pH buffer solutions
and measured using a handheld pH meter (Omega Engineering,
Inc.).

2. Experimental procedures
Each SiNW sensor was fabricated by a top-down method with
electron beam lithography (EBL) for the nanopatterning of
SiNW features and reactive ion etching (RIE) for the pattern
transfer to the thin silicon (Si) device layer of the silicon on
insulator (SOI) substrate. Details of the fabrication procedure
are provided as follows.
(1) The 100 nm thick (100) silicon (Si) device layer of the
SOI wafer was oxidized to form an oxide of 110 nm
thickness via dry thermal oxidation. Then, the silicon
device layer was doped with boron (B) by ion implantation
(dose = 1.2 × 1014 cm−2 , ion energy = 35 keV,
tilt angle = 7◦ ) followed by rapid thermal annealing
at 984 ◦ C for 20 s dwelling period in an argon (Ar)
environment. This processing condition was used for the
average boron concentration of 5 × 1018 cm−3 within the
silicon nanowire. Afterward, the oxide layer was thinned
down to 50 nm by a wet etching in 10:1 buffered oxide
etchant (BOE).
(2) EBL was performed on PMMA-coated (thickness =
90 nm) substrate with an area scan mode, a dose
of 300 μC cm−2 , a working distance of 6 mm,
1500× magnification and an acceleration voltage of
30 kV. Then, the sample was developed in the PMMA
developer (isopropyl alcohol (IPA):methyl isobutyl ketone

3. Results and discussion
3.1. Geometrical characterization of fabricated SiNWs
Various SiNW arrays are presented in figure 2. In general,
the actual linewidths (blue dots) in figure 2(A-i) follow well
the original design widths (red dotted line). However, for the
features larger than 50 nm, the actual widths were smaller than
the original design. The average widths of nanowires with
Wnominal = 100 nm and 150 nm were 88.1 nm (−11.9%) and
135.6 nm (−9.6%), respectively. Possible reasons for this size
reduction are errors in the raster control of the electron beam
and the shadowing effect of the PMMA resist pattern during
the Cr deposition process. Incorrect calibration of the dose
2
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Figure 1. Experimental setup for the SiNW sensor testing: computer-controlled syringe pumps supplied different sample solutions at a fixed
flow rate while the samples were manually switched by using a series of selection valves. The fluidic packaging was made by using
PDMS-based microchannels and the electrical packaging was made by using a plastic leadless chip carrier (PLCC).

level could also cause reduced exposure to the electron beam
resist, resulting in diminished linewidth of features. On the
other hand, the features of Wnominal < 40 nm were patterned
larger than the nominal sizes. These larger dimensions may be
due to imperfect focus of the electron beam, overdevelopment
of the resist, lateral etching of the PMMA during the O2
plasma descumming step, and scattering effects of the electron
beam [22].
Line edge roughness (LER) was found to be relatively
constant, ranging in 5–7 nm regardless of the nominal width
(Wnominal ) of the SiNWs. The effects of LER become evident
as the CD gets smaller as shown in figure 2(A-iii,iv). For
example, (LER/LW) = (6.6/27.2) = 24.5% for nanowires
with Wnominal = 20 nm whereas (LER/LW) = (6.2/88.2) =
7.0% for nanowires with Wnominal = 100 nm. Therefore the
charge transport through SiNWs will be greatly affected by
the LER as the dimensions get smaller. Possible causes of
LER include the quality of the aerial image [23], the molecular
structure of the resist polymers [24], the degree of mixing of
the resist components [25] and the development and processing
conditions [26, 27]. Firstly, there exists statistical fluctuation
of location and dose of incident electrons due to the shot noise
effects in the EBL system, causing a fluctuation of electron

exposure on the resist across the features. Secondly, the surface
of the resist is actually not uniform but consists of higher
order structures formed by the aggregation of many polymer
molecules [28]. These polymer aggregates were already
formed before the EBL process, and thus react differently
to the electron beam exposure and dissolve at different rates
in the developer. Lastly, the developer solution of a certain
concentration and strength can roughen and swell the surface
of unexposed area, resulting in the rough line edge.
For sensor application, an array of ten nanowires was fabricated as shown in figure 2(B). The top-down nanofabrication
process allowed a perfectly aligned array of parallel nanowires
and integration with microwire interconnection via monolithic
patterning and etching process, which is very difficult with
bottom-up synthesized nanowires.
3.2. Electrical characterization of fabricated SiNWs
The results of current–voltage ( I –V ) characterization for
SiNWs with width (W ) = 80, 130 and 300 nm are shown in
figure 3. Two major facts were observed from these results.
Firstly, the nanowires behave like common ohmic resistors
with a linear I –V relation after thermal annealing. The average
3
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Figure 2. (A) Linewidth (LW) and line edge roughness (LER) of silicon nanowires fabricated by the top-down nanofabrication process
(electron beam lithography and reactive ion etching of the silicon on insulator substrate); (B) silicon nanowire sensor arrays fabricated by the
top-down nanofabrication process (inset: 50 nm width).

resistance values of nanowires with W = 80 nm, 130 nm and
300 nm were 2.56 M, 0.80 M and 0.35 M, respectively.
Smaller nanowires have a bigger standard deviation of the
resistance due partially to a larger effect of line edge roughness
(LER). Secondly, the contact between Al and Si has good
ohmic characteristics after the thermal annealing process. The
SiNW was moderately doped with a boron (B) concentration
of 5 × 1018 cm−3 , at which the contact resistance is very
high before thermal annealing [29]. However, the thermal
annealing process facilitated a good ohmic contact between
Al and Si. As shown in figure 3(B), the resistances of the
nanowires decreased from 752 M to 2.72 M, from 20.4 M
to 0.81 M, and from 2.03 M to 0.38 M for W =
80 nm, W = 130 nm, and W = 300 nm, respectively.
The ratio between the electrical conductances before and after
the thermal annealing (Sannealed /Sas−is ) is 56.3, 20.8 and 5.21
for W = 80 nm, 130 nm and 300 nm, respectively. If
the conductance increase upon thermal annealing was solely
due to a better Al–Si contact, (Sannealed /Sas−is ) would not be
such a strong function of the nanowire dimensions. The
specific contact resistivity was measured as 6.59 × 10−4  cm2
before thermal annealing and 1.46 × 10−4  cm2 after thermal
annealing. Therefore, the contact resistance at each contact
area was 2.64 k before thermal annealing and 0.58 k
after annealing, both of which are much smaller than the
total resistance of the SiNW device. From this fact, we can
infer that the increase of electrical conductance upon thermal
annealing is partially due to better ohmic contact between Al
and Si, but mainly due to the conduction enhancement of the
SiNW itself. It is conjectured that the organic contaminants
around the SiNW and the interface trapped charge (Q it ) or
the oxide trapped charge (Q ot ) developed during the plasma
etching process may be reduced during the thermal annealing
process [30].
It was also observed that the electrical conductivity (σ ) of
nanowires is highly dependent on the width of the nanowire.
The electrical conductivity for W = 80 nm was σ =
70.2 S m−1 , which is much smaller than σ = 1370 S m−1
for W = 300 nm. The reasons for this difference can be
found from the larger surface effects for smaller nanowires.

As mentioned above, the surface damage, defects, and trapped
charges can be developed during the plasma etching process.
These contamination effects play more significant roles for
smaller nanowires due to the larger surface to volume ratio.
Also, the ratio of line edge roughness (LER) to linewidth (LW)
becomes larger for smaller nanowires. Therefore, electrical
conductivity could be reduced by larger surface scattering of
mobile charge carriers. The discrepancy between different
sizes is reduced after the thermal annealing process, as shown
in figure 3(B-iii).
3.3. Real-time pH level detection
SiNW sensors with W = 100 nm were used for the real-time
detection of four different pH buffer solutions (pH = 4, 6, 8
and 10). The resistance showed the highest value ( Ravg =
2.07 M) for pH = 4 and the lowest value (Ravg = 1.79 M)
for pH = 10. The average sensitivity and rise time were
(R/R)/pH = 2.6%/pH and 7.9 s, respectively. However,
when the solution was changed from pH = 6 to pH = 4,
the sensor showed very little change of electrical resistance
( Ravg = 2.06 M for pH = 6 and Ravg = 2.07 M for
pH = 4). This may be because no more silanol (–SiOH)
sites for protonation are available at pH = 4. Another
noteworthy fact is the hysteresis in the sensor signal. For
example, when the solution is switched from pH = 6 to 4
and then back to 6 again, the average resistances at pH = 6
before and after the pH = 4 solution are Ravg = 2.06 M
and Ravg = 2.01 M, respectively. The same hysteresis effect
is observed for pH = 8. In the sequence of decreasing pH
(pH = 10 → 8 → 6 → 4), the average resistance is Ravg =
1.937 M. On the other hand, in the sequence of increasing
pH (pH = 4 → 6 → 8 → 10), the average resistance is
Ravg = 1.869 M. This hysteresis is believed to be caused
by the presence of buried OH sites just below the surface [31]
and shift in the point of zero charge (pHpzc ) [32]. Water (H2 O)
diffuses into thin SiO2 layers with a low activation energy, even
at room temperature [33]. Most of this H2 O reacts with the
SiO2 structure and forms Si–OH sites at a concentration in the
1019 –1020 cm−3 range near the surface of SiO2 [33]. These
Si–OH sites slowly react with H+ ions from the solution with
4
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Figure 3. Electrical characterization of silicon nanowires: (A) statistical analysis of the electrical resistivity of silicon nanowires (length
L = 40 μm, thickness h = 50 nm, width W = 80, 130, 300 nm), (B) effect of thermal annealing on the I –V characteristics of SiNWs in
various sizes of silicon nanowires.

our SiNW sensors in terms of resolution and detection speed
renders them good tools for the real-time in vitro extracellular
pH measurement of single cells. For example, when antibodymediated crosslinking occurs on the surface of T-cells, they get
activated and intracellular signaling drives the release of acid
in the extracellular environment [34, 35]. The local change
of pH level in this case is known to be pH ≈ −0.4 in a
response time of about 3 min. Therefore, our SiNW sensor
should provide sufficient sensitivity and response speed for this
kind of in vitro single-cell measurement.
To explore the size effect of SiNWs on their sensitivity to
the pH level changes, nanowires with two different widths (100
and 200 nm) were compared. The thickness and length of the
nanowires were the same, at 50 nm and 20 μm, respectively.
As shown in figure 4(D), the nanowire with 100 nm width
showed higher sensitivity ((R/R) = 16% for pH = 6)
than that with 200 nm width ((R/R) = 13% for pH =
6). The modulation of the electrical resistance in the silicon
nanowire is based on the change of surface potential and
formation of a depletion layer on the surface of the nanowire
when charged molecules are attached. Therefore the sensitivity
is highly affected by the surface to volume ratio. Theoretical
analysis of the dependence of the sensitivity to the geometry
of the nanowire is given in another paper by the author [11].
In short, the relative change of electrical conductance of p-type

long time constants. Although this number of Si–OH sites
buried below the surface is small compared to the number of
sites on the surface, the slow response of these buried sites to
the electrolyte pH level changes is believed to be the source
of hysteresis during the sample solution switching. If the pH
level of sample solution is changed, the point of zero potential
(pHpzc ) of the surface of SiO2 is slightly modified [32]. When
the pH level of the solution is continuously switched, pHpzc
is altered and the response of the SiNW is changed as a
consequence. This can cause hysteresis in the sensor signals.
Despite the existence of hysteresis and overshoot in the
SiNW sensor, it is still sensitive enough and has enough
reproducibility to detect small pH level changes near the
neutral pH level (pH = 7). The real-time pH level detection
when switching the solutions among pH = 6.7, 6.9, 7.1 and
7.3 every 90 s is shown in figure 4(B). The average sensitivity
and rise time of the sensor response were (R/R)/pH =
3.6%/pH and 8.5 s, respectively. Here, we could also observe
initial spikes during sample switching and hysteresis of sensor
signals at each pH level. The plot of average resistance ( Ravg )
versus pH level in figure 4(C) shows a linear relationship
between the pH level and average resistance. The average
signal to noise ratio (SNR) was 8.3, which implies that we
can potentially detect an even smaller pH level difference
down to 0.05 by using the SiNW sensor. The performance of
5
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Figure 4. Result of real-time pH level detection by the SiNW sensor; (A) pH level switching between pH = 4, 6, 8, and 10 every 90 s, (B) pH
level switching between pH = 6.7, 6.9, 7.1, and 7.3 every 90 s, (C) average resistance versus pH level near the neutral pH level, (D) size
dependence of the sensitivity to the width of silicon nanowires ( W = 100 and 200 nm).

may encounter other components in the sample solution—
organic contaminants, inorganic particles and metallic ions. In
particular, electrolyte solutions with alkali metallic ions such as
sodium (Na+ ) and potassium (K+ ) ions are common conditions
for biochemical sensing. Therefore, the characterization of
sensitivity of SiNW sensors to these metal ions present in the
sample solutions is of great importance.
The result of the sensitivity of the SiNW sensor to the
potassium chloride (KCl) dissolved in the pH = 7 buffer
solution is shown in figure 5(A-i). The sensor showed an
increase of resistance when the sample was switched from a
pH = 7 buffer solution without additional KCl salts to the
same solution with KCl added. For 1 M, 0.1 M and 0.01 M
of KCl, the resistance increased from R = 2.26 M to
R = 2.36 M (+4.4%), 2.29 M (+1.3%) and 2.28 M
(+0.6%), respectively. For the concentration of 0.001 M, the
signal was not obvious compared to the noise level. Similar
results were observed for the sodium chloride (NaCl), as shown
in figure 5(A-ii).
The sensitivity of SiNW to the metal ions can be explained
by the selective adsorption of positive metallic ions (K+ and
Na+ ) on the surface of SiNW. The point of zero charge (pHpzc )
for SiO2 is in the range of pH = 1–4 [36–38] depending on
the processing conditions and properties of the film. Since the
measurements in figure 5(A) were made at pH = 7, the surface
charge on the SiNW would be negative. This can be expressed
as the following equation of chemical reaction:

doped silicon nanowire can be derived as

(W + 2 H ) N S
S
≈−
·
S
WH
NA
where S is the electrical conductance, W and H are the width
and thickness of the nanowire, NS is the concentration of
surface charge, and N A is the concentration of doping impurity
within the nanowire. Here, the first term (W + 2 H )/W H
represents the surface to volume ratio of the nanowire. This
equation shows that the sensitivity of the nanowire sensor
increases when the surface charge concentration increases,
the dopant concentration within the nanowire decreases, and
the cross-sectional size of the nanowire decreases. This
equation predicts the sensitivity ratio between 100 and 200 nm
wide nanowires to be 1.33, assuming the same level of
surface charge density in the two nanowires, whereas the
experimental result gives 1.23. This error may be due
to assumptions in the model (uniform doping concentration
within the nanowire and depletion region thickness much
smaller than the width and thickness of the nanowire) and
the effects of other resistance components (silicon–metal
contact resistance, silicon microwire interconnection, metal
interconnection, etc). Nonetheless, the experimental result
clearly shows that a smaller nanowire has higher sensitivity
through a high surface to volume ratio.
3.4. Sensitivity to alkali metal ions

≡Si–OH + OH− ↔ ≡Si–O− + H2 O.

In section 3.3, pH buffer solutions with certain ionic species
and strength were used for the pH level detection. In
more realistic applications of chemical detection, a sensor

In the electrolyte solution, an electrical double layer
(EDL) is formed and positive counterions will be accumulated
6
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Figure 5. Sensitivity of the silicon nanowire sensor to alkali metal ions. (A) Response to potassium chloride (KCl) and sodium chloride
(NaCl) dissolved in pH = 7 buffer solution. (B) Real-time pH level (4 and 10) detection (i) without and (ii) with the presence of alkali metal
ions (green curve: 1 M KCl, magenta curve: 1 M NaCl).

0.10 M by the addition of both Na+ and K+ . However, the
sensitivity of the SiNW sensor showed only small changes.
Detection for pH buffer solutions (with no additional alkali
ions) and solutions with 1 M Na+ and K+ added exhibited
R/R = 10.9%, 10.3% and 12.2% for pH = 6. This
indicates that the alkali ions in the electrical double layer do
not block the access of proton (H+ ) ions to the surface of SiO2
on the nanowire, so protonation and deprotonation can occur
upon change of the pH level. Thus, pH level detection can be
carried out as long as the concentrations of other alkali metal
ions are kept constant.

within this layer by the electrostatic attraction from negatively
charged silicon surface [39]. Therefore K+ or Na+ ions are
selectively (compared to Cl− ions) attracted to the surface
of SiNW and react with the SiO2 surface in the following
reaction:
≡Si–O− + Na+ ↔ ≡Si–O–Na;

≡ Si–O− + K+ ↔ ≡Si–O–K.
This selective binding of positive metal ions (Na+ )
compared to the Cl− ions at the neutral pH level has been
experimentally verified by x-ray photoelectron spectroscopy
(XPS) study in the literature [40]. According to the paper [40],
at the neutral pH level where the surface charge of SiO2 is
negative, more Na elements than Cl elements were detected
since Na+ counterions were accumulated in the electrical
double layer. Accumulation of more positive ions (Na+ or K+ )
causes depletion of mobile charge carriers (holes) in the p-type
silicon and increased electrical resistance as a consequence.
Although the existence of alkali metal ions (Na+ or
+
K ) affected the electrical resistance of SiNWs, changes of
pH levels could still be detected. Figure 5(B) shows the
comparison of real-time pH level detection results for asreceived pH buffer solutions (orange curve) and for the same
solutions with 1.0 M Na+ (magenta curve) and K+ (green
curve) added. The resistance was increased by R ≈

3.5. Long term stability of SiNW sensors
Long term stability is of crucial importance if the SiNW
sensor is to be deployed in practical applications that require
continuous monitoring of chemical species for long periods
of time. For example, continuous monitoring of the blood
pH level during surgery requires a sensor with an accuracy
of 0.02 pH unit over a period of 10 h without the need for
calibration [41]. However the experimental results showed that
the SiNW sensor is not very stable in long term operation. The
electrical resistance of a SiNW sensor (width = 100 nm) was
monitored under a constant flow of pH buffer solutions (flow
rate Q = 0.3 ml h−1 ) for 8 h. The results for three different
pH buffer solutions at pH = 4, 7 and 10 are shown in figure 6.
7
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(pH = 4) buffer solution, resistance decreases monotonically.
It is speculated that this is likely due to the accumulation
of negative charges on the surface of SiO2 . This slowly
decreases the depletion effect and reduces the resistance as a
consequence. On the other hand, at a high pH (pH = 10)
level, resistance continuously increases. This is likely due to
a slow etching of silicon (Si) by potassium hydroxide (KOH)
and potassium carbonate (K2 CO3 ) which are present at 0.6%
and 0.2%, respectively in the pH = 10 buffer solution. KOH
is a strong etchant for Si (1100 nm min−1 for Si(100) at
80 ◦ C by 30 wt% KOH) and also etches SiO2 at a slow rate
(6.7 nm min−1 at 80 ◦ C) for a concentration of 30% by weight
in DI water [47]. Even though their concentrations are very
low, they can slowly dissolve SiO2 and Si over a very long
period of time. This slow etching results in reduction in size of
the nanowire and thus the resistance increases.
Researchers have found that SiO2 is not a very stable
insulator material for ion sensitive field effect transistor
(ISFET) use in terms of hysteresis and drift. Alternative
materials such as Si3 N4 and Al2 O3 [48] have been proposed
as insulators for sensors with improved stability. They not
only offer more resistance against ionic diffusion and electron
injection in the electrolyte environment but also are less
susceptible to being affected by the etching components like
KOH.

4. Conclusion
In this work, silicon nanowires (SiNWs) were fabricated by a
top-down fabrication approach, integrated with microfluidics,
and then tested as chemical sensors for the solution pH level.
The high sensitivity and fast response time of the SiNW sensor
allowed real-time detection of the solution pH level. The
average sensitivity of the SiNW was found to be approximately
(R/R)/(pH) ≈ 3.0%/pH. The average rise time was
below 8 s. However, the intrinsic response time of the SiNW
sensor itself is expected to be much shorter as regards the
mixing and diffusion time within the microfluidic channel.
The stability and high sensitivity allowed real-time detection
of small pH level changes down to pH = 0.2 with signal
to noise ratio larger than 8. The sensor showed a good
linear relation between the resistance and pH level near neutral
pH (pH = 7), but the linearity was broken in a larger pH
range (pH = 4–10) due to lack of further binding sites for
proton ions (H+ ) in the low pH regime. The SiNW sensor
exhibited sensitivity not only to the pH levels but also to
the concentration of alkali metal ions such as sodium (Na+ )
and potassium (K+ ) ions. Even though the sensor does
not have selectivity for these ions at the current stage, it is
expected that surface modification of nanowire with metal–ion
sensitive molecules such as crown ethers would allow selective
detection of metal ions. The long term stability result for
SiNWs at a constant pH level revealed a drift in the electrical
resistance with a slope dependent on the pH level. This long
term instability and short term hysteresis of the SiNW sensor
will motivate future development of surface protection layers
(Si3 N4 or Al2 O3 ) or compensation via an electrical circuit or
software.

Figure 6. Long term stability analysis of silicon nanowire sensors at
(i) pH = 4, (ii) pH = 7, and (iii) pH = 10.

Short term fluctuations and long term drift were observed for
various pH solutions. At pH = 4, the resistance of the SiNW
sensor gradually decreased from R = 2.65 to 2.40 M over
7 h. Except for short periods (t = 2.3–2.5 h; t = 4.6–
4.8 h), the nanowire sensor showed a monotonic decrease of
the resistance. At pH = 7, the resistance of the nanowire
showed little change, the resistance only increasing slightly
from R = 2.59 to 2.64 M over 7 h. At pH = 10, the
resistance gradually increased from R = 2.25 to 2.55 M over
7 h.
These drift effect is a very common deficient characteristic
of pH sensors, especially ion sensitive field effect transistors
(ISFET). Several mechanisms for this drifting phenomenon
have been proposed in the literature: slow hydration of the
SiO2 surface [42], ion exchange of OH− ions and incorporation
in the solid [43], injection of electrons from electrolyte into
the SiO2 surface [31, 44], and migrations of ions such as
H+ and OH− into the surface [45, 46]. Although several
causes of signal drift have been proposed and verified, most of
these studies have been performed at near neutral pH levels.
From our experiments, we found that the drifting occurs in
different directions for acid and base solutions. In low pH
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It is expected that the top-down fabricated SiNW sensors,
if the performance factors discussed here are improved,
will find a number of applications in various areas such
as environmental sensing, in vitro single-cell analysis, and
biomedical monitoring devices.
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