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Extended-gate field effect transistors (FETs) were characterized by modifying self-assembled monolayers (SAMs) of alkanethiols with functional
groups (–CH3, –COOH, –NH2, and –OH) on the gate surface. The SAMs with a polar group such as –COOH or –NH2 on the Au gate surface of the
FETshowed potential responses in the pH range of 5 to 10. In particular, the carboxylated SAM-coated gate FETshowed higher sensitivities of 42
to 56mV/pH, which are close to those of a Nernstian response. Moreover, the pH dependence of the carboxylated SAM-coated gate FET was
maintained even in a solution with a higher salt concentration of 500mM, which was used as the measurement solution. The effect of the ion
strength in the solution on the pH response using the SAM-coated gate FETshould be considered for the change in the concentration of hydrogen
ions within the Debye length, which can be explained using the site-binding model for the functional groups at the terminus of the alkyl chains. In
this case, the Debye length is assumed to be the distance from the packed alkyl chain layer of SAMs, which are hydrophobic. From these results,
the construction of the SAMs with various functional groups on extended-gate FETs enables the FETs to be applied in ion-sensitive FET
biosensors depending on the chemical characteristics of biological targets. © 2015 The Japan Society of Applied Physics

1. Introduction

In biosensing technology, the semiconductor-based field
effect transistor (FET) biosensors have been developed for
the detection of biomolecular behavior in an aqueous
solution. The FET biosensors have been improved to
recognize various biomolecules on the basis of electrochem-
ical reactions. The ion-sensitive FET (ISFET) is one of the
most representative devices for potentiometric measurement
of charge density change across the gate insulator using the
principle of the field effect, and is composed of an oxide
membrane such as Si3N4 and Ta2O5.1,2) Hydroxyl groups
at the oxide gate surface react to hydrogen specific ionsin
accordance with the equilibrium reaction in the aqueous
solution. That is why the ISFET is often used as a pH
sensor.3–5) On the basis of the detection principle of hydrogen
ions with positive charges, various biological events such
as DNA polymerization, enzymatic reaction, and cellular
respiration activity can be monitored by using the ISFET.6–11)

On the other hand, the extended-gate FET (EGFET) is
known to be a the solid-state ion sensor on which an ion-
selective membrane is arranged onto the metal gate
electrode.12) The EGFET is characterized by the configu-
ration in which the extended-gate electrode with captured
bio-molecules is separated from the metal oxide semi-
conductor (MOS), which transduces ionic charges into
electrical signals. Therefore, it has flexibility in the selection
and construction of the gate materials and structures suitable
for the desired surface treatments and detection targets.6,13)

The self-assembled monolayer (SAM) based on a thiol
compound has been widely used as a convenient method for
a surface modification on the Au surface on the basis of the
high affinity of thiol groups to the gold atom. As an example
of biosensing using the SAM-coated Au gate FET, various
kinds of saccharides were detected quantitatively by con-
structing the mercaptophenylboronic acid SAM (MPBA-
SAM) on the Au electrode surface.14) In the present study, we
constructed alkanethiol-based SAMs on the extended Au gate
surface, where the terminal ends had a variety of functional
groups, in order to apply it to the ISFET biosensor, and

characterized the fundamental properties of the ion sensors
aimed at enhancing the versatility of FET biosensors.

2. Materials and methods

2.1 Materials
The schematic illustration of the structure of the SAM-coated
gate FET is indicated in Fig. 1. Four different terminal al-
kanethiol groups, 1-undecanethiol [HS–(CH2)10–CH3, Tokyo
Chemical Industry], 16-hydroxy-1-hexadecanethiol [HS–
(CH2)16–OH, Dojindo Molecular Technologies], 16-amino-
1-hexadecanethiol, hydrochloride [HS–(CH2)16–NH21HCl,
Dojindo], and 15-carboxy-1-pentadecanethiol [HS–(CH2)15–
COOH, Dojindo] were purchased. The MOSFET used in this
study was the n-channel depletion-mode FET with a Si
substrate. Ultrapure water (Komatsu Electronics UL Pure)
was used in all experiments.

Fig. 1. (Color) Schematic illustration of SAM-coated extended-gate FET
structure for hydrogen ion detection.
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2.2 Preparation of Au gate electrode with SAM
To fabricate the SAM EGFET, a gold thin film was prepared
as the gate electrode by sputtering (approximately 100 nm
thick), following the sputtering of Ti as an adhesive layer
(approximately 15 nm thick) on a glass slide (Matsunami
Glass Ind.). After a polycarbonate ring (18mm inner
diameter=20mm outer diameter) was encapsulated by epoxy
resin (Pelnox ZC-203T) on the Au surface, the Au surface
was treated with four alkanethiols resulting in the formation
of SAM. 1mM each of 1-undecanethiol and 16-hydroxy-1-
hexadecanethiol were diluted with ethanol, respectively.
1mM each of 16-amino-1-hexadecanethiol, hydrochloride
were diluted with ethanol=water=aqueous ammonia (85=10=5
by volume, approximately pH 12). 1mM of 15-carboxy-1-
pentadecanethiol was diluted with ethanol=water=acetic acid
(85=10=5 by volume, approximately pH 2). Before treatment
with each of the alkanethiol solutions described above,
the Au substrate was treated with a UV ozone cleaner
(MEIWAFOSIS) to remove organic compounds. For SAM
formation, the Au substrate was immersed into each
alkanethiol solution for 24 h and the Au substrates were
washed with ethanol and water three times and subsequently
dried in vacuum and preserved in nitrogen atmosphere.

2.3 Measurement of contact angle for SAMs on Au
surface
The formation of SAM was checked by measuring the static
water contact angle using a CA-W automatic contact-angle
meter (Kyowa Interface Science). 2 µl drops of ultra pure
water were placed onto the surface of each sample in the
ambient environment. The water droplets were monitored
with a charge-coupled device (CCD) camera, and the
captured images were analyzed using FAMAS software
(Kyowa Interface Science) to determine the static contact
angle. The contact angle was calculated as the average values
of the angle in five images taken at different positions.

2.4 Atomic force microscopy observation of SAM-coated
gate Au substrate
Atomic force microscopy (AFM) imaging of the SAM-
treated Au surface was performed using an Agilent
Technologies 5500 scanning probe microscope (Agilent
Technologies) at room temperature (25 °C). Images were
obtained in the AC-mode (AC-AFM) with a fabricated
silicon cantilever (NanoWorld PPP-NCHR-10). The nominal
spring constant was 40N=m, and the tip had a 128 µm length
and 30 µm width. The resonance frequency was around
323 kHz, and the scan speed was 0.7 ln=s. The PicoView
version 1.6 software was used for image analysis.15)

2.5 Measurement of surface potential changes using
SAM-coated EGFET as an ion biosensor
Surface potential changes of SAM-coated EGFETs were
measured with a real-time monitoring analyzer when pH
and other ion concentrations were changed. To confirm the
hydrogen ion response, 10, 100, and 500mM ions in sodium
phosphate buffer were titrated from pH 5 to pH 10. To
observe the ion concentration dependence, 0.1, 1, 10, 100,
500, and 1000mM of sodium chloride, potassium chloride,
and calcium chloride were diluted in 100mM of HEPES
buffer (pH 7.4). 1.5ml of each buffer was poured onto the

SAM-coated Au gate surface equipped with a polycarbonate
ring of 20mm diameter. The solutions with different pH or
concentration of ions were sequentially exchanged using a
pipet. The time course of the surface potential at the SAM-
coated Au gate surface was monitored using a custom-
made potential analyzer (Radiance Ware GFS-301-4CH).
The surface potential (Vout) was monitored at the gate voltage
(VG) of 1V and the drain current (ID) of 700 µA using the
circuit used in the previous work.6)

3. Results and discussion

3.1 Analysis of surface-modified Au substrate by SAM
treatment
To construct the SAM-coated EGFET, the gate surface of
the Au electrode was covered by SAMs composed of methyl
(–CH3), hydroxyl (–OH), amino (–NH2), and carboxyl
(–COOH) terminal groups of alkanethiol. The Au substrates
were exposed to laboratory atmosphere for less than 30 s to
avoid any surface contamination in order to obtain good
reproducibility of SAM formation.16) It is well known that
alkanethiol covalently bounds to Au, resulting in a functional
membrane at the gate surface, as shown by17–21)

RSH þ Au ! RSAu þ Hþ þ e�: ð1Þ
The protocols of SAM formation are well organized as
surface treatment technology; therefore, in this study, the
methods followed the protocols.22) The SAM-coated Au
substrates were evaluated by measuring the water contact
angle. As a result, the contact angles for the modified surfaces
differed greatly from that for the original Au surface.
Figure 2 shows the change in the contact angle after
modifying each alkanethiol Au substrate. The values are
indicated in Table I. The contact angle for the substrate with
undecanethiol indicated a more hydrophobic surface than
the original Au surface. In contrast, the surface properties
showed hydrophilicity upon modifying the alkanethiols with
the polar groups. Thus, the wettability of substrates was a
result of the characteristics of the SAM with functional
groups, in agreement with previous reports.23–25) The self-
assembled alkanethiols on the Au were also observed by
AFM, as shown in Fig. 3. The AFM image of the original Au
surface and its cross-sectional depth are shown in Fig. 3(a),

Fig. 2. Contact angles of various functional-group-terminated-SAM-
coated Au gate surface.
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and that of the 16-amino-1-hexadecanethiol-treated Au
surface and its cross-sectional depth profile are shown in
Fig. 3(b) as typical examples of the SAM surface. In the
AFM images, the Au crystal grains of about 20 to 50 nm
width were identified to be sputtered densely on the glass
substrates. As seen in Figs. 3(a) and 3(b), the alkanethiol
treated-Au surface appears blurry and the crystal grain
boundary was not clear compared with the original Au
surface. This seems to be because the Au surface was covered

with some substances causing asperity on the surface.
Furthermore, although both cross-sectional depth profiles
were indicated roughness within 10 nm, the surface of the
SAM-treated crystal grain had a rough edge unlike the
original Au surface. The roughness of SAM-treated surface
was smaller than the SAM thickness reported in the previous
work, which was measured by the ellipsometric method.22)

This is because the alkanethiol molecules forming the SAM
were densely packed on the Au surface so that the gaps
between alkanethiol at the gate were too small to be
measured, even with the needle of the cantilever. From the
results of surface analyses using the water contact angle and
AFM, it was clarified that the alkanethiols used in this study
successfully formed the self-assembled binding on the Au
surface, resulting in a SAM that can be applied in the ion-
sensitive device.

3.2 Analysis of pH dependence using SAM gated FETs
To confirm the function of the SAM-coated EGFET, the pH
dependence of the FET was measured, as shown in Fig. 1.
The surface potential changes of the SAM-coated Au gate
were determined using the real-time monitoring analyzer, and
wide pH ranges and salt concentrations of buffers were
calibrated using simplex sodium phosphate salt so as to not
affect the kind of salt. Figure 4 shows the time course of gate
voltage with pH variation from 5 to 10 and back to 5. The
gate voltages changed in a stepwise manner for all SAM
coated FETs, especially the COOH-SAM and NH2-SAM gate
FETs. When the pH increased, the gate voltage shifted in the
negative direction and vice versa. The behavior of gate
voltage changes with pH variation when using the SAM-
coated gate FET was consistent with that when using the
ISFET.1) In the silicon-based ISFET, the pH response was
based on the equilibrium reaction of silicon oxide and
hydrogen ion described as

SiOH $ SiO� þ Hþ: ð2Þ
For the COOH-SAM and NH2-SAM gate FETs, a similar
equilibrium reaction of the terminal functional group and
hydrogen ion was expected:

Table I. Contact angles on functional-group-terminated-SAM-coated Au
surface.

Substrate Contact angle (deg)

Au 86.0 ± 3.0

SH–(CH2)9–CH3 108.3 ± 1.8

SH–(CH2)15–COOH 42.4 ± 4.5

SH–(CH2)16–NH2 86.6 ± 1.3

SH–(CH2)16–OH 27.8 ± 0.8

(a)

(b)

Fig. 3. (Color) AFM images of Au gate surface and its cross-sectional
depth profile. (a) Bare Au surface. (b) SAM-coated Au surface [HS–(CH2)16–
NH2 alkanethiol SAM].

Fig. 4. (Color) Time course of gate surface potential for the response of
SAM-coated gate FET when the pH of measurement solution changed from 5
to 10 and back to pH 5 (orange: CH3-terminated SAM, red: COOH-
terminated SAM, blue: NH2-terminated SAM, green: OH-terminated SAM).
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AuSðCH2Þ15COOH $ AuSðCH2Þ15COO� þ Hþ; ð3Þ
AuSðCH2Þ16NH2 þ Hþ $ AuSðCH2Þ16NHþ

3 : ð4Þ
For both functional groups of SAMs, it is important to
consider the dissociation constant of the SAMs to satisfy the
equilibrium reaction with hydrogen ions. In the previous
reports, the wettability of COOH-SAM increased from pH 5,
and pKa was predicted to be 5–9.26–28) Thus, it was con-
sidered that COOH-SAM and NH2-SAM were partially
dissociated between pH 5 and 10, so that the pH responses
were observed clearly by real-time monitoring of FET. In
addition, compared with the amounts of change in the gate
voltage in CH3-SAM and OH-SAM gate FETs, the COOH-
SAM and NH2-SAM gate FETs showed clear gate voltage
changes, and the amount of gate voltage shift in the COOH-
SAM gate FET was larger than that in the NH2-SAM gate
FET. This result could be explained in terms of the binding
force of polar groups to hydrogen ions. The carboxyl and
amino groups were polar groups so that the two functional
groups retained the electrical equilibrium state with hydrogen
ions. That is why the COOH-SAM and NH2-SAM gate
FETs showed the property of ion sensitivity. The responses
of the CH3-SAM and OH-SAM gate FETs to pH changes
were small but observable. This seems to be because both
alkanethiols might be weakly dissociated owing to the
asymmetric structure of the long alkane chain, despite the
methyl and alcoholic hydroxyl groups having no polarity.
Another possibility may be that hydrogen ions could interact
with the partially oxidized Au passing between SAM
molecules.23) It was reported that the water molecules could
reach the metal surface and penetrate into the organic
molecular layer.29)

In the SAMs with polar groups, moreover, because the
amount of gate voltage shifts was anticipated to be dependent
on the electrical charge density on the Au gate electrode, we
examined the pH response of FETs with SAMs formed by
different methods. Figure 5 shows the gate voltage changes
for the COOH-SAM and NH2-SAM gate FETs formed using
different solutions. In the case of the COOH-SAM, acetic
acid was added to the alkanethiol solution to prevent the
dissociation of the carboxyl group. Ammonia was added to
the alkanethiol solution to prevent the ionization of the amino
group in the case of the NH2-SAM. Compared with FETs
for which the SAM was formed in the ethanol solution, gate
FETs with SAM formed in the acidic or alkaline solution
showed larger gate voltage shifts in response to pH changes,
because the COOH-SAM formed in the acidic solution and
the NH2-SAM formed in the alkaline solution were expected
to be packed more densely on the Au surface, thus affecting
the increase of ionic charge density. When the SAM was
aligned, the alkanethiol was self-assembled because of
van der Waals binding between long alkyl chains. Thus,
when the terminal groups of the alkyl chain have some
charge, self-assembly between alkyl chains would be
inhibited by the electrical repulsion of charged terminal
ends. In this study, the dense packing of COOH-SAM and
NH2-SAM might be formed with suppression of ionization
at terminal ends by adjusting lower and higher pH than pKa,
respectively.

The pH dependence of each SAM gate FET was quantified
from each plot of gate voltage change observed by real-time

monitoring when the concentration of sodium phosphate in
the measurement solution was varied from 10 to 500mM.
Figure 6 shows the plots of the gate voltage shift with pH
changed step-by-step from 5 to 10 in solutions with different
salt concentrations of 10, 100, and 500mM, and the slopes of
gate voltage shift versus pH were calculated from the fitted
lines and their coefficient of determination (R2), as shown in
Table II. The gate voltage shift of NH2-SAM, t was 27–
28mV=pH at the 10–500mM buffer concentrations, and that
of COOH-SAM was 42–56mV=pH in the same range of
buffer concentration. We should focus on the amount of
gate voltage shift of the COOH-SAM gate FET because the
gate voltage shift per pH almost matched that of the Nernst
reaction (59.2mV=pH) at the 500mM buffer concentration.
As the salt concentration of buffer rose, the gate voltage shift
tended to increase and clearly changed in a stepwise manner,
decreasing the drift current. In general, it is known that the
thickness of the electric double layer decreases as the salt
concentration increases, as shown by

�D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
""0kBT

2nbulkz2e2

r
: ð5Þ

In the previous works, the Debye length was calculated as
∼2.5 nm in the 15mM PBS buffer, and the thicknesses
of HS–(CH2)16–NH2 and HS–(CH2)15–COOH SAMs were
measured as 20 and 22Å by ellipsometric analysis, re-
spectively.22,30) Therefore, the Debye length would not
exceed the thickness of SAMs at the high concentration of
500mM, because it is anticipated to become shorter with
increasing salt concentration in the sodium phosphate buffer.
This is why the ionic charges of polar groups would be
shielded by the counterions in the solution. However, the
SAM gate FETs clearly showed the Nernstian response in the
pH variation. Therefore, we must reconsider the position of
the diffusion layer. That is, the effect of the ion strength in the
solution on the pH response when using the SAM coated-gate

Fig. 5. (Color) Surface potential shifts of FETs with SAMs prepared with
different solutions [red: COOH-SAM formation using 1mM 15-carboxy-1-
pentadecanethiol diluted with ethanol=water=acetic acid (85=10=5 by
volume, approximately pH 2), orange: SAM formation using 1mM 15-
carboxy-1-pentadecanethiol diluted with ethanol, blue: SAM formation using
1mM 16-amino-1-hexadecanethiol diluted with ethanol=water=aqueous
ammonia (85=10=5 by volume, approximately pH 12), green: SAM
formation using 1mM 16-amino-1-hexadecanethiol diluted with ethanol].
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FET should be considered for the change in the concentration
of hydrogen ions within the Debye length, referring to the
site-binding model at the oxide membrane. In this case, the
Debye length may be assumed to be as the distance from the
packed alkyl chain layer of SAMs, which are hydrophobic
like oxide membranes. In such a framework, the ionic
charges of polar groups at the end of SAMs can be detected
regardless of the presence of counterions even in a solution
with a high salt concentration.

4. Conclusions

We demonstrated the fundamental properties of extended
gate FETs with functional SAMs to evaluate their use as ion-
sensitive biosensors. The amino- and carboxyl-group termi-
nated SAM gate FETs showed pH responses in the range of
pH 5 to 10. Moreover, the pH dependence was quantified
using both types of SAM gate FETs in the salt concentration
range of 10 to 500mM in the measurement solution. As
a result, the packed alkyl chain layer of SAMs effectively
detected the electrical signals of the ionic charges of polar
groups at the terminal end of SAMs. A platform based on the
SAM-coated gate FET biosensor is useful in the free design
of electrodes suitable for the biological targets.
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Fig. 6. (Color) Plots of surface potential shift for pH changes between 5 and 10 at different buffer salt concentrations: (a) 10, (b) 100, and (c) 500mM
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Table II. Slope and correlation coefficient (R2) based on approximate formula for potential response in the range of salt concentrations in Fig. 5.

Terminal functional group
of SAM on Au

Salt concentration of sodium phosphate buffer

10mM 100mM 500mM

Slope R2 Slope R2 Slope R2

CH3 12.9 0.980 10.9 0.998 16.9 0.977

COOH 41.6 0.998 48.7 0.998 56.4 0.999

NH2 27.5 0.998 27.6 0.995 28.2 0.994

OH 12.0 0.999 15.6 0.997 15.8 0.999
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