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D
uring the past decade, the principle
of the ion-sensitive field-effect tran-
sistor (ISFET), proposed in the 1970s

by Bergveld et al.,1 experienced a revival at the
nanoscale. A huge variety of possible sensor
applications such as pH sensing2�4 and
chemical5�10 and label-free biosensing2,11�15

have been demonstrated by using silicon
nanowire FETs (SiNWFETs). Further kinetic
studies on receptor binding16 and even intra-
cellular recordings of action potentials17 could
be realizedbydownscaling of the devices. The
sensing principle is based on adsorption of
charged species on the sensor surface, leading
to a change in surface potential and hence a
change in current in the FET channel. Thereby,
the high-impedance input signal is trans-
formed into a low-impedance output signal,
which is an advantage against classic ion-
selective electrodes. Thepossibility of down-
scaling and integration18 for the simulta-
neous detection of multiple parameters
make SiNWFETs a promising platform to
meet the demand for cheap, multifunc-
tional, and scalable sensors.

Bare high-quality oxide surfaces have
been shown to be very sensitive to proton
concentration (pH).4,19 Values close to the
Nernst limit, which is themaximumpossible
shift in surface potential due to a change
in pH (ln(10)kT/e = 59.5 mV/pH at 300 K),
were obtained for Al2O3 and HfO2. Oxide
characteristics such as the number of sur-
face hydroxyl groups and the reaction con-
stants for protonation and deprotonation
can be extracted with the site-bindingmod-
el, as described in ref 20.
For the selective sensing of distinct spe-

cies other than protons, the surface needs
to be modified in such a way that only the
targeted analyte is adsorbed. The covalent
chemical anchoring of linker molecules
has proven to be a viable method. Self-
assembled monolayers (SAMs) exhibit the
linker binding sites close to the FET sur-
face at a high density. The field of SAMs
has extensively been studied.21 In ISFET
systems, a widely used method is the self-
assembly of silane monolayers to modify
various types of oxide surfaces.2,6,10
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ABSTRACT Ion-sensitive field-effect transistors based on silicon nanowires

with high dielectric constant gate oxide layers (e.g., Al2O3 or HfO2) display hydroxyl

groups which are known to be sensitive to pH variations but also to other ions

present in the electrolyte at high concentration. This intrinsically nonselective

sensitivity of the oxide surface greatly complicates the selective sensing of ionic

species other than protons. Here, we modify individual nanowires with thin gold

films as a novel approach to surface functionalization for the detection of specific

analytes. We demonstrate sodium ion (Naþ) sensing by a self-assembled monolayer (SAM) of thiol-modified crown ethers in a differential measurement

setup. A selective Naþ response of≈�44 mV per decade in a NaCl solution is achieved and tested in the presence of protons (Hþ), potassium (Kþ), and

chloride (Cl�) ions, by measuring the difference between a nanowire with a gold surface functionalized by the SAM (active) and a nanowire with a bare

gold surface (control). We find that the functional SAM does not affect the unspecific response of gold to pH and background ionic species. This represents a

clear advantage of gold compared to oxide surfaces and makes it an ideal candidate for differential measurements.
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In this work, we cover SiNWFETs with a thin gold
layer. Using ametal instead of an oxide surface enables
new possibilities of surface chemistry to achieve selec-
tive sensing. We functionalize one-half of a sample
with SAMs of sodium-selective crown ethers, whereas
the other half remains untreated. Thereby, we obtain
two groups of NWswith different surfaces: gold-coated
NWs functionalized by the SAM (active NWs) and
nonfunctionalized NWs with just a bare gold surface
(control NWs). We demonstrate specific sodium ion
sensing in a differential measurement. Measuring an
active NW against a control NW leads to a response of
≈�44 mV/dec NaCl in the biologically relevant con-
centration range of 1�1000mM.We find that the clean
gold surface shows a response to protons and changes
in the background ion concentration. We explain this
behavior by the formation of gold oxide at the gold film
surface22�24 and its reaction with protons and chloride
ions (Cl�).19,20 Interestingly, we find that the thiol�
gold bonds of the SAM do not affect the number of
oxidized gold atoms, thereby leaving the response of
functionalized gold to pH and Cl� unchanged. This is
contrary to the behavior of oxide-coated devices
where the functionalization does affect the pH re-
sponse of the device.20 Thanks to this special property
of the gold surface, it is possible to compare active and
control NWs directly, as realized by the proposed
differential measurement.

RESULTS AND DISCUSSION

The samples were fabricated using p-doped silicon
on insulator (SOI) wafers and a top-down fabrica-
tion process according to previously published

protocols.3,19,20,25 The samples, each containing
48 nanowires, were patterned by electron beam litho-

graphy and anisotropic wet etching. The nanowires are
6 μm in length, 85 nm in height, and of eight different

defined widths, ranging from 100 nm to 1 μm. As gate
oxide, 20 nm Al2O3 was deposited by atomic layer

deposition (ALD). The high quality of the ALD oxide
ensures low hysteresis and low leakage currents in

the liquid. In addition, it exhibits a high density of sur-
face hydroxyl groups, resulting in a maximum possible
response of 59.5 mV/pH to a change in proton con-

centration, given by the Nernst limit.
For the gold-coated NWs, a 5 nm chromium adhe-

sion layer and a 20 nm gold film was evaporated onto
the Al2O3 dielectric layer. The SEM micrograph in
Figure 1a shows the lateral dimensions of the gold
film, highlighted by the dashed line, with respect to a
NW. The gold area was lithographically defined and
overlaps the NWs in length andwidth. Figure 1b shows
the schematics of the cross section of a device, and
Figure 1c shows a sketch of the measurement setup.
Twelve NWs share a common bus line. A source meter
(Keithley 2636A) is used to apply the source�drain

Figure 1. Device structure and measurement setup. (a) SEM micrograph of a 150 nm wide silicon nanowire coated with a
20 nm thick Al2O3 dielectric (by atomic layer deposition, ALD). NWs are lithographically defined in silicon on insulator wafers.
Chromium (5 nm) as adhesion layer and gold (20 nm) are deposited on top of the nanowire by electron beam evaporation.
Contact regions are highly p-doped. (b) Schematics of a nanowire cross section with the gold film covering the NWs.
(c) Schematics of the measurement setup. A source meter is used to apply a source�drain voltage Vsd and to measure the
source�drain current Isd. Using a switching box, up to 48 NWs can be measured on one sample. The back-gate voltage Vbg is
applied to the wafer substrate. The liquid-gate voltage Vlg is applied by a platinum wire immersed into the electrolyte. The
liquid potential Vref is measured by a calomel reference electrode. (d) Conductance curves G vs Vref of a 250 nm wide gold-
coated SiNW in different pH buffer solutions. The transfer curves shift to the right with increasing pH. The threshold voltage
Vth is defined in the subthreshold regime at a constant conductance value of 20 μS (arrow). Inset: Vth at different pH for Al2O3

(59.5 mV/pH) and Au (38 mV/pH).
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voltage Vsd (DC) and to measure the source�drain
current Isd. Using a switching box (Keithley 3706), up to
48 NWs can be measured on one sample. The back-
gate potential Vbg is applied to the handle wafer. The
liquid-gate Vlg is applied by a platinum wire immersed
in the liquid. The actual liquid potential Vref ismeasured
by a calomel reference electrode.
Figure 1d shows the conductance G versus the liquid

potential Vref of a nanowire with a 20 nm thick gold film
on top. With increasing pH, the transfer curve shifts
to the right. To quantify the shift, we define the thresh-
old voltage Vth at a fixed conductance value of 20 nS
(indicated by the arrow). The inset shows the pH
response of nanowires with different surface materials.
Atomic layer deposited Al2O3 shows a linear response
of 59 mV/pH, an effect induced by protonation and
deprotonation of surface hydroxyl groups. This re-
sponse close to the Nernst limit requires a high density
of surface hydroxyl groups. Compared to such oxide
surfaces, gold also shows a linear response but with a
significantly smaller slope of≈38mV/pH. Furthermore,
gold-coatedNWs showa response to the ionic strength
when measuring in NaCl and KCl solutions, similar to
Al2O3 and HfO2. As described recently,19 we attribute
this effect to the adsorption of chloride ions at the
nanowire surface. No significant change of the re-
sponse to protons and Cl� has been observed over
time. Even though gold is not expected to be corroded,

the moderate response to protons indicates the for-
mation of a gold oxide layer.22�24 With a site-binding
model for protonation, deprotonation, and Cl� adsorp-
tion described in refs 19 and 20, we estimate the
number of hydroxylated gold surface atoms to be only
≈1%. A detailed characterization of the gold surface
and the estimation of the hydroxyl group density is
given in the Methods section.

Sodium Sensing. Preparing self-assembled mono-
layers of organic molecules at surfaces is an effective
functionalization process for chemical sensing. Func-
tional groups designed for trapping specific analytes
can be immobilized close to the surface in this way.
Crown ethers, consisting of a ring containing several
ether groups, strongly bind cations due to the nega-
tively polarized oxygen atoms. The selectivity to the
type of ion can be controlled by varying the number of
ether groups and the cavity diameter.26 Herewe used a
Naþ-selective 15-crown-5 functionalized with a dithio-
lane anchoring moiety (Figure 2d). The samples were
cleaned in oxygen plasma and closed with a PDMS
microchannel. The samples were divided in two (active
and control) parts by individual channels in the PDMS.
The wires in the active channel were then function-
alized with the 15-crown-5. This results in a differential
setup having both NWs with functionalized gold sur-
face (active NWs) and bare gold-coated NWs (control
NWs) on the same chip.

Figure 2. Surface functionalization with 15-crown-5 for Naþ sensing. (a�c) Vth for a 1 μm wide functionalized (active) and
400 nmwide bare gold (control) NWs against c[NaCl] (a), c[KCl] (b), and pH (c). The response to NaCl changeswith crown ether
functionalization, whereas no difference between active and control NWs is seen when measuring in KCl and pH buffer
solutions. (d) Immobilization reaction scheme of the sodium-selective crown ether on gold. We propose that the thiol only
reacts with (reduced) gold atoms, leaving the number of hydroxyl groups unchanged. (e) Differential threshold voltage (ΔVth)
of gold-coated NWs (active 15-crown-5�control gold) vs the electrolyte concentration and pH. The crown ether shows high
selectivity toward Naþ.
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Figure 2a shows the response of an active and a
control NW to NaCl. For the control NW, we find a
positive shift in Vth with increasing salt concentration
due to adsorption of Cl� on the gold surface. The
immobilization of the 15-crown-5 changes this re-
sponse: instead of the positive shift, a slightly negative
shift is observed for the active NW, indicating adsorp-
tion of positive charges on the surface. The differential
signal (ΔVth = Vth,active � Vth,control) shown in Figure 2e
shows a response to NaCl of ≈�44 mV/dec. Control
measurements with KCl in Figure 2b show no differ-
ence between bare and functionalized gold, suggest-
ing a high selectivity of the 15-crown-5 toward Naþ

and none for Kþ. In the case of pH response (Figure 2c),
the two different surfaces behave the same way. The
differential signal (ΔVth) in Figure 2e emphasizes that
only a change in Naþ concentration induces a different
response of the two surfaces. Thus a good Naþ sensor
with high response and specificitywas realized. Further
it indicates that protonation and deprotonation of
surface hydroxyl groups, as well as their interaction
with Cl� is unaffected by the self-assembly of the
crown ethers. In Figure 2d, we propose a functionaliza-
tion scheme where the sulfur�gold binding only
happens at non-oxidized gold atoms (≈99% of the
surface), leaving the number of hydroxyl groups
unchanged.23 It is our picture that the crown ether
functionalization adds a third type of surface reaction
to the system, without affecting the number of hydro-
xyl groups and their interaction with the electrolyte.
Thus, the response of 15-crown-5 is a superposition of
the positive shift coming from Cl� adsorption at�OH2

þ

sites and Naþ reacting with the crown ether. Subtract-
ing the signal of a control gold-coated NW from an

active NW (ΔVth) reveals the response of the crown
ether.

CONCLUSION

In conclusion, we demonstrate a selective cation
sensing by the self-assembly of Naþ-selective crown
ethers on gold-coated NWs. In a differential measure-
ment with active and control NWs on the same chip, a
response of ≈�44 mV/dec in the concentration range
of 1 mM up to 1 M was achieved. The response to NaCl
is more than an order of magnitude larger than that for
KCl, indicating good selectivity. We showed that gold
surfaces are slightly sensitive to changes in proton
and Cl� concentration. Both effects indicate the small
density of hydroxyl groups at the gold surface. We infer
from our measurements that the thiol�gold binding
during the SAM formation happens only at non-oxi-
dized gold atoms, leaving the number of hydroxyl
groups unchanged. As a consequence, the thiol func-
tionalization of gold does not affect the pH sensitivity
and the response to Cl�.
Our results underline the importance of monitoring

the changes in pH and ionic strength simultaneously
for specific ion-detection experiments. It enables the
distinction of the signal caused by the target analyte
and the contributions of the background electrolyte. In
this work, this is realized by the differential measure-
ment setup using the nonfunctionalized control gold
surface as a proton and chloride-sensitive reference
electrode. However, the influence of the background
electrolyte only cancels out in the differential signal if
the functionalization does not change the response to
any analyte except the targeted one. In this respect, the
gold surface appears to be an ideal candidate.

METHODS
Device Fabrication. The samples were produced by a top-

down approach described in a previously published protocol.20

Silicon on insulator (SOI) wafers (Soitec, France) with a buried
oxide (BOX) layer of 145 nm in thickness were used. The 85 nm
thick p-Si(100) device layer with a resistivity of 8.5�11.5 Ω 3 cm
was oxidized thermally until a 15 nm thick SiO2 layer was grown.
The nanowire pattern was defined by electron beam lithogra-
phy (EBL). The nanowireswere then carved out by dry etching of
SiO2 and anisotropic wet etching of the Si device layer with
tetramethylammoniumhydroxide (TMAH and isopropyl alcohol
9:1 at 45�). The resulting NW with Si(111) side faces were 6 μm
long, 80 nmhigh, and 100�1000 nmwide. The source and drain
contact areas were heavily doped by BF2

þ ions (energy = 33 keV,
dose 2.3 � 1015 cm�2). The dopants were activated by thermal
annealing in a forming gas (6 min at 950 �C). Afterward, the
22 nmAl2O3 dielectricwas deposited by atomic layer deposition
(ALD) at 225 �C (Savannah S100, Cambridge NanoTech). The
ohmic contacts were metallized by Al�Si(1%) and annealed at
450 �C after local etching of the ALD oxide. A 2 μm thick
protection layer (SU-8 2002, MicroChem) with 6 μm wide
openings (aligned to the NWs), defined by UV lithography,
was used as liquid protection. To operate the samples in liquid,
they were wire bonded into a chip carrier. The bonds were
sealed with epoxy (Epotek 353ND).

Microchannels. Microchannels were produced by pouring
polydimethylsiloxane (PDMS, SYLGARD 184 Silicone Elastomer)
onto SU-8 (SU-8 100 MicroChem) patterned Si wafers, degas-
sing, and heating at 60 �C for 2 h. Polytetrafluoroethylene (PTFE)
tubes were used to connect the microchannels to a peristaltic
pump and the electrolyte solutions.

Surface Functionalization. For immobilization of thiol-terminated
15-crown-5, one-half of the NWs on a sensor chip were
covered with 5 nm chromium as adhesion layer and 20 nm gold
by e-beam evaporation. The samples were cleaned in O2 plasma
(Oxford Plasmalab 80 plus, 30 W, 45 s) and covered with a
PDMSmicrochannel. The 15-crown-5 molecule was synthesized
as described in the Supporting Information and dissolved in
ethanol (≈2 mM). The SAMs were obtained by pumping the
solution through the (active) microchannels with long stabiliza-
tion intervals for 16 h. After the functionalization, the channels
were rinsed with ethanol and deionized water.

Electrical Measurements in Liquid. Standard pH buffer solutions
were used for the pH measurement (Titrisol, Merck). KCl (ACS
99.0�100.5%, Alfa Aesar) and NaCl (g99.5%, Fluka) were dis-
solved in deionized water (resistivity = 17 MΩ 3 cm), resulting in
a pH value around 6.

A peristaltic pump (MCP, Ismatec) and a valve selector
system (CHEMINERT VICI, Valco Instruments Co. Inc.) were used
to exchange the solutions. Prior to a measurement series,
the samples were left in contact with the solution for ≈1 h to
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stabilize the sensor/electrolyte interface. After changing the
solutions, the samples were stabilized for a few minutes before
each measurement. During a measurement, the liquid potential,
controlled by the reference electrode, was changed, while the NW
conductance was measured at constant source�drain voltage
Vsd = 100 mV (Keithley 2636A). Using a switching box (Keithley
3706), up to 48 NWs were measured. During the whole measure-
ment Vbg was fixed at a constant voltage. All devices were
automatically controlled by a self-made LabView program. Two
different types of liquid setups were used. A liquid cell where the
liquid-gatewas applied to a platinumor goldwire and the potential
was measured with a calomel reference electrode (REF200, Radio-
meter analytical) (Figure 1d and Figure 3a), as well as PDMS
microchannels where the liquid potential was directly applied to a
flow-through Ag/AgCl reference electrode (Microelectrodes, Inc.)
embedded in the PTFE tubing (Figure 2 and Figure 3b).

Characterization of the Gold Surface. Figure 3 shows the response
of a gold-coated NW to changes in pH and NaCl. The vertical axis
shows the shift in threshold voltage (ΔVth). This corresponds to
the difference in surface potential (�ΔΨ) since a p-type semi-
conductor was used. To quantify the number of hydroxyl groups
of the gold oxide, we use the full site-binding model described in
refs 20 and 27�29 and the model for anion adsorption by
positively charged hydroxyl groups described in ref 19.

The following expressions describe the reactions at the gold
surface. Due to the amphoteric character of the OH surface
groups of the metal oxide surface, two reaction constants for
deprotonation (Ka) and protonation (Kb) are needed. A third
reaction constant (Kc) describes the Cl� adsorption.

MOH h MO� þHþ
s ,Ka ¼ vMO�aHþ

s

vMOH
(1)

MOHþ
2 h MOHþHþ

s ,Kb ¼ vMOHaHþ
s

vMOHþ
2

(2)

MOHþ
2 þCl�s h MOHCl� þHþ

b ,Kc ¼
vMOHCl�aHþ

b

vMOHþ
2
aClþs

(3)

Indices s and b denote surface and bulk; aHs
þ is the

activity of the surface protons and v is the number of sites

per m2 for one particular species. The total number of sites
per m2 is

Ns ¼ vMOH þ vMO� þ vMOHþ
2
þ vMOHCl� (4)

The resulting surface charge density σ0 is screened by the
double-layer capacitance per m2 Cdl leading to the surface
potential drop Ψ

Ψ ¼ σ0

Cdl
,σ0 ¼ e(vMOHþ

2
� vMO� � vMOHCl� ) (5)

The parameters were set as follows: Ka = Kb = 10�7, Cdl = 0.16
F/m2 according to refs 19 and 20. Protonation and deprotona-
tion are equally probable (Ka = Kb). Otherwise, a double
s-shaped response would be expected, as exemplified in ref
20. Cdl can be taken as a fixed value since it is dominated by the
Stern layer capacitance which is independent of the ionic
strength. Fitting the response of gold to pH and ionic strength
with our combined site-binding model for Cl� adsorption
(red lines in Figure 3) results in an estimated surface hydroxyl
group density Ns = 1.5 � 1017 m�2 and a reaction constant
Kc≈ 2� 10�5. HereNs is≈60 times smaller for Au than for Al2O3.
Although only few gold surface atoms (≈1%) are oxidized, the
s-shaped response to pH with a linear behavior between pH 4
and 8 of ≈40 mV/pH is well described by this site-binding
model. Kc is roughly 7 times larger than the value found for
Al2O3 and HfO2.

19 This affects the response to Cl�, where the
threshold of the linear region is shifted to lower electrolyte
concentration.
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