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Introduction
Sensing chemical and biological species is essential in many areas like diagnostics of diseases, screening and development of new drugs or environmental
monitoring. All these elds experience a strong demand in transducers that
convert specic (bio-)chemical processes into measurable signals.

At the

same time, the requirements put on such potential sensors are very high.
The sensing devices have to be reliable, highly sensitive, suciently selective, multiplexed, and cost-eective.

Combining all these features in one

single sensing system has turned out to be a challenging task.
Existing techniques that use biochemical labels of the analytes are expensive, time-consuming and can inuence the signals by modifying the target.
Therefore, label-free methods that do not alter the target species are preferred. Optical methods like surface plasmon resonance (SPR) do not require
labelling and have been successful in anity studies. However, optical components are dicult to integrate on a large scale, and therefore a portable
and low-cost sensor system, e.g.

for personalized medicine, is beyond the

means of SPR.
Ion-sensitive eld-eect transistors (ISFETs) were invented in the 1970s
and oer a promising set of features for integrating sensor and readout electronics on the same chip,

1

providing a portable and cost-eective solution.

Such devices convert chemical reactions into electrical signals via electrostatic gating of the FET by adsorbed chemical or biological species. During
the past decade, the ISFET concept has been applied to nanoscale devices
such as carbon nanotubes,

25

graphene

69

or nanowires.

1012

Due to their re-

liable and reproducible electrical properties, especially silicon nanowire FETs
(Si NW FETs) have since covered a huge variety of applications, including

11, 13, 14
11, 15, 16
11, 12, 1720
label-free chemical
and biosensing,
ow
21
22

pH sensing,

velocity sensing,

and detection of explosives.

The considerable progress

of nanoscale ISFETs has been driven by several factors.

The key feature

for biological applications is that the probe is comparable in size with the
specimen, which is crucial for studies at the level of a single molecule or
an organelle.

23, 24

More recently, the recording of potentials inside a living

25, 26

cell has been demonstrated using nanoscale FETs.

The invasiveness of

such measurements is strongly reduced thanks to the small sensor size. The
reduced size also oers the possibility of a dense integration of dierently

v

vi
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functionalized nanowires, which is useful for the multiplexed detection of
analytes.

11, 17

Further noteworthy aspects of nanostructures are their high

27

surface-to-volume ratios, that might enhance the sensitivity

12, 17, 28

detection of very diluted analytes

29

and enable the

as well as their small capacitances

that reduce response times.

Even though many promising biosensing experiments with Si NW FETs
have been performed, a detailed understanding of the basic sensing mechanism is still far from complete. Only little work has been done at a quantitative level. Also, many basic aspects have been so far neglected or only
marginally addressed with sometimes inconsistent results, for example, evaluation of the signal-to-noise ratio, inuence of the electrolyte background or
implementation of reliable in-situ references to prevent misreadings.
The aim of this project has been to establish a robust and versatile sensing
platform based on arrays of silicon nanowire eld-eect transistors. We will
present experimental results obtained during the past three years within this
PhD thesis in the Nanoelectronics group of Prof. Christian Schönenberger at
the University of Basel. A particular focus of this work has been put on the
quantitative comparison of the experimental data with analytical models.
In Chapter 1, we will rst present the necessary terminology of transistor physics and give a brief overview of the device fabrication process. In
Chapter 2, we will present basic electrical measurements conducted in electrolyte environment and describe the pH response of nanowires. Chapter 3
will deal with noise measurements and will explore the detection limits set
by the noise of the transistor. A way to realize a pH reference electrode by
chemical surface passivation will be presented in Chapter 4. The experimental results will be accompanied by a quantitative theoretical description of
the pH sensing mechanism. In Chapter 5, we will study the inuence of the
ionic background on the sensor response. We will show that existing models
are not sucient to describe our observations and present a new analytical
model instead. Additional investigations going towards selective detection
of ions and biomolecules will be discussed in Chapter 6. We will conclude
this thesis with some nal remarks and give an outlook.

1

Basic terminology and device fabrication
1.1 Sensing principle and basic terminology

1.1.1 Basics of transistors
The transistor (transfer resistor) is a semiconductor device used to switch or
to amplify electrical signals, as they are transferred through it from input to
output terminals.

30

First functional transistors were presented in 1947 by

the team around W. Shockley at Bell Labs (Nobel Prize in Physics 1956).
Since then, it has become the most important active electrical element of to19
day's microelectronics. Each year, 10
transistors are produced, or roughly
a billion per person alive.

31

There are two types of transistors:

bipolar

(resistance controlled by current) and eld-eect (resistance controlled by
voltage) transistors. The latter consume much less power and are therefore
preferred for most of the applications. Here, we will present the very basics
of transistor physics; the reader is referred to standard literature for a more

32

detailed description, e.g.

The operating mechanism is illustrated using the example of the most frequently used transistor, the metal oxide semiconductor eld-eect transistor
(MOSFET). In Figure 1.1 a, a typical n-channel MOSFET is shown. The
substrate is a p-type semiconductor, containing two highly n-doped regions
called source and drain. A metal gate is placed on top of the semiconductor isolated by a metal oxide. The highly doped regions are isolated from

1

2
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Figure 1.1: (a) Scheme of a typical n-channel MOSFET. The p-type semiconductor
substrate (bulk) contains two highly n-doped regions (source and drain). A metal gate is
placed on top of the semiconductor, isolated by an oxide. (b) Applying a positive voltage
Vg between gate and source pulls electrons from the bulk to the semiconductor/oxide
interface. An inversion channel is created. (c) If a positive voltage Vsd is applied between
drain and source, electrons in the channel will move to the drain (arrow). The channel
is narrowed by Vsd close to the drain. (d) Source-drain current Isd vs. source-drain
voltage Vsd for several gate voltages Vg . Dashed curve indicates the transition between
linear and saturation mode. (e) Transfer curve Isd (Vg ) on a semi-log (left vertical axis)
and on a linear scale (right axis). The current is a linear function of Vg above the
threshold voltage Vth (right curve). The slope is called the transconductance gm . Below
Vth , the current depends exponentially on the gate voltage. The exponential function
is a straight line on a semi-log plot (left curve). Its reciprocal slope is known as the
subthreshold swing S .

the substrate by p-n junctions. If a positive voltage is applied to the gate
terminal, negative charge carriers are attracted to the semiconductor/oxide
interface creating an inversion layer (Figure 1.1 b). Applying a voltage

Vsd

between the source and drain results in a current ow between both terminals (Figure 1.1 c). If no current ows at

Vsd = 0,

the transistor is called

enhancement type or normally-o . In Figure 1.1 d, current-voltage characteristics are shown for several gate voltages. There are two dierent modes:
the linear and the saturation mode.

In the former, the inversion channel

connects both n-doped regions; the transistor behaves like a simple resistor.
The source-drain current

Isd

Isd = µCox

through the channel is described by

W
W
QVsd = µCox
(Vg − Vth ) Vsd
L
L

(1.1)

3
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with

Q

Cox the capacitance of the
L the channel length, Vg the gate

being the charge density in the channel,

W

gate oxide per area,

the channel width,

Vth the threshold voltage and Vsd the source-drain voltage. Note
Isd = 0 if Vg  Vth . This simple linear model is only valid for small
source-drain voltages Vsd  Vg − Vth . The saturation mode occurs at higher
Vsd . A positive source-drain voltage narrows the inversion channel close to
the drain, as suggested by Figure 1.1 c. Above Vsat = Vsd −Vth , the channel is
voltage,
that

pinched o  at the drain, and the electrons are forced to propagate through
the substrate. The current is now nearly independent of

Vsd

(Figure 1.1 d).

A transfer characteristic is obtained when the source-drain current is measured as a function of the applied gate voltage (Figure 1.1 e). To switch the
current on, a suciently large inversion channel is required, which is established above the threshold voltage

Vth .

In the simple linear model discussed above, we assumed that the sourcedrain current is zero for gate voltages below the threshold voltage. However
in a more accurate picture, a small source-drain current can ow due to
the thermal activation of charge carriers as described by the Boltzmann
statistics.

33

One can show

that the subthreshold current is exponentially

dependent on the gate voltage


Isd ∝ exp
with the depletion capacitance
Boltzmann constant
ture

T.

k,

e
Vg
·
kT 1 + CD /Cox

CD ,


(1.2)

the gate oxide capacitance

the elementary charge

e

Cox ,

the

and the absolute tempera-

The exponential function appears as a straight line on a semi-log

scale (Figure 1.1 e), whose reciprocal slope denes an important parameter
of a transistor, the subthreshold swing

S :=

S:



∂Vg
kT
CD
=
ln(10) 1 +
∂ (log10 Isd )
e
Cox

(1.3)

The steeper the swing, the faster the FET can be switched. The minimum
◦
swing is given by ln(10)kT /e ≈ 58.2 mV/dec at 20 C.
The threshold voltage of a MOSFET

Vth

is dened as:

Qox + Qss + QD
+ 2φB
Cox
φms = φm − φs is the work function

Vth = φms −
where the rst term

(1.4)
dierence between

the metal gate and the semiconductor, the second term is the sum of charges
in the oxide

Qox , at the oxide-semiconductor interface Qss and the
QD . In the third term, twice the bulk potential 2φB

depletion charge

to reach the onset of inversion.

silicon
occurs

4
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1.1.2 From transistors to ion sensors
The ion-sensitive eld-eect transistor (ISFET) was developed in the 1970s

1, 34

by Piet Bergveld and others.

An ISFET is basically a MOSFET with

the metal top-gate replaced by an electrolyte solution containing a reference
electrode.

The immersed electrode acts as a liquid gate, controlling the

source-drain current of the ISFET. The gate dielectric is in contact with the
liquid. The bare oxide surface is sensitive to pH, because the hydroxyl groups
at the surface can take up or give away protons. The reactions with protons
dene the surface potential

ψ0 , which shifts if the proton concentration (pH)

is changed. This surface potential shift modies the threshold voltage. The
Equation 1.4 now receives an additional (chemical) contribution and changes
to:

1

Qox + Qss + QD
+ 2φB
Cox
reference electrode Eref and

Vth = Eref − φs − ψ0 + χ −
with the constant potential of the
dipole potential

χ

of the solvent, which is a constant too.

work function of the metal gate
replaced by the electrode potential

(1.5)
the surface

Note that the

φm in the rst term of Equation 1.4 is
Eref . The surface potential ψ0 is the only

term inuenced by the pH. Quantitatively, the pH response is described by
the combination of the Gouy-Chapman-Stern (GCS) theory with the sitebinding model (SBM), which gives a useful relationship between the pH

14, 3539

value of the bulk solution and the surface potential.

The maximum

possible shift of the surface potential due to a change in pH is given by
the Nernst limit of
Boltzmann constant,

ln(10)kT /e = 59.5 mV/pH at 300 K, where k is the
T is the absolute temperature and e is the elementary

charge. We will come back to the site-binding model in Chapter 4.
In principle, silicon nanowire ion-sensitive FETs presented in the following
do the same measurement as the conventional ISFETs, i.e.

they convert

surface potential variations to changes in the channel conductance, but there
are also dierences. Nanowire ISFETs have a multigate device structure,

40

and the nanowire itself acts as a conductive channel.

14

Also, we fabricate the

devices using silicon-on-insulator wafers and operate them in accumulation
rather than inversion. A sketch of the nal device will be provided in the
following section.
We will extensively use the shifts of the threshold voltage as the sensing
signal later on. Thus, we will need a robust read-out method. In practice,
the threshold voltage is often read out from the transfer curve on the linear
scale, by taking the intercept of the linear t with the axis

Isd = 0

(Figure

1.1 e, linear plot). This only works well if there is an extended region with
constant transconductance

gm = ∂Isd /∂Vg .

In nanoscale transistors, the

5
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linear region can be rather short, especially if the contact resistances are

40

relatively large.

The subthreshold regime is more reliable, because the

region with constant subthreshold slope typically extends over several orders
of magnitude. We then dene

Vth

as a value of

Vg

at a constant

subthreshold regime (horizontal dashed line in Figure

1.1 e).

Isd

in the

The latter

read-out method is used throughout this thesis, if not otherwise stated.

1.2 Fabrication and device performance

1.2.1 The sample design
To fabricate the silicon nanowire FETs, two dierent structures were used
during this thesis. In the rst part of this work, each sample consisted of four
individual nanowires produced using standard UV lithography (Structure A,
Figure 1.2). The dimensions of these wires were limited by the resolution of
the technique. Typical widths ranged between 500 nm and 2 µm, the length
was 10 µm, and the thickness was 60  80 nm. These single NWs were very
useful at the beginning to demonstrate basic device functionality in ambient
and liquid environment. In particular, rst reliable and leakage-free operation in an electrolyte as well as reproducible pH sensing was shown using this
structure.

13

For practical applications however, nanowire arrays are prefer-

able enabling e.g. dierential measurements using multiple functionalization
for the simultaneous detection of several analytes. Also, time-resolved correlation experiments would be possible with NW arrays. Having these goals
in mind, a new design has been realized, containing 48 nanowires per chip,
arranged in 4 clearly separated pixels (Structure B, Figure 1.3).

First

samples of this type were fabricated by UV lithography as before; later the
NWs were produced in close cooperation with the Laboratory for Microand Nanofabrication at PSI Villigen, using a state-of-the-art e-beam writer.
After several process optimization steps, including heavily-doped implanted
contacts, RCA cleaning etc., a full wafer scale fabrication of highly reproducible nanowires with various widths (70 nm  5 µm) was achieved. This
allowed systematic size dependence studies and a high fabrication throughput in addition to the previously mentioned practical advantages of the
nanowire arrays.

1.2.2 Fabrication process ow
At the beginning of this work, the samples (both single nanowires and NW
arrays) were produced by UV lithography only (Protocol 1). The details of

40

Protocol 1 can be found in the thesis by Oren Knopfmacher.

A copy of

the protocol is included for convenience (Appendix A). Later, a combined

6
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(a) Structure A

(b)

2000 µm
on-chip electrode

nanowire
100 µm

2000 µm

100 µm

liquid channel

on-chip
electrode

liquid
channel

Al

50 μm

opening for contacts

Figure 1.2: (a) Lithography mask layout of Structure A (4 single nanowires per sample),
produced according to Protocol 1 (see Appendix A). (b) An optical image of a sample
after lithography, including a liquid channel dened in a photoresist. The pictures are
40
taken from.

(a) Structure B

(b)
8000 μm

100 μm

bus line

(d)

(c)
6 μm

nanowire
on-chip electrode

liquid
channel

Figure 1.3: (a) Lithography mask layout of the nanowire array structure with 48 in-

dividually addressable nanowires, arranged in 4 so-called pixels. Each pixel (b) has
12 nanowires with a common bus line. (c) A close-up of the array with 100 nm wide
NWs. (d) An optical image of three nanowires after lithography. The contact leads are
sealed with a SU-8 photoresist, only a small area is exposed to the liquid (vertical liquid
channel).

electron beam lithography (EBL) and UV lithography scheme was developed in cooperation with the PSI Villigen. While the detailed description
of the various optimization steps and dierent sample generations will be
extensively described in the PhD thesis by Kristine Bedner, we briey introduce the most successful process ow so far (Protocol 2, for details see
Appendix B). A commercial bonded silicon-on-insulator (SOI) wafer was
used (SOITEC, France). First, a thin (∼

15 nm)

thermal oxide was grown

7
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(a)

1 cm
(b)

1 cm

(c)

(d)

5 µm

Figure 1.4: (a) An optical image of a wafer part after the lithography. (b) The chip
after bonding into a chip carrier. (c) An SEM image of a nanowire array with contact
regions. (d) An SEM image of a single nanowire. The trapezoidal shape is due to the
anisotropic etching rates of Si in TMAH. Images by K. Bedner.

on the Si device layer.

Then, the NW pattern was dened by EBL in a

negative resist (AZ nLOF 2000) and transferred to the SiO2 by reactive ion
etching (CHF3 ). The patterned oxide acted as a mask for the anisotropic
wet chemical etching of the Si device layer using a solution of tetramethy◦
lammonium hydroxide (TMAH) and isopropanol at 45 C (9:1 volume ratio).
The nominal dimensions of the NW were: width = 1001000 nm, length =
6 µm, height = 80 nm). After the silicon etching, the source and drain areas were dened in PMMA by EBL. The resist was used as a mask for the
+
15
−2
ion implantation step (BF2 , energy = 33 keV; dose = 2.3 · 10
cm
, performed by Ion Beam Services, France) followed by thermal annealing in a
◦
forming gas (6 min at 950 C) to activate the dopants. The contact pads
were formed by UV lithography, aluminum evaporation and annealing at
◦
450 C. To reduce leakage currents in a liquid environment and to optimize
the pH response, the samples were coated by a thin layer of a high-quality
◦
Al2 O3 or HfO2 (1020 nm; atomic layer deposition (ALD) at 200225 C,
Savannah S100, Cambridge NanoTech). A standard RCA cleaning step was
made prior to the high-temperature process, to optimize the silicon/oxide
interface. The packaging for the operation in an electrolyte environment included a micrometer-sized liquid channel, lithographically shaped in a 2 µm
thick photoresist (SU-8 2002, MicroChem), wire-bonding into a chip carrier and epoxy sealing of the contacts (Epotek 302-3M or 353ND, Epoxy
Technology). Figure 1.4 a shows a part of the 8 inch wafer after the lithog-

8
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raphy. In Figure 1.4 b, one of the chips is shown after the wire bonding in
the chip carrier. A SEM image of a NW array including the contact regions
is depicted in part c, while the smallest nanowire is shown in part d. The
trapezoidal shape is due to the anisotropic etching rates of Si in TMAH.

12

The (111) plane is etched about 100 times slower than the (100) plane.
◦
The NW side walls lie in the (111) plane at an angle of 54.7 relative to the
(100) wafer surface.

1.2.3 Nanowire transistor characterisation in ambient
A sketch of the nal device including the electrical scheme for test measurements under ambient conditions can be found in Figure 1.5 a (not to
scale). The transistor properties of the nanowires were routinely tested after a thorough UV/ozone cleaning (1030 min), showing high reproducibility

40

and small hysteresis.

An example of a measurement in air is shown in Fig-

ure 1.5 b for three dierent nanowire top widths
drain voltage

Vsd = 100 mV

current through the channel
is swept.

Wtop .

A small DC source-

is applied to the nanowire, and the source-drain

Isd

is measured as the back-gate voltage

Vbg

The contacts are heavily p-doped, and the nanowire transistors

are operated in accumulation.

When a negative voltage is applied to the

back-gate, majority carriers (holes in the p-doped case) are accumulated
in the nanowire, which acts as the conductive channel between source and
drain.

For more positive gate voltages, the nanowire is depleted, and no

current can ow.

For even more positive gate values, the channel should

be inverted, i.e. populated by the minority carriers like in the n-MOSFET
described before. However, no inversion current is observed in our case, because the contacts are highly p-doped. As a result, p-n junctions are formed
between the contact regions and the inverted channel, preventing the electron transport through the nanowire. This is dierent to the thesis of Oren
Knopfmacher, in which ambipolar (i.e. having both accumulation and in-

40

version mode) nanowire FETs with low-doped contacts were used.

In the

linear regime (left scale), the transconductance scales as expected with the
nanowire width. No saturation is observed, because the contact resistance
is relatively low. In the subthreshold range (right scale), no signicant dependence of the subthreshold swing

S

on

Wtop

is observed.

9
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(b)

(a)
Al pad

Isd
Vsd
Vbg

p++

ALD oxide
p-Si nanowire

Epoxy
SU-8
p++

Buried oxide
p-Si substrate

Figure 1.5: (a) A sketch of the nal device and the measurement set-up used for the

device characterisation in ambient (not to scale). The current through the channel Isd
is measured at a constant source-drain voltage Vsd as a function of the back-gate voltage
Vbg applied to the Si substrate. (b) Nanowire channel conductance G = Isd /Vsd vs. Vbg
for three dierent NW top widths Wtop on linear and semi-log scale.

10
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2

pH sensing

After successful fabrication, sealing and basic electrical testing of the samples
under ambient conditions, as described in the previous chapter, we will now
expose the active oxide interface of the nanowires to an electrolyte solution.
We will rst introduce the set-up used for most of the measurements in
liquid presented throughout this thesis, and then explore the properties of
the nanowires as pH sensors.
elsewhere

13, 41, 42

Parts of this chapter have been published

or are submitted for publication.

43

2.1 Measurement setup and conductance maps
At the beginning of this thesis, single nanowire devices were measured using
a lock-in technique at frequencies below 1 kHz. One goal of this project was
to demonstrate the operation of nanowire arrays that have practical advantages over single NWs. The setup had to be changed to allow a fast readout
of all nanowires. The technical details were discussed in Oren Knopfmacher's
thesis.

40

The schematics of the measurement setup is shown for three NWs

in Figure 2.1 a. In the new setup, a source-meter is used to apply the DC
source-drain voltage
the NW channel

Vsd

Isd .

and to measure the source-drain current through

Using a switching box, all 48 NWs are automatically

measured. The back-gate voltage
liquid gate voltage

Vlg

Vbg

is applied to the Si substrate, while the

is applied to a Pt electrode, immersed in an aqueous

solution (symbolized by the droplet). At the same time, the liquid potential

11

12
Vref

pH sensing
is measured by a calomel or a silver chloride reference electrode.

In

Figure 2.1 b, an optical image of a part of the sample can be seen.
The samples were cleaned by UV/ozone treatment (20 min) before the
measurements. Then, a home-built liquid cell was placed on the chip and
the rst buer solution with a well-dened pH value (Titrisol, Merck) was
pumped through by a tubing pump (MCP, Ismatec). The samples were left
for some time (30  120 min) in contact with the solution to stabilize the oxide/electrolyte interface. After that, a conductance map at the rst pH value
was measured by a source-meter as a function of both back-gate
liquid potential
age

Vref

Vsd = 100 mV.

(dual-gate approach

13, 44

Vbg

and the

) at constant source-drain volt-

Using a switching box, up to 48 NWs were measured

in the same experiment to have some statistics and to study the size dependence. As soon as such conductance map was obtained, the pH buer
solution was exchanged using a low-pressure valve selector (VICI Cheminert,
Valco Instruments Co. Inc.) and a pump. Again, a map was measured after
some stabilization time (10  30 min) at a new pH value. All devices were
automatically controlled by a self-made LabView program.

Isd

Vlg
Vsd

(b)
Calomel
electrode

A

e
ctrod
Pt ele

(a)

Vref

Bus contacts

Liquid channel

V

Vbg
5µm

Figure 2.1: (a) Schematics of the measurement setup, shown for three nanowires (NWs).

A source meter is used to apply the source-drain voltage Vsd and to measure the sourcedrain current Isd . Using a switching box, up to 48 NWs are automatically measured.
The back-gate voltage Vbg is applied to the Si substrate, while the liquid gate voltage
Vlg is applied to an immersed Pt electrode. At the same time, the liquid potential Vref
is measured by a calomel reference electrode. (b) Optical image of a part of the sample,
showing six nanowires and contact leads (vertical lines). Three NWs share a common
bus line to save contacts. A liquid channel is dened in a SU-8 photoresist to minimize
leakage currents (cross-like structure). In total, 48 NW FETs with 8 dierent widths
(100 nm  1 µm) are dened on one chip. Inset: a close-up shows three nanowires (thin
vertical lines, 400 nm nominal NW width) and the horizontal liquid channel.
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2.1. Measurement setup and conductance maps
(a)

(c)

(b)

(d)

G vs. the back-gate voltage Vbg and
the liquid potential Vref at pH 7. The data is from a sample with alloyed contacts
(700 nm wide NW), therefore two regimes occur: above and below the solid line. In the
lower regime, the contact resistance dominates. Whereas in the upper case, the contact
resistance can be neglected, and the nanowire resistance dominates. This results in
dierent gate coupling capacitance ratios between the back- and the liquid top gate
Cbg /Clg (dashed lines and numbers). Here, the top gate oxide consists of two layers:
thermal SiO2 and ALD-grown Al2 O3 . (b) Data from a 100 nm wide NW with highlydoped implanted contacts. No contact-dominated regime is visible any more. The
capacitance ratio Cbg /Clg ≈ 0.07 is smaller than in (a), because of the thinner top
oxide and hence larger top oxide capacitance CTOP ≈ Clg . (c) Transfer curve G(Vref )
corresponds to a vertical cut through the map (a) at a xed Vbg = −2 V. The total
conductance G saturates at Vref < 0 due to the large resistance of alloyed contacts
(∼ 2 MΩ). (d) A cut through the map (b) at Vbg = −3 V does not show any saturation
in the measured range. The contact resistance is much lower than in (c).

Figure 2.2: (a) Contour plot of the conductance

In the following, we will show and discuss several conductance maps, obtained with Al2 O3 (Figure 2.2) and HfO2 -coated samples (Figure 2.3). All
maps were measured in a buer solution at pH 7. In Figure 2.2 a, a contour plot of the conductance

G(Vbg , Vref )

for a nanowire with low-doped

contacts (evaporated and alloyed aluminum) is shown, which was fabricated
according to Protocol 1 (see Appendix A). In this case, the nanowire was
covered by 40 nm thermal SiO2 and 20 nm ALD-grown Al2 O3 .

The solid

horizontal line marks the border between two dierent regimes, which dier
in their relative coupling to the two gates.

13, 45

The dashed lines and num-

bers indicate the slopes of the equal conductance lines in the two dierent
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regions. These slopes are determined by the ratio of the gate coupling capacitances

Cbg /Clg ,

where

Cbg

is the buried oxide capacitance and

series connection of the total top oxide capacitance
layer capacitance

Cdl .

Because

Note that in Figure 2.2 a,
Al2 O3 layer capacitances.

Cdl  CTOX ,1, 41

CTOX

CTOX

Clg

is a

and the double-

we conclude

Clg ≈ CTOX .

is a series connection of both SiO2 and

To understand the origin of the two dierent

R = 1/G is composed
RNW and the contact
resistance Rc . Due to the connement of the liquid channel to the NW, Rc is
only weakly aected by the liquid gate (small Clg ). Hence, if Rc dominates
R, Cbg /Clg is large, which corresponds to the lower regime. In contrast, if
Rc can be neglected, R is determined by RNW , which on its own is more
regimes, one has to see that the NW-FET resistance
of two resistances in series. The intrinsic resistance

strongly capacitively coupled to the liquid than to the back-gate. We refer
to the two regimes as contact and NW dominated.
We know now that the steep slope in the lower region is due to the gating

13, 40

of the contact leads by the back-gate.

This issue disappears if highly-

doped contacts are used that are barely inuenced by the gates.

In Fig-

ure 2.2 b, a nanowire coated with 20 nm Al2 O3 and implanted contacts is
shown (Protocol 2, see Appendix B). No contact-dominated region is visible
any more.

To illustrate the contact resistance issue more clearly, vertical

cuts through the contour plots at a constant
transfer curves

G(Vref ))

Vbg

were made. Such cuts (or

are plotted in Figure 2.2 c and d. In the case of the

low-doped contacts (c), the transfer curve saturates for

Vref < 0 V

because

of the contact resistance. In contrast, an extended linear region is observed
in the highly-doped case (d).
Similar conductance maps for HfO2 -coated samples are presented in Figure 2.3 a (10 nm thick oxide) and b (20 nm).

As expected, doubling the

thickness results in a doubling of the capacitance ratio (dashed lines and
numbers). The ratio is lower than in the case of Al2 O3 due to the higher
relative permittivity

εr

of HfO2 . In fact,

εr

of the top oxides can be esti-

mated based on the capacitance ratios via

Cbg
εr,BOX tTOX
=
Clg
εr,TOX tBOX

(2.1)

εr,BOX = 3.9 being the relative permittivity of the buried SiO2 , its
tBOX = 145 nm, the (known) thickness of the top oxide tTOX and
the (unknown) εr,TOX . From Figure 2.2 b we estimate εr,TOX ≈ 7 − 9 for
Al2 O3 , and εr,TOX ≈ 20 − 25 for HfO2 (from Figure 2.3). These relative
with

thickness

permittivities are consistent with previously reported values (9 for Al2 O3
and 25 for HfO2 ).

46

Further aspects of the gate oxide characterization will

be covered in the PhD thesis of Kristine Bedner.
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2.2. Reaching ideal Nernstian pH response
(a)

(b)
0.06

G maps vs. both the liquid potential Vref and the back-gate
voltage Vbg for a 100 nm wide NW with 10 nm (a) and 20 nm HfO2 (b) as top oxide,
measured at pH = 7. The dashed lines and numbers represent the gate capacitance ratio
between the back- and the liquid gate Cbg /Clg . The ratio is higher in (b) because of
the thicker top oxide.
Figure 2.3: Conductance

2.2 Reaching ideal Nernstian pH response
To characterize the transistor response of the nanowires in liquid, a sweep
of the liquid potential is made at a xed

Vbg

and

Vsd .

In 2.4 a, such up and

down liquid gate sweeps are shown for two dierent nanowires on both linear
and semi-log scale. All curves align very well on top of each other, demonstrating a negligible hysteresis (<
properties.

10 mV)

and highly reproducible device

Because of the highly-doped implanted contacts, an extended

linear range with nearly constant transconductance is observed, in contrast
to our previous protocol with alloyed contacts.

13, 40, 41, 45

The subthreshold

swing is around 100 mV/dec, which is a good value, compared to the ideal
slope of

∼ 60 mV/dec.

To test the pH response of the nanowire, we exchange

the buer solution several times and measure the transfer curve again for
each pH value. Typical results from a HfO2 -coated nanowire are depicted in
Figure 2.4 b. The curve shifts to more positive

Vref

values as the pH value

of the solution increases. The same data is plotted in Figure 2.5 b to compare with an Al2 O3 -coated nanowire shown in Figure 2.5 a. To quantify the

Vth of the FET
G = 10−8 S in the

pH response, we dene the threshold voltage

as the liquid

potential value at a constant conductance

subthreshold

regime (see arrow in Figure 2.5 a). This

G

value is chosen because it is deep

inside the subthreshold regime but still well above the noise. Other values
would also meet these requirements without aecting the readout quality of
the threshold shifts. The threshold voltage is then plotted as a function of
the solution pH value for both oxides in the insets of Figure 2.5 (squares).
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The pH response is extracted from the linear ts to these data points (solid
lines), and is very close to the theoretical maximum of ∼ 58.2 mV/pH at
◦
20 C (Nernst limit) in both cases. This result is associated with the high
quality of the ALD oxide layers that provide a large number of active protonbinding surface OH groups, in contrast to the most widely used SiO2 .

A

detailed quantitative explanation within the site-binding model will follow
in Chapter 4.
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G vs. the liquid potential Vref (tranfer curves) for two
dierent HfO2 -coated nanowires of the same size, on linear (left) and semilog (right)
scale. Both up and down gate sweeps are shown (arrows). All curves align very well on
top of each other, showing high reproducibility and negligible hysteresis. (b) Transfer
curves of one nanowire at dierent pH values. Increasing the pH shifts the curve to
more positive Vref values.

Figure 2.4: (a) Conductance
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Figure 2.5: Transfer characteristics of a Al2 O3 -coated NW (a) and a HfO2 -coated

one (b) at dierent pH values. Inserts: threshold voltage

Vth

as a function of pH. We
−8

dene Vth as the liquid potential value at a constant conductance G = 10
S in the
subthreshold regime (along the arrow in (a)). Solid lines are linear ts of Vth (pH). A
◦
nearly ideal Nernstian response of ∼ 58 mV/pH at 20 C is achieved with both oxides.
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2.3. pH response is independent of nanowire width
2.3 pH response is independent of nanowire width

Here, we study the pH response as a function of the nanowire width ranging
from 100 nm to 1 µm (Figure 2.6).
been submitted.

43

A manuscript covering this topic has

The size dependence will be extensively discussed in the

PhD thesis by Kristine Bedner. In part a of the Figure 2.6, a SEM image
of a nanowire is shown. Along the solid lines, a schematic cross-section of
a nanowire is made (b), where

Wtop

is the top width of the trapezoidal

nanowire. In c, the pH response is plotted against the nanowire top width

Wtop for both oxides.
∼ 60 mV/pH at 300 K

All NWs show a nearly ideal Nernstian behavior of
(dashed line), independent of the NW width and the

gate oxide type. The pH response is dened as before, a threshold voltage
vs. pH plot is shown for the three narrowest nanowire widths in the inset.
To our knowledge, this is the rst systematic study reporting a clear absence
of any size dependence on pH sensing properties of NWs. The observed ideal

41

pH response conrms recent results showing that ALD-grown Al2 O3
and
47
HfO2
are excellent pH sensing interfaces, due to the high density of active
surface groups that buer the pH changes in the bulk solution. Within the
site-binding model,

1

this oxide property is called the surface buer capacity.

As long as the oxide /electrolyte interface of the nanowire surface provides
a large surface buer capacity for protons, no size dependence is expected.
Our observation is in contrast to the works by Ref.

27, 48

We will describe

the site-binding model in much more detail in Chapter 4.
Wtop[nm]

Wtop

Vth[V]

(b)

pH response [mV/pH]

(c)

(a)

Figure 2.6: (a) SEM image of a nanowire. (b) Schematic cross-section of a nanowire

along the lines in (a). The top width Wtop varies between 100 and 1000 nm. (c) The pH
response vs. Wtop for both interface oxides. Inset: threshold voltage Vth vs. pH shown
for three narrowest nanowires. A linear behavior is observed over the whole range. The
pH response is dened by the slope of the best t line. Measurements for increasing
(triangles) and decreasing pH (triangles with crosses) lie almost on top of each other
(arrows). Images by K. Bedner.
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2.4 Real-time pH measurements
In addition to recording transfer curves, one can also choose a xed working point of the NW FET, and measure the source-drain current
function of time

t.

Isd

as a

This measurement technique is particularly interesting

for biosensing, for example to quantify the anities and kinetics of protein

49

interactions.

Both measurement techniques are compared for the same

nanowire in Figure 2.7. First, the transfer curves are measured to characterize the device, showing a near-Nernstian pH response as discussed before
(Figure 2.7 a). Note that this time the source-drain current
against

Vref ,

G.
gm = δIsd /δVref

rather than the conductance

maximum transconductance

Isd

is plotted

This is done to extract the
from the rst derivatives of

the presented curves.

The transconductance variations between dierent
−7
curves are very small. An average value of |gm | ≈ 5.65 ± 0.05 · 10
A/V
(dashed line) is then taken to convert the measured real-time pH response

Isd (t)

to the threshold voltage shift

∆Vth = ∆Isd /gm

(Figure 2.7 b). This

conversion results in a Nernstian response close to 60 mV/pH, very similar
to the values extracted from the shifts of the transfer curves. The working
point (Vref

= 0.4 V)

was chosen to be in the linear regime, i.e. where the

transconductance is nearly constant. The response time (jump between two
adjacent pH values) is in the range of seconds and is given by the liquid exchange rate. Increasing the exchange rate leads to response times
(a)

< 200 ms.

(b)

Figure 2.7: (a) Transfer curves of a 1 µm wide NW at dierent pH values. The transconductance gm = δIsd /δVref is obtained by taking the rst derivative of the Isd (Vref )
curves. (b) Real-time sensor response to the changes in pH. The measured source-drain
current Isd is converted to a threshold voltage shift ∆Vth using the transconductance
value from (a). The distance between two horizontal grid lines is 60 mV, showing Nernstian response of the sensor.
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Noise measurements and detection limit

In the previous chapter, we demonstrated highly reproducible device performance in liquid environment, combined with a full Nernstian pH response.
In the following, we will measure the low-frequency 1/f noise and evaluate the detection limit of our pH sensors. Parts of this chapter have been

45

published elsewhere.

3.1 Introduction
Apart from the pH response, the evaluation of noise is also an important
issue, as it ultimately denes the detection limit of a sensor.

Recently,

intense attempts have been made to understand the factors determining the
signal-to-noise ratio,

8, 5054

however with inconsistent conclusions about the

optimal regime for sensing.
nanowire FETs

51

Studies on carbon nanotube FETs

50

and on

claimed that the signal-to-noise ratio (SNR) increases in

the subthreshold regime, which would therefore be the preferred regime for
high sensitivity. In contrast, Rajan and co-workers

54

argued that the SNR

in silicon nanowires is optimized in the linear regime around the maximum
transconductance. Here, we resolve this disagreement by measuring the

1/f

noise over the full operating range of the FET and evaluating the detection
limit set by the noise of the transistor.

19
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3.2 Noise measurement setup
Silicon NW-FETs were produced according to Protocol 1 (Appendix A).
The dimensions of the presented nanowires were: length
= 10 µm× 700 nm

×

×

width

×

height

80 nm (Figure 3.1 a). A special set-up was used for the

noise measurements, the schematics is provided in Figure 3.1 b.
FETs were operated at low source-drain DC voltages

The NW

Vsd = 10 − 100 mV

The source-drain current Isd through the NW was
5
9
measured by a current-voltage converter with a variable gain (10 −10 V/A).

in the linear regime.
The conductance

G of the NW-FET is then obtained as the ratio G = Isd /Vsd
Vbg and liquid gate voltage Vlg . This yields

while varying both the back-gate

a two-dimensional (2D) conductance map, as introduced in Chapter 2 (see
Figure 3.1 c). The vertical axis

Vref

is the potential of the liquid, as measured

by a calomel reference electrode. The equivalent voltage noise power spectral
density

SV

(see e. g.

55

) was determined along the solid white lines through

a fast Fourier transform of the time dependent uctuations of

Isd .

3.3 Results and discussion
In this section, we present the results from samples with low-doped alloyed
contacts. Therefore, the contribution of the contact resistance to the conductance and the noise properties has to be taken into account. We will see
that using the dual-gate approach, the FET can be tuned to a region where
the additional noise contribution from the contact regions is minimized. The
situation is explained with the help of the conductance map in Figure 3.1 c.
This map displays two dierent regimes, above and below the white dashed
line at about

Vref = +0.4 V.

As already discussed in the previous chapter,

the regime above the line is dominated by the intrinsic nanowire resistance,
whereas the lower regime is dominated by the contact resistance.

Short

lines and numbers indicate the ratio of the gate coupling capacitances at a
constant conductance value. The noise is measured along the colored solid
lines.
Figure 3.2 shows the frequency dependence of the noise power

SV (f ) of the

NW for dierent resistance values, measured in air (a) and in a buer solution with pH 7 (b). The corresponding thermal background noise, recorded
at zero bias, has been subtracted from the data. An example is shown by
(4).

SV (f )

has a clear 1/f dependence (dashed lines), and its amplitude
2
55
Vsd
(inset), as expected for 1/f noise.
Such a behavior

is proportional to

can phenomenologically be described by Hooge's law
2
SV (f ) = Vsd

α
Nf

55, 56

(3.1)
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Figure 3.1: (a) Optical image of a sample with four nanowires (NWs) (horizontal) and

an enlarged SEM image of one of the NWs. The (vertical) liquid channel is the only part
of the sample which is not covered with photoresist. (b) A schematic representation of
the setup used for the measurements in liquid. There are two gates, a back-gate and
a liquid-gate with applied gate voltages Vbg and Vlg . The liquid potential is measured
by a calomel reference electrode and denoted as Vref . The NW-FETs are characterized
by their conductance map G(Vbg , Vref ), shown in (c), and by the noise obtained from
the temporal dependence of the source-drain current Isd using fast Fourier transform.
In (c) the horizontal dashed line marks the border between two regimes, the nanowire
(upper) and contact (lower) dominated regime. Noise measurements were conducted
along the three solid colored lines. Short solid lines and numbers represent the slopes
of the equiconductance lines.

The material dependent parameter
constant

α

accounts for scattering eects and the

N

denotes the number of uctuators in the system.
2
In Figure 3.3, the normalized noise amplitude SV /Vsd at 10 Hz is depicted

as a function of

R.

The noise in the system increases dramatically (indicated

by dashed lines) above a certain threshold resistance value. The position of
this threshold (arrows) and the steepness of the rise depends on whether the
NW is gated by the liquid or the back-gate.

In air (H), where

Vbg

is the

only applied gate voltage, the noise starts to increase at roughly 30 MΩ. A
similar behavior is observed in liquid in the contact-dominated regime, i.e.
for

Vref = −0.3 V ().

In contrast, within the NW-dominated regime (•),

the noise increases steeper, starting already at about 10 MΩ. For

R

smaller

than the respective thresholds, the noise level is approximately constant.
The apparent superimposed structure observed in this range is wire specic.
Dierent NW-FETs, while conrming the general dependence, typically dis-
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Figure 3.2: The noise power spectral density of the voltage uctuations SV obtained for
a source-drain bias voltage of Vsd = 90 mV for dierent resistances of a NW measured
(a) in air and (b) in a buer solution (Titrisol pH 7, Merck). The dashed lines indicate a
1/f slope. The open symbols in (b) represent the thermal noise of the NW at Vsd = 0 V
(4). The calculated thermal noise of a 6.5 MΩ resistor at 300 K is shown for comparison
(horizontal line). Inset: SV as a function of Vsd at 7 Hz, measured in air (logarithmic
scale). The solid line indicates a power law with exponent two.

play a dierent ne structure. The thresholds of

10 − 30

MΩ correspond to

the transition from the linear to the subthreshold regime of the FETs. Note
that the linear regime is limited by the resistance of the contact leads.
The physical signal in FET sensors is the shift

δVth of the threshold voltage

Vth

caused by a chemical change on the sensing surface. It is obtained from
0
the measured conductance change ∆G and the transconductance g = G =

dG(Vg )/dVg , characteristic for a given FET, as δVth = ∆G/g .

This equation

can be used to determine the true gure of merit which is the equivalent noise
power of the threshold voltage

p
δVth =

δVth

given by

p
2
SV /Vsd
(f )
.
(ln G)0
√
δG/G = SV /Vsd .

2
SV /Vsd
(f )
=
g/G

Here, we have made use of the relation

(3.2)
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2

SV divided by the squared source-drain voltage Vsd as a function of R at
10 Hz, measured in air and in buer solution (logarithmic scale). Dashed lines are guides
to the eye. Arrows indicate the transition between dierent regimes.

Figure 3.3:

In Figure 3.4 a we show

δVth

when the controlling gate is

Vbg

for data

measured in air (H) together with the data acquired in buer solution at

Vref = −0.3 V ().

Both curves show a very similar behavior.

know that the liquid data obtained at

Vref = −0.3 V

Since we

is contact dominated,

we conclude that the measurement in air is also contact dominated.
In Figure 3.4 b we summarize
trolyte. To obtain

δVth ,

δVth

for measurements done in an elec-

we consistently use

Vlg

as the controlling gate for

all three data sets in this gure. Interestingly, in the NW-dominated regime
(•)

δVth

is much smaller than in the contact-dominated regime (). The dif-

ference can amount to almost two orders of magnitude. Although the voltage
noise values

SV

are not much dierent in the two regimes (Figure 3.3), the

sensitivities in the true measurement quantity greatly dier. This shows that
the transconductance values, and therefore the gate-coupling to the liquid,
are crucial factors determining the ultimate sensitivity. We also stress that

δVth can be low over an extended range of NW resistance values R, from
∼ 1 to 100 MΩ. This range covers the transition from√the linear to the sub−5
threshold regime. The lowest value of 2 − 3 · 10
V/ Hz corresponds to a
detection limit of 0.5 % of a typical Nernstian pH shift in one Hz bandwidth
(right axis) throughout the full resistance range (•).
The data set obtained at a xed

Vbg

and varying

Vref (N) demonstrate the

cross-over between the two dierent regimes. In this case a very pronounced
transition from a regime with low sensitivity (low
sensitivity (larger

51

out

R) is apparent.

R)

to a regime with high

For this case, it has recently been pointed

that the signal-to-noise ratio (SNR) increases with resistance

R

and
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is the highest in the subthreshold regime. We conrm this as well but we
emphasize that the dual-gate approach used here provides a more general
and detailed insight. For

Vref = −0.3 V, the
δVth .

the total noise and strongly increase

contact leads also contribute to
In contrast, for

Vref = +0.5 V,

the resistance of the NW-FET is not contact-dominated. In that case the
noise is constantly low over the whole resistance range.

1/2

δVth(10 Hz) [V/Hz ]

0.1
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0

Threshold
voltage
uctuations
δVth =SV /(ln G(Vbg ))
(a)
and
(b), calculated from the data in Figure 3.3 as a function of R.
Dashed lines are guides to the eye. The right axis shows δVth relative to the Nernst
limit of the pH sensitivity (59.5 mV/pH at 300 K).
Figure

3.4:

SV /(ln G(Vref ))0

Now, we estimate the charge noise of the NW, which corresponds to the
minimum detectable number of charge carriers on the gate. To do so, we
2
rst dene the gate-referred power spectrum voltage noise SVG = δVth =
2
2
SI /gm . Here, SI = SV /R is the current noise that can be easily determined
from Figure 3.3, and

gm = ∂I/∂Vg

denotes the transconductance with re-

spect to the controlling gate. For the measurement versus the liquid gate

p
p
= −1.5 V), we obtain a charge noise at 10 Hz of Sq = Clg · SVg /e ≈
√
5.8 e/ Hz, where Clg ≈ 26 fF is the estimated liquid gate capacitance in our
system and e is the elementary charge.
(Vbg

Recently, we have extended the noise measurements to samples with implanted contacts, fabricated according to Protocol 2 (see Appendix B). They
have the advantage that the contact dominated regime is suppressed. Using
such samples, we systematically study the inuence of the nanowire width
on the noise properties and compare dierent gate dielectrics, Al2 O3 and
HfO2 .

We nd that the channel noise scales with the eective nanowire

width as expected. When referring to the gate, the scaled voltage noise

δVth

is independent of the nanowire width or the gate oxide type. We also nd
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that the gate dielectric is the dominant noise source. Our voltage noise value
√
δVth ≈ 10−5 V/ Hz, evaluated at 10 Hz in 1 Hz bandwidth for a 1 µm wide
NW, is the lowest reported and at least 3  10 times lower than in previous
studies.

52, 54, 57

A detailed discussion of the width and oxide dependence of

the noise will follow in the PhD thesis by Kristine Bedner.

3.4 Conclusions
In conclusion, we have studied the low-frequency

1/f

noise in dual-gated

Si nanowire FET sensors and determined the detection limit over a large
resistance range. The deduced gate-referred threshold voltage noise
the true gure of merit in such sensors. We demonstrate that

δVth

δVth

is

is con-

stant over the full operation range of the transistor, as long as the intrinsic
nanowire resistance dominates and the contact resistance can be neglected.
Both linear and subthreshold regime can be used for equally sensitive pH
measurements with a detection limit of

∼ 200 ppm

shift (1 Hz bandwidth at 10 Hz, 1 µm wide NW).

of a full Nernstian pH
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Surface passivation and reference electrode
So far, we have focused on the pH sensing properties of a bare oxide surface.
In this chapter, we will expand our investigations to a chemically modied
surface. We will cover the Al2 O3 surface of Si NW FETs with a long alkyl
chain (C 18) silane and investigate its pH sensing properties both experi-

42

mentally and theoretically. These results have been published elsewhere.

4.1 Introduction
The most widely used method for chemical surface modication is the self-

58

assembly of silane monolayers on activated (hydroxylated) oxide surfaces.

Surface chemistry has not only been applied to functionalize the sensor, but
also to tackle another major challenge in this eld  the on-chip integration
of a reference electrode that only reacts to the changes of the electrostatic
potential but not to the chemical one. Ideally, the reference electrode should
be a transistor with very similar electrical properties as compared to the
sensing device but with a passivated surface, the so called reference FET
(RFET). A dierential ISFET/RFET setup can then be implemented. The
rst RFET was a parylene-coated Si3 N4 ISFET, introduced by Nakajima

59

et al.,

but it failed to completely suppress the pH sensitivity. According

to the site-binding model, the pH response is determined by the number

37

of active surface groups Ns .
A practical upper limit for a bare oxide
15
−2
38
surface is Ns = 10
cm
, due to bonding distances in oxides.
One can

27
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estimate that a reduction of

Ns

by at least three orders of magnitude is

60

needed to eliminate the pH response.

It was shown that such a drastic

decrease cannot be reached by chemical modication of SiO2 and Ta2 O5
38
surfaces with various short-chained silanes.
A residual pH response of the
modied device was still observed (>

61

10 mV/pH,38 > 20 mV/pH,14 ).

In a

work by Perrot et al.,
two conventional FETs were used for the specic
+
detection of Ag
ions in a dierential mode, i.e. the sensing FET was
coated with Ag-selective cyano-terminated silane, and a reference FET with
an unreactive isopropyl silane. Unfortunately, both FETs were still strongly
pH sensitive (∼

16 mV/pH), compared to 35 mV/pH of the bare SiO2 .

Again,

only molecules with a relatively short chain length were used, but the authors
were aware of a possible inuence of the chain length on the pH response.

62

Bataillard et al.

applied capacitance spectroscopy to measure the pH

response of a Si/SiO2 /electrolyte structure, coated with silanes bearing a
long, hydrophobic docosyl chain (C 22 alkyl segment).

Strongly reduced

pH sensitivity was reported (8 mV/pH) but the explanation was based on
hydrophobicity rather than on the site-binding model.
Here, we choose octadecyldimethylmethoxysilane (ODMS) for the following reasons.

First, it does not build multilayers.

Since it has only one

leaving group, either a dimer is formed which will not stay at the surface
at all, or the silane will bind to the surface with the only available methoxy
leaving group.

It has been shown that a real monolayer is formed only if

63

monoalkoxysilanes are used.

Second, we expect the long chain silanes to

organize better on the surface and to be more proton-tight than the layer
formed from short chain silanes.

61, 62

Third, this silane is inert once immo-

bilized on the surface, since no reactive groups are available. In addition, we
found out during this study that varying the time of the silane vapor deposition leads to a surprisingly well-controlled change of the surface coverage
and hence the pH sensitivity.

4.2 The site-binding model
In the following section, we will rst present the theoretical model and then
discuss some of its relevant implications. Here, we use the full site-binding
model (SBM), derived for conventional ISFETs by Bousse, de Rooij and

37

Bergveld,
potential

Ψ0

which provides a functional relationship between the surface
and the pH value of the bulk solution. To derive a useful ex-

pression, one has to look at the reactions of the surface hydroxide groups
with the potential determining ions in the solution. The amphoteric character of the OH surface groups of a metal (Me) oxide can be expressed by
two equilibrium constants for the deprotonation (Ka ) and the protonation

29
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reaction (Kb ):

MeOH

MeO

+
MeOH2

−

+ H+
s , Ka =

MeOH

νMeO− aHs+
νMeOH

+ H+
s , Kb =

(4.1)

νMeOH aH+
s

(4.2)

νMeOH+
2

ν being the number of sites of one particular species, aHs+ the activity of
the surface protons. The active surface sites are either neutral (MeOH), pos+
−
itively (protonated, MeOH2 ) or negatively charged (deprotonated, MeO ).

with

The total number of these sites is

Ns = νMeOH + νMeO− + νMeOH+
2

(4.3)

The protonated and deprotonated groups generate the total surface charge



σ0 = νMeOH+ − νMeO− e
2

(4.4)

Equation 4.4 can be rewritten using Equations 5.1  4.3:


σ0 = eNs
The surface charge

σ0

a2Hs − Ka Kb
2
aHs + aHs Kb + Ka Kb


(4.5)

is screened by the ions of the double layer, leading to

a surface potential drop

Ψ0

over the double-layer capacitance

Cdl

σ0 = Cdl Ψ0

(4.6)

In order to get a convenient expression, the (unknown) activity of the surface
protons in Equation 4.5 has to be replaced by the (known) activity of the
bulk solution protons

aH+
b

via the Boltzmann equation



eΨ0
aH+
= aH+ exp −
s
b
kT


(4.7)

Combining Equations 5.1 - 4.7, an explicit relationship between the bulk
proton activity

aH+
b

and the surface potential

Ψ0

can be derived
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√
eΨ0
Ka Kb exp
×
kT
s
q
q 2 

 q 2 
Cdl 1
Kb
Kb
eΨ0 Cdl 1
Ka
+ 1 + kT Cs 2 Ka
1− 2 K
Cs 2
Ka
b

aH+ =
b

eΨ0
kT

1−

eΨ0 Cdl
kT Cs

in which the surface buer capacitance

Ns

(4.8)

Cs

is related to the number of sites

via

Cs =
In contrast to Bousse et al.,

37

e2 Ns
2.3kT

(4.9)

Equation 4.9 is not further simplied. First,

the theoretical predictions of Equation 4.9 are discussed. In Figure 5.1, we
plot the surface potential

Ψ0

vs. the pH of the bulk solution, according to

Equation 4.9. The point of zero charge PZC = (pKa + pKb )/2 is set to pH =
7. The double layer capacitance

Cdl

at a constant ionic strength of 100 mM

Cst and the diusive
Cdl = Cdif Cst /(Cdif + Cst ) ≈ 0.16 F/m−2 , including
−2 14, 37, 64
the widely accepted constant Cst = 0.2 F/m
.
The capacitance of
−2
the diusive layer Cdif = 0.7 F/m
is estimated assuming a simple parallel
14
plate capacitor. The pH dependence of Cdl , estimated by Chen et al.,
is
is estimated as a series connection of the Stern layer

layer capacitance

Cdif

to

only a small eect and is neglected in the following. As illustrated in Fig14
−2
ure 5.1a, for a large number of surface sites (Ns > 10 cm
) and a small
separation between the reaction constants

∆pK = pKa − pKb ,

the surface

potential decreases linearly with increasing bulk pH. Here, the smallest possible

∆pK = 0

was chosen, which gives the steepest slopes of the straight
1015 cm−2 and 56.9 mV/pH for 1014 cm−2 ). These

lines (58.8 mV/pH for

slopes or pH sensitivities are very close to the Nernst limit. It was already
pointed out by Fung et al. that the highest pH sensitivity of an ISFET is

∆pK values.64 Further re13
−2
ducing Ns yields a sigmoid (or S-shaped) curve (10
cm
) with its steepest
12
−2
slope around the PZC, which becomes almost at for 10
cm
. Hence, a
reduction of Ns by at least three orders of magnitude is needed to get a pH
insensitive surface. To see the relationship between Ψ0 and Ns more clearly,
expected for a combination of large

Ns

and small

we have made several cuts along the lines of constant pH, for example along
the vertical dashed line at pH = 5. The inset shows such cuts,

Ψ0

as a func-

for ve dierent pH values between 3 and 7 (≤ PZC). Again, no
12
−2
potential shift due to pH change is observed below Ns = 10
cm
, while
14
−2
at Ns > 10
cm
a nearly Nernstian response is visible. Note that Ψ0
tion of

Ns ,
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Figure 4.1: Theoretical curves of the surface potential Ψ0 vs. the pH of the bulk
solution (∼ 100 mM ionic strength), as predicted by the full site-binding model for a
surface with PZC = 7, see 4.9. In (a), the deprotonation and protonation constants
pKa and pKb are both set to 7 (∆pK = 0). The total number of surface sites Ns is
varied. Inset: Ψ0 vs. Ns at dierent pH values. Each curve is a cut along the line of a
constant pH in the main gure, for example at pH = 5 (shown by the vertical dashed
line). The steepest slope S = δΨ0 /δNs is taken to estimate the minimum detectable
change δNs due to the adsorption of target molecules on the sensor surface. In (b),
a ∆pK = 4 is assumed, for otherwise the same parameters as in (a). (c) Inuence of
∆pK = pKa − pKb on the curve shape at a constant and low Ns (partially passivated
surface).

vs. Ns curves are also S-shaped with the largest variation in the range of
1013 − 1014 cm−2 . The steepest slope S = δΨ0 /δNs is strongly pH dependent, it is zero at the PZC and increases when moving away from pH =
7. The quantity
change

δNs

S

will be used later to estimate the minimum detectable

due to the adsorption of target molecules on the sensor surface.

The above denition of the pH sensitivity, i.e.

the slope of a straight

line, only makes sense in the linear response range, which can be quite
narrow depending on the parameters.

To make the comparison between

the dierent curves easier, we introduce here an average pH sensitivity

spH .
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All the SBM curves are nearly saturated below a certain pHsat1 and above
pHsat2 .

Reading out the dierence

Ψ0

between the asymptotes at these

saturation values gives the maximum potential shift

∆Ψ0,max

∆Ψ0,max .

If we divide

by the separation of the saturation values, we get an average pH

sensitivity

spH = ∆Ψ0,max /(pHsat2 − pHsat1 ).

(4.10)

spH as a measure for the pH sensitivity in the following. For
∆pK = 4, assuming that the protonation is more likely to happen
than the deprotonation (i.e. Ka < Kb or pKa > pKb ), the full Nernstian
15
−2
slope cannot be reached any more (Figure 5.1b). For Ns = 10
cm
,
We will use
a larger

the pH sensitivity is reduced to 53.2 mV/pH and is non-linear already for
1014 cm−2 and below. Note that the shape of the curve has changed as
well. It is relatively at around the PZC and has the steepest slopes at the
pK values (double-sigmoid shape). The transition from the sigmoid to the
double-sigmoid shape is best seen in Figure 5.1c. In this plot, Ns is kept
13
−2
constant and low at 10
cm
to ensure a clearly non-linear behavior. With
increasing separation

∆pK , the at region around the PZC gets broader and

the curve shape changes from sigmoid to double-sigmoid, saturating at more
extreme pH values.

The transition from the linear pH response to the sigmoid shape is determined by the ratio

Cdl /Cs

(cf. Equation 4.9), where

Cs

is the buer

capacitance of the surface and is proportional to the number of sites
4.9. In principle, variations of either

Cdl

or

Ns

Ns ,

see

could cause this transition,

by changing the capacitance ratio in Equation 4.9. However, for suciently
strong electrolytes used here (>100 mM), the double layer capacitance is
nearly independent on the ionic strength, as the Stern layer capacitance
Cst dominates. As stated above, we assume a constant Cst = 0.2 F/m−2 , in
agreement with previous studies. For a bare oxide surface with a large buer
capacitance, like Al2 O3 used here,

Cs  Cdl .

The oxide surface has a su-

cient number of OH groups that buer the change in the bulk pH by taking
up or giving away protons. If the buer capacitance is dramatically reduced,
e.g. by a chemical surface passivation, then

Cdl ∼ Cs .

Changing the bulk

pH uses up the available OH groups, a potential shift is still observed around
each pK value, until all groups are occupied and no potential shift is visible
any more. The

Ψ0

vs. pH curves saturate, resulting in an overall sigmoid

shape if pK values are close to each other or in a double-sigmoid shape if
they are further apart.
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4.3 Experimental results and comparison with model

Now, we go on by presenting our experimental results and the ts to the
data obtained using the model discussed above. The NW samples (Structure
B, see Chapter 1) were fabricated according to Protocol 1 or 2 (Appendix A
or B), and silanized as described in the following. A sketch of the reaction
can be found in Figure 4.2 a.

Prior to the silanization, the samples were

cleaned with ethanol and the surface was activated by a UV/ozone treatment (20 min). The sample surface was then modied by the deposition of
◦
octadecyldimethylmethoxysilane (ABCR, AB111258) vapor at 80 C and ca.
0.05 mbar. The reaction time varied between 6 hours and 7 days. After the
◦
reaction, the samples were cured at 80 C for two hours. Control samples
2
(i.e. roughly 1 cm large Si wafer pieces) were silanized in parallel and used
immediately after curing to measure the contact angle.
All samples were characterized before functionalization in ambient and in
liquid showing good transistor behavior and nearly Nernstian pH response.
An example of a measured transfer curve of a fully passivated NW (after 7
days of reaction) is depicted in Figure 4.2 b on a semi-log plot. The electrical
properties of the transistor, especially the hysteresis and the subthreshold
swing, are not signicantly altered by the surface chemistry.
responds to pH change by a shift of its threshold voltage
this quantity as the

Vref

The sensor

Vth .

value at a constant NW conductance

We dene

G

in the

subthreshold regime, e.g. 10 nS (horizontal line in Figure 4.2 b). The mean

Vth

value from the up and down gate sweep is taken.

To get some information about the reaction progress, contact angle mea2
surements were performed on silicon test wafer pieces (≈ 1 cm in size) that
were processed together with the NWs.

In Figure 5.2a, the contact angle

(CA) data from the test samples are plotted against the passivation time.
Both silica (standard thermal growth; squares) and alumina surfaces (grown
by atomic layer deposition, ALD; circles) were used. The latter was produced
the same way as the active gate dielectric of the NW. The solid lines are
guides to the eye. A rapid increase of the CA from zero (freshly activated
◦
◦
surface) to 70 − 80 is observed within the rst hours. After several days,
◦
◦
CA saturates at around 102 − 105 , conclusively showing a hydrophobic
surface nature. This value corresponds to a nearly full surface coverage for
this type of silane and is in agreement with previously published results obtained with comparable systems.

65, 66

Note that the hydrophobicity is an

important requirement for a proton-tight surface. The advantage of such a
slow (several days) reaction is that the number of active surface sites can be
controlled very well by varying the reaction time.
Several samples (with 48 nanowires each) were used for the experiment, all
showing consistent results. No signicant inuence of the NW width (100
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Figure 4.2: (a) The chemical modication of an activated Al2 O3 surface (20 min
UV/ozone) was performed by vapor deposition of octadecyldimethylmethoxysilane (at
80◦ C, ∼ 0.05 mbar). The reaction time was varied from six hours to seven days. (b)
Conductance G vs. Vref of a fully passivated NW (transfer curve). There is no signicant change of the subthreshold swing upon passivation. Short arrows indicate the gate
sweep direction. Almost no hysteresis is observed. Threshold voltage Vth (indicated by
long arrow) is dened in the subthreshold regime at a constant G value (dashed line).
Average value from both gate sweeps is taken to compute Vth .

1000 nm) on the pH sensitivity is observed. All the samples were silanized
more than once to try dierent passivation times. The surface can be regenerated either by a UV/ozone cleaning (>20 min) or by a gentle oxygen

67

plasma treatment without damaging the NWs.
sured threshold voltage dierence

In Figure 5.2b, the mea-

∆Vth = Vth (PZC) − Vth

is depicted as a

68

function of pH for dierent passivation times (solid squares).

Without the

silane (0 d), a linear dependence can be observed, with a nearly Nernstian
slope of 60 mV/pH (solid line). After one day of silanization (1 d), the pH
response is clearly weaker and non-linear, saturating below pHsat2
above pHsat1

= 11.

=3

and

The same sample was cleaned and silanized for 3 d, show-

ing strongly suppressed pH sensitivity while keeping the non-linear shape.
Even more striking is the result of a second sample, passivated for 7 days.
The pH response is rather at with some scattering (−3

± 4 mV/pH),

can be almost fully restored after an oxygen plasma treatment

67

but

(55 mV/pH,

empty squares). To our knowledge, this is the rst time that a pH sensitivity
reduction of an ISFET-type device clearly below 10 mV/pH is demonstrated
by silanization. We stress that the usually highly pH-sensitive Al2 O3 surface
is only covered by a single monolayer of silanes. The non-linear curves were
tted using Equation 4.9. The point of zero charge is assumed to be at pH
= 7, since the measured curves are quite symmetric around this value. The
reported PZC values of Al2 O3 -ISFET range between pH 4.2 and 9.

69

Since

a single sigmoid shape is observed in the experiment and the pH sensitivity
of the bare alumina surface is close to the Nernst limit, a small separation of
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Figure 4.3: (a) Contact angle (CA) of a water droplet on a test wafer surface (SiO2 ,
squares; Al2 O3 , circles) as a function of the passivation time in days. Solid lines are
guides to the eye. (b) Threshold voltage dierence ∆Vth of Al2 O3 -coated Si NWs vs.
pH of the buer solution for several reaction times (from top to bottom: 0 to 7 days,
solid squares). Empty squares show the data for a fully passivated sample after plasma
cleaning. Straight lines are linear ts (60 mV/pH for 0 d, 55 mV/pH for 7 days then
cleaned); non-linear curves are ts of the site-binding model with following parameters:

∆pK≈ 0.4, Cdl = 0.16 F/m−2 )

and varying

Ns .

Curves are shifted for clarity.

∆pK is needed to optimize the ts. We have found
∆pK ≈ 0.4 gives a very good t for all curves. This separation is closer
14
to the ideal value of zero than the recently reported ∆pK ≈ 1.5.
The
−2
double-layer capacitance is set to Cdl = 0.16 F/m
, based on the literature

the ionization constants
that

values.
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Keeping these numbers constant, the only remaining free tting

parameter is the number of sites

Ns ,

which will tell us how many groups are

actually passivated.

spH , see Equation 4.10, is
Ns (right
pHsat1 = 3 and pHsat2 = 11

Derived from the ts, the average pH sensitivity

plotted in Figure 4.4a (left vertical axis and squares), together with
vertical axis and circles). Note that the same
were taken for all SBM curves to compute
Both

spH

and

Ns

spH

according to Equation 4.10.

monotonically decrease with the passivation time, proving

that our surface modication method provides reliable results and is well-
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controlled.

The data after 7 d were tted using

Ns = 1012 cm−2 ,71

which

corresponds to a decrease of the active groups by 800 times as compared to
14
−2
the literature value for the bare alumina surface (N0 = 8 × 10
cm
, see
).

spH [mV/pH]
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20
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0
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4
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6
passivation time [d]

7

Ns[10 cm ]

e.g.

0.0

spH (left axis and squares; dened in the text) and
number of active surface sites Ns (right axis and circles) vs. the passivation time. Ns
is obtained from the ts of the site-binding model, as shown in 5.2.
Figure 4.4: Average pH sensitivity

Finally, we estimate a detection limit of our sensing platform, since we
would like to know how many molecules of an analyte are required to give the
smallest measurable signal dierence. Usually, the application of an ISFET
is limited to sensing of charged analytes.
to detect neutral species.

A dierent approach is needed

If such uncharged species, like the silane used

here, adsorb on the sensing surface, they will cause a change of the number
of active sites

δNs .

This will also result in a surface potential shift

δΨ0 ,

see Figure 5.1a. A sensitivity to the change in the number of groups can be
dened as

S := δΨ0 /δNs .

This number corresponds to the slope of the curves

shown in Figure 5.1a (inset). Note that the strongest response occurs in the
13
14
−2
range of Ns = 10 − 10
cm
, where the surface is partially passivated. In
a real setup, the threshold voltage shift
The minimum detectable
below

f = 1 kHz.45

δVth

δVth

is measured rather than

is limited by the low frequency

The change in

Ns

1/f

δΨ0 .
noise

must therefore lead to a potential shift

larger than the noise limit in order to be detected by the sensor. If taken at
−19
2
pH = 6, the steepest slope is S ≈ 10
Vm , see Figure 5.1a (inset), and we
−4
−1/2
−19
2
estimate a detection limit of δNs = δVth /S ≈ 10
VHz
/10
Vm ≈
−2
−1/2
2
1000 µm Hz
for a typical sensor surface of ∼ 1 µm . The value for the
threshold voltage noise

δVth was taken from our previous work45 and assumes

a time scale of 10 Hz for the surface interactions.
process (1 Hz),

δNs

rises due to a larger

1/f

For a ten times slower

noise by a factor of

√
10 ≈ 3.2.

If we go further away from the PZC, e.g. to pH = 3, then S increases to
∼ 6 × 10−19 Vm2 which gives even a smaller value of δNs ≈ 170 µm−2 Hz−1/2
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at 10 Hz.

4.4 Conclusions
To conclude, the highly pH sensitive alumina surface of silicon nanowire eldeect transistors has been modied by vapor deposition of a silane with a
long alkyl chain (C 18).

A gradual decrease of the pH response was ob-

served with increasing surface coverage, which was modied in a controlled
way by changing the deposition time. The full site-binding model was used
to describe the results quantitatively. The number of active surface sites was
derived from the ts of the model to the experimental data. As the number
of active sites goes down, the shape of the sensor response to pH changes
from linear to sigmoid to at, because the surface loses its buering capacitance. A reduction of active surface groups

Ns

by three orders of magnitude

was achieved after seven days of silanization, resulting in a practically pH
insensitive surface.

Since the electrical properties of the fully passivated

nanowires are barely changed by the molecular monolayer, such nanowires
could be used as pH reference electrodes in a dierential measurement setup.
Finally, we have also shown that a partially passivated surface can be sen-

Ns caused by the adsorption of uncharged species. This
S = δΨ0 /δNs is optimized if the measurement is performed at a

sitive to changes in
sensitivity

pH value far away from the point of zero charge of the surface. A detection
limit for this type of application was estimated.
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5

Understanding the electrolyte background for
biochemical sensing
Previous chapters dealt with various aspects of pH sensing. Here, we will
vary the ionic strength of the electrolyte background at dierent constant pH
values and see how this inuences the sensor response.
data will be compared with theoretical models.

72

The experimental

These results have been

submitted for publication.

5.1 Introduction
Over the past decades, interfaces between oxides and electrolytes have received considerable attention in dierent scientic communities. In particular, the adsorption of inorganic salt ions on colloidal oxide surfaces has

7378

been extensively studied

and reviewed.

79, 80

The adsorption mechanism

35, 36, 81

was explained within the site-binding model (SBM)

by the surface

complexation of ions with oppositely charged oxide sites. Apart from colloid
science, a description of the oxide/electrolyte interface has been essential for
the development of glass electrodes (GE). Recently, researchers celebrated
the centenary of GEs and the related Nikolsky's ion exchange theory, which
is widely used to describe not only GEs but also other ion-sensitive elec-

8284

trodes.

In the 1970s, the ion-sensitive eld-eect transistors (ISFETs)

34

emerged, combining the properties of a transistor with a GE-like interface.

39

40
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Nikolsky's theory was quite naturally used to explain the experimental re-

85, 86

sults obtained with ISFETs.

However, the Nikolsky-Eisenman equation

is semi-empirical and its use is limited to estimating the selectivity of a
sensor against interfering ions. To give a more detailed theoretical explana-

37, 64
and simplied in
1, 39, 87

tion, the successful SBM was later adapted to ISFETs
the following years by P. Bergveld and co-workers.

8890

nano-scaled ISFETs,

With the rise of

the attention has again been drawn to the interac-

tions between the active oxide surface and the ions in the electrolyte. Even
though many pH measurements with nanowire-based ISFETs have been re-

11, 13, 14

ported, for example,

surprisingly few attempts to measure changes

in electrolyte concentration with miniaturized ISFETs have been published
so far, with inconsistent results.
al.

91

29

and Park et al.

29, 47, 52, 91, 92

More specically, Nikolaides et

reported a weak non-linear response of a SiO2 -coated

FET to KCl or NaCl. In contrast, Clément et al. claimed a full linear Nernstian response of around 60 mV/dec to NaCl, using SiO2 -coated nanowire
ISFETs. Unfortunately, none of these studies has performed a quantitative assessment of the data using a theoretical model. Recently, Zafar and

47

co-workers

measured HfO2 -covered Si nanowires and did not observe any
41
we showed

appreciable response up to 1 M NaCl. In our previous paper,

that a minituarized ISFET with an Al2 O3 interface only weakly responds to
various types of ions up to a moderate concentration of 10 mM, at a constant
pH

≈

6. The results of both studies

1

Bergveld model.

41, 47

were qualitatively described by the

In the following, we signicantly expand our recent study

by using silicon nanowires coated with high-k HfO2 and Al2 O3 to systematically measure their response to changes in KCl concentration up to 1 M, at
several constant pH values.

5.2 Results and discussion
All samples were rst characterized as pH sensors. In Figure 5.1 a , conductance

G vs. Vref

of an Al2 O3 -coated sample is shown on a semi-log plot. The

subthreshold swing

SS

is around 100 mV/dec (dashed line). To quantify the

shifts of the transfer curve, we read out the threshold voltage
of

Vref

at a constant conductance

G = 20 nS

Vth

as the value

(along the arrow). In addition

to the results presented in Chapter 2, we plot

Vth

as a function of pH for

3 dierent total ionic strengths of the electrolyte (Figure 5.1 b, Al2 O3 ). All
three datasets show a similar behavior. The threshold voltage shifts linearly
with pH, exhibiting a nearly Nernstian response of

∼ 56 mV/pH (dashed
∆Vth are indepen-

lines). It is important to realize that the relative shifts

dent of the ionic strength. We will come back to this point later. Similar
results were obtained with a HfO2 -coated sample.
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(a)

(b)

(c)

(d)
pH≈6

pH≈6

0.02V

G vs. Vref for an Al2 O3 -coated nanowire on a semi-log
plot (same data as in Figure 4.2 e). The subthreshold swing SS is around 100 mV/dec.
The pH response is quantied by the shift of the threshold voltage Vth upon a change
in pH. We read out the threshold voltage Vth as a value of Vref at a constant G = 20 nS
(along the arrow). The threshold voltage shift ∆Vth as a function of pH is shown in (c)
for three dierent ionic strengths of the electrolyte. ∆Vth is a linear function of pH with
the slope of ∼ 56 mV/pH (indicated by dashed lines). No signicant dependence of the
slope on the ionic strength is found. (c) Transfer curve of a HfO2 -coated nanowire for
dierent concentrations of the electrolyte ≥ 1 mM but at a constant pH ≈ 6. Vth shifts
to more positive values with increasing ionic strength. This indicates the adsorption of
negatively charged ions (chloride). (d) Threshold shift ∆Vth vs. KCl concentration read
out from the measurement shown in c (dark squares), from a dierent measurement with
the same wire (light squares), and from a dierent nanowire with nominally the same
dimensions (circles). A non-linear behavior is observed. The dashed line is a guide to
the eye.
Figure 5.1: (a) Conductance
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In the next paragraphs, we will be dealing with a dierent type of experiment, namely varying the KCl concentration in deionized water. In Figure
5.1 c, the results of a HfO2 sample are plotted.
tions was

≈ 6.

The pH value of all solu-

The curves shift to more positive gate values with increasing

ionic strength.

In contrast to the pH measurement, the

is non-linear (see Figure 5.1 d).

Vth

shift to salt

Up to 10 mM, almost no shift occurs, as

we have already reported (Chapter 2 and Ref.

41

).

Above this value, the

nanowire starts responding strongly to the changes in ionic strength (up to
full Nernstian response). Because

Vth

shifts towards more positive values,

we conclude that the eect must be due to the adsorption of negative ions,
−
that is chloride Cl . Moreover, this eect does not show any signicant pH
dependence, and is very similar for both HfO2 and Al2 O3 interface, as we
will see in the following.
In Figure 5.2 a-c, the experimental results for a HfO2 -coated sample (solid
symbols) are compared with three existing models (lines). Note that on the
horizontal axis, the KCl concentration

aCl− ,

cKCl

was replaced by the activity

which was estimated using the specic ion interaction theory (SIT),

93

see for example.

cKCl ≈ aCl−

This correction is needed because the approximation

is no longer valid at high ionic strength due to interaction

between the electrolyte ions. On the vertical axis, the measured threshold

Vth were converted to surface potential via ψ0 = Vth (PZC) − Vth ,
Vth (PZC) is the threshold voltage at the assumed point of zero charge

voltages
where

(PZC). Based on previously published studies, we have chosen PZC = 7 for
HfO2 (ad)

94

and PZC = 8 for Al2 O3 (e).

14, 80

The resulting

ψ0

is zero at

pH = PZC, positive at pH < PZC and negative at pH > PZC. We observe
that the measured data points move to more negative

ψ0

with increasing

KCl concentration, irrespective of the pH value. As mentioned before, this
indicates the adsorption of negatively charged species.
The most obvious model to start the comparison with is the site-binding
model, which was derived in the previous chapter. In Figure 5.2 a, ts of a
simple SBM with are shown, in which the surface potential is determined
by protonation or deprotonation of the amphoteric surface groups:

MeOH

+
MeOH2

MeO

−

+ H+
s , Ka =

MeOH

νMeO− aHs+
νMeOH

+ H+
s , Kb =

νMeOH aH+
s
νMeOH+

(5.1)

(5.2)

2

+
where Me denotes a metal, Hs a surface proton,

sites,

aHs+

the activity of surface protons,

Ka

ν

and

the number of particular

Kb

the dissociation and

association constant, respectively. Based on these equations, the response to
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(a)

(d)

(b)

(c)

(e)

Figure 5.2: Plots of the surface potential ψ0 versus the activity of the chloride ions in
the bulk solution aCl− . Solid symbols represent experimental data points for a HfO2 coated (ad) and an Al2 O3 -coated sample (e), whereas lines are theoretical ts based
on dierent models. The measured threshold voltages Vth were converted to surface
potential via ψ0 = Vth (PZC) − Vth . The point of zero charge is set to PZC = 7 for
HfO2 (ad) and PZC = 8 for Al2 O3 (e). We observe that the measured data points
move to more negative ψ0 with increasing aCl− , irrespective of the pH value. This
implies the adsorption of negatively charged species on the surface. (a) Fits of the
simple site-binding model with parameters from literature (dashed lines) and the best
tting parameters (solid lines). In this model, the ionic strength changes the surface
potential via the double-layer capacitance. In (b), the electrolyte ions contribute to ψ0
by a complexation reaction with the oppositely charged surface groups. (c) Fits of the
well-known Nikolsky-Eisenman equation. The only changing parameter from curve to
curve is the proton activity. All other parameters are xed, unlike previous works. (d)
In contrast to the ts shown in (ac), our model describes the complete data set for all
pH values. (e) Similarly good agreement between experiment and model was achieved
for a Al2 O3 -coated sample.
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pH can be described by an analytical expression
rameters: the surface buer capacitance

Cdl

Cs

aH+ (ψ0 )

with two key pa-

and the double-layer capacitance

(see Chapter 4). We remind that the buer capacitance is the ability of

the surface to give away or take up protons which is determined by the density of active surface sites (OH groups). The higher the

Cs ,

the more linear

and closer to the Nernstian value is the pH response. In this approach, the
electrolyte ions can inuence the potential via the Debye screening length,
which enters the double-layer capacitance

Cst

Cdl = Cdif Cst / (Cdif + Cst ), where
Cdif is the dierential ca-

is the constant Stern layer capacitance and

pacitance, mainly determined by the ionic strength. However, the inuence
−2
is very small (dashed lines) if literature values for Cst = 0.2 F/m
and
19 −2
14, 37, 42, 64
the number of active sites Ns = 10 m
are taken.
Especially

Cst

proves to be the limiting factor, because it leads to saturation of Cdl
≈ 0.16 F/m−2 . If we increase Cst to 20 F/m−2 and reduce Ns some18 −2
what to 4 × 10 m
, the inuence of ionic strength can become pronounced
at

(solid lines).

However, as only the data at pH = 4 can be tted nicely,

two major diculties of this model become obvious.

First, the SBM pre-

dicts a sign change of the eect, i.e. the curves bend downwards if pH <
PZC and upwards if pH > PZC. In other words, if the surface is, for instance, positively charged (pH 4 and 6), only negative ions are attracted,
neutralizing the surface charge. Analogously, a negative surface (pH 8, 10,
12) attracts positively charged electrolyte ions. The latter case was not observed in the experiment, despite covering a wide pH range.

The second

problem of the model is that the pH response, i.e. the separation between
the ve solid curves, gets smaller with increasing ionic strength. A fully
−3
Nernstian behavior only occurs at low activities aCl− < 10
mol/l, whereas
at 1 M, for example, the model predicts a weak and non-linear pH response of
roughly 25 mV/pH. This also strongly disagrees with the experiment shown
in Figure 5.1 b, in which nearly ideal pH response was observed even at 1 M
background concentration.
Another way of including the electrolyte ions in the SBM is by writing
down two additional equations for the so-called surface complexation:
+
MeOH2

+ Cl−
s

MeOH2 Cl, Kc

=

νMeOH2 Cl
νMeOH+ aCl−
s

(5.3)

2

MeO

−

+ K+
s

MeOK, Kd

=

νMeOK
νMeO− aK+
s

Combining the reactions Eq. 5.1  5.4, new analytical functions
and

aK+ (ψ0 )

(5.4)

aCl− (ψ0 )

can be derived. The best ts are shown in Figure 5.2 b using
−7
−4
the following parameters: Ka = Kb = 10
, Kc = Kd = 5 × 10
, number
19
−2
of active surface sites Ns = 10
m
. The double-layer capacitance was
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set to a constant value

Cdl = 0.16 F/m2 ,

as discussed before.

42

Like in the

previous case, huge discrepancies appear between experiment and model. In
fact, there is even a third diculty: the activity at which the curves start to
bend now depends on pH. This can be explained as follows: when the surface
is strongly charged (far away from PZC), the equilibrium in Equations 5.3
and 5.4 is shifted to the right side. Electrolyte ions are easily attracted and
cause a signicant eect on the surface potential. In contrast, when only few
charged sites are available close to the PZC, a much higher ionic strength
is needed to shift the equilibrium towards products and to neutralize the
remaining sites.
Instead of the SBM, Nikolsky's ion exchange theory is often used to describe the basic chemistry at the surface of a (glass) electrode, with the most
prominent example being as follows:

+
Hs

+ Na+
b

+
Hb

+ Na+
s , ln K = ln

aH+ aNa+
s
b

(5.5)

aH+
a +
s Na
b

where

K

is the exchange constant, the subscript b denotes activities and

ions in bulk solution, and s stands for surface. The semi-empirical NikolskyEisenman equation can then be derived, which is often used to determine the
selectivity of an ion-sensitive electrode to an interfering ion B with respect
to the primary ion A:

RT
ln (aA + KaB )
(5.6)
F
where V is the measured voltage, R the gas constant, T the absolute temperature, F the Faraday constant, aA the activity of the primary ion (here:
−
−
A = Cl ), aB the activity of the interfering ion (B = OH ), and K is the
V = const. +

exchange constant. The best ts can be found in Figure 5.2 c. All curves
share the same set of parameters, except for the proton activity. The proton
activity has a two-fold impact on the tted curves: rst, it determines the
vertical position of the at part relative to PZC; and second, it xes the
position at which the transition from the at to the linear part takes place.
Again, only the data at pH = 6 is described well by the model. The only
way to t the whole data set is to let the constant

K

act as a free tting

parameter. This would compensate the shift of the transition point caused
by the proton activity, as mentioned before. This is a popular approach, the
constant

K

is often called selectivity coecient, which depends on the

86, 92

pH value and is treated as a free tting parameter (see for example,

K

).

K
is ill-dened as a reaction constant. Interestingly, we found that K/apH ≈
const. In other words, if the proton activity is changed by a factor of ten (∆
The fact that

has to be adjusted with respect to pH indicates that
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pH = 1),

K

has to be changed by ten times as well to keep the same quality

of the tting.

Treating the constant

K

as a free tting parameter might

optimize the ts to the data and provide some numbers for the selectivity,
but it is not satisfactory from the physical point of view.
Based on the above considerations, we have decided to modify the sitebinding model to better t the whole data set. We found that a slight change
of the reaction equation leads to an excellent agreement between experiment
and model for both HfO2 (Figure 5.2 d) and Al2 O3 (Figure 5.2 e). The new
equation, in addition to Eq. 5.1 and 5.2, is as follows:
+
MeOH2

+ Cl−
s

MeOHCl

−

0
+ H+
b , Kc =

νMeOHCl− aH+
b

νMeOH+ aCl−
s

(5.7)

2

with

Kc0

being a real reaction constant (i.e. pH independent). We deduced
Kc0 ≈ 3.3 × 10−6 from the ts. The remaining parameters were
−7
19
−2
2
set as follows: Ka = Kb = 10
, Ns = 10
m
, Cdl = 0.16 F/m . The

a value of

Equation 5.7 implies that a chloride ion from the solution forms a complex
with the surface hydroxyl groups and replaces a proton at the surface, which
goes to the bulk solution. This interesting insight can be further supported
by recent molecular dynamics simulations of an oxide/electrolyte interface
similar to ours.

95

In particular, the authors showed that the rst water

layers organize on the surface of oxidized aluminum via hydrogen-bonding.
If NaCl solution was added to the model, the rst monolayer of water was
disturbed by the electrolyte. Chloride ions displaced water molecules that
−
were originally bound to the surface. As a result, Cl
adsorbed as innersphere complexes, directly interacting with the surface hydroxyl groups. The
−
attractive interaction (O-)H· · · Cl can reasonably be described as hydrogen

96

bonds.

In contrast, the alkali ions did not displace any adsorbed surface

waters and stayed at a larger distance to the surface.

5.3 Conclusions
To conclude, we have studied the response of HfO2 and Al2 O3 -coated silicon nanowire eld-eect sensors to KCl at several pH values. A signicant
signal change is observed only at high ionic strengths > 10 mM, with both
−
oxides behaving very similarly. Our measurements indicate that only Cl
ions are adsorbed on the surface, independent of the pH value. This result
strongly contradicts the established site-binding model, which predicts that
both types of ions can be adsorbed depending on the surface charge (or
pH). Within the site-binding model, neither a double-layer eect nor a simple surface complexation can explain our observations. Moreover, the widely
used Nikolsky-Eisenman equation cannot satisfactory describe the data in
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a physically meaningful way. We suggest a new model instead, which gives
excellent quantitative agreement with the experimental data.

According

to our model, the chloride ions directly interact with the hydroxyl surface
groups and replace previously adsorbed protons from the surface. Recently

95

published molecular dynamics simulations further support our model.

In our opinion, these results are relevant for any type of biochemical sensing applications where the electrolyte concentration might vary, for instance,
due to some biological processes. The background eects of the electrolyte
ions have to be understood and clearly separated from the signals caused by
the actual analyte. Even slight changes of the ionic strength in the physiological range can cause a signicant sensor response.

Therefore, the pH

changes and ionic strength variations should be always monitored in parallel
to any other specic detection experiments. We underline the importance
of dierential measurements for reliable sensing results. If dierent specic
functionalizations are used on one chip, nanowire arrays represent an ideal
platform for such multi-analyte detection systems.

48

Understanding the electrolyte background for biochemical sensing

6

Additional investigations
After the extensive study of the electrolyte background, we can now attempt
a selective detection of target species other than protons. In this chapter, we
will present some previously unpublished results obtained during this thesis
that will be important for future experiments.

In particular, we will rst

show two promising functionalization schemes for the detection of potassium
ions. In addition, we will discuss rst successful biosensing experiments with
a lectin-sugar system.

6.1 Ionophores in a polymer membrane
To demonstrate specic sensing of ions other than protons, several functionalization schemes were tested.

97

To start with, we tried a standard recipe

(Fluka, see

) based on a polyvinylchloride (PVC) membrane containing a
+
well-known K -selective ionophore valinomycin (left part of Figure 6.1). All
components were mixed together and drops of the mixture were placed on
two of four nanowire arrays by a syringe (right part of Figure 6.1).

Af-

ter drying at room temperature, measurements in electrolyte solutions were
done. Figure 6.2 a shows the measured threshold voltages

Vth

vs. KCl con-

centration in mol/l for two dierent nanowires, with and without ionophore.
A clear dierence between the two nanowires is observed. While the noncovered nanowire exhibits the usual background response, which was carefully studied in the previous chapter, the

Vth

of the coated nanowire shifts
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to the opposite direction, i.e. towards more negative potential values. This
behavior already indicates adsorption of positively charged species. To remove the background eect, the signal of the reference nanowire (without
+
ionophore) was subtracted from the sensing signal (with K
ionophore).
The dierence ∆Vth is plotted in Figure 6.2 b, revealing a clear linear re+
sponse to K with a negative slope of up to −54 mV/dec. The selectivity of
the sensor against other ions was checked in MgCl2 solutions (Figure 6.2 c).
Both sensor and reference show very similar background response, and, consequently, the signal dierence is nearly zero (Figure 6.2 d), proving high
2+
selectivity against Mg
.

+

Figure 6.1: Left: Structure of the K -selective ionophore valinomycin. Right: Optical
image of a sample after drop deposition of PVC membranes containing valinomycin.
Non-coated arrays were used as reference for dierential measurements.

6.2 Covalently bound ionophores
Crown ethers are cyclic poly-ethoxy ethers which have the potential to selectively trap metal ions on the basis of their chain length and hence the
cavity diameter.
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Covalently attached ion traps oer various advantages

when compared to membrane embedded ionophores. The risk of desorption
of the trapping molecules is reduced and measurements are independent of
the diusion of the analyte in the membrane.
+
The selected ionophore is supposed to be selective towards K ions. The

functionalization procedure is illustrated in the left part of Figure 6.3. The
nanowire surface was prepared by silanization of the activated metal oxide
surface (Al2 O3 or HfO2 ) with (3-Glycidoxypropyl)triethoxysilane (GOPS)
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6.2. Covalently bound ionophores
(b)

(c)

(d)

∆

(a)

∆

∼

Vth versus KCl concentration in deionized water.
Without ionophore, the previously described electrolyte background eect occurs (refer-

Figure 6.2: (a) Threshold voltage

+

ence). In contrast, Vth moves to more negative values with the K -selective ionophore,
indicating adsorption of positively charged species (sensor). Subtracting reference from
+

sensor yields the symbols shown in (b). A clear linear response to K
is observed with
a negative slope of −54 ± 2 mV/dec. (c) To test the selectivity of the ionophore, a
measurement in MgCl2 solution was done. Both sensor and reference show the same
background response. (d) The dierential signal is approximately zero, demonstrating
strong selectivity of the sensor against Mg

2+

.

by vapor-phase deposition (VPD) providing a silane monolayer with epoxy
moieties. These epoxy groups then allowed for the convenient attachment of
2-aminomethyl-18-crown-6 (A18C6) by ring opening in aqueous basic conditions. The surface modication was veried by contact angle measurements
and X-ray photoelectron spectroscopy (XPS) on Al2 O3 -coated silicon wafer
pieces. The XPS data is shown in the right part of Figure 6.3. Most prominent peaks result from the Al2 O3 surface (Al 2s and O 1s), however signicant amount of nitrogen (N 1s), silicon (Si 2p) and carbon (C 1s) was found
as well. This provides evidence for the presence of N-H and Si-O bonds on
the surface (highlighted in the left part of the Figure).
The electrical measurements in electrolyte solutions are summarized in
Figure 6.4. In part a, the threshold voltage

Vth

is depicted as a function of

the electrolyte concentration. To prepare the solutions, either KCl or NaCl
was dissolved in deionized water.

If the nanowire is functionalized with
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Figure 6.3: Left:

The surface functionalization consisted of several steps.
First,
the oxide was activated by UV/ozone treatment.
Then, the surface was silanized
+

in 3-Glycidoxypropyltrimethoxysilane (GOPS) vapor. In a third step, a K -selective
ionophore (2-Aminomethyl-18-crown-6) was attached via amino-epoxide reaction to the
immobilized GOPS. The surface modication was veried by contact angle measurements and X-ray photoelectron spectroscopy (XPS). Highlighted parts were resolved by
XPS. Right: XPS results from an Al2 O3 -coated silicon wafer piece after all functionalization steps, showing relative atomic concentrations. Most prominent features are due
to the 20 nm thick Al2 O3 layer (Al 2s and O 1s). In addition, carbon (C 1s), silicon (Si
2p) and nitrogen (N 1s) are present on the surface indicating successful functionalization. Surface modication and characterization were done in collaboration with Jolanta
Kurz and Johann Grognux.

+
the K -selective ionophore, the

Vth

shifts to more negative values with in-

creasing KCl concentration (lower data points), indicating the adsorption of
positively charged species. After removing the silane and the ionophore by
a UV/ozone treatment, the previously described background eect is completely restored (middle data points). Subtracting the data after cleaning
from the functionalized case yields an almost linear sensor response ∆Vth
+
to K
with a slope of around −40 mV/dec (Figure 6.4 b). To prove the selectivity of the ionophore, a control measurement in NaCl was performed
while the sample was still functionalized (upper data points in Figure 6.4 b).
No signicant dierence to the non-functionalized reference was observed.
Subtracting reference from the sensor signal results in almost zero response
+
to Na proving the selectivity of the ionophore (Figure 6.4 b).
Recently, the next stage in the development of metal ion sensing using
NW has been achieved. In order to improve the quality and reliability of
the measurements using on-chip referencing represents an ideal solution. It
allows for simultaneous measurements on a single chip of both reference and
sensing NW thus reducing variations in conditions, independent of absolute
potential in liquids. This could be performed by covering the nanowire with
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a PDMS based microuidics after silanization in VPD conditions. With a
single channel running over 2 arrays of nanowires (out of 4) we were able to
selectively functionalize these arrays with 18-crown-6 ethers by owing the
A18C6 solution with a syringe pump in similar conditions as above described.
The performance obtained was comparable to the previous experiments. A
detailed functionalization protocol is provided in Appendix C.
(a)

(b)

Figure 6.4: (a) Threshold voltage
+

Vth

versus electrolyte concentration.

When the

sample is covered with a K -selective ionophore, Vth shifts to more negative values with
increasing KCl concentration (lower data points). In contrast, Vth of the same ionophorecovered sample increases with NaCl concentration (upper data points), behaving similar
to the uncoated reference (middle data points). (b) Dierential signal ∆Vth (sensor
minus uncoated reference from part a) as a function of KCl and NaCl concentration.
The sensor shows linear response of about
+

to Na

−40 mV/dec

to K

+

and almost no response

.

6.3 Sensing lectin-sugar interactions
Lectins are highly specic sugar-binding proteins. Lectin/carbohydrate interactions play a key role in many biological processes, for example, during
the initial phase of the bacterial urinary tract infection. The bacterium uses
the lectin FimH, located at the tip of its pili, to attach to the epithelial cells
of the host. The ligands on the host cell surface are carbohydrate structures,
mostly oligomannosides. The contact between bacterium and host cell precedes the infectious process.

As a long-term goal, nanowire-based sensors

could be used to screen biological liquids to identify components with high
adhesion anity to lectins. These components would become the starting
point for the development of new anti-infective drugs.
To gain rst insights into this test system, a ligand with a strong binding
anity to FimH was chosen, n-heptyl-mannose. The anity was determined
by surface plasmon resonance to be in the nanomolar range (∼

50 nM,

mea-

surements performed in the group of Prof. Beat Ernst, University of Basel).
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Prior to nanowire sensing experiments, the surface modication scheme for
the ligand attachment on an oxide surface was developed by Jolanta Kurz
(FHNW, Muttenz). The interaction between the lectin and the immobilized
ligand was studied by quartz crystal microbalance (QCM). After successful
QCM tests, a nanowire sample was rst silanized by vapor phase deposition
of Aminopropyldimethylmethoxysilane (APTES 1) and then functionalized
with n-heptyl-mannose (Figure 6.5 a). For control purposes, a dierent sample was passivated by a non-binding ligand without a sugar moiety (8-OH
heptanoic acid, Figure 6.5 b).

Ligands and lectins were provided by Beat

Ernst's group, the functionalization was done in cooperation with Jolanta
Kurz, Arjan Odedra and Giulio Navarra. In later experiments (not shown),
2 of 4 arrays (pixels) of each sample were selectively functionalized using
PDMS microfuidics, to have the active and the control nanowires measured
simultaneously on the same chip. The details of the surface modication are
given in Appendix D.
Preliminary sensing results are plotted in Figure 6.5 c and d. In part c, the
signal change of the activated nanowire

∆I

is shown as a function of time.

A straight line has been subtracted from the measured current to make the
comparison between dierent wires easier. First, the sample is brought in
contact with a HEPES buer solution (≈

150 mM,

pH = 7.4). The work-

ing point of the nanowire FET is xed by the back-gate
gate voltage

Vlg .

Vbg

and the liquid

After a stable baseline has been obtained, the solution

is exchanged by the same HEPES buer, this time containing 2 µg/ml or

≈ 100 nM

of lectin. A clear current increase is observed. The current in-

creases even further upon addition of a 5 times higher lectin concentration.
Washing with plain buer solution afterwards does not change the signal
level any more (not shown). In contrast to the active nanowire, no significant signal change occurs in the case of the passivated nanowire (part d).
The observed current rise (part c) implies that negatively charged species
attached to the sensor surface. This seems to be plausible because the isoelectric point of the FimH protein is around pI

≈ 6.7.

Therefore, the lectin

is negatively charged at pH = 7.4 > pI, which results in additional negative
gating of the p-doped nanowire and a current increase. These results have
been recently reproduced with dierent samples. Currently running studies
also focus on improving the signal intensity. In particular, this includes measuring at higher pH values to increase the charge of the lectin, lowering the
electrolyte concentration to reduce charge screening eects, and optimizing
the surface chemistry. More measurements are needed for a detailed quantitative analysis of the kinetics and anities of the lectin/sugar binding as
well as their comparison with surface plasmon resonance data.
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6.3. Sensing lectin-sugar interactions
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Figure 6.5: The silanized oxide surface of nanowire samples and QCM test devices
was either functionalized by an active ligand, n-heptyl-mannose (a) or passivated by a
non-binding control, 8-OH heptanoic acid (b). Preliminary FimH sensing results from
the active nanowire (c) and from the passivated negative control (d). (c) The change in
source-drain current ∆I vs. time after subtracting a straight line. The current increases
upon addition of lectin to the buer solution, suggesting the attachment of negatively
charged species. (d) In contrast, no signicant signal change occurs for the control
sample.

Conclusions and Outlook
In this dissertation, we have established a reliable sensing platform based on
arrays of silicon nanowire eld-eect transistors. One of the rst milestones
has been the stable operation in electrolyte environment. This is achieved by
a drastic reduction of leakage currents using atomic layer deposition (ALD)
of high-quality oxide interfaces.

13

In Chapter 2, we show that Si NW are

excellent pH sensors with nearly ideal Nernstian response of 58.2 mV/dec at
20◦ C. This is also attributed to the high quality of the active gate dielectric (high-k Al2 O3 or HfO2 ).

Because the pH sensitivity is a property of

the oxide/electrolyte interface, no inuence of the nanowire size on the pH
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response is found.

Chapter 3 focuses on the low-frequency noise measurements and explores

45, 99

the ultimate detection limits set by the noise of the transistor.
deduced gate-referred threshold voltage noise

δVth

The

is the true gure of merit

in such transistor-based sensors. We demonstrate that

δVth

is constant over

the full operation range of the transistor, as long as the intrinsic nanowire
resistance dominates and the contact resistance can be neglected.

Both

linear and subthreshold regime can be used for equally sensitive pH measurements with a detection limit of

∼ 200 ppm

of a full Nernstian pH shift

(1 Hz bandwidth at 10 Hz, 1 µm wide NW).
Even though great progress has been achieved in pH sensing, it has turned
out to be much harder to realize a true reference electrode, which  while
sensing the electrostatic potential  does not respond to the proton concentration. In Chapter 4, we demonstrate a highly eective reference sensor,
whose proton sensitivity is suppressed by as much as two orders of magnitude.

To do so, the Al2 O3 surface of a nanowire FET is passivated with
We

a self-assembled monolayer of silanes with a long alkyl chain (C 18).

nd that a full passivation can be achieved only after several days of selfassembly. In addition, we determine the number of proton-binding surface
sites as a function of silanization time by quantitatively comparing the experimental data with the theoretical site-binding model. Furthermore, we
nd that a partially passivated surface can sense small changes in the number
of active sites caused by the adsorption of

uncharged

species. A detection

limit for this type of application is estimated. This result might extend the
application eld of ion-sensitive FETs to the detection of neutral species.

57

58

Conclusions and Outlook

Understanding the electrolyte background is a basic prerequisite for any
further biochemical sensing. In Chapter 5, we study the sensor response to
changes in KCl concentration at several constant pH values. A signicant
signal change is only observed at high ionic strengths > 10 mM. Our mea−
+
surements suggest that anions (Cl ) rather than cations (K ) adsorb on the
surface, independent of the pH value. By comparing the data to three wellestablished models, we nd that none of those can completely explain the
results. We propose a new adsorption model instead which gives excellent
agreement with the data. According to our model, the chloride ions directly
interact with the hydroxyl surface groups and replace previously attached
protons.
In Chapter 6 we report our eorts to selectively sense targets other than
protons. Using ionophores embedded in PVC membranes, we demonstrate
selective detection of potassium ions in a dierential set-up. We also show
that a dierent functionalization scheme, based on covalent silane chemistry, can be equally eective.

Moreover, rst successful and reproducible

biosensing measurements of a specic sugar-lectin interaction are presented.
Based on the promising biosensing results, future experiments will aim at a
more systematic study of sugar-lectin interactions to quantify the anities
and kinetics of this particular system.

Further biosensing measurements

could also include indirect detection schemes, for example, if a biological
process results in a local pH change close to the sensor surface, such a pH
change might be detected. This approach could increase the signal intensity.
Ultimately, a high-throughput tool based on nanowire arrays for disease
diagnostics or drug discovery is envisioned.
Concerning the chemical sensing, further experiments are planned to extend the existing covalent functionalization schemes to dierent target ions,
such as calcium, magnesium or certain heavy metal ions. To be even more
exible in terms of functionalization, currently running experiments focus on
the coating of nanowires with lithography-made thin gold lms or stamped
gold nanoparticles. This gives access to the established thiol-based surface
chemistry. First successful measurements have been already performed using
gold-coated nanowires functionalized with sodium-selective ionophores. In
the case of nanoparticles, a hybrid sensing system that combines the advantages of optical and electrical read-out methods is within reach. Together
with the ongoing work towards the integration of the sensor and the readout electronics on one chip, the mentioned functionalization methods will
enable a highly ecient multi-analyte detection system with a commercial
potential, for example in the area of water quality monitoring.
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40

This protocol is taken from the PhD thesis of O. Knopfmacher.



SOI wafer characteristics
Supplier
SIMGUI Technology
Orientation
(100)
Dopant
p, Boron
Resistivity
10-20 Ωm
Device layer thickness 100 nm
BOX layer thickness
150 nm
Substrate thickness
525 µm



Cleaving
Alignment
Cut
Protection



in

< 110 >

direction

Scratch with diamond scratcher; cleave
Do not scratch TOX layer

Cleaning procedure
1. Sonicate in acetone (10 min)
2. Sonicaze in

2-propanol (10 min)

3. UV ozone cleaning for



10

then dry

minutes (model 42, Jelight Company)

UV lithography process
1. Place wafer onto the spinner
2. Cover wafer with ma-N 415 ( Micro Resist, diluted 6:1, 70% Annisol and 30% 2-methoxy-1-methylmethyl-acetat)
3. Spin to obtain

800 nm

lm (6000 rpm, time=
◦

4. Bake out on hotplate (95 C for

90

45 s,

ramp=

4 s)

seconds)

5. Place wafer into mask aligner (MJB-4, Suess Microtec)
6. Align chromium mask in

< 110 >

direction of the wafer (mask

obtained from Delta Mask or EPFL)
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7. Expose:

Newton rings
WEC pressure
Hard contact time
Expose

8. Develop for

∼ 100 s

broaden and homogeneous distributed

1.2 − 1.4 bar
6s
10 s
in maD-323 developer

9. Evaporation of chromium in Balzers-Pfeier PLS 500:
0◦ C
10−7 mbar

Sample temperature
Base pressure
Rate
Thickness

1-2 Å/s
60 nm

10. Lift-o in warm acetone
11. Rinse in



2-propanol

and dry

E-beam process
1. Place wafer onto the spinner
2. Cover wafer with ma-N 415
3. Spin lm (4000 rpm, time=

45 s,

◦

4. Bake out on hotplate (95 C for

ramp=

4 s)

90 s)

5. Place wafer into mask aligner
6. Align chromium mask in

< 110 >

direction of the wafer

7. Expose:

WEC pressure
Hard contact time
Expose

8. Develop for

∼ 45 s

1.2 − 1.4 bar
6s
13 s

in maD-323 developer

9. Evaporation of chromium:
◦

Sample temperature
Base pressure
Rate
Thickness

0 C
10−7 mbar
1-2 Å/s
60 nm

10. Lift-o in warm acetone
11. Rinse in

2-propanol

and dry

12. Place wafer onto the spinner

71
13. Cover wafer with PMMA (AR-P 671.09 950K from ALLRESIST,
diluted)
14. Spin to obtain

350 nm

lm (4000 rpm, time=

◦

15. Bake out in oven (180 C for

30

40 s,

ramp=

4 s)

min)

16. Write nanowire and small contact leads with SEM (Jeol, Leo or
Zeiss Supra 40)
17. Develop for

90 s in 4-methyl-2-pentanone (25 %), 2-propanol (75 %)

18. Rinse for 90 s in

2-propanol

and dry

19. Evaporation of chromium:
◦

Sample temperature
Base pressure
Rate
Thickness

0 C
10−7 mbar
1-2 Å/s
80 nm

20. Lift-o in warm acetone
21. Rinse in



2-propanol

and dry

TOX layer etching
1. Place wafer in plasma etcher (Plasmalab

80P lus

2. 2 min O2 plasma (recipe for PMMA strip):

gas
ow
pressure 1
pressure 2
RF power

O2

16
25 mTorr look up name
5 · 10−5 bar look up name
100 W

3. 2 min 30 s CHF3 plasma:

gas
ow
pressure 1
pressure 2
RF power

CHF3

40
25 mTorr look up name
5 · 10−5 bar look up name
100 W

4. 2 min O2 plasma (recipe for PMMA strip):

gas
ow
pressure 1
pressure 2
RF power

O2

16
25 mTorr look up name
5 · 10−5 bar look up name
100 W

, Oxford)
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Chromium etching
1. Place wafer into a beaker with etch solution (NaOH, KMNO4 and
deionized water, ratio 3:2:12)
2. Shake for 10 min
3. Place wafer in beaker with deionized water
4. Shake for 2 min
5. Wash twice more in deionized water
6. Rinse in



2-propanol

and dry

Native oxide etching
1. Dip wafer for 1 min deionized water to wet surface
2. Dip wafer for short time (∼

5 − 20 s;

depends on TOX thickness)

in buered hydrouoric acid (1:20)
3. Wash three times in deionized water
4. Wash in



2-propanol

Device layer etching
1. Place wafer into beaker with tetramethylammoniumhydroxide (25%
in water) and 10%

Temperature
Stirring
Etching time

2-propanol

◦
45 C

Controlled vigorous stirring
10-15 min; depends on device layer thickness

2. Wash three times in deionized water to stop etching
3. Wash in



2-propanol

and dry

Contacts
1. Place wafer onto the spinner
2. Cover wafer with hexamethyldisilazan (HMDS)
3. Spin lm (4000 rpm, time=

45 s,

ramp=

4 s)

45 s,

ramp=

4 s)

4. Cover wafer with ma-N 415
5. Spin lm (4000 rpm, time=
◦

6. Bake out on hotplate (95 C for
7. Place wafer into mask aligner
8. Align chromium mask

90

seconds)
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9. Expose:

WEC pressure
Hard contact time
Expose

10. Develop for

∼ 45 s

11. UVO-cleaner for

1.2 − 1.4 bar
6s
13 s

in maD-323 developer

5 min

to remove HMDS from contact area

12. Dip wafer for short time (∼

30−210 s; depends on TOX thickness)

in buered hydrouoric acid (1:20)
13. Place wafer directly after into evaporator
14. Wait for good vacuum (base pressure

< 10−7 bar)

15. Argon sputtering:

Program
Sputtering time

2
30-40 s

16. Evaporation of aluminum:

Sample temperature
Base pressure
Rate
Thickness

−25◦ C
< 10−7 mbar
5-10 Å/s
100-300 nm

17. Lift-o in warm Acetone
18. Rinse in

2-propanol

and dry

19. Anneal in annealing oven AZ500 (MBE Komponenten GmbH):



step

temperature

time

process

1
2
3
4
5

120

60

4

120

600

3

120

600

1

460

35

4

450

600

1

ALD protection layer
1. Dip wafer in buered hydrouoric acid (1:20) to remove native
oxide (∼

10 s)

2. Wash three times in deionized water
3. Mount sample in ALD chamber (Savannah, CambridgeNanotech),
pump
4. Heat up to required process temperature

TALD = 80 − 225◦ C
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5. Start program:
step

command

number

time

0
1
2
3
4

pulse

0

wait

-

pulse

1or2

wait

-

goto

0

0.05
12
0.04
10
xtimes

6. Wait until

T = 80◦ C

7. Vent chamber, take out sample



Microchannel AZ2070
1. Place wafer onto the spinner
2. Cover wafer with AZ 826 MIF 2070 (AZ electronic materials)
3. Spin lm (4000 rpm, time=

40 s,

◦

4. Bake out on hotplate (110 C for

ramp=

60

4 s)

seconds)

5. Place wafer into mask aligner
6. Align chromium mask
7. Expose:

WEC pressure
Hard contact time
Expose

1.2 − 1.4 bar
5s
5s

◦
8. Postbake on hotplate (110 C for

9. Develop for

∼ 30 s

60

seconds)

in AZ 826 MIF developer (DEAZ)

10. Resist hardening:
a) Post exposure under mask aligner for 30 s
b) Slowly heat up to

190◦ C

for 10 min

c) Slowly cool down to room temperatur



∼2 h

Microchannel SU-8
1. Place wafer onto the spinner
2. Cover wafer with SU-8 2002 (Microchem Copr.)
3. Spin lm 1. (500 rpm, time=
4. Spin 2. (3000 rpm, time=
◦

10 s,

30 s,

ramp=

ramp=

5. Bake out on hotplate (95 C for

60

5 s)

9 s)

seconds)
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6. Place wafer into mask aligner
7. Align chromium mask
8. Expose:

WEC pressure
Hard contact time
Expose

9. Postbake

1.2 − 1.4 bar
5s
2.5 s

immediately on hotplate (95◦ C for 60 seconds)

10. Develop for

∼ 60 s

in SU-8 developer (1-methoxy-2-propyl ac-

etate)
11. Clean and dry in 2-propanol
◦
12. Hardbake on hotplate (200 C for





Bonding
Model
Power1
Time1
Force1
Power2
Time2
Force2
Tail
Mode

10

min)

4523 AD, CMTec
1.44
4
1.4
1.1
4.8
0.7
1.1
automatic

Epoxy sealing
1. Mix epoxy EPO-TEK 302-3M (EPOTEK Technologies, mixture
A:B - 1:0.45)
2. Place mixture in vacuum chamber
3. Outgas under vacuum for 20 min
4. Slowly seal the sample
5. After

∼2.5 h

close the top of the device, leaving a small opening

over the microchannel
6. Harden epoxy for 24 h at room temperature



Optional steps
1. On-chip electrodes
a) Place device or wafer onto the spinner
b) Cover wafer with ma-N 415
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c) Spin lm (4000 rpm, time=

45 s,

◦

d) Bake out on hotplate (95 C for

ramp=

90

4 s)

seconds)

e) Place wafer into mask aligner
f ) Expose:

Newton rings
WEC pressure
Hard contact time
Expose

g) Develop for

∼ 45 s

broaden and homogeneous distributed

1.2 − 1.4 bar
6s
13 s

in maD-323 developer

h) Evaporation of titanium (adhesion layer):
23◦ C
8 · 10−7 mbar

Sample temperature
Base pressure
Rate
Thickness

1-2 Å/s
5 nm

i) Evaporation of platinum or gold:
23◦ C
8 · 10−7 mbar

Sample temperature
Base pressure
Rate
Thickness

1-2 Å/s
100 nm

j) Lift-o in warm acetone
k) Rinse in

2-propanol

and dry

2. Silicon nanowire TOX layer etching
a) Place device or wafer onto the spinner
b) Cover wafer with (HMDS)
c) Spin lm (4000 rpm, time=

45 s,

ramp=

4 s)

45 s,

ramp=

4 s)

d) Cover wafer with ma-N 415
e) Spin lm (4000 rpm, time=

◦
f ) Bake out on hotplate (95 C for

90

g) Place wafer into mask aligner
h) Align chromium mask
i) Expose:

WEC pressure
Hard contact time
Expose

1.2 − 1.4 bar
6s
13 s

seconds)

77
j) Develop for

∼ 45 s

k) UVO-cleaner for

in maD-323 developer

5 min

to remove (HMDS) from opened area

l) Dip wafer for short time (∼

30 − 210 s;

depends on TOX

thickness) in buered hydrouoric acid (1:20)
m) Dissolve maN-415 in Aceton
n) Rinse in 2-propanol and dry



PDMS stamp
1. Mix PDMS Sylgard 184 (Dow Corning, mixture A:B - 10:1)
2. Place mixture in vacuum chamber
3. Outgas under vacuum for 20 min
4. Pour mixture into mould
◦
5. Bake out in oven (60 C for

3−4

hours)
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Wafer specications
Wafer type

8 inch Silicon-On-Insulator (SOI), bonded

Supplier

SOITEC, France

Orientation

(100)

Dopant

p, boron

Resistivity

8.5-11.5 Ωcm

Si device layer thickness

88 nm

Buried SiO2 layer thickness

145 nm

Thermal oxidation
Dry oxidation of 1/4 of 8 inch wafer at PSI. Formation of 10-15 nm
top SiO2 . Resulting Si device layer thickness 80-85 nm.



Alignment marker fabrication
1. Spin one layer of PMMA 672.11, 1500 rpm (∼3 µm), marker size
10 µm×10 µm.
2
2. Write markers, dose = 1000 µC/cm .

3. Develop for 2 min in IPA:MIBK solution (3:1, Hamatek), rinse in
IPA for 30 s
4. Reactive ion etching (RIE) of markers through several wafer layers: 2 min CHF3 to remove top SiO2 , 5 min CHF3 and SF6 (4 sccm)
for Si device layer, 8 min CHF3 for buried SiO2 , 21 min CHF3 and
SF6 (4 sccm) for Si substrate. Resulting marker depth: 1 µm.
5. Remove PMMA in acetone.



Electron beam lithography of device
1. Spin HMDS adhesion layer at 4000 rpm. Bake for 1 min at
2. Spin nLOF resist (diluted 1:4) at 2500 rpm.
110◦ C.

110◦ C.

Bake for 1 min at

2
3. Expose with dose = 180 µC/cm .

4. Bake nLOF for 1 min at

110◦ C.
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5. Develop in MIF 826 for 20 - 30 s.
6. Etch most of top oxide by RIE for

∼ 30 s

(12 sccm CHF3 and 38

sccm Ar).
7. Remove remaining oxide in buered HF (4 s).
8. Etch Si device layer in TMAH at

45◦ C

for

∼ 2 min.

9. Leave sample in n-methyl-2-pyrrolidone (NMP) for several hours
◦
at 70 C to remove nLOF residuals.
10. Clean samples by oxygen plasma (5 min, 30 W, 40 sccm O2 , 200 mTorr).



Contact implantation
1. Spin PMMA 697.04 at 1000 rpm.

Spin second layer of PMMA

697.04 at 2000 rpm.
2. Bake samples for more than 1 hour.
◦
3. Cool down samples to 40-50 C for more than 1 hour.
2
4. Expose with e-beam to shape mask for implantation: dose 750 µC/cm .

5. Develop for

∼ 3 min.

6. Ship samples to Ion Beam Services (IBS), Peynier, France.
+
7. Ion implantation at IBS (BF2 , energy = 33 keV, dose =
1015 cm−2 )

2.3 ×

◦
8. Remove exposed PMMA in acetone overnight at 25 C (at PSI).

9. Clean samples by oxygen plasma (10 min, 30 W, 40 sccm O2 , 200 mTorr).
10. Thermally anneal samples in forming gas to activate the dopants
◦
(at 950 C for 6 min).



RCA cleaning of samples and atomic layer deposition (ALD)
of gate dielectric
1. Piranha cleaning (H2 O:H2 SO4 , 2:1) for 10 min at
2. Buered HF for

∼ 35 s

90◦ C.

to remove thermal top oxide.

3. Standard clean 1 (H2 O:H2 O2 :NH4 OH, 20:4:1) for 10 min to remove organic contamination.
4. Buered HF dip for 1  2 s.
5. Standard clean 2 (H2 O:H2 O2 :HCl, 20:1:1) for 10 min at
remove metallic contamination.
6. ALD of Al2 O3 at

225◦ C

or HfO2 at

200◦ C

(200 cycles).

65◦ C

to
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Optical lithography for ohmic contacts
1. Bake at

200◦ C

for 30 min to dehydrate surface.

2. Spin HDMS at 4000 rpm, bake for 1 min at

110◦ C.

3. Spin diluted resist nLOF:EBR (2:1) at 6000 rpm. Bake for 1 min
◦
at 110 C.
4. Place in mask aligner, align and expose for 6 s.
5. Post-bake for 1 min at

110◦ C.

6. Develop in AZ MIF 826 for 30  50 s.
7. Remove oxide from contact pads in buered HF (1:7, 35 s).
8. Evaporate 300 nm AlSi 1%.
9. Lift-o in NMP.
10. Anneal contact pads in forming gas (10 min at

450◦ C).

11. Electrical tests.



Optical lithography of protective resist (SU-8
1. Spin SU-8 2002 at 4000 rpm, bake for 1 min at

110◦ C

2. Place in mask aligner, align and expose for 18 s.
3. Post-bake for 1 min at

95◦ C

4. Develop in EC 11 for 90 s (1-methoxy-2-propylacetate).
5. Hard bake at



200◦ C

for 30 min, gradual cool down.

Dicing
1. Spin protective lacquer (S1813) at 2000 rpm. Bake for 1 min 20 s
◦
at 110 C.
2. Cut the wafer.
3. Dissolve protective lacquer in acetone (some minutes).



Packaging
1. Wire-bonding in a 64 pins chip carrier (IPK64F1-2219A, NTK
Technologies Inc.).
2. Seal contact pads by pouring epoxy (Epotek 353ND, Epoxy Technology) around a PDMS stamp pressed on the sample. Cure in
◦
an oven at 120 C for 5  10 min.
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Appendix C: Protocol for covalent attachment of
ionophores


Silanization
4 pieces of about

1 × 1 cm2

Al2 O3 -coated wafers (controls) and a

nanowire sample (M18-1) are cleaned with EtOH, wiped with a Kimtech
wiper and dried with N2 . They are then activated with a UV/ozone
cleaner for 30 min. The wafer bits and the sample are then placed in
a glass Petri dish together with a small watch glass lled with 0.4 ml
of (3-Glycidoxypropyl)triethoxysilane (GOPS 3, ABCR153338). The
◦
Petri dish is then placed in an oven at 80 C overnight. After 18 h the
◦
oven is set to 120 C for 2 h. The silanized surfaces are then ushed
◦
with EtOH and dried under a N2 stream before curing at 80 C for
2.5 h.

70.8 ± 0.38

Contact angle results measured on controls:

(average of 3

measurements against water)



Crown ether grafting
Preparation of solution.

A solution of aminomethyl-18-crown-6

(Sigma 388432) in ltered phosphate buer (pH = 8.0) is prepared
by adding 40

µl

(0.121 mmol/l) of crown ether into 900

µl

of buer

yielding a 134.4 mM solution. pH was controlled and adjusted to pH
= 9 by addition of 10

µl

of 37% HCl .

Procedure for control samples.

2 pieces of previously silanized

Al2 O3 wafer (controls) are placed in a petri dish and covered with

∼ 250 µl

of the previously prepared solution, and a wet pad (paper

saturated with water) is added to the dish to prevent evaporation of
the solution by saturating the atmosphere.

After 22 h, the bits are

dipped into ultrapure water and then washed with 10 ml of ultrapure
water and then 10 ml of EtOH. They are dried under a N2 stream.
Contact angles are measured on controls:

55.4 ± 2.23

(average of 3

measurements against water)

Procedure for nanowire samples.

The sample is mounted together

with the PDMS uidics and the small metallic plate into the press and
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equipped with teon tubes (2 inlets and 2 outlets to separately access
dierent sample parts). A 1 ml syringe mounted on a syringe-pump,
lled with 300 µl of the previously prepared solution is connected to
the inlet. The uidics are rst lled manually, and then own by the
pump overnight (ow of 0.01 ml/h).
0.02 ml/h for 6 h.

After 15 h the ow is risen to

The syringe is then removed and the uidics are

ushed manually with 6 ml of ultra pure water and then 6 ml of EtOH.
It is the dried with a N2 stream through the teon tubings and uidics.
The uidics are then dismounted and the surface reushed with
of EtOH and dried with a N2 stream.

∼ 6 ml

Appendix D: Surface modication protocol for
lectin detection


Silanization.

The samples are activated by UV/ozone treatment for

30 min. Then, a droplet of pure Aminopropyldimethylmethoxysilane
◦
(APTES 1) is placed together with the sample in an oven at 80 C
◦
(overnight), followed by curing at 80 C for 1 hour.



Preparation of solutions for linker attachment.

Sulfo-NHS (N-

hydroxysulfosuccinimide, 10 equivalents) and EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, 5 equivalents) are dissolved in phosphate buer (5 mM, pH 6) and stirred until complete dissolution (pH
at this point nearly 5), then the sugar (n-heptyl-mannose) amount
needed (in bidistilled water) is added to a nal volume of 0.5 ml. The
◦
mixture is stirred for 25 min at 25 C. The solution is then diluted in
phosphate buer (100 mM, pH 8), and the pH adjusted to 7.5 with
NaOH (0.35 ml, if needed). The solution is then diluted to the volume
needed to have a 6 mM concentration relative to the sugar, with the
same buer. A solution of 8-OH heptanoic acid sulfo-NHS ester was
prepared the same way (negative control).



Surface functionalization of the nanowire chip.

The sample is

mounted together with the PDMS uidics and the small metallic plate
into the press and equipped with teon tubes (2 inlets and 2 outlets
to separately functionalize dierent sample parts).

The previously

prepared solutions are pumped through the channels by an automatic
syringe pump (250 µl syringe, 0.05 mm/min, 13 h). The uidics is then
unmounted and the sample is washed with deionized water.
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