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1. Introduction

The use of molecular sensors in biology and medicine has become essential. Detection of specific
molecules such as DNA or proteins is getting more and more important for research. Many
different detection techniques for chemical and biological molecules exist on the market. Most
of them work with slow and expensive methods, such as fluorescence or cantilever detection
[1, 2]. At present, huge effort is made to develop fast response, cheap and ultrahigh sensitive
sensors. A promising approach is the use of silicon based sensors, since the production of
silicon devices is well established and very low cost is predictable [3]. Field effect transistors
(FET) are capable to convert a change in potential into an electronic response. The idea of
gating a ion-sensitive field effect transistor (ISFET) using the electrostatic potential of adsorbed
molecules has been introduced in the 1970s [4] and has gained a large research community [, [6].
Technological progress made it possible to fabricate carbon nanotube (CNT) FETs [7H9] and
nanowire (NW) FETs [10HI2] from which high sensitivity can be expected due to their high
surface to volume ratio. For detecting biomolecules like proteins or DNA in biological solutions,
very high sensitivity, meaning detection of substances with concentrations down to femto-molar
range [12] is needed.

Downscaling allows the integration of large numbers of sensors on a chip. Highly integrated
sensors offer simultaneous tests and differential measurements at high response time. The idea
of point-of-care diagnostics in future healthcare is a further driving force for smaller and faster
sensing units. The application possibilities reach from medical, biological and pharmaceutical
use to detectors of harmful substances in food and environment. This large field of everyday-
use possibilities promises a huge business volume. For commercial applications reproducible and
stable devices are needed. Today’s science in this field is focused on understanding the basic
mechanisms of field effect sensors [13H15]. Various different approaches are promising. Bottom-
up techniques with the use of CNTs and growth of nanowires have the advantage of extremely
high surface to volume ratio, but the lack of very poor reproducibility. Top down methods as
silicon wafer lithography are well understood and are feasible for mass production which makes
them more attractive for application use.

Design and fabrication of electronic biosensors based on FET devices require understanding
of interactions between semiconductor surfaces and organic biomolecules [I5]. In biology and
pharmaceutical research a lot of work has been done in designing receptors for specific targets.
Such receptors could functionalize the FET surface. The interaction with their specific analytes
is ought to change the FET's conductance. However, such functionalized sensors require reliable
design and fabrication of ISFET devices, because immobilized target molecules are located at
least a few nanometers above the semiconductor surfaces and are surrounded by counterions
in the analyte solution. Adding the diffusion of target analytes makes high demands on the
sensitivity.

Detecting small concentrations down to the femto-molar range requires high sensitivity,
which means a high electrical response at small electrostatic changes at the device surface. A
promising tool to investigate sensing properties quantitatively, is the detection of pH changes.
The induced surface potential shift due to protonation and deprotonation of the surface
hydroxyl groups can be described by the Nernst equation, which predicts a maximum electrical
shift of & 60 mV/pH at room temperature [13].
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At present a lot of research is done in this field. In the project | have worked on, a dual-
gated device was developed. The focus of our team during my thesis was to design reproducible
pH sensing devices based on silicon nanowire field effect transistors (SINWFET). A reliable
lithography process had been established in previous work [I6H18]. A remaining challenge was
to overcome leakage current in liquid environment, which is a common problem in such devices
[19] 20]. Protons from the solution are able to penetrate silicon oxide layers. This leads to
currents in the range of 1078 — 107® A at a potential difference of a few volts over the oxide
layer. With gate voltages in the working range of ~ —7 — 5V the leakage current is in the
same range as the current through the wire. With such a high leakage ratio the signal current
becomes too small and sensing is not possible. An atomic layer deposition (ALD) process was
the solution to reduce the leakage current and enhance pH sensitivity. My main focus was to
determine the influence of the ALD layer on transport characteristics and leakage current.

1.1. Conductance of a semiconducting nanowire

The main advantage of FET based sensors is their ability to transduce charges into electrical
signals, which makes them fast and cheap to read out. The change in conductance of a semicon-
ducting nanowire is the basic output of an ISFET. The conductance can be calculated starting
from Ohm'’s law.

J:Ucon(r)E (11)

where J is the current density, o.., is the conductivity and E is the electric field pointing along a
cylindric nanowire with radius r [2I]. The conductance G = //Vsp can be found by integrating
the current density over the nanowire cross section area:

I:/AJ(r)-dA (1.2)

:/cwn(r)-E-dA (1.3)
A

— [ Genlr)- 52 an (1.4)
A

where [ is the current, Vsp the applied voltage along the nanowire and L the nanowire length.

The conductivity can be written as the sum of the electron mobility, w,(ng,r) times the
electron concentration, n(r) and the hole mobility, ,(po, r) times the hole concentration, p(r).
The conductance can therefore be written as

G = %/Aom(r) L dA (1.5)
= %/ e [un(no, r) - n(r)+ wp(po.r) - p(r)] - dA (1.6)
A

The mobilities depend on the doping of the semiconductor. The electron and hole concen-
tration can be described by Boltzmann statistics.

n(r) =ng-exp (—e/:l;r(r)> (1.7)

p(r) = po - exp (etég_r)) (1.8)
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where kg is the Boltzmann constant, T the temperature in Kelvin and W the potential inside
the nanowire. ng and py are constants for electron and hole concentrations and are related as
follows

no - po = n; (1.9)
where n; is the intrinsic charge carrier concentration.

To calculate the conductance only the potential inside the wire (V1) has to be known [21]. But
since Wy is influenced by a complex system with different interfaces, the surrounding potentials
and their coupling to the nanowire are the point of interest.

In the case of a dual-gated FET, a back-gate, a liquid gate and charges at the sensing
surface define W;. Each gate couples differently to the nanowire depending on the gate oxide
capacitance. A model of the capacitances and the relating gate couplings in our system is given
in chapter[6] In general, the influence of a gate on /sp can be siplified by regarding a rectangular
nanowire with width w, height h and length L in the accumulation regime with majority charge
carrier n. The source-drain current /sp can be written as follows [18].

=" Vep e (1.10)
which is valid for small Vsp, meaning the linear regime.

Adding a gate to the system, its potential (gate voltage, V) and gate oxide capacitance
(Cgate) have to be taken into account. The charge n-e can be described as in a capacitor model

Cgate
=— (Vs -V 1.11
e Vol (Vo th) ( )

where V;, is the threshold voltage and volyy is the nanowire volume [22]. Defining a ca-
pacitance per wire area Cg,,. = Cgate/wL gives a final equation for the source drain current,

depending on the gate voltage:

w
Isp = Vep - Cgate " (Vo — Vin) (1.12)

A p-doped semiconductor, as it was used in our case, can be driven in accumulation by applying a
negative gate voltage. Thereby, the energy valence band edge Ey bends upwards and Ey, is closer
to the Fermi level EF. The charge carrier density depends on the energy difference EF-Ey and
is therefore increased at the surface. Accumulation of majority charge carriers (holes) caused
by this energy band bending leads to an increased conductance. The gate voltage where the
transistor is turned "on", is called threshold voltage (V). We defined it as the zero crossing
of the linear fit as shown in section Ideally, there is no current flowing below the threshold
voltage. In fact, there is a so-called subthreshold regime, where the current is small and varies
exponentially with the gate voltage. The subthreshold swing describes the back-gate voltage
per decade in conductance. Above the threshold voltage, the current increases proportionally
with the gate voltage (if Vsp<Vg) [L7]. This linear regime becomes nonlinear and saturates at
a certain gate voltage.
More positive gate voltage bends E, downwards which reduces the number of charge carriers.
The device is in depletion when the charge concentration goes to zero until no current flows.
Increasing the gate voltage further to the positive side causes an accumulation of minority charge
carriers (electrons) at the gate oxide and creates a conductive channel from source to drain,
called inversion.

The doping in our case was rather low (boron p-doped, 10®-10'® cm~—3) which lead to an
ambipolar behavior, where the inversion region already occurred at low gate voltage (~ 1Vgg,

see fig. [3.1)).
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1.2. Field effect sensors

Field effect sensors can be based on FETs and work on the principle of detecting shifts in
localized electric potentials. This shift can be induced due to chemical interactions at the device
surface causing a local charge accumulation or a change in the charge polarization. A change in
the electric field at the device surface acts as a gate on the nanowire and changes its potential.
The charge carrier density is influenced by this field-effect, thus leading to accumulation,
depletion or inversion of the semiconductor’s conduction channel. In ion sensing there is a
maximum possible threshold voltage shift for field effect sensors, which can be estimated with
the Nernst equation.

In our case, the ion sensitive FET (ISFET) is a dual-gated structure with the device layer
enclosed by the top-gate insulator (top oxide, TOX) and the back-gate insulator (buried oxide,
BOX). Therefore, the device has two interfaces which interact with the individually controllable
back-gate and top-gate (liquid gate). The threshold voltage shifts proportional to charges
depending on all the capacitances of the two gates (Ciot).

Adding a positive charge Q to the top oxide decreases the threshold voltage of accumulation
related to the back-gate according to

AVey ~ —AQ/Cior (1.13)

where AQ is the net charge added at the top oxide [23].

In an ISFET, ions close to the surface change the gate potential and thus the threshold
voltage. Changes in ion concentration, such as pH value, can be measured by an ion-sensitive
barrier on the top oxide. In the case of a pH sensitive device, a layer out of SiO,, SizsN4 or
Al>,O3 acts as ion-sensitive barrier, since the hydrolyzation of OH groups adsorbs charges to the
top oxide. In fig. a sketch shows how pH change has an influence on the gate's potential.
For more complex and specific molecule detection, the device must be functionalized with a
coordinated linker.

lons in aqueous solutions are surrounded by the polar water molecules. This aggregation
shields their electrostatic potential. If ions are accumulated at a surface due to electrostatic
interaction or specific binding, they still aggregate water molecules and counterions. Hence their
electric field is shielded. The Debye length Ap describes the length over which mobile charge
carriers screen out electric fields and is given by

kTe, €q
Ap =4/ INAC] (1.14)

where Ny is the Avogadro number and €g is the permittivity of the electrolyte (water). The ionic
strength / of a solution is defined as the sum of the squared charge Z times the concentration
c of all ionic species in the solution: / = 13", z2C;. For a 100mM NaCl solution, Ap would be
~ 7nm. A layer of accumulated charges at a surface is called Gouy-Chapman double layer. The
so-called double layer capacitance (Cg4/) is given by [24]

€r€p

Cd/ ~ (1.15)

1.3. Nernst equation

In the case of pH measurements, the potential shift at the device surface can be described with
the Nernst equation. The mechanism responsible for the oxide surface charge can be described
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pH =7 pH <7 pH >7
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Figure 1.1.: Sketch of the surface oxide. In our case Al,O3 was used as top oxide. At neutral pH, the
hydroxyl groups stay uncharged. Decreasing the electrolytes pH protonates the hydroxyl groups
(—OH;) which act as local positive gate on the SINWFET. At high pH the hydroxyl groups get
deprotonated (-O7) and act as a local negative gate.

by the equilibrium between the so-called amphoteric surface hydroxyl sites and the H -ions in
the solution. The reactions for an aluminum oxide surface are

Al—OH & Al— O~ + HE (1.16)
Al — OHF & Al — OH + Hf (1.17)

with H‘E representing the protons in the bulk solution. The difference between the oxide surface
potential and the bulk solution is ¥y = ¥s — ¥g. With ¥y and the Boltzmann equation, the
activity of the bulk protons ap can be related to the activity of the protons in the direct vicinity
of the oxide surface, a: [6].

—qy qy
= aps - exp ( kTO> or (pHs — pHg) = kiTO (1.18)

The effect of a small change in the surface pH (pHs) on the change in the surface potential
9o can be written as follows:

O _ Oy 9o _ —qPint
OpHs — 0oq 8pHs  Cair
where og is the surface charge density. The ability of the double layer to store charge in
response to a small change in the potential 9o/, is defined as the differential double-layer
capacitance Cyjr. Combining eq. [L.19] and results in the general expression for ISFET pH
sensitivity:

(1.19)

0Yq kT , 1
=-23— -awtha =537
q 2.3kT-Cyir "f_ 1

OpHs 9Bint

The parameter a is a dimensionless sensitivity parameter that varies between 0 and 1, de-
pending on the intrinsic buffer capacity B;,+ of the oxide surface. In the ideal case, a is equal
to 1 which results in a sensitivity of 59.2mV/pH at a temperature of 298 K. This number is the
so-called Nernst limit. B;,; is not very high for SiO,. pH-sensitivities around 30 — 40 mV/pH
were achieved so far [13, 25]. Better results were achieved using different layers as SizNg4, Ta>Os
and Al,O3 which seem to have higher buffer capacities [26], [27].

In our case, Al,O3 was used. The sensitivities we obtained were surprisingly high and beyond
the Nernst limit, which on one hand can be attributed partially to the Al,O3 layer [26]], but for
the most part referred to the dual gate measurements where not only Cy;r is taken into account.
A more detailed explanation is given in chapter [6]

(1.20)






2. Sample fabrication and measurement
methods

2.1. Device fabrication

The sensing devices were produced with standard UV lithography techniques. A silicon on
insulator (SOI) wafer from SIMGUI was used. The silicon had a <100> orientation and was
p-doped with ~ 105 boron atoms per cm® (10 — 20Qcm). The ion implanted buried oxide
(BOX) layer had a thickness of 155.1 nm. The device layer had an original thickness of 150 nm
and was oxidized thermally by the PS/ to a final thickness of 80 nm. The resulting top oxide
layer had a thickness of 40 nm. A wafer cross-section for each production step is shown in fig.
The devices were fabricated in batches of ca. 8 samples with four wires each. Figure[2.2]shows
an overview illustration of the wire processing and the pattern of one sample. The size of a
sample is &~ 2 x 2mm?. The wires dimension is 1.4 x 10 um? at a thickness of 80 nm (given by
the device layer).

The wafer was cut to batch size along the <100> and <010> direction and cleaned in acetone,
isopropyl alcohol (IPA) and UV-ozone (UVO) before processing.

2.1.1. Wire lithography

The cleaned wafer was coated with hexamethyldisilazane (HDMS) which acts as a adhesion
layer for photoresists. The wafer was spin-coated with negative UV-photoresist ma-N 415
(Micro resist technology) and prebaked for 90s at 91.5°C. The photoresist was UV exposed
through a chromium mask and developed using ma-D 332 S.

The sample was then coated with 60nm thick chromium evaporation. In a lift-off pro-
cess the photoresist and the Cr on top of it were removed (see fig. 2.1p).

The remaining Cr was used as a mask for plasma silicon oxide etching (CHF3 plasma), as seen
in fig. [2.1. Afterwards, the chromium was removed with a potassium permanganate (KMnOy,)
base etch process.

The remaining top oxide layer acted as a mask for the silicon etching process (see fig.
[2.14). First, the native oxide on the silicon layer was removed in hydrofluoric acid (HF)
buffer solution. Afterwards, the silicon was etched anisotropic in 25% tetramethylammonium
hydroxide (TMAH) at 45°C. TMAH etches the <110> direction of the silicon crystal, while
the <111> direction is barely affected. The resulting width of the wires was around 0.8 — 1 um
with freestanding <111> orientated side walls [18].

In a second lithography step the sample was protected with photoresist, leaving the con-
tact leads open. The silicon oxide on top of the contacts was etched in buffered HF, before a
100 nm aluminum layer was evaporated. Removing the photoresist in acetone, led to aluminum
coated contact leads. Annealing the contacts for 10 min at 450°C in forming gas to achieve a
better electrical interface between silicon and aluminum, due to contact barrier minimization
and aluminum diffusion (see fig. [2.1f) [18].
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TOX
Device
BOX

Al,O; ALD 11-40 nm

Liquid channel

Figure 2.1.: SOl-wafer profile during the sample fabrication process. a) Oxidized SOl-wafer b) Chromium

mask evaporation ¢) Top SiO, etching d) Cr and silicon etching e) Top SiO; etching for
contacts f) Al contact evaporation and annealing g) AloO3 ALD h) Az resist as liquid channel.



Device fabrication

(b)

Staring SO! wafer Cr mask removed
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Contact region defined i

Contacl Al deposited i

Figure 2.2.: a)Shows the UV mask patterns. Green: Device structure. Yellow: Al contacts. Grey: Liquid
channel (colored area is not covered with Az resist). Each sample has four wires (indicated in
black) with a width of 1.4 um and a length of 10 um. The sample size with contact leads is
&~ 2 X 2mm. b) Shows the sample fabrication overview up to Al contacts. lllustration of one
wire which is not related to the sample pattern and is not to scale. The figure is adapted from

[17].

{

Thermal oxidation of top oxide

Cr mazk

Top oxide etched

M[

2.1.2. Aluminum oxide atomic layer deposition

To prevent ions from leaking through the device and the BOX layer when measuring in liquid,
the samples were covered with Al,O3 by atomic layer deposition (ALD) with a Savannah ALD
System, (Cambridge NanoTech Inc). During ALD, a very dense film is grown atom by atom all
over the substrate (see fig. [2.1p).

Before the ALD process, the samples were dipped in buffered HF to remove the native oxide on
the silicon surface. In the reaction chamber the sample was heated to 225°C under constant
N, flow. The hydroxylated silicon and silicon oxide surface reacted with the precursor gas
Trimethylaluminium (TMA). Since TMA does not react with itself, the surface was passivated
by the formed monolayer. In a next step, the unreacted TMA was pumped out and the
chamber was floated with highly pure water. H>O removed CHj3 by creating Al-O-Al bridges
and passivated the surface with AI-OH bonds. CHs and H»>O reacted to CH; and were pumped
out of the chamber. These steps formed a cycle and could be repeated in any number. The
thickness of the resulting Al,O3 layer was between 5 and 44 nm, depending on the number of
ALD cycles (100 cycles &~ 11nm) [28].

ALD has several advantages [29]:

e The layer thickness is dependent only on the number of deposition cycles.

No need of reactant flux homogeneity.

No gas phase reactions.

Atomic level control of material composition.

High quality materials with high dielectric strength, low pinhole density and uniformity over
large area substrates are obtained at low temperature.

The extremely dense resulting film covers also pinholes in silicon oxide which are thought to
let protons pass and cause leakage current.



2. Sample fabrication and measurement methods

2.1.3. Liquid channel and sealing

To prevent leakage current and contact of the liquid with the aluminum, the area in touch with
liquid needed to be reduced. Therefore the sample was covered with negative photoresist AZ
826 MIF from AZ electronic materials. With a last lithography step, a very small liquid channel
(8 um wide opening) perpendicular to the four wires was defined (see fig. and2:Th). The
remaining photoresist was hardened with UV light.

The sample was cut out of the batch and glued in a chip carrier with silver conductive paste.
Afterwards, the contacts as well as the substrate Si layer, which acts as back-gate, were bonded
to the chip carrier pins.

As a last step, the chip carrier was sealed with epoxy (EPO-TEK 302-3M 80Z, Polyscience
AG), leaving the liquid channel open (see fig. [2.3p).

Two batches were produced during my master thesis. Batch S was used to reproduce
previous results and to produce samples for functionalization. Batch A was to test the influence
of Al,O3 ALD on electrical and leakage properties. More details to the fabrication protocol are

given in appendix [A.1]

Figure 2.3.: a) Image of a sample with four SINWFET. To reduce leakage current only a small area around
the wire is exposed to liquid (blue area), the rest of the sample is covered with AZ resist.
Additional sealing with epoxy is used to cover the bonds and contact areas. b) lllustration of a
wire. Epoxy covers all contacts, but the wire

2.2. Measurement setups

Different measurement setups were used to characterize the samples in air and in liquid. Most
of the measurements were taken with a SR 830 DSP lock-in amplifier from Stanford research
systems and a Keithley 2000 multimeter. Some DC air measurements were taken with a Keithley
2636A source meter. The devices showed the same behavior in air whether measured with AC
or DC bias. All measurements were performed at standard conditions (Room temperature and
atmospheric pressure).

2.2.1. FET characterization

The transistor characteristics were measured in air. The bias voltage (Vsp) was either 10 mV
or 100 mV. The back-gate voltage (Vgg) was swept from —10V to 10V back and forth. AC
voltage was applied at a frequency of 317 Hz. Sketches of the measurement setups are shown
in fig. Threshold voltages were calculated by linear fits of the linear regions.



Measurement setups

Figure 2.4.: a) AC measurement setup. Bias voltage and current readout was done done with a lock-in. b)
DC measurement setup, measured with the Keithley source meter. Figures are adapted from

[30].

2.2.2. Gate space mapping for measurements in liquid

The liquid cell shown in fig. [2.5]allowed to change the solution, included a platinum electrode to
apply a voltage (V,4) and was designed to insert an electrode to measure the liquid's potential
(Vrer). The liquid measurement was similar to the air measurement (see fig. ). A 100 mV
bias (at 317 Hz) was applied over the wire. The liquid gate was swept, so that the liquids
potential was between —1V and 1V, while the back gate was changed stepwise. Plotting the
conductance as a function of back-gate and liquid potential, the conductance maps for every
pH could be compared. pH reference solutions (MERCK Titrisol buffer solution) from pH 4 up
to pH 12 were used. The measurements for ion sensitivity were done the same way by taking
deionized water and solutions of different KCl or NaCl ion concentrations.

Figure 2.5.: a) lllustration of the liquid cell [I7]. The sample is fixed in a chip carrier, bonded and sealed
with epoxy. In the liquid cell the solution can be changed and via a Pt-electrode its potential
can be shifted (liquid-gate, V,g). Additionally a reference electrode can be built in, to control
the potential of the liquid (V,er). b) pH measurements. Vy, is applied from the back of the
device while the liquid gate V4 is applied via a Pt-electrode immersed in the solution. The
liquid potential V,er is measured by a calomel reference electrode. Bias voltage Vsp through
the wire and current readout is done by a lock-in amplifier. Figure is adapted from [30].

2.2.3. Leakage current measurements

Leakage current occurs due to ion movement through the silicon and silicon oxide (BOX layer).
To measure the leakage current, the liquid-gate voltage was swept and the current was measured
at the back-gate and the wire contact, respectively (see fig. . A | to V converter with an
amplification factor from —10° up to —10°8 was used.
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Figure 2.6.: Leakage measurements. To measure the leakage current through the device and BOX-layer,
voltage was applied at the liquid and current was measured with a -V converter at the back-
gate (a) resp. at the wire (b). In (b) the second wire contact is left floating. Figures are

adapted from [30].



3. Nanowire FET characterization in air

To use silicon nanowire FET as sensing devices, their electrical transport response on the back-
gate voltage needs to be understood. As seen in formula the current through the wire
depends on the source drain voltage, the back-gate voltage and the device properties as oxide
capacitance and device geometry. In an ambipolar FET three different transport regimes exist.
Depending on the back-gate, the semiconductor surface can be in accumulation, depletion or
inversion. In our devices, the silicon substrate was used as back-gate. Therefore the back-gate
affected the whole device including the contact leads.

3.1. Nanowire FET dependence on back-gate voltage

Air measurements as seen in fig. [3-I]show that the reproducibility of the nanowires was very good.
Nearly all the working wires show very low hysteresis and ambipolar characteristics. Due to the
p-doped semiconductor, accumulation is seen at negative Vgg. The threshold voltage (V;y) at
the accumulation region is around —5V and at the inversion region around 0V, but varies a little
for each wire. The subthreshold swing, indicated in fig. is around 300 mV/dec. Batch
A showed higher diversity in electrical properties, coming from problems during the production.
The wires showed a very rough surface.

T T
accumulation. depletion : inversion

=l :
. 2.n-h

: iof

3

Glus]

G s
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'-.f : {0.01
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Figure 3.1.: Conductance G versus back-gate Vg for four different wires on sample a5 from batch A (a)
and s5 from batch S (b) before ALD. Very small hysteresis is visible. The threshold of the
different wires align very well for batch S, but show variations for batch A, which corresponds
to the poor shape of the wires. Threshold values V,, are extracted with a linear fit (dashed
line, fig a) of the linear transconductance section. b) Left axis for linear scale, right axis (A)
for logarithmic scale. Dashed line shows the subthreshold swing S which is 300 mV /dec for
wire 1.

3.2. ALD shift

Depositing an aluminum oxide layer on top of the device changes the silicon properties at the
interface and hence changes the conductance channel characteristics. As seen in fig. [3.2] which
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shows the conductance of a wire before and after ALD, Al,O3 shifts the conductance curve to
the right, meaning the threshold voltage is less negative. At the same time the slope of the
linear region (transconductance) becomes steeper. V;j is shifted by ~ 1V. This shift is not
consistent for all the wires, but seems to increase with increasing numbers of ALD cycles.

—rTrrr—r—r—Tr 7T

adw1 091117 - before ALD -

2.5 4
] 200 ALD cycles + 200 ALD cycles
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2.0 1
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-10 -5 0 5 10
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Figure 3.2.: Sample ad4wl air measurements before and after ALD. The AloO3 on the surface changes the
FET properties. On the one hand, with ALD, the p-site threshold is shifted to the right. On
the other hand, the slope is getting steeper (indicated with blue arrows). Additionally a kink
occurs above the linear region on the p-site.

The samples from batch A were coated with different Al,O3 thicknesses. In fig. the
mean change in V;, and slope for each sample is plotted versus number of ALD cycles. The
deviation of the shifts for the different wires is very large, which is attributed to the bad wire
quality. Nevertheless a slight trend to a larger threshold shift with increasing ALD cycles can
be seen. Shifts by more than 1V were found, resulting in V¢, around —4V. Also a small trend
to a steeper transconductance is visible.

The threshold shift can be explained by an additional p-doping effect of the aluminum [31].
Due to this doping effect, less negative gate voltage is needed to reach accumulation. The slope
change can be explained by considering the total capacitance. Adding an additional layer on top
increases the total capacitance of the device. Since the transconductance is directly proportional
to the capacitance (|0G/3V/| ~ Ciot) [17], the added capacitance led to steeper slopes in the
accumulation regime. With ALD a kink in the accumulation transconductance appears. It's
origin is at present not quite clear but is thought to come from conductance saturation. Since
liquid measurements were performed in a range of lower back-gate voltage, this effect did not
affect the results. Increasing the number of ALD cycles further would probably emphasize the
change of the transconductance and V;,, but was no use for the basic idea of ALD, which is
reducing the leakage current by closing the pinholes of silicon oxide.
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Figure 3.3.: a) Mean threshold shift of batch A. Due to the bad quality of this batch, the standard deviation
is quite large. There seems to be a tendency to larger shifts with increasing AloO3 thickness,
which is assumed to occur from a p-doping effect of the aluminum. The data at 120 ALD
cycles is the mean value of the different batch S samples. Data at 400 ALD cycles responds to
a single wire of a previous produced sample. b) Mean slope change of batch a. A slight trend
to steeper slopes (more negative) with increasing AloO3 thickness is visible. The oxide layer
increases the total capacitance of the system and therefore increases the transconductance.
The blue numbers indicate the number of wires included in the data point.






4. Support measurements in liquid

To use a SINWFET as a biosensor, it needs to be sensitive to charged particles in a solution such
as DNA or proteins. The sensor should respond to a change in surface potential by a change in
conductance. Measuring in liquid implicates leakage current and multiple effects at the sensor
interface. Different types of ions interact differently with the surface. Surface effects of silicon
and silicon dioxide are well known, but less established for Al,O3. For selective detection of ions
in a biological solution, basic interactions of ions need to be analyzed.

To measure the electrical response on charge carriers in a solution, the wires conductance was
measured in different electrolytes. Samples with Al,O3 protection layers of different thicknesses
were compared to investigate the leakage current.

Measurements at different ion concentrations were made to make sure that charges on the
sample surface can be detected. For a quantitative approach and sensitivity analysis, series of
pH buffer solutions were measured.

Many samples could not be used for liquid measurements, due to problems during the
sample production. Problems during bonding and epoxy sealing damaged several samples.
Batch A showed an extremely weak conductance response on the liquid gate in the accumulation
regime. It is assumed that the aluminum contacts were not well aligned to the wires and
therefore the contact resistance was large in all the batch A samples. This is the reason why
many measurements were performed in the inversion regime, although the response is not very
stable in this region. An overview of the produced and measured samples is given in appendix

A3l

4.1. Leakage current in liquid environment

Although the area exposed to the liquid is reduced to a minimum, leakage current from the
liquid into the device and vice versa is too high without using a protection layer. Fig. shows
that in the case of an untreated SOl-wafer with an area of 1 mm in diameter exposed to the
liquid. The leakage current exceeds 100 nA already at low back-gate voltage. As seen later, the
conductance through the wire is typically around 0.1 S during sensitivity measurements, which
corresponds to 100 nA for 100 mV Vsp. Thus, the leakage current ratio is too high without a
protection layer. Covering the wafer with &~ 13nm Al,O3 by ALD reduces the leakage current
below picoamperes for a adequate back-gate voltage range. A series of samples with different
protection layer thicknesses is shown in fig. [4.1p. The device with 100 ALD cycles (= 11nm
Al>O3) is already well protected from leakage current. Increasing the ALD layer thickness does
not further reduce the leakage. Nevertheless, manufacturing errors gave rise to leakage in some
cases. Whether it was due to bad epoxy and liquid channel sealing or due to pinholes in the
ALD layer was not clear.

Comparing leakage current for different solutions showed that I, is not depending on the
concentration of protons, as long as the solution was an electrolyte, meaning it contained free
ions. Reference measurements with ethanol showed nearly no leakage, due to missing ions (see

fig. [4.2).
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Figure 4.1.: Leakage current versus applied voltage in pH8 buffer solution. Voltage was applied in the liquid
with a platinum electrode. The current was measured through the back-gate for (a) and through
the wire for (b). Measurement setup is shown in fig. a) Clean wafer with no structure
on it. The reduction in leakage current after AloO3 ALD is significant. b)Leakage current
for different samples of batch A. 100 ALD cycles seem to be enough to reduce the leakage
current below 1nA which is sufficient for pH sensing where the signal current is < 100nA in
this back-gate range. No significant improvement can be observed if the number of ALD cycles
is increased. a4 (M) and a7 (M) show only a little leakage current reduction, which is probably
due to a manufacturing error during the liquid channel or the epoxy sealing process.
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Figure 4.2.: Leakage current measured in different solutions. Voltage was applied at the liquid gate, current
was measured at the back gate. Comparing pH4 and pH8 solutions, ljc,x remained constant,
meaning the numbers of protons has no large influence on leakage. The reference measurement
with ethanol (EtOH) showed virtually no leakage current, due to missing ions (protons) in the
solution.
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4.2. lon response

Increasing the ion concentration in an electrolyte changes the screening length and the double
layer capacity at the SINWFET-liquid interface according to eq. [I.14] and To analyze the
interaction of ions with the sensor surface, measurements in different salt concentrations were
taken. Thereby the shifts in threshold voltage were compared.

Due to the lack of samples with good characteristics in the accumulation regime, most of the
measurements were taken in the inversion regime. Series of potassium chloride (KCl) solutions
over a large range of different concentrations were measured. Fig. shows the sensitivity
of sample abw4 to KCI and sodium chloride (NaCl) in the n-regime. Comparing pure H,O
with KCI solutions showed that the ions shifted the SINWFET threshold voltage. Higher ion
concentrations seem to act as an additional negative gating and therefore increased the inversion
threshold. We assumed that the shift was an effect of the selective absorption of anions (Cl™)
at the surface. pH induced shifts were unlikely, since the pH values of the different electrolytes
varied only in a small range (pH 6-7). The data was also plotted in log scale, because we
assumed a similar behavior as for the pH measurements in the next section, where the threshold
voltage shifts linearly with the log of the HT concentration. The resulting sensitivity in mV gate
shift per decade in ion concentration was up to the range of 90, which is quite high compared to
further results. Fig. shows that the sensitivity at fixed back-gate depends on the read-out
area and varies from 11-97 mV/dec. This effect was only seen in inversion measurements and
made the results less reliable. The difference in sensitivity for fixed liquid-gate (here varying
from 67-97 mV/dec) is seen in all measurements. This is a characteristic of our device design
and is explained in chapter [6]

Fig. shows similar measurements with a sample of a previous produced batch. Here a
smaller range of KCI concentrations from 0.1 mM up to 100 MM was used. This sample shows
less sensitivity (From 54 mV/dec at fixed liquid gate and up to 85 mV/dec at fixed back-gate),
but the results are in agreement with the results in fig. [4.3]

Fig. [£.5] shows the ion response of sample abw4 measured in the accumulation regime. The
trend for increasing ion concentration is less obvious. Whether this was an effect of poor sample
quality was not sure. Fig. indicates, that the liquid gate had a very small influence on the
FET conductance and was hardly able to deplete the nanowire. The jump in threshold voltage
from 10mM to 100 mM could be due to the pH change of the electrolyte. The measured pH
values decreased from a~pH7 for H,O to <pH6 for 1M ion concentration. At low concentration
the pH was not well defined. For concentrations above 100 mM where the pH was nearly
constant, the threshold voltage even slightly decreases. This trend stands in contrast to the
other measurements.

In [14] a model of selective cation (K™ and Na™) adsorption is described. They assume that
a SiO, surface, which has its point of zero charge in the range of pH 1-4, would be negative at
pH =~ 7 and therefore attract cations selectively.

=Si—0 +Nat =2=Si—0—-Na
=Si—0 " +Kt==Si—-0-K

This model was supported with XPS studies in [32] where an accumulation of Na¥t ions was
found in the double layer. This caused a depletion of mobile charge carriers (holes) in the p-type
silicon which increased the electrical resistance and lowered the threshold voltage respectively. In
the inversion regime such a cation accumulation would act the other way round and accumulate
minority charge carriers (electrons) which causes a conductance increase and threshold voltage
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Figure 4.3.: a) Conductance color coded map of sample abw4 n-regime, measured in 200mM KCI. The

red lines indicate the conductance trace from which the threshold voltages were calculated.
The white lines highlight the slope and indicate the capacitance ratio between back-gate and
liquid-gate. The second kink at high Vg and high negative V¢ is only seen in the n-regime.
b) Threshold values for different ion concentrations (B KCI, A NaCl) plotted versus Log of
millimolar lon concentration. For both salts V;, increases with higher concentration, which is
an indication for CI~ accumulation at the surface. c,d) Threshold values for different fixed
back-gates. Plotted on log scale (d) the sensitivity changes depending on the back-gate. This
back-gate dependence is an effect of the inversion measurement and is not seen in accumulation
regime measurements. e,f) Threshold values for different liquid-gates plotted in linear and log
scale. There is a clear trend in threshold shift vs. KCI concentration. It is assumed that CI™
ions accumulate at the nanowire surface and act as negative gate. All the error bars describe
the fitting errors and have no statistical origin.
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Figure 4.4.: a) Conductance color coded map of the previous produced sample b1, measured in the n-regime
in 5mM KCI. b,c) Threshold values for different fixed back-gates vs. KCI concentration.
Plotted on linear (b) and log scale (c). The slopes change depending on the back-gate. d,e)
Threshold value for fixed liquid-gates +0.5V and 4+0.9V plotted in linear and log scale. As
in fig. also at lower ion concentrations, a clear trend of higher Vy, with increasing KCI
concentrations can be observed.
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Figure 4.5.: lon sensitivity. a) Conductance color coded map of sample a5w4 measured in 200 mM KCI.
The liquid-gate showed a very weak influence on the conductance. b) Threshold voltages for
different ion concentrations at fixed Vg = —3.1V. c¢) Vy, for fixed Vg = —3.1V versus the
Log of the ion concentration in mM. d,e) Threshold voltages for fixed V g = +1V plotted
in linear and log scale. The ions shifted V;p, but no clear trend emerged. The error is quite
large at fixed liquid-gate and very small at fixed back-gate, coming from the weak liquid-gate
influence.
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decrease respectively. In fig. the opposite was observed. In contrary to [14] [32] our SiN-
WFET surface was Al>,Ogz instead of SiO». The isoelectric point of an aluminum oxide surface
is between pH 7 and pH 9 [33] which would leave the surface in a positive state at pH < 7. This
would explain the results in fig. [4.4]where a CI~ accumulation in the double layer is assumed.

The ion response measurements were not absolutely reliable due to n-regime measurements on
the one hand (back-gate dependent sensitivity) and weak liquid-gate influence on sample a5w4 on
the other hand. Nevertheless, high sensitivities from 60 —90 mV per decade in ion concentration
were found. But further studies are needed to understand and quantify the underlying effect
which caused the threshold shift.






5. Transport measurements in pH buffer
solutions

For a quantitative approach the SINWFETs were measured in different pH buffer solutions from
pH4 to pH10. Thereby the sensitivity which is the threshold voltage shift in mV/pH could be
determined.

5.1. pH sensitivity in the accumulation regime

For each pH a conductance plot as seen in fig. was recorded. Threshold voltage values
of cuts along a fixed Vgg or V,.r are taken as reference point to calculate the sensitivity in
mV response per ApH. Hence, the slope of the linear fit through V,, versus pH was taken as
sensitivity. Here the advantage of the dual gating comes into play, since the sensitivity depends
on the read out section and direction. On the basis of such a conductance plot, the device-
operating region can be tuned to an optimum.

Aluminum oxide is known to have a high surface buffer capacity [34, [35] which leads to a
high interaction of the surface hydroxyl groups and the hydrogen ions in the solution. At low
pH values, the Al,O3 hydroxyl groups are protonated. The additional charges on the surface
shift the potential and act as a positive gate. At high pH values, the hydroxyl groups are
deprotonated, which results in a negative surface potential and negative gating effect (fig. .
With increasing pH values more surface hydroxyl groups are affected, thus the surface potential
is changed to more negative values.

Sample a5w4 showed a weak influence of the liquid gate on conductance in the accumulation
regime. This was seen in all the samples of batch A. Comparing fig. and it can be
seen that sample a5w4 could not be depleted completely by the liquid gate, where s7wl was
already in depletion at low V,.r. The batch A samples also needed higher negative back-gate
voltages (—3 - —7 V) to get sufficient source-drain current (in the linear conductance regime) for
accurate measurements. Regarding the pH induced surface potential shifts at fixed back-gate
voltages (fig. [5.2p, red lines o = 0V, @ = —3V), the estimated sensitivities were in the same
range and reached the Nernst limit (= 60 mV/pH).

Considering the surface potential shifts at fixed liquid-gates (fig. [5.2p, blue lines V,r: B, B =
—0.5V, B = +0.5V), the estimated sensitivities depended strongly on the readout area. In the
high sensitive area (V,.r = +0.5V) the sensitivity exceeds 200 mV/pH, where at negative V,.f
the pH dependent potential shifts are very diffuse and no actual sensitivity could be read out.
(The red squared data was measured one day after the green data, but compensating this drift
would not lead to a better sensitivity.) The high sensitivity could not only be explained by the
surface potential shift on the surface, induced by the hydrogen ions. Also the gate coupling has
to be taken into account, on which | will refer to in section [6l
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Figure 5.1.: a) Conductance color coded map of sample a5w4 measured in pH7 buffer solution. The red
lines indicate the conductance trace shown in (b) and (c). The white lines highlight the slope
and indicate the capacitance ratio between back-gate and liquid-gate. Wire abw4 shows a weak
influence of the liquid gate. b) Conductance response for different pH values at fixed back-gate
(Vg = —3.2V) while sweeping the liquid-gate. Conductance is plotted vs. the potential
of the reference electrode. c¢) Conductance response for different pH values at fixed liquid-
gate (Vg = 0.81V) while changing the back-gate stepwise. d) Threshold voltage values
at accumulation for different pH values. The slope of the fits define the SINWFET sensor
sensitivity in mV/pH. The red lines indicate sensitivities for fixed back-gates (B = —3.6V,
e = —3.1V) while sweeping the liquid-gate. The blue lines indicate sensitivities for fixed liquid-
gate (O = 0.5V, 4 = 0.81V, B = 1.0V). The sensitivity depends on the read out section.
The error bars indicate the error of the linear fit. The errors for fixed back-gates are very small
and not visible at this scale.
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Figure 5.2.: a) Conductance color coded map of sample s7wl (120 ALD cycles) measured in pH7 buffer
solution. The red lines indicate the conductance trace from which the threshold in (b) were
calculated. The white lines highlight the slope and indicate the capacitance ratio between back-
gate and liquid-gate. b) Threshold values at accumulation for different pH values. The slope
of the fits define the sensitivity of the SINWFET sensor. The red lines indicate sensitivities
for fixed back-gates (¢ = —3V, o = 0V) while sweeping liquid-gate. The blue lines indicate

sensitivities for fixed liquid-gate (0 = 0.5V, W and M = —0.5V measured over two days. In
this region the threshold voltage shifts are unconstant). The sensitivity depends on the read
out section.

5.2. Measurements in the inversion regime

Batch A samples showed very weak response on the liquid gate in the accumulation regime.
Hence, some measurements were performed in the inversion regime (positive Vgg). Here, the
conductance map showed a contrary behavior. Fig. shows that conductance is increased
with increasing back- and liquid-gate, which is consistent with the image in fig. since
the conductance is dominated by minority charge carriers (electrons). The sensitivity seems
to be comparable with the samples measured in accumulation. Sensitivities for fixed Vg are
constant around =~ 50 mV/pH, whereas the sensitivities for fixed V,s are strongly dependent
on the read out section and direction, and vary from = 24 — 128 mV /pH.

Nevertheless, measuring in inversion inclosed too many uncertainties to give reliable results.
In fig. a second kink in the conductance trace at positive Vgg and negative Vs was visible.
This kink was observable in most of the measurements performed in inversion. Is is thought
to come from a high concentration of minority charge carriers close to the BOX layer. At a
certain positive Vg this concentration is too large to be depleted by the liquid gate. For several
samples the sensitivities at fixed Vgg depended on the readout area (see fig. , which could
not be observed in the accumulation regime. Additionally, the slopes’ standard deviations were
very large. Summing up, measurements in the inversion regime remained unreliable. Whether
this were bad sample qualities or n-type conductance effects was not sure.

5.3. pH measurements with APTES coated surface

To sense specific molecules in further steps, the nanowire surface has to be functionalized. For
example antigen and DNA detection needs immobilized antibodies and single-stranded DNA on
the sensor surface. With such molecules the distance between charge and nanowire is larger and
the charge density is most likely much smaller. Additionally screening of surrounding counter
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Figure 5.3.: a) Conductance color coded map of sample a9w2 inversion (n-regime) measured in pH7 buffer
solution. The white lines highlight the slope and indicate the capacitance ratio between back-
gate and liquid-gate. Sample a9w2 showed hardly any influence of the liquid gate on the
conductance in the p-regime, but normal behavior in the n-regime. b) Threshold values at
inversion for different pH values. The slope of the fits define the sensitivity of the SINWFET
sensor. The red lines indicate sensitivities for fixed back-gates (¢ = +2.2V, 0 = 42.5V) while
sweeping the liquid-gate. The blue lines indicate sensitivities for fixed liquid-gate (0 = 0.4V,
H=-04V).

ions damp the signal.

The first step of functionalization was to cover the sample with 3-aminopropyltriethoxysilane
(APTES). APTES is also interesting for future experiments, since its amino residue is a good
chemical linker group for surface functionalization. In this silanization process, the ethoxy groups
bind covalently to the oxidized surface (the protocol is given in . Modification of oxidized
surfaces by covalent binding of silanes with surface silanol groups has been studied by several
groups [36H39]. With APTES it resulted in a self assembled monolayer with freestanding amine
groups. Now, the amine groups were protonated (-NHJ) and deprotonated (-NH™) in addition
to the hydroxy groups of the wire surface. Due to the reduction of interacting sites (one
APTES binds ideally three hydroxy groups) and larger distance between the charge and the
wire, a decrease in sensitivity was expected.

Fig. shows that the conductance properties in air were changed. The threshold
voltage was shifted by ~ +3V. Large hysteresis arose with APTES coming from the changed
nanowire surface. The organic layer is thought to trap charges and therefore increases hysteresis.

The pK, value is the logarithm of the acid dissociation constant (K, = %) and describes
the dissociation equilibrium. After the Henderson-Hasselbalch equation

[NH™]
[NH;]

pH = pK, + log (5.1)

the concentration of NH3 is equal to the concentration of NH™ when the pH is equal to the
pK,. Around the pK, value the highest proton exchange at the amine group is expected. In
literature pK, values around 10 were found for APTES on silicon [40]. We have expected the
pK, for APTES on aluminum oxide to be in the same range. The pK, value (NH, — NH3+) of
APTES in solution is 3.63 [41].

pH measurements showed that the overall sensitivity of sample s7w1 was slightly decreased
when the sample was covered with APTES (compare to fig. . But the sensitivity between
pH 3-5 seems to be a little higher. This could be the pK; range of APTES. Nevertheless, the
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high total sensitivity and the smeared out pK signal indicated a strong background sensitivity
from uncovered surface hydroxyl groups coming from APTES polymerization.

To prove the silanization process, surface tension tests on ALD coated test wafers were done.
The untreated wafer showed a high hydrophobicity, resulting in a large contact angle. This was
due to natural accumulation of organic residues when keeping the sample in air. The UVO
treated wafer was silanized with different APTES-toluene concentrations (1:10, 1:100). Fig.
shows that silanization increased the contact angle of a waterdrop on the wafer surface.
The reverse effect was seen after UVO treatment. 5 min UVO seemed to be enough to remove
the silanes and leave the surface in a hydrophilic state.

The measurement showed, that it was possible to cover the Al,O3 in a silanization process
and that a relative high pH sensitivity (up to &~ 190 mV/pH) remained. It was not clear how
dense the APTES monolayer was. It is expected that many uncovered aluminum hydroxyl
groups participated in pH sensing. Further studies need to be done, (for example with silanes
of different length and end groups) to investigate the dependence on the distance between the
charge and the wire. Different silanization protocols or passivation of the remaining hydroxyl
groups with alkanes could help to investigate the monolayer density. Measurements with quartz
balance, ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy
(XPS) could be done to analyze the silanization.
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Sample s7w1l covered with 3-aminopropyltriethoxysilane (APTES). a) APTES monolayer shifts
the conductance characteristics in air. The hysteresis is enhanced with APTES as the nanowire
surface is changed. b) Contact angle measurements on a ALD test sample. The surface hy-
drophobicity is changed with APTES. 5 min UV ozone treatment is enough to remove APTES.
¢) Conductance color plot at pH7 d) Sensitivity of sample s7w1l with APTES. The sensitivity is
slightly decreased with APTES coating compared to [O0: Data measured one day later and
not included in the sensitivity fit. Between pH 3-5 a slightly higher sensitivity was observed.
This can be interpreted as pK, of the amine group.



6. Interpretation of high sensitivity
beyond the Nernst limit

As seen in section the sensitivity could exceed 200mV/pH, which is far beyond the
Nernst limit of 59.2mV/pH at room temperature. To explain such high shifts, the dual gate
measurement has to be considered. A derivation of the gate interplay taken from [30] is given
in the following section.

The large differences in sensitivity for fixed liquid-gate can be explained by the different
influence of the gates. The gate interplay Vgs/Vis could be calculated using the capacitance
ratio Cgg/Crg. This simplified term could also be interpreted as the slopes, indicated by
the white lines in fig. [B.2l Two main areas of different slopes could be deduced from
the conductance plots. At less negative Vgg and Vs < 0 the slope were steep (> 1). In
this region, the SINWFET was driven into depletion. While the back-gate affected the whole
device, meaning also the contacts, the liquid-gate had only an effect on the wire. Approaching
the depletion region Vs became less effective, because the silicon leads (influenced by Vgg)
suppressed the current through the FET. The dominance of Vg led to a large gate capacitance
ratio Cgs/Crs (= 5 — 10). For negative Vg the whole device including the leads was driven
in accumulation and Vs had an increased influence on the wire. For good samples, feasible for
liquid measurements, the liquid-gate was able to drive the nanowire into depletion. Sample s7
showed a coupling ratio of & 0.2 in this region.

Most of the produced samples showed extremely weak influence of the liquid-gate in
the accumulation region. The SINWFETs could not be driven in depletion, even at high
Vig(~ +1.2V). Higher voltage was not applied in liquid, because electrochemistry would have
occured which could have affected the measurements. Nevertheless, those sample showed a
relatively large liquid-gate influence in the inversion regime (see fig. .
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6. Interpretation of high sensitivity beyond the Nernst limit

Fig. shows the capacitance model of our dual-gated system. Changing the pH of the
solution adds charges Qp to the oxide surface according to fig. The charge Q in the
nanowire is influenced by Qq, Vs and V.

oQ Caw
=Cgg - 6.1
0Vae BC " Cow + Carox + Chg (6-1)
0Q Caw
Qe 6.2
Ve X" Cruw + Catiox + Chg (6-2)

where Cy.0x IS the series connection of Cy; and C,x. The dependence of Q on Qg can be
written as follows:

570 _ CNWCox
500 N Cdl(CNW + CBG + Cox) + COX(CNW + CBG)

A change in bulk pH (pHg) changes the surface pH (pHs) which changes the surface charge
density og and Q. Thereby, positive charge carriers 6@ in the conduction channel are induced
or removed. Hence the conductance G in the nanowire and therefore its threshold voltage is
changed. Assuming V., is back compensated by changing the gate simultaneously:

(6.3)

opH — | +0Vate | ==— | =0 6.4
Pfis <8pH5 aQO gat 8Vgat’e ( )
From the a-factor in the Nernst equation [1.20]it can be written
8% _ 5 and Cs = TP (6.5)
apHs PSS T ot '

where Cs is a defined surface capacitance with g as charge and g as buffer capacity. Combining
equation [6.4] and the potential shift at the gate can be calulated.

r(response term)

_ 2.3kT aQ 8Vgate
6V9atefsh/ft - 6pHS < q ) CS (ac?o) < GQ ) (66)

R is a combination of Cs, eql6.1] and eq[6.3] For the individual gates it can be written as

Cs

Rig=—/— 6.7
o= (6.7)
CoxCay ( Cs ) o Rec _ Caiox

Reg = ——————~—— | = ) theratio is then: — = —— 6.8
BC ™ (Car+ Cox)Ca6 \ Car Ric Cas (6-:8)

Coming back to the Nernst equation which can be written depending on the gate

2.3kTY\’
0ViG—snift = 0pHp ( ) a (6.9)
B Cal,ox
0VeG—shift = OViG—shift Cor (6.10)
BG

With the dimensionless sensitivity parameter o.. Taking all the capacitances into account and
not only the double-layer capacitance as in eq{1.20l a can be written as follows:



1

=g o (6.11)
Cs c Cox(Cyyw+Cpa)
I+ CyyCagrcox

In [13] Cqi >> Cox, Cyw, Ciag SO a”l =1+ Cd[/Cs, and therefore @ < 1. But if B is
extremely large, Cs — oo
CoxCNW

a~1+————— which can be larger than 1! 6.12
Cat(Cox + Chw) J ( )

Together with eql6.9] this could explain the high sensitivities we found at fixed back-gate
which were close to 60 mV/pH. B seems to be very large for the Al,O3 ALD top oxide.
With eq[6.10] the high sensitivities of more than 200mV/pH at fixed liquid-gate can be
explained. A shift at the liquid-gate is multiplied with the capacitance ratio (Cy4/0x/Cgs) and
seen amplified at the back-gate. The amplification is given only by the capacitance ratio.

In a rough approximation this could be seen in the color coded conductance plots. The
white lines indicate the gate coupling ratio Vgg/Vis. Multiplying the sensitivity values for
fixed liquid-gate with the coupling ratio gave a rough approximation of the sensitivities for fixed
back-gate, as seen in fig. [6.3

In the amplificated region pH induced shifts of V;, could be read-out more accurate due
to higher electrical response. The sensitivity is increased while the read-out error stays in
the same range. Since the capacitance ratio (Cgs0x/Cgs) is proportional to the ratio of
back-gate oxide and liquid-gate oxide layer (BOX/TOX) thickness, the apparent sensitivity
could be tuned by varying these layer thicknesses. The maximum would be obtained with no
top oxide layer, which on the other hand would enforce the leakage current problem. Increasing
the BOX layer thickness changes the FET response on the back-gate. But higher back-gate
voltages would be needed to reach accumulation. Tuning the buried oxide thickness ratio is
not easy, since the BOX layer thickness is given by the wafer and can not be changed during
the sample fabrication. The easiest way to tune the TOX layer thickness is changing the
number of ALD cycles. Comparing samples a5 and s7 with 300 and 220 ALD cycles (=~ 33
and 24 nm Al,O3) the estimated coupling ratio (white lines in fig. is larger for thicker
ALD layers. Sample s7 with less ALD cycles shows a higher sensitivity. However, the sensi-
tivities can not be compared directly, since the sample characteristics in liquid were not the same.

Fig. compares s7wl with previous fabricated samples of different TOX layer thicknesses.
The white lines and numbers indicate the ratio between the two gates. This ratio drops from
0.43 (for 80 nm silicon top oxide/13nm AhLO3) to 0.29 (for 40 nm SiTOX/40nm ALO3) and
down to 0.20 (for 40 nm SiTOX/24nm ALO3). We assumed that during the fabrication the
SiO, top oxide is etched by 20 — 30nm. The slope seems to correspond to the TOX/BOX
thickness ratio, which supports our capacitance ratio model.

In a next step, the top oxide which was used as etching mask could be removed in order that
the silicon area is enlarged and the sensitivity is further increased.
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Figure 6.2.: Conductance maps in pH 7 buffer solution. a) Sample with 80 nm silicon top oxide and 13 nm
Al,O3 ALD. This sample showed a maximum sensitivity of 96 mV/pH at fixed liquid-gate. b)
Sample with 40 nm SiTOX and 40 nm Al,O3 ALD. This sample showed a maximum sensitivity
of 130 mV/pH at fixed liquid-gate. c) Sample s7wl with 40 nm SiTOX and 24 nm Al,O3 ALD.
s7wl showed a maximum sensitivity of 215 mV/pH. The white lines and numbers indicate the
gate ratio.
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7. Summary and conclusion

In this master thesis the properties of dual gated silicon nanowire field effect transistors
(SINWFET) were studied for future biosensing applications. Fabrication of SINWFET sensor
devices with reproducible properties were fabricated. Measurements in solutions of different
pH gave information about sensitivity, leakage and gate influence. It was shown that Al,O3
atomic layer deposition shifted the conductance characteristics related to the gate voltage,
reduced the leakage current through the system and increased the sensitivity of the devices,
due to the higher buffer capacity of aluminum oxide. A sample series of different ALD layer
thicknesses was fabricated to study the influence of Al O3 thickness on the device properties.
Due to production problems during the UV, bonding and epoxy processes, the yield of useful
wires was very low (< 10%) and therefore no systematic ALD dependence on pH sensitivity
could be estimated. Nevertheless, a trend to an increased threshold shift, as well as a change in
transconductance with increasing ALD cycles could be observed while measuring in air. It was
also found that 100 ALD cycles (~ 11 nm Al,O3) were sufficient to reduce the leakage current
to picoampere for an adequate back-gate voltage range. Further it is expected that less ALD
increases the sensitivity due to a larger gate capacitance ratio, as seen in fig.

pH measurements showed the expected shift in threshold voltage (according to fig.
by varying the pH value of the solution. The dual gate approach had the advantage that all
potentials in the systems were known and the interplay of the gate capacitances could be
investigated. The gate space conductance plots allowed to read out sensitivities at different
working points and the most sensitive area could be determined. Fixing the back-gate resulted
in sensitivities close to the Nernst-limit (=~ 60 mV/pH). But fixing the liquid-gate resulted in
very diverse sensitivity values from = 0 mV/pH up to more than 200 mV/pH, depending on the
read-out area. The sensitivities were far beyond the Nernst-limit. Taking the capacitances and
the gate coupling into account, these high values can be normalized by the gate capacitance
ratio. The achieved results show great promise for the detection of small surface changes in
future work.

Due to insufficient useful samples, some wires were measured in the inversion regime,
since the liquid-gate dependence at positive back-gate voltage was much higher. The results
showed similar sensitivities, but some unclarities in the conductance plot characteristics (at
large positive back-gate voltage) remained, which made the results less reliable. The weak
liquid-gate influence in the p-regime of the batch A samples was assumed to come from high
contact resistances due to bad aligning during the UV-lithography. It could not be attributed
to a too thick ALD layer, since good results on a different batch with even thicker ALD layer
were achieved in previous work.

lon sensitivity tests showed varying results. It was seen that ions in the solution shifted the
threshold voltage, but the results were not consistent and need to be completed with further
measurements to understand the exact process at the nanowire surface. It can be assumed
that the slightly charged aluminum oxide surface at neutral pH attracts ions selectively, which
causes a change in conductance through the wire.



7. Summary and conclusion

Tests for surface functionalization with  silanes were performed using 3-
aminopropyltriethoxysilane (APTES). The larger distance between the charges and the
wire, as well as the different functional group (1 NH, instead of 3 OH) involved in the
hydrolysis, led to the assumption that the sensitivity is decreased. But only a small sensitivity
reduction was observed. Therefore, high background sensitivity of uncoated OH groups is
assumed. Hydrophobicity measurements on ALD coated test wafers showed that our silanization
process worked and that APTES is removable in UV-ozone. In a next step, passivation with
alkanes could show how much background sensitivity is contributed from free hydroxyl groups
of the Al,O3 surface. Test with silanes of different chain length and functional groups will give
a better understanding of the effects happening at the surface.

The results showed, that the dual-gate approach has many advantages. Sensitivity can go far
beyond the Nernst limit and the optimal working point for sensing can be adjusted. Further, the
potentials in the system are well controlled and leakage current can be measured directly.
Al,O3 ALD is a highly promising technique for SINWFET. The leakage current could be reduced
to a minimum while increasing the buffer capacity B, which contributes to the high sensitivity.
The ALD process is well controlled and reliable.

Qutlook Future work will enclose functionalized SINWFET for sensing specific analytes, as
well as differential measurements with passivated reference probes. The sensitivity could be
further increased, by removing the silicon top oxide which was a leftover from the production
process. Measurements with different types of ions could give information about the double
layer capacitance.

The number of published papers relating to "nano biosensor", which is increasing rapidly, is a
good indicator of research activity and interest. The possibility of cheap large scale production
is a great motive force. The market which reaches from pharmaceutical and medical use to daily
use products such as food deterioration detectors, contains huge financial potential. The idea
of a "lab on a chip" where several medical tests could be performed simultaneously would be an
important tool for early diagnosis.
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A. Appendix

A.1. Fabrication

A.1.1. UV lithography

As adhesion layer for the photoresist, HDMS was used. The negative photoresist ma-N 415
from Micro resist technology (6:1 diluted in 70% Annisol and 30% 2-methoxy-1-methylmethyl-
acetat) was spin-coated at 6000 RPM for 45s. Prebake at 95,1°C for 90s The UV exposure
was done with a Siiss Microtech MJB4 with a mercury lamp at a wavelength of 365X for 10 s
(6s hard contact time)

The resist was developed in ma-D 332S for ca. 80s

In a later step, the lithography for the contacts was done with undiluted ma-N 415,
which was spin-coated at 4000 RPM for 40 s. The resist was then exposed to UV light for 13 s
and developed up to 65s.

During processing batch A, problems with the mask aligner occurred. The wires were not very
well defined.

A.1.2. Metal evaporation
Chromium evaporation

The sample was mounted in the evaporator chamber (PLS500-Labor System, Balzers Pfeiffe).
The sample was cooled with liquid nitrogen to a temperature below 0°C. Cr was evaporated
until a 60 nm layer had grown on the sample.

Lift-off was done in 60°C warm acetone. The lift-off didn't work well for batch A. Residues of
chromium stuck between the structures and the pattern lines were not well defined, as seen in
fig. This lead to suboptimal electrical and sensing properties.

Figure A.1.: Sample a6 from batch A. Problem with the mask aligner and the chomium lift-off process lead
to residual metal flakes and rough structure borders.



A. Appendix

Aluminum evaporation

The sample was mounted in the evaporator chamber. At low pressure(< 5-10~% mbar) an argon
flow through the chamber was set. With an Ar-plasma sputter device, ions were accelerated for
70 s onto the sample to clean the silicon from native oxide. Afterwards, the sample was cooled
with liquid nitrogen below 0°C. To lower the pressure in the evaporation chamber, titanium
was evaporated while the sample was protected. At last, aluminum was evaporated at a rate of
5A/s until a layer of 100 nm Al accumulated on the sample.

Photoresist lift-off was done in 60°C warm acetone.

A.1.3. Etching

Plasma etch

SiO, was etched with CHF3 plasma (100 W for 2:30 min). O, plasma was used to get rid of
the residues which were formed during the SiO, etch.

Cr etch

As chromium etch solution, potassium permanganate (NaOH : KnMnQy : HyO - 3:2:12) was
used. The sample was etched for 10 min while the solution was shaken.

SiO, etch in buffered HF

To remove the thin native oxide layer on the silicon surface, the sample was moisten in H>O,
dipped in buffered HF (1:20) for 10 s and then rinsed in water and IPA.

For etching the contact areas, meaning the 40nm top oxide, the etching time was 3:30
min at an etching rate of &~ 40nm/s.

SiO, etching usually changed the color from greenish to red. This was not observable
for batch S and A when etching with HF, but could be seen clearly when etching with CHF;
plasma. XPS measurements showed that the SiO; is completely removed either way, using HF
or CHF3 plasma, although the color is different. Etch rate tests on SiO, test wafers with gold
reference structures on top showed an HF etch rate of & 40 nm/min. The height was measured
with an alpha stepper.

Anisotropic Si etching

Tetramethylammonium hydroxide (TMAH) is used for Si etching. The samples were etched for
14 min in 25% TMAH in water, mixed with 10% IPA at 45°C under constant stirring. The
anisotropic etching underetches the SiO, and exposes the <111> plane [43].

A.1.4. Atomic layer deposition

For the ALD process a Savannah 100 & 200 Atomic Layer Deposition System from Cambridge
NanoTech Inc. was used. Before the ALD process, the sample was dipped in HF to remove the
native silicon oxide. The sample was then built in the ALD chamber and heated up to 225°C at
low pressure under a constant N flow. In a first step, the precursor trimethylaluminum (TMA,
(CH3)3Al) flows into the chamber and binds to hydroxy groups at the surface. The precursor is
then pumped out. In a second step, pure H>O flows into the chamber and exchanges the Al-C
bonds with Al-O-Al bonds and Al-OH at the surface respectively. As side product CH, is formed
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Figure A.2.: XPS alalyse of a reference SiO; wafer, an HF etched and a CHF3 plasma etched wafer. It
shows that buffered HF is very efficient in removing SiO». X-axis is energy scale, Y-axis is
number of counts.

and pumped out. With such a cycle a very dense layer is grown all over the sample. The number
of cycles determines exactly how thick the Al,O3 layer will be. Each cycle produces a maximum
of 1.1A of Al,O3 depending on temperature. Thus, 100 cycles produce 11 nm of Al,O3 [28].
The thickness was changed from 50 cycles up to 400 cycles.

Parameters:
Temperature | 225°C
N, flow 20 sccm
pulse 0 0.1s
wait 15s
pulse 2 0.04s
wait 12s
goto 0 ##cycles

Table A.1.: ALD parameters. Number of cycles x0.11 &2 Al,O3 in nm.

A.1.5. Liquid channel

For the liquid channel, the negative photoresist AZ 826 MIF from AZ electronic materials was
used. Spin-coated with 4000 RPM for 40s and prebaked for 60s at 110°C, the resist was
exposed to UV for 5.55. After exposure, the sample was postbaked again for 60s at 110°C.
With AZ 826 MIF developer (DEAZ) which is a tetramethyl-ammoniumhydroxide solution, the
photoresist was developed for 30 — 35s. To harden the resist, it was again exposed to UV light
for 30 s and heated to 190°C for 10 minutes.

The tetramethyl-ammoniumhydroxide (TMAH) developer contained the same base as it was
used for Si etching. Etch tests showed that TMAH also affected the Al,O3 of the ALD layer.
Al>O3 was etched with &~ 5nm/min when dipped in DEAZ.
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A.1.6. Bonding

For a good back-gate contact, the substrate layer was scratched from the top and bottom side.
With conductive silver paste the sample was glued into a chip carrier. The contacts were bonded
to the chip carrier pins with a K&S 4532A Digital wedge bonder.

Many samples got destroyed during bonding. The bonding breached the BOX layer and short-
circuited the back-gate, due to too large force. The following parameters worked well:

Chip carrier | Sample contact
Power | 1.44 1.33
Time 4 4.8
Force | 1.4 0.7
Loop 1.7
Tail 1.9

Table A.2.: Bonding parameters for K&S 4532A Digital bonder

A.1.7. Epoxy sealing

EPO-TEK 302-3M 80Z, Polyscience AG was mixed A:B - 1: 0.45. The mixture was outgased
for 30 min and after one hour the chip carrier was slowly filled with epoxy. After 24h the epoxy
was hardened and the sample was ready to use for liquid measurements.

A.2. Functionalization with APTES

The sample was given in an exsiccator with a 3-aminopropyltriethoxysilane solution (10 vo/%
APTES in toluene). The exsiccator was then evaporated for 10 min and kept closed for another
10 min. To anneal the coating, the sample was heated in an oven for 30 min at 80°C To remove
the APTES, the sample was treated with UV-ozone. Surface tension measurements showed
that 5 min UVO were enough to remove the silane monolayer.

A.3. Produced samples
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Figure A.3.: Overview of the produced samples. Batch A was coated with different ALD layer thicknesses.

It showed weak sensing properties in the accumulation regime throughout the whole batch, due
to weak liquid gate influence. Batch S showed good properties, but only a few samples were

processed to the end. Different tests, such as functionalization or problems during the process

led to a high failure rate. Most of the wires did not survive the bonding and the epoxy sealing.
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