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Chapter 1

Introduction

1.1 Motivation

About 35 years ago, the concept of the ion-sensitive field effect transistor (ISFET) was
introduced [1]. An ISFET uses the field effect to detect changes in the electrostatic
potential caused by ions in the vicinity of the sensor surface [2]. By coating the sen-
sor surface with enzymes [3, 4] or single stranded DNA [5, 6], this sensor is capable
of detecting the binding of specific target molecules. In contrast to the widely used
fluorescence-based detection of biomolecules [7], ISFET sensors do not require time-
consuming and expensive labeling of the targets.

Recently, the ISFET concept has been transferred to FET nanosensors [8], that allow
the integration of dense arrays of sensors [9, 10, 11]. Therefore systems based on
FET nanosensors promise low-cost, high-throughput analysis of biological reactions.
Furthermore, FET nanosensors are particularly attractive as biosensors as their critical
dimensions are comparable to the size of biological and chemical species. Due to the
large surface-to-volume ratio, electrical properties such as the conductance of such FET
nanosensors are dominated by surface influences. This greatly enhances the detection
sensitivity [12].

A variety of FET nanosensors has been proposed, including silicon nanowires (SiNWs)
[13, 14], silicon nanoribbons [15], semiconducting carbon nanotubes [16, 17] and
nanogaps [18, 19]. Generally, two different approaches exist: these nanoscale struc-
tures can either be assembled from atoms or molecules (bottom-up approach) or fabri-
cated by etching a macro-scaled material (top-down approach). The bottom-up ap-
proach allows the fabrications of much smaller structures but is not compatible to
complementary metal oxide semiconductor (CMOS) processes. Carbon nanotubes and
grown silicon nanowires both suffer from this drawback. Therefore, CMOS compat-
ible top-down SiNW fabrication protocols have been developed [20, 21, 22]. Such
SiNWs are usually based on silicon-on-insulator (SOI) wafers, that offer silicon and
Si0; layers with thickness of a few nanometers [23].

Although SiNW have been the subject of intense research within the past few years and
promising results have been obtained with SINW sensors, many aspects concerning
the sensing mechanism of SiNW FETs still require further investigation. Such basic



aspects include the influence of the ion concentration [24, 25] or the pH value of a
solution [26], as well as the effects of the geometry [27, 28] and the doping density
[29] of SINWs.

1.2 About this project

This project continued the work done by Dino Keller [20] and Oren Knopfmacher [30],
who developed a scalable SOI-based CMOS-compatible SiNW fabrication protocol
and characterized the nanowires fabricated by this protocol. The work also included
measurements in electrolytes. Thereby a measurement set-up was used that allowed
to influence the SINW conductance by a back-gate and an electrolyte-gate simultane-
ously. This dual-gating approach was found to provide a well-controlled environment
for sensing experiments.

This set-up was gradually modified during this project to improve the electrolyte-gate
stability and to allow the measurements of SiNWs in parallel. Initial measurements
were conducted using the unmodified set-up and SiNWs, that had been fabricated dur-
ing the previous work, in order to continue their characterization. Further measure-
ments with these SiNWs were performed to examine the improvements due to the
set-up modifications.

At the same time, new SiNWs were fabricated using the above mentioned protocol
with some modifications. These nanowires were finally characterized in air as well
as in solution. Furthermore, their sensing capability was examined by measuring the
influence of the ion concentration and the pH value of the solution.



Chapter 2

Silicon nanowire fabrication

In order to fabricate SINW sensors a CMOS compatible protocol had been developed,
successfully applied and described in detail by Dino Keller [20] and Oren Knopfmacher
[30]. However, several unsuccessful attempts to reproduce functional nanowires fol-
lowing this initial protocol unveiled a number of steps that had to be altered to reach a
better reproducibility. This modified fabrication protocol will be presented in the fol-
lowing. A detailed list of all fabrication steps and parameters as well as a discussion of
the modifications made can be found in the appendix.

2.1 Modified fabrication protocol

SiNWs were fabricated by selectively etching different layers of a SOI wafer. Such a
wafer consists of several alternating silicon and silicon oxide layers, as shown in Figure
2.1 a. The (100) oriented silicon layers are p-doped by boron with a resistivity of 10-
20 Qcm, which corresponds to a doping density of about 10’3 cm™3. The topmost
layer, the 68 nm thick top oxide had been formed by thermal oxidation (Figure 2.1 b).
During the fabrication process, this layer acts as an etch mask. A silicon layer with
a thickness of about 70 nm lies beneath it. This so-called device layer will form the
silicon nanowires. This device layer is separated by the silicon substrate by a buried
oxide (BOX) layer, which is about 152 nm thick. The BOX was obtained by oxygen
implantation (SIMOX process [23]). This insulating layer is necessary as the silicon
substrate will be used as a back-gate to modulate the charge carrier density in the SINW.
The thickness of the individual layers was examined by ellipsometry ( SiO; thickness
was fitted by using the Palik model, Si by the Jellison model) and was found to be
homogeneous throughout the wafer with a variation of about +0.5 nm.

A sufficiently large piece was cut out of such a SOI wafer. This piece was then cleaned
by sonication in acetone and isopropanol, followed by a UV/ozone treatment and an-
other sonication in acetone and isopropanol. The cleaned sample was then processed
as follows:



a) Starting SOI wafer e) Cr mask removed

b) Thermal oxidation of top oxide f) Si device layer etched

¢) Cr mask g) Contact region defined

d) Top oxide etched h) Contact Al deposited

Figure 2.1: Fabrication steps of a SINW: a) The process starts from a SOI wafer consisting of
a silicon device layer (red) on a layer of buried oxide (blue) and the silicon substrate (red) at
the bottom. b) A top oxide layer (blue) is applied onto the device layer by thermal oxidation.
¢) The nanowire and the leads are defined by e-beam lithography and chromium evaporation
(gray). d) This pattern is transferred into the top oxide by CHF3 and oxygen plasma. e, f) After
the chromium etch mask has been removed the device layer is etched by TMAH. The patterned
top oxide thereby acts as etch mask. g, h) In order to contact the nanowire, rectangular shapes
are patterned by UV lithography and the top oxide is removed at those areas by HE. Aluminum
contact pads (gray) are deposited directly onto the device layer by evaporation. By an annealing
step, ohmic contacts are formed between the aluminum and the silicon device layer. Adapted
from [20].



2.1.1 E-beam lithography

A layer of poly(methyl methacrylate) (PMMA) with a thickness of about 320 nm was
spun on the sample from chlorobenzene and hardened by baking the sample for 30
minutes at 170° C. In order to pattern the PMMA layer, two e-beam lithography steps
were performed. During the first step the nanowires were patterned, during the second
step a higher probe current and a larger step size was chosen to pattern larger structures
such as the leads and alignment crosses. The shapes of these two masks can be seen
in Figure 2.2. Six wires were patterned by writing 100, 125...200 and 1000 nm wide
rectangles. One nanowire was patterned by writing a line. All nanowire patterns were
10 um long. The long axis of the SINWs were aligned along a <110> direction.

After the e-beam exposure, the samples were developed in a solution of methyl isobutyl
ketone (MIBK) and isopropanol with ratio 1:3 for 90 s.
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Figure 2.2: Left: Schematic of lithography masks for leads (gray) and contact pads (blue),
patterned by e-beam and UV lithography, respectively. This mask has a size of about 2 x 2 mm
Right: E-beam mask for nanowires (black) and rectangular structures (gray) to connect them
with the leads patterned by the larger mask. The topmost nanowire pattern has a width of 1um,
the nanowire pattern at the bottom was written as line. The other nanowires had a width of 100,
125..200 nm, respectively.

2.1.2 Chromium evaporation

A 60 nm thick chromium layer was deposited by evaporation at deposition rates be-
tween 0.1-0.2 nm/s (Figure 2.1 c). Usually the pressure during evaporation was about
5-10~7 mbar and the temperature was around 0° C. The sample surface was oriented
perpendicular to the chromium source. A lift-off in acetone at 45° C removed all
chrome except for the areas that had been exposed to the e-beam previously.



2.1.3 Silicon oxide etch

In order to transfer the chromium pattern into the top oxide layer of the sample, a
series of plasma etch steps was performed (Figure 2.1 d). An initial oxygen plasma
removed any leftover PMMA from the sample surface. CHF3 plasma was used to etch
the top oxide. A small quantity of oxygen was added during the first minutes to obtain a
smoother surface. As this combination of CHF; and O, also etches silicon, the last few
nm of the top oxide were etched by pure CHF3 plasma in order to protect the silicon
device layer beneath it [20]. Finally, another oxygen plasma was applied to be sure that
all PMMA has been removed. Once the pattern had been transferred into to top oxide,
the chromium was removed by a solution of NaOH and KMnOy in H,O (Figure 2.1 e).
This mixture efficiently etches chromium as well as chromium oxide but does neither
attack silicon nor silicon oxide.

2.1.4 Silicon etch

The patterned top oxide then was used as an etch mask while etching the silicon de-
vice layer using tetramethyl ammonium hydroxide (TMAH) (Figure 2.1 f). As TMAH
etches SiO, very slowly [31], the sample was dipped into buffered hydrofluoric acid
(HF) for about 20 s in order to remove the native oxide on the device layer. The device
layer itself was then etched in an aqueous solution of TMAH and isopropanol at 45°
C while vigorous stirring. The addition of isopropanol results in smoother etched sur-
faces [32]. As TMAH etches (100) surfaces much faster than those that lie in the (111)
plane [33], the device layer is completely removed at all areas that had not been cov-
ered by the top oxide, whereas the protected areas are only slowly underetched (Figure
2.3). Due to this anisotropic etching, well defined nanowires with (111) oriented side
walls are formed. This well defined shape is visible in scanning electron microscope
(SEM) images (Figure 2.1.4).

w = 100-1000 nm
<100> PSSR

N
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Figure 2.3: Geometry of a SINW. The trapezoid-shaped nanowire cross section is caused by
the anisotropic etching of silicon in TMAH. As (111) silicon surfaces are only slowly etched by
TMAH, the nanowire side walls lie in (111) planes, with an angle of about 55° relative to the
wafer surface, which is (100) oriented. SiO; acts as etch mask. The height of the SINW is given
by the silicon device layer thickness of about 70 nm.
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Figure 2.4: SEM micrographs of the center of the sample. Left: The seven nanowires are visible
as horizontal lines, the leads to the contacts of the two outermost nanowires enter the image from
the top and the bottom, the other nanowires are connected by horizontal leads. The thickness of
the SINW decreases from top to bottom. Right: Image of the second thinnest SINW.

The final width of nanowires that had been patterned by writing 100 and 125 nm
wide rectangles using e-beam lithography, was examined by atomic force microscopy
(AFM) (Figure 2.5). A width between 97 and 106 nm and from 129 to 136 nm was
measured at the top of the "100 nm" and the "125 nm" nanowire by examining the cross
section at different areas of the wires. The width at the bottom was around 260 nm and
360 nm, respectively. The height of both nanowires was around 120 nm.

As the width of the top oxide is close to the expected value, the combination of e-beam
lithography, chromium evaporation, lift-off and plasma etching seems to work fine.
The slightly larger width could be due to scattering of electrons within the PMMA. The
width at the bottom of the nanowires is larger than the expected 200 nm and 225 nm,
respectively. This could however be an artifact of the AFM, as the cone-shaped AFM
tip has a finite opening angle, which limits the lateral resolution. Probably for the same
reason, the transition between the top oxide, which should have nearly vertical side
walls, and the semiconducting part of the nanowire with its trapezoidal cross section
is not visible. The height of about 120 nm is about 17 nm smaller than the sum of top
oxide and device layer of the initial wafer. As the buffered HF etches SiO, with about
40 nm/min [20] and the sample was exposed about 20 s, the measure height is close of
the expected value.



Section Analysis

Figure 2.5: Cross section (left) and height image (right) of a SINW, measured by AFM. The
cross section was determined along the horizontal white line in the height image. This SINW,
that was patterned by writing a 125 nm wide rectangle by using e-beam lithography, has a width
between 129 and 136 nm at the top (green markers) and around 360 nm at the bottom (red
markers). The height is around 120 nm.

2.1.5 Contacts

The silicon nanowires were contacted by defining 150 x 200 pm sized rectangles at
the end of each SiNW lead by means of UV lithography (Figure 2.2). Buffered HF
was used to completely remove the top oxide in these areas. The photoresist acted as
etch mask. 100 nm of aluminum were then deposited directly onto the device layer
by evaporation. In order reach a low contact resistance, the evaporation rate was set
to a high value (around 1 nm/s), which reduces the amount of Al;O3 formed in the
deposited layer. Ohmic contacts were obtained by annealing the sample in forming gas
at 450° C.
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Figure 2.6: Optical Micrograph of a contacted SINW sample. Aluminum structures such as the
contact pads and alignment crosses have a yellow color, the top oxide on leads and nanowires is
green. The scale bar represents 500 pum.



2.1.6 Packaging

The sample was glued on a chip carrier and the SiNWs as well as the back gate were
bonded to the pins of the carrier. In order to allow measurements in liquids, these
bonds and the aluminum contact pads were sealed by insulating epoxy (Figure 2.7).
The epoxy was then left to dry over night at room temperature.

Figure 2.7: Photograph of a packaged SiNW sample: The sample is glued on a chip carrier and
the nanowires are bonded to the pins of the carrier. In order to allow measurements in liquids,
all metallic parts are sealed with an insulating transparent epoxy.



Chapter 3

Theoretical Background

In this chapter, the theoretical concepts behind the sensing mechanisms of SINWs will
be shortly described. For more details and derivations of the presented equations the
reader is kindly requested to consult additional literature. Most of the below men-
tioned topics are covered by standard literature about semiconductor devices [34, 35],
inorganic chemistry [36] and electrochemistry [37].

3.1 Silicon Nanowire field effect transistors

SiNWs that are based on SOI wafers, such as the ones used during this project (Section
2.1), can be described by metal-oxide-silicon field effect transistor (MOSFET) theory.
In the following, this theory will be presented specifically for the p-doped SiNWs used
during this project. In order to use SiNWs as field effect transistors, an AC voltage is
applied between the two metallic contact pads, which are connected to the two ends
of the nanowire via the leads (Figure 3.1). These two metallic contacts act as source
and drain electrodes. The voltage applied between them is therefore called the source-
drain voltage Vsp. The silicon substrate, which is insulated by the buried oxide layer,
acts as back-gate. By altering the voltage of this back-gate, Vpg, the charge carrier
concentration within the SINW is influenced by electrostatic interactions. The current
through the nanowire is measured by a lock-in amplifier (not shown in the figure).

3.1.1 Transfer Characteristics in air

One of the most common measurement techniques to characterize a transistor is to
sweep the back-gate potential while keeping Vsp constant. The current that flows
through the SINW between source and drain is then plotted versus Vgg. Such a mea-
surement is called the transfer characteristics of a transistor. In this section, these
characteristics will be discussed for a p-doped nanowire in air. A plot of SINW transfer
characteristics in air is shown in Figure 3.2. This graph can be divided into several
regions: Accumulation, depletion, weak and strong inversion.

10



Figure 3.1: Schematic of a SINW FET: An AC voltage is applied between the metallic contact
pads that are connected with the ends of the nanowire by the two leads. These contacts act as
source and drain electrode, hence the potential difference between them is denoted as Vsp. The
silicon substrate is insulated from the nanowire by the buried oxide layer. It is used as back-gate:
Depending on the voltage applied at the back-gate, Vg, the charge carrier density in the silicon
nanowire is altered by electrostatic forces. Adapted from [20].

Accumulation Depletion Weak Strong
4 inversion inversion

ISD

Figure 3.2: Transfer characteristics of a p-doped SiNW in air. The source-drain current is plot-
ted on a linear (black) and a logarithmic scale (red). This graph can be divided in four regions:
Accumulation, depletion, weak and strong inversion. The threshold voltage for accumulation
and inversion, Vry p and Vry ,, respectively, can be determined by a linear fit, as indicated by
blue dotted lines.

11



3.1.1.1 Accumulation

At large negative back-gate potentials, holes in the SINW will be attracted towards
its interface with the buried oxide layer and a thin layer of accumulated holes will be
formed at this interface (Figure 3.3 a). As holes may easily flow between source and
drain through this accumulation layer, the conductivity of the nanowire and therefore
also the current between source and drain Isp is large. As the back-gate voltage is
swept to less negative values, the amount of positive charges at the semiconductor-
buried oxide interface will decrease until this accumulated charge equals zero at the
threshold voltage for accumulation Vg .

For small source drain bias (i.e. Vsp < Vpg) and when assuming that the device mobility
of the holes g, does not depend on the gate voltage, the current Isp through the
SiNW in accumulation is given by

w
Isp = Zﬂdev,hCBOX (Ve — Vru,p)Vsp (3.1

with the nanowire width W and length L and the buried oxide capacitance per unit
area Cppx. By rewriting this equation, the mobility can be extracted by plotting the
conductance G = Isp/Vsp versus the back-gate voltage:

1 L dG
Cpox W dVpg

Hieyn = (3.2)

Vru,p is influenced by charges that are located between the semiconductor and the
gate or charges that are generally in close proximity to the semiconductor surface and
influence the charge carrier density in the SINW by capacitive coupling. These charges
could be either trapped charges at the semiconductor-oxide interface, charges within
the oxide and finally charges on the surface of the native oxide on the side walls of
the SiNWs. The latter influence on the threshold voltage is the basis of the sensing
capability of SiNWs. This sensing capability can be quantified using the screening
length Lp g; within the SINW. In case of p-doped silicon, it is given by

Es5;&0kT
Lpsi= 3.3
D.Si 2N, (3.3)

with the Boltzmann constant k, temperature 7', acceptor density N,, the elementary
charge e and the vacuum permittivity €. At room temperature the relative permittivity
of Si &g; equals 11.7 at 1 kHz. With a doping density of 10" —10'® cm 3, this screen-
ing length is between 40 and 130 nm. This length is similar to the width and height of
the SINWs and therefore charges on the side walls will reach throughout the nanowire
and influence its conductivity.

3.1.1.2 Depletion

When the gate bias is swept further, the holes start to be repelled from the semiconductor-
insulator interface (Figure 3.3 b). As the negatively charged acceptor ions are not mo-
bile like holes or electrons, this results in a negatively charged layer. Because these

12
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Figure 3.3: Charges within the SINW of height 4. The ordinate indicates the distance from the
buried oxide. Charges left of the ordinate are negative, on the right-hand side they are positive.
The red color symbolizes immobile charges Q;y;, due to the acceptor ions. Green areas denote
mobile charges. They depend on V. a) In accumulation, a thin layer of holes with total charge
Quce accumulates at the oxide-semiconductor interface. At the same time, the intrinsic hole
charge Q- is present. Q. decreases with increasing Vpg. At Vry,p finally, Qucc equals zero.
b) In depletion, a region with a width of W, is depleted of mobile charge carriers. c, d) As Vg
is increased further, electrons are attracted towards the oxide-semiconductor interface. In weak
inversion, their charge Qyy is still smaller than Q;y,,. Schematics adapted from [20].

immobile charges do not contribute to the current, this layer is depleted of charge car-
riers and this layer therefore has a high resistance. Unlike the accumulation layer that
is very thin, this depletion layer reaches into the semiconductor with a depletion width
W;. When the depletion layer is assumed to have a box profile, the maximal depletion
width is approximately given by

&si&kE,
Wy ———= 3.4
d N, (3.4)

with N, = 10" — 10'6 em~3, &5; = 11.7 and the silicon band gap energy, E, = 1.12 eV,
Wy max = 200 — 900 nm. These values are well above the height of the SINW of 70 nm.
Therefore the whole nanowire is depleted, which leads to a very low Isp. This is in
contrast to traditional MOSFETs that have a much thicker semiconductor layer, which
is only partially depleted and therefore require a n-p-n junction in order to completely
turn the transistor off.

Even though in depletion the nanowire is depleted of mobile charge carriers, thermally
activated charges give rise to a small so-called subthreshold current at voltages just
above Vry . The subthreshold swing in the depletion regime Sp is defined as the back-
gate voltage change that is needed to suppress this current by one order of magnitude:

dVae

52 = G(logro(Isp))

(3.5)

Sp increases with increasing density of trap states at the oxide-semiconductor inter-
faces. Smaller Sp are desired as they mean a faster suppression of the Isp and a lower
trap state density.

13



3.1.1.3 Inversion

When the back-gate voltage reaches higher positive values, electrons start to accumu-
late at the semiconductor-insulator interface (Figure 3.3 c and d). As the majority
charge carriers in p-type semiconductors are holes, this situation is called inversion.
This inversion layer is rich in electrons and therefore a good conductor. Inversion is
divided into weak and strong inversion. Strong inversion sets in as the gate voltage
reaches the threshold voltage for inversion Vg ,. Like Vrg, p, the threshold voltage for
inversion is influenced by charges present in the vicinity of the semiconductor.

As in depletion, in weak inversion thermally activated charges can cause a small current
just below Vrp ,. The subthreshold swing in weak inversion Sy is defined analogue to
Sp.

The source-drain current of the strong inversion regime can be described by the same
equations as the current in the accumulation regime, but with electrons instead of holes
as charge carriers. Therefore Isp for small Vsp is given by

w
Isp = f,udev,eCBOX (VG —VrHn)Vsp (3.6)

with the device mobility for electrons ey, .

3.1.2 Semiconductor and oxide capacitance

The voltage applied at the back-gate partially drops in the semiconducting substrate
layer, the buried oxide and in the nanowire:

VBG = Wsup + WBox + Wnw 3.7

The back-gate capacitance Cpg is therefore given by the serial capacitance of these
three layers.

Cae = Cgy +Crox +Cry (3.8)

In order to determine Cpoy, the geometry of the SINW has to be considered as the field
lines enter the nanowire through its interface with the buried oxide as well as through
the side walls. The first component can be described as plate capacitor with a plate
separation of the oxide thickness Cpox perp = Esi0, €0 /dpox. To account for the field
lines through the side walls, a correction factor eggz R~ Esi0, /2 has to be introduced
when the nanowire is surrounded by air [20, 38]. For a 150 nm thick buried oxide
layer, this results in a capacitance Cpox qir of 1.2 10~% F/m? .

The two semiconductor capacitances Cgs,, and Cyw when substrate and SiNW are in
depletion can be described by the plate capacitance Cy s, = €si€0/Wa sup and Cq yw =
£i€0/ Wanw. Of course the depletion width in the nanowire is limited to its height.
If the semiconductor layers are driven into depletion, they show the smallest capaci-
tances and therefore contribute the most to the total gate capacitance. In accumulation
and strong inversion there is a dense layer of charge carriers close to the semiconductor-
oxide interface. Therefore W, goes to zero and the total gate capacitance is approxi-
mately equal to Cppy .

14



3.2 Acids and bases

In aqueous solutions (i.e. with water acting as solvent), water molecules will sponta-
neously disassociate to ionic species :

H,0=0H +H" (3.9)

At room temperature, this reversible reaction will lead to the equilibrium ion concen-
trations given by

[OH ][H']=10"1 (3.10)
Where the brackets [...] denote the concentration of a chemical compound in ’”T”Z Usu-
ally these units are abbreviated as M. As these concentrations can vary several orders

of magnitude, it is common to use their logarithms

—logo([OH][H*]) = pOH + pH = 14 3.11)

The pH in Eq. 3.11 is used to generally describe the acidity of aqueous solutions. At
pH values from 0 to 7, the solution is acidic as [H]>[OH]. At pH 7 it is neutral as
[OH™] equals [HT]. At pH values from 7 to 14, OH™ ions dominate and the solution is
basic. Generally, compounds that are able to donate H' ions and therefore decrease the
pH are called acids, whereas bases are able to accept H ions and therefore increase the
pH. The acidity of a compound is given by its pK, value which is defined as the negative
common logarithm of the equilibrium constant K, of the disassociation reaction of an
acid HA to its conjugated base A™:

HA=H'+A"
_[HT][AT]
Ko = 0 (3.12)

The pH of a solution containing an acid and its conjugated base is then given by

A
pH:pKaHogm[[HA]] (3.13)

Eq. 3.13 is useful when a solution is required that shows a stable pH value. Such a
solution usually consists of a weak acid and its conjugated base. Weak means that not
all acid molecules will disprotonate when dissolved in water. Upon addition of small
quantities of bases or acids to such a solution, the equilibrium in Eq. 3.13 will be
restored by disprotonation of the weak acid molecules or by protonation of the conju-
gated base, respectively. This way the pH value of such a solution will not significantly
change. Such solutions are therefore called pH buffer solutions. The buffer is most
effective when the concentrations of weak acid and its conjugated base are equal and
thus pH = pK,. As a rule of thumb, a buffer solution can be used in a pH range from
pH = pK, £ 1.
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3.3 Surface charges in electrolytes

Polar solvents, such as water, have the ability to break ionic bonds and dissolve ions.
Such solutions are called electrolytes. Because of their charge, the ions will be sur-
rounded by polar solvent molecules. This aggregation shields the electrostatic poten-
tials between the ions and allows free motion in the solution, which leads to their ability
to conduct electric current. In this section, potentials in aqueous solutions will be dis-
cussed, as these are the most commonly used electrolytes.

If a potential is applied to a solid state body immersed into an electrolyte, ions of the
opposite charge will be attracted towards its surface and screen the charges of the solid
state body. As the ions are still aggregated with water molecules, they form a relatively
thick layer. The thickness of this so-called Gouy-Chapman double layer equals the
Debye length Ap, which is given by

kT g€
Ap = 4 3.14
D=\ 2N 2 (.14

where N4 denotes Avogadro’s number and &, the relative permittivity of the electrolyte.

The ionic strength I of a solution is defined as the sum of the squared charge z times the
concentration ¢ of all ionic species present in the solution: 7 = %Zzl-zci. The capacitance
i

of the double layer is approximately given by

(3.15)

The potential drop across such an electrolyte-solid state interface is shown in Figure
3.4 a: As the ions cannot approach the surface closer than the radius of the ion-water-
aggregate, there will be a small layer which is depleted of any ionic charge. This gives
rise to a constant capacitance of about 0.2 F/m? [6] and thus a linear potential drop
within this layer. The distance of closest approach is called the outer Helmholtz plane
(OHP). The potential drop across the Gouy-Chapman double layer can be modeled
using the Poisson-Boltzmann equation. This so-called Gouy-Chapman-Stern model
is a commonly used approximation. It however fails to describe effects such as the
adsorption of solvents to the surface.

The above described model does only take into account electrostatic effects. Chemical
reactions which cause the formation of additional charges are not accounted for. There-
fore another model, the so-called site-binding model [2], has to be applied in order to
describe such effects (Figure 3.4 b): H™ and OH™ ions are the only charged species
that are present between the oxide and the OHP, as they are small and not shielded by
water molecules. As in bulk solution, these ions can undergo reactions with acids and
bases. In case of a SiO, surface, there is a large quantity of unsaturated SiOH groups.
These groups are amphoteric, which means they can act as acid or base, by accepting
or donating a H™ ion

SiOH," = SiOH + H*
SiOH = Si0O~ +H™"
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Figure 3.4: a) Dissolved ions (red) in an electrolyte in vicinity of a charged surface (green).
The ions are hydrated by water molecules (blue). These aggregates are attracted to the charged
surface and screen its potential. They form the so-called Gouy-Chapman layer. As the ions
cannot approach the surface closer than the outer Helmholtz plane (OHP), the potential drop is
linear within the Stern layer between surface and OHP. b) Site-binding model: H™ ions may
cross the OHP and bind to O™ groups of a SiO; surface. Adapted from: [6]

These reactions change the potential of the oxide-electrolyte interface. The maximal
potential change is given by the Nernst equation

kT
Ay = 2'37(171{3@*[71-1) (3.16)

Whereas the point of zero charge pHgc is the pH value at which the net surface charge
is zero as the number of SiOH2+ groups equals the number of SiO~ groups. For SiO,,
PHszc =2 [39].

In reality this maximal Ay value of about 59 mV per pH unit at room temperature will
not be reached as the surface SiO groups act as pH buffers and the concentration of
H™ ions near the surface differs from the bulk concentration [40]. In practice, SiO,
surfaces reach a potential difference of about 30 mV/pH [2].

3.4 SiNWs in solution

SiNWs that are immersed into an electrolyte act as ion sensor due to the effects de-
scribed above. During measurements in solution, an electrode immersed into the solu-
tion is used as gate additional to the back-gate. Several parameters therefore influence
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the charge carrier density within the SINW: The voltages applied at the electrode in the
solution and the back-gate, ions in the vicinity of the oxide-solution interface and the
charge of this oxide due to its ability to accept and donate H™ ions.

In a typical transfer characteristics measurement in solution, the SINW is set to ground
(with a small AC voltage applied to measure the current). Therefore, the potential
applied to an electrode in the solution drops across the ion double layers in the vicinity
of the electrode-solution and the nanowire-solution interfaces, the top oxide or the
native oxide at the sidewalls and the depletion layer within the silicon nanowire. The
Back-gate potential drops over the depletion layer in the silicon substrate, the buried
oxide and the depletion layer within the SINW.

Because of the geometry of the nanowires and their small size, any charges induced
from the solution-exposed side walls and the top of the nanowire may not only lead to
the formation of accumulation and inversion layers near the interfaces to the top and
native oxide at the side walls of the nanowire, but will also influence the charge carrier
density at the interface to the buried oxide. Vice versa, the depletion layer caused by the
back-gate may reach throughout the whole SiINW and therefore influences the charge
carrier density near the side walls and the semiconductor-top oxide interface.

The induced charges within the nanowire by a gate electrode are proportional to the
gate voltage and the capacitance over which these charges are induced. Therefore, the
influence of a gate voltage on the charge carrier density in the nanowire increases with
increasing capacitance.

This competition between the back-gate and the solution potentials is therefore influ-
enced by the ratio of the different capacitances. A schematic of these capacitances is
shown in Figure 3.5. Using this simplified approach, which does not take into account
any influences of the back-gate on the side walls of the SINW (assumed to be screened
by the electrolyte) or charges at the oxide-solution interfaces, the total capacitances of
the side walls Cg, the top Cr and the bottom Cp of the SINW are given by

1 1 1 1
— = +— (3.17)
Cp Csww Cgox Cwnw
1 1 1 1
Cs  Cp. Cnox  Cww
1 1 1 1
— + +— (3.19)

CTiCT)L Crox Cnw

with the total capacitance of the liquid double layer C;)L (which is the capacitance of
the Stern and the Gouy-Capman layer; 1/Cp,; = 1/Cpr+1/(0.2Fm~2)) and the capac-
itances of the top oxide, the native oxide at the side walls and the buried oxide, Croy,
Cnox and Cpoy, respectively. Cyw and Cg,;, denote the depletion layer capacitances of
the nanowire and the silicon substrate.
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Figure 3.5: Schematic of different capacitances of a SINW on an electrolyte. Influences of the
back-gate on the nanowire side walls are neglected as well as charges of the solution-exposed
oxide surfaces.

3.5 Redox reactions & Reference electrodes

Many chemical compounds undergo reactions that involve the transfer of electrons.
These so-called redox reactions always involve a compound that is oxidized by do-
nating electrons and one that is reduced by accepting electrons. Each of these two
half-reactions (oxidation and reduction) has a standard potential E°, which is defined
for the case when all compounds have an activity of 1 M at 20° C and 1013 hPa. The
activity a of a compound is given by its concentration times an activity coefficient 7.
In an ideal solution, this coefficient equals unity. In reality, it deviates from unity with
increasing concentration and temperature due to intermolecular interactions.

The potential of a half-reaction depends on the activities of the involved compounds.
Usually, however, the concentration of a compound, but not its activity is known, there-
fore it is convenient to introduce the formal potential E O which incorporates E° and
the activity coefficients.

As potentials are always relative, E? is always given relative to the potential of a ref-
erence electrode. Such reference electrodes provide a stable potential, which ideally
does not depend on the solution that is measured. The internationally accepted primary
reference is the normal hydrogen electrode (NHE), which is a platinum electrode that
is immersed into a solution with [H*]=1 M. Gaseous H, is bubbled into this solution at
a pressure of 1013 hPa. Its potential is given by the redox reaction of hydrogen to H™.
As the NHE is not easy to use, normally other reference electrodes are used, such as
the calomel electrode. It obtains its potential from the reaction of mercury and chlorine
in a saturated KCI (~ 4.5 M) solution:

HgrCl(etecrrode) = Heay, +2C1 (3.20)

(solution) (solution)
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At 20° C, the calomel electrode has a potential of 242 mV vs. NHE.

In order to obtain a stable potential, the concentrations of all compound involved in
the redox reactions have to be constant. Therefore the solution that is in direct contact
to the Hg,Cl, is saturated with KCI. The reservoir containing this solution is part
of the reference electrode and separated by the analyte solution by a porous junction.
This junction allows ionic conduction between the two solutions, but does not allow
appreciable contamination of the analyte solution by the reference electrode solution.

A second type of reference electrodes, mostly based on noble metals, lacks this inte-
grated solution container. The quasi-reference electrode (QRE) is therefore in direct
contact with the analyte solution. The stability of such QRE is usually acceptable for
short measurements, but not guaranteed on a longer term.

3.5.1 Cyclic voltammetry

A commonly used method to determine E " ofa compound is cyclic voltammetry:

In a typical cyclic voltammetry experiment, three different electrodes are brought in
contact with the solution that is being tested: A working, a counter and a reference elec-
trode. The working and the counter electrodes should be as inert as possible to prevent
unwanted side reactions of compounds in the solution with the electrodes. Therefore
materials as platinum and glassy carbon are commonly used.

A measurement is done by sweeping the working electrode potential with respect to
the reference electrode, using a potentiostat with feedback loop. By this potentiostat,
the counter electrode potential is driven to the potential required to establish the de-
sired working electrode potential. During this sweep, redox-active compound in the
measured solution will exchange electrons with the electrodes if their reductions or
oxidation potentials are reached. As the reference potential is fed into the potentiostat
over a high-ohmic input, the majority of the resulting current will flow between work-
ing and counter electrode. A reverse sweep is performed as soon as the initial sweep
ends (Figure 3.6 a). During these sweeps, the current through the working electrode is
measured (Figure 3.6 b).

Let’s assume, only a single compound is present in the analyte. The compound can
exist in its reduced form R and the oxidized form O*. The corresponding reaction is

Ot +e =R (3.21)

Initially only the reduced form R is present in the solution. The measurement starts at a
low potential on the left edge of the cyclovoltammogram. As the potential is increased
and reaches the vicinity of EY of the compound, R will be oxidized to O". This
results in a anionic current (negative in this graph) as electrons flow from the redox-
reactive compound to the anode. A reduction would cause a cationic and hence positive
current. As the potential is swept over E O this current increases. As the oxidation of
R continues, a layer with a lower [R] near the working electrode will form. At some
point, [R] at the electrode surface will be very small, so that the diffusion is the rate
determining factor. This leads to a decrease of the current if the diffusion of fresh R
into this layer is slower than the electron transfer: A peak occurs.
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Figure 3.6: a) Working electrode potential during a cyclic voltammetry measurement. b) Cyclic
voltammogram of a compound, for details see text.

When the scan direction is changed and the potential starts to decrease, [R] at the
electrode surface will be virtually zero and [O™] therefore equals the bulk concentration
of the compound. Therefore, the reverse sweep looks similar to the forward scan, only
this time the currents are cationic and caused by reduction of OT.

The separation of the two current peaks ideally equals 2.3kT /e per transferred electron.
This equals about 59 mV at 25° C.
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Chapter 4

Measurement set-up

During this project, the measurement set-up was gradually improved. The different
versions of the set-up to measure SiINWs in air and in solution will be presented in this
section, as well as the set-up that was used for cyclic voltammetry experiments and the
solutions that were used to measure SINWs.

4.1 Measurements in Air

In order to measure the conductance of a single SiNWs in air, a digital Stanford Re-
search Systems SR830 DSP lock-in amplifier, remotely controlled by a PC was used.
A LabVIEW program was used to sweep the potential of the silicon substrate of the
sample (also referred to as the back-gate), while the current through the SINW was
recorded. For this purpose, the internal IV converter of the lock-in with a gain of 10°
was connected to one contact of the nanowire (which is therefore on virtual ground),
while an AC voltage of 10 mV was applied to the other contact. A DC bias was not
applied between the contacts. Back-gate potentials versus ground were applied by an
auxiliary out channel of the lock-in amplifier. During some measurements, the maxi-
mal potential of + 10.5 V available at these outputs was not sufficient and an additional
amplifier was used to reach voltages up to £ 100 V. In order to prevent high back-gate
leakage currents, a 100 MQ resistor was inserted between the lock-in amplifier and the
back-gate.

Different AC frequencies and lock-in time constants were examined. Time constants
between 10 ms and 30 ms were found to be reasonable small to allow fast measure-
ments but also large enough to obtain a proper signal. The acquisition rate usually was
set 10 times smaller than the reciprocal of the lock-in time constant. As the capacitive
current between back-gate and SINW increases with increasing AC frequency (Figure
4.1 a), the lowest frequency that still showed a low noise level was chosen. The AC
frequency was therefore usually set to 131 Hz or 317 Hz (Figure 4.1 b).

This set-up only allowed the measurement of a single SINW. Comparing different
SiNWs on a sample therefore was only possible by serially measuring the individual
wires. In order to allow the measurements of up to eight SINWs in parallel, two mul-
tiplexer were inserted between the lock-in signal output and the SiNWs and between
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Figure 4.1: a) The capacitive part (i.e. the Y-component of the lock-in output) of the current
through a 100 nm wide and 10 pm long SiNW in air. It linearly increases with increasing AC
frequency. The lock-in time constant was set to 10 ms, the acquisition rate was 10 Hz. b) Transfer
characteristics of the same SiNW at different AC frequencies. The curves are shifted for clarity.
The lock-in time constant was set to 10 ms, the acquisition rate was 10 Hz. The noise level
decreases until a AC frequency of 131 Hz and then remains constant. Except for the noise, the
measured conductance curves are not significantly influenced by changes in the AC frequency.

the nanowires and the signal input of the lock-in (Figure 4.2). As the SiNWs were
now temporary disconnected from the lock-in amplifier, a capacitive current caused by
the buried oxide layer capacitance was measured upon switching between the wires.
In order to avoid any interference with the measurement or damage of the sample, the
drain of each SiINW was permanently connected to the ground over a 1 MQ resistance.
As the Lock-in signal input to the internal IV converter is low-ohmic (about 1 kQ), this
parallel high-ohmic connection to the ground should not significantly interfere with the
measurement, but allow the capacitive current to flow to the ground while the SINW is
not connected to the lock-in. Control measurements in air conducted using the multi-
plexers confirmed that the results were not significantly influenced (Figure 4.3).

4.2 Measurements in Liquids

Measurements in liquid were performed using the same set-up as the measurements in
air with additional components. A liquid cell (home-built by the mechanics workshop)
containing a platinum electrode and a reference electrode was placed on top of the
chip carrier (Figure 4.4), such that the whole SINW sample was covered by liquid.
This cell had a volume of about 0.2 ml. By a remotely controlled pump, liquid could
be transferred from a glass flask that contained the measured solution to this liquid
cell. During all measurements, inert N> gas was led into this flask in order to replace
dissolved oxygen.

During initial measurements the Pt electrode potential was directly swept while record-
ing the potential of the SINW relative to the potential of the reference electrode. A
silver wire, that was directly immersed into the solution, was used as quasi-reference
electrode.
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Figure 4.2: Schematic of the set-up to measure up to eight SINWs in parallel. The lock-in AC
signal is selectively applied to an individual nanowire by the left multiplexer. The other SINW
contact is constantly connected to ground over a 1 MQ resistance. This is necessary as otherwise
charges may accumulate due to the capacitance between the SINW and the back-gate while the
nanowire is not connected to the lock-in by the multiplexer. A second multiplexer finally collects
the current through the nanowire and leads it to the internal IV converter of the lock-in amplifier.
Both multiplexer are always switched simultaneously to the same nanowire.
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Figure 4.3: Transfer characteristics of a 100 nm wide and 10 gm long SiNW in air. There is
no significant difference visible between measurements conducted using multiplexers and mea-
surements without multiplexers. The lock-in time constant was set to 10 ms, the acquisition rate
was 10 Hz. The AC frequency was set to 317 Hz.
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Figure 4.4: Left: Schematic of the liquid cell with a silver wire as reference electrode. An
O-ring ensures a tight connection between chip holder and the liquid cell. Right: The liquid cell
is pressed on the chip holder containing the SINW sample by a metal clamp. In this image, the
hole in the liquid cell side wall to insert the calomel reference electrode is visible.

A more sophisticated set-up was then constructed during this project: A potentiostat
(home-built by the electronics workshop) was used to control the potentials of the dif-
ferent electrodes. Instead of the Ag wire, a calomel reference electrode in saturated
KCI was used (Section 3.5).

A typical measurement was conducted by sweeping the set-point of the potential dif-
ference between the SINW and the calomel electrode using a LabVIEW program that
was written during this project. The potentiostat compared this set-point with the ac-
tual potential difference between calomel reference electrode and SiINW and altered
the voltage applied at the Pt electrode until the set-point was reached (Figure 4.5, ad-
ditional information is provided in the appendix). The reference potential input of the
potentiostat was very high ohmic in order to keep the current through the reference
electrode small. During this potential sweep, the back-gate voltage was kept constant
versus ground. Usually a measurement consisted of several such sweeps at different
back-gate voltages. Between two sweeps, solution was pumped through the liquid cell
for 20 s with a flow rate of about 1 ml per minute. The current through the SINWs,
the voltage applied at the platinum electrode as well as the current flowing through it
and the difference between the set-point and the actual potential difference between the
SiNW and the reference electrode were monitored during these sweeps. Except for the
SiNW conductance, all data that was collected was transmitted via the auxiliary ports
of the lock-in amplifier.

In order to protect the sample, the maximal current through the platinum electrode
could be limited to either 1uA, 10 pA or 10 mA. SiNWs were measured using the first
two modes, the last mode was used to conduct cyclic voltammetry experiments.

The feedback loop of the potentiostat could be adjusted to a bandwidth between 0.1 Hz
and 1kHz. For all solution measurements, an acquisition rate of 3.33 Hz was chosen
and the potentiostat’s feedback loop bandwidth was set to 30 Hz. At this conditions,
the error between the set-point and the actual potential difference between the SINW
and the reference electrode was usually smaller than 1 mV. These 30 Hz are also slow
enough to average out any possible potential fluctuations caused by the AC current
through the SiINWs, which was usually set to 131 Hz.
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Figure 4.5: Schematic of the potentiostat: The voltage applied to the platinum electrode is
altered until the difference between the SINW and the reference electrode potential equals the
set-point. The bandwidth of the feedback loop can be adjusted from 0.1 Hz to 1 kHz. The
potential applied to the Pt electrode as well as the current that flows through it can be monitored
during the measurement. The feedback loop can remotely be turned off by a TTL signal (not
shown in schematic). The current through the Pt electrode can be limited to either 1 uA, 10 pA
or 10 mA.

4.3 Cyclic voltammetry set-up

Another set-up was used to conduct cyclic voltammetry experiments in order to test
the stability of reference electrodes. A solution containing a redox-active compound
was given into a liquid container with a volume of about 5 ml. A platinum electrode
was used as counter electrode, a rod of glassy carbon as working electrode. These two
electrodes as well as the calomel reference electrode were connected to the potentiostat
described above. A LabVIEW program was used to sweep the potential of the working
electrode with respect to the reference electrode by applying the necessary potential at
the counter electrode. During such a sweep, the current through the working electrode
was recorded. N gas was led directly into the liquid cell to replace dissolved oxygen.

4.4 Measurement solutions

Additionally to the measurement set-ups, the solutions in which the sensor capabilities
of SiNWs were examined shall be shortly presented and discussed.

4.4.1 Dilution series

In order to measure the influence of the ion concentration on the SINW conductance,
two different dilution series were prepared. The first dilution series comprised different
concentrations of Dulbecco’s Phosphate Buffered Saline (DPBS). The undiluted DPBS
is an aqueous solution containing 137 mM NaCl, 8 mM Na;POy, 2.7 mM KCl and 1.4
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mM KH,PO4 (or 8 g/l NaCl, 1.15 g/L. Na;POy, 0.2 g/ KCI and 0.2 g/ KH,POy).
This results in an ionic strength of 168 mM. The series was then prepared by recursively
diluting the solution six times by a factor of ten. These solutions will in the following
be named 107> x DPBS, where 107~ denotes the dilution factor compared to the initial
DPBS concentration. The pH values of these solutions varied between 7.0 and 5.8 for 1
x DPBS and 10-% x DPBS, respectively. The deionized water that was used to prepare
the solutions had a pH of 5.9. The pH only remained relatively constant down to 1072
x DPBS. Further dilution measurements were therefore conducted using a series of
aqueous KCI solutions with concentrations between 1 M and 10 uM, which could be
prepared more easily but did not have a pH buffer capability.

4.4.2 pH-buffer series

The pH of aqueous KCI1 and KOH solutions is not stable as those compound are not
able to compensate fluctuations of H™ or OH™ ions, which can be caused by chemical
reactions or dissolved gases in the solution. Solutions whose pH was adjusted by only
using KCl and KOH with concentrations around 10 mM had been used during previous
SiNW measurements [20, 30]. The pH values of such solutions were measured again
several days after they had been prepared with a pH value uncertainty of +0.05. A
solution with initially a pH value of 4 showed a pH of 5.4 and a solution with an initial
pH of 10 had a pH of 9.

In order to guarantee stable conditions, all pH measurements during this project were
therefore conducted using pH buffer solutions. These solutions were prepared accord-
ing to Table 4.1. As an acid-base pair usually covers a range of about 2 pH values,
three different buffering compound were used. The ratio between the acid and its con-
jugated base of the buffering compound (and therefore also the pH of the solution) was
adjusted by adding 100 mM KOH or 100 mM HCI until the pH reached the desired
value with an uncertainty of +0.05.

pH buffer [buffer] [HCI] [KOH]
[mMol/L] [mMol/L] [mMol/L]
3 | KH phthalate 41 18 -
4 | KH phthalate 50 - -
5 | KH phthalate 41 - 18
6 KH,;PO4 47 - 5
7 KH,PO4 39 - 22
9 Na;B407 23 8 -

Table 4.1: Final concentrations of pH buffer solutions. The buffers were prepared by
providing an aqueous solution containing the buffering compound and adding appro-
priate aliquots of HC1 or KOH.
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4.4.3 Cyclic voltammetry solution

The stability of the Calomel reference electrode was measured by cyclic voltammetry
in an aqueous solution of 2.5 mM Ru(NH3)¢Cl3 and 500 mM KCI. The half reaction

Ru(NH3);" +e~ = Ru(NH3)Z" (4.1)

has an E° of 100 mV at 25° C versus NHE [37].
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Chapter 5

Results & Discussion

5.1 Previously fabricated SINWs

Silicon nanowires that had previously been fabricated according to the original fabri-
cation protocol [20] were characterized in air and in solution. Furthermore, the sensing
capabilities of these SINWs were examined. All results presented in this section were
obtained from two previously fabricated SINWs with a length of 1 ym and 10 um,
respectively. Both nanowires were about 100 nm wide.

5.1.1 Characteristics in air

The transfer characteristics of those two SINWSs in air are shown in Figure 5.1. As they
have already been presented [20], they shall only be discussed briefly .

Subthreshold swings and threshold voltages were extracted from these graphs (Table
5.1). Device mobilities for holes and electrons were calculated using the slope of the
linear parts of the conductance graphs and assuming an oxide capacitance of 1.2- 1074

4x107 4107 2a0"f

2x107 b 1x107

Conductance [ﬂ‘w]

Figure 5.1: Transfer characteristics of previously fabricated nanowires with length of 1 um
(left) and 10 um (right). They are plotted in linear (black) as well as in logarithmic (red) scale.
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L :u'dev,h .udev.,e SD SWI VTH,p VTH,n
[um] | [em?/Vs] | [em?/Vs] | [mV/dec] | [mV/dec] [V] [V]

1 56 18;2 120 690 34 4.1

10 388 1000 130 670 4.8 43

Table 5.1: Device mobilities, subthreshold swings and threshold voltages of two previously
fabricated SINWs.

F/m? (Section 3.1.2). The two values for Udeve in case of the shorter SINW were
obtained from the steeper and the flatter slope of the inversion regime, respectively.

Both device mobilities of the 10 um long SiNW were in agreement with usually ob-
served mobilities in the device layer of SIMOX SOI wafers [41]. The Uy, e / Udev,p Tatio
of the 10 um long SiNW was about 2.7, which is similar to the ratio of 2.9 of the drift
mobilities of electrons and holes in silicon [34]. The shorter wire showed much smaller
device mobilities and a ratio of about 0.3. The small ratio as well as the saturation of
the inversion current are probably caused by trap states in the top oxide. It was shown
[20] on similar SiNW:s that at least the saturation could be eliminated by removing the
top oxide. Why this issue only occurred at the shorter nanowire is unknown yet.

The fact that both device mobilities of the shorter SINW were significantly lower than
those of the longer one could be due to the calculation of these values, which involve
the length of the nanowire: As soon as the SINW gets so short, that the resistance
of the leads and the contacts starts to dominate, dG/dVps becomes independent of
the nanowire length. The calculated charge mobility in contrast still decreases with
decreasing wire length as it does not take the leads and contact effects into account.

Both SiNWs had almost identical subthreshold swings in depletion as well as in weak
inversion. They also showed similar V7 values. A detailed analysis of these values
was presented in [20]. In summary, the small Sp and threshold voltages are attributed
to the high quality of the SOI wafer. The large Sy; values could be due to a Schottky
barrier at the interface between the silicon device layer and the aluminum contact pads
when the semiconductor is in inversion.

5.1.2 Characteristics in solution

In order to obtain SiNW characteristics in liquid, the 1 gm long nanowire was mea-
sured in aqueous solutions. The set-up comprising a potentiostat and a calomel refer-
ence electrode was used (Section 4.2). The measurement was conducted by sweeping
the potential difference between the SINW and the calomel reference electrode (will
be referred to as Viegiomer) in steps of 10 mV by applying a potential at the Pt electrode.
The back-gate voltage was set to values of -9,-8...9 V.

When comparing the voltage that is applied to the Pt electrode with Vicyome; at constant
back-gate voltages, a linear dependence with slope of about one is observed. This
means Vegiomer follows the voltage that is applied at the Pt electrode (Figure 5.2 a). For
different back-gate voltages however, the offset between those two potentials is shifting
between 100 and 900 mV. This shift can be explained by the capacitative influence of
the back-gate on the solution, which has to be compensated by the platinum electrode.
As the capacitance of the SINW and the silicon substrate depends on whether they
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Figure 5.2: a) The platinum electrode potential linearly depends on Veyjomer for a given Vpg.
The offset between these two potentials varies for different Vps. b) Contour plot of the depen-
dence of Vp; on Vigiomer and Vpg. As already seen in the left image, Vp; linearly depends on
Veaiomel- The Vpg-dependence however is non-linear. This measurement was conducted in pH 7
buffer solution, using the 1 ym long previously fabricated SINW.

are in depletion, accumulation or inversion, the shift between Vegiomer and Vp; shows a
non-linear dependence on the back-gate voltage, as can be seen in the contour plot in
Figure 5.2 b. As all contour plots presented in this report, it was created directly from
the raw data using the XYZ Contour option in OriginLabs Origin 8.0. If not mentioned
specifically, no smoothing of the contour levels was applied.

Due to this non-linear relation between Vp; and Vegiomer, any slopes or characteristics
of SiNW measurements in solution will appear differently, depending on whether the
conductance is plotted versus Vp; or Vegiomer- As the charge carrier density within the
SiNW is influenced by the potential difference between the nanowire and the solution
(measured by the reference electrode) and not directly by the potential of the platinum
electrode, the characteristics of this SINW in solution will be analyzed using a contour
plot of the conductance versus Vegomer and Vpg (Figure 5.3). This contour plot shows
two regions with a conductivity up to 4 - 10~7 Q! when Vig as well as Vealomer are
driven to negative or to positive values. If these two potentials show opposite signs, the
conductance remains below 1078 Q1.

The highly conductive region at negative Vp; and Vegiomer Shows a contour level kink
at Vpg of around —4 V. On the left-hand side of this kink, the dVegomer/dVag slope of
equipotential lines is very small, on the right-hand side, it increases to a value of about
0.2.

More detailed information is obtained when the conductance is plotted versus the back-
gate voltage for different Vieyjomer (Figure 5.4 a). In accumulation (i.e. Vigiomer =
—1 and —1.5 V), the conductance linearly depends on Vg until about —4 V, then it
becomes much less dependent on V. In inversion on the other hand (i.e. Vegiomer =0
, 0.5 and 1 V), the conductance linearly increases with increasing Vg until 9 V and
does not saturate. This is in contrast to the saturation observed in inversion during
measurements in air (Figure 5.1, left image). This observation supports the assumption
that those parts of the SINW which are exposed to the liquid (e.g. the top oxide) and
not contact effects are responsible for the low inversion conductance in air.
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Figure 5.3: Contour plot of a measurement with the previously fabricated 1 pm long SINW
in 10 mM KClI solution. The conductance is plotted as colors versus Vgg and Vegiomer- The
potential difference between the calomel reference electrode and the SINW was swept by apply-
ing the necessary potential to a Pt electrode, using a potentiostat. The contour plot shows two
highly conductive regions when both gates potentials are negative or when both are positive. In
this contour plot, negative conductance values that occurred at low conducting regions due to
fluctuations, were set to zero.

When the SiNW conductance is plotted versus Vegomer (Figure 5.4 b), two almost
identical curves at Vgg = —9 V and —6 V are observed (this corresponds to the small
dVeatomer /dVpg ratios of equiconductance levels in the contour plot). This demonstrates
the dominance of the platinum electrode over the back-gate in this region. Vrg caomer
at these back-gate voltages was around -0.8 V. At less negative back-gate voltages,
VrH calomer Tapidly shifts to more negative values and the slope decreases. In inver-
sion (i.e. Vgg =6 V and 9 V), the slope is significantly smaller than in accumulation,
but similar for both back-gate voltages. In accumulation as well as in inversion, the
conductance does not saturate.

A comparison of Figure 5.4 a and b shows that dG/dVcgomer is four to seven times
larger than dG/dVpg.

In order to analyze this results, the influence of both gates has to be considered: The Pt
electrode as well as the back-gate are simultaneously used to influence the conductivity
of the SINW. Each of these gates is individually able to drive the SINW into depletion,
accumulation or inversion. In a hypothetical system where these two gates do not
interfere, accumulation or inversion would be expected if one of these gates is set
below its threshold voltage for accumulation or above its threshold voltage for inversion
(Figure 5.5 a). In case of SINWs with a width and height similar to the screening length
in silicon, the back-gate as well as the Pt electrode is able to influence the charge carrier
density throughout the SiNW. Therefore, accumulation and inversion are expected if
the combination of Vgjomer and Vpg allows these regimes (Figure 5.5 b). In this case,
the dVearomer /dVae slope of the equiconductance levels is proportional to the coupling
efficiency of the back-gate relative to the Pt electrode. In case of a p-doped SiNW,
accumulation is expected to occur towards more negative gate voltages than inversion.
This model does not take into account any influences of the leads or the contacts.
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Figure 5.4: a) Conductance of the SINW versus the back-gate voltage at different Vyome;- For
Veatomet < —1'V, the nanowire is in accumulation. However, the conductance is only high if the
back-gate also drives the parts of the leads that are sealed by epoxy into accumulation. The same
behavior is observed in the inversion region at Vgiomer = 0 V. In contrast to the measurements
in air, a saturation of the inversion conductance was not observed. b) The SiNW conductance
versus Veuomer at different Vg shows linear dependence in the accumulation as well as in the
inversion regime. A saturation is not observed.

The measured conductance partially shows this expected behavior. However, in accu-
mulation the dVeaiomer /dVpe slope of equipotential lines suddenly increases at a Vg of
around —4 V. This back-gate voltage is similar to V7y , measured in air. This behavior
is therefore attributed to those parts of the silicon leads that are sealed by expoy and
thus are not influenced by the Pt electrode. If these parts are driven into depletion or
into the opposite regime than the parts covered by the solution, the conducing charge
carrier layer between source and drain contacts is interrupted by a lack of charge car-
riers in the first case or a p-n junction in the latter (Figure 5.5 c). This should however
cause an infinitely large dVegiomer /dVise slope of equipotential lines, as the Pt electrode
should have no influence on this effect. The measured large, but finite slope on the
right-hand side of the kink indicates that the Pt electrode still has limited influence
within this voltage range. A possible cause could be that the epoxy coating is not
completely impermeable to the solution.

In contrast to the accumulation region, the situation is less clear in inversion. This
could be due to additional influences, such as Schottky barriers at the contacts.

In summary, these measurements suggest that the analysis of solution measurements
requires a stable reference potential, as the Pt electrode voltage non-linearly depends
on Vpg and therefore can’t be used to analyze SiNW characteristics in solution. Fur-
thermore, those parts of the contacts that are sealed by epoxy strongly influence the
conductance of the sample in inversion (at least within the measured potential range)
as well as at those parts of the accumulation region where Vg is in the range of Vry ),
measured in air. In accumulation at Vg well below Vry g, the influence of the plat-
inum electrode and therefore most probably also the conductance of the nanowire dom-
inates.
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Figure 5.5: Schematics of conductance versus Vegomer and Vg contour plots, as expected
for dual-gated solution measurements of different systems: a) Contour plot in case of a system
with two non-interfering gates. Accumulation and inversion are expected when one of these
gates is driven below Vrp j, or above Vry ,. b) Expected behavior of a p-doped SiNW, without
considering the role of the leads or contact effects. Accumulation (denoted by p) is expected
at more negative gate voltages compared to inversion (n). ¢) Schematic of the expected SINW
conductance: Those parts of the silicon leads that are sealed by epoxy lead to a suppression of
the current through the SINW whenever they are driven into depletion or the opposite regime
compared to the SINW and the parts of the leads that exposed to the solution (these situations are
denoted as p|n|p and n|p|n). When the leads and the SiNW are both in accumulation or inversion
(p|p|p and n|n|n), a high conductance is measured. This should lead to a sudden change of the
dVeaiomet /dVBe slope of equipotential levels at back-gate voltages that are similar to the thresh-
old voltages when the SINW is measured in air (indicated by blue dashed lines). The measured
conductance corresponds to this graph in accumulation. However, although the dVcyomer/dVag
slope of equipotential levels on the right-hand side of the kink is considerably larger than the
slope on the left-hand side, it is still not nearly close to the expected infinitely steep slope. In
inversion, the measured conductance differs from this graph. This could be due to influences that
were not considered, such as Schottky barriers at the contacts.
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5.1.3 Sensing capability of previously fabricated SiNWs

After the general SINW characteristics in solution have been discussed, the sensing
capability of these SINWs shall be examined. Unfortunately, these previously fab-
ricated nanowires rapidly degraded after few weeks of solution measurements, such
that new SiNWs had to be fabricated soon after the modified set-up was ready to use.
For this reason no systematic pH or concentration measurements could be conducted
with these SINW and the improved set-up. Therefore, earlier measurements conducted
using these previously fabricated SINWs and the initial set-up will be presented.

Such measurements were performed by directly sweeping the platinum electrode po-
tential while measuring the potential difference between the SINW and a silver wire
(will be referred to as V4,). This set-up had a major drawback: The silver wire was
directly immersed into the measured solution and acted as a quasi-reference electrode.
Therefore the stability of this reference potential at a changing ion concentration or dur-
ing longer measurements, where any molecules present in the solution might adsorb at
the silver wire, is very questionable.

These reference potential shifts are especially problematic during pH measurements,
as a pH change of the solution is expected to shift the threshold voltages relative to
the reference potential. For this reason, a stable reference potential is essential. This
issue was already observed during previous pH measurements that were conducted
using the same set-up and that already have been presented [20]: Vrp 4, shifted up to
around 200 mV per pH unit, which is much more than the 59 mV predicted by theory
(Section 3.3). The threshold voltage sometimes even shifted in the opposite direction
than theoretically expected. These results indicate that these shifts are not only due to
pH changes, but probably either originate from hysteresis effects in the SINW or from
reference potential shifts.

Another limitation of this set-up is the fact that the platinum electrode potential was
swept directly, which means that any graph of V4, will be an interpolation and an exact
data analysis is therefore not always possible (the modified set-up does not suffer from
this issue as the potential difference between the SINW and the reference electrode is
linearly swept using the potentiostat).

As mentioned above, pH measurements using the initial set-up were not very informa-
tive and therefore won’t be presented again. Ion concentration measurements that were
conducted using the initial set-up might give more information and therefore will be
presented and analyzed, keeping the limitations of this set-up in mind.

5.1.3.1 Influence of the solution concentration

The concentration of dissolved ions is an important parameter when measuring SiNWs
in solution [24, 25]. The capacitance of the ion double layer in the vicinity of the
SiNW oxide surfaces increases with increasing ion concentration (Section 3.3). As the
Pt electrode potential influences the charge carrier concentrations in the SINWSs via this
capacitance (Section 3.4), the influence of the Pt electrode relative to the back-gate is
assumed to increase with increasing ion concentration.

Moreover, in case of functionalized SiNWs, the ion concentration is crucial. Such
nanowires sense the change in the electric field due to the binding of specific molecules,
for example a ligand or complementary RNA. The distance between these bound molecules
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and the nanowire surface is typically several nm. If Ap is smaller than this distance,
all charges of the molecule will be screened and the nanowire won’t detect the binding
of this molecule [24]. Therefore usually low ion concentrations are chosen for such
measurements.

The 1um long SINW was measured in a dilution series of DPBS. Seven solutions from
undiluted (1 x) to 10~ times diluted (10~° x) DPBS were used. Contour plots of these
measurements are presented in Figure 5.6. These measurements were conducted by
sweeping the Pt electrode potential in steps of 10 mV at back-gate voltages of -9, -§ ...
2 V. The Conductance of the SINW is plotted versus the Ag wire reference potential
and the the back-gate voltage. At the chosen voltage range the accumulation region
of the nanowire was measured. As described before, two different dV,,/dVpe slopes
of equiconductance levels were observed, with a more or less sharp kink at around
Vpe = —4 V. These two slopes were manually extracted by determining the AV, /AVpg
ratio for each DPBS concentration at a conductance of 1.5- 1077 Q! (Table 5.2). This
ratio is a measure for the relative coupling efficiency of the back-gate compared to the
platinum electrode gate.

The steeper slope at the right-hand side of the kink slowly increased with decreasing
concentration. The AV, /AVp ratio on the left-hand side of the kink showed much
stronger dependence on the solution concentration between 107> to 10”2 x DPBS and
remained almost constant at higher and lower concentrations. This slope varied be-
tween 0.12 and 0.02, which means the Pt electrode gate was between eight and fifty
times as efficient as the back-gate.

In order to estimate the error induced by the Ag wire reference potential shifts, Vry 44
was determined at back-gate voltages of -5, -7 and -9 V for all DPBS concentrations
(Figure 5.7). Vry a, at all three back-gate voltages strongly varied, especially at higher
concentrations. These shifts do not correlate to the shift of the AVy, /AVpg ratio. The
ratios of the three highest concentrations for example were almost identical in contrast
to the threshold voltages. Furthermore, the shifts do not seem to correlate with the
solution concentration. As any baseline subtraction is therefore not possible, these
shifts won’t be accounted for during the analysis. A comparison with theory will show
if these measurements provide any information anyhow.

In the following, the less steep dV4,/dVpe slope on the left-hand side of the kink will
be mainly discussed, as the steeper part is assumed to be strongly influenced by the the
partially sealed leads.

In order to compare these slopes with the simple capacitance model presented in Sec-
tion 3.4, the values of all involved capacitances were calculated for all solution con-
centrations. The double layer thickness and capacitance for each solution is shown in
Table 5.2. They were calculated using equation 3.14 and 3.15, with & =~ £g,0 = 80.1
and I;,ppps = 168 mM. The SINW as well as the silicon substrate were assumed to be
in accumulation with a very small depletion width, therefore their capacitances were
neglected. The different oxide capacitances were calculated assuming a buried oxide
thickness of 150 nm, a 3 nm thick native oxide layer and a top oxide thickness of 50
nm (the top oxide becomes thinner during the fabrication, see Section 2.1.4). The to-
tal capacitances of the top, side and bottom of the SINW, Cr, Cs and Cp were plotted
versus the solution concentration (Figure 5.8 a). Cr as well as Cs exceed Cp at all
concentrations between 107 and 1 x DPBS. Therefore, the influence of the platinum
electrode potential is expected to dominate the SINW conductance at all measured con-
centrations. The ratios Cg/Cs, Cg/Cr and Cg/(Cr + Cs) were then plotted against the
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Figure 5.6: Contour plots of measurements with the 1 gm long SiNW in DPBS solutions.
These measurements were conducted by directly sweeping the platinum electrode using the ini-
tial set-up. A silver wire acted as quasi-reference electrode. The top-left graph was obtained
in undiluted DPBS, the following measurements were conducted in diluted DPBS with a dilu-
tion factor of 10 between each solution, down to a dilution of 107°. Two AV, /AVp ratios per
DPBS concentration were determined at a conductance of 1.5- 1077 Q~!. These two slopes are
indicated by white dashed lines for 10~° x DPBS. Contour level smoothing was enabled at all
these plots.
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Figure 5.7: Threshold voltages relative to the silver wire potential at different DPBS concen-
trations.

Solution left slope right slope Cpr, Ap
[ x DPBS] ( AVig/AVie) (AViag /AVie) [F/m?] [nm]
1 0.02 0.15 9.5-10°T 0.75
1071 0.02 0.27 3.0-107T 2.4
1072 0.02 0.27 9.5-1072 7.5
1073 0.05 0.30 3.0-1072 24
1074 0.08 0.30 9.5-1073 75
1073 0.12 0.30 3.0-1073 240
107 0.10 0.32 9.5.10°% 750

Table 5.2: AV,g/AVp ratios, double layer capacitance and thickness (equals the Debye length)
for different DPBS concentrations.

solution concentrations (Figure 5.8 b). Of course, these ratios do not accurately de-
scribe the situation, as the top oxide area is smaller than the side wall areas and the
SiNW-BOX interface. Nevertheless, the measured AVy, /AVpg ratios left of the kink
are close to the Cg/(Cr + Cs) ratios. Between 10~> and 10~ x DPBS however, the
capacitance ratios increase steeply while the measured ratio decreases. This could be
caused by several influences that are not considered in this simplified model, such as
the influence of the back-gate on the side and top walls of the SINW, charges within the
oxide layers and at the oxide-solution interfaces and the geometry of the nanowire and
the parts of the leads that are exposed to the solution. Despite of the differences be-
tween the expected and the observed values at low concentrations, these measurements
can qualitatively be explained by this simple model. This suggests that this SINW is
indeed capable of sensing the ion concentration of a solution.
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Figure 5.8: a) Capacitances of a SINW in solutions for different DPBS concentration. These ca-
pacitance values for the top, side and bottom interfaces of the SINW, Cr, Cg and Cp, respectively,
were obtained using a simplified model described in Section 3.4. b) Ratios of these capacitances
and comparison with the measured AVy, /AVp ratios.

5.1.4 Stability of SINWs and the calomel reference electrode

As shown above, the initial measurement set-up led to strongly shifting threshold volt-
ages during solution measurements. The modified set-up, comprising a calomel refer-
ence electrode and a potentiostat, promises smaller reference potential fluctuations and
therefore enhanced reproducibility of solution measurements.

In order to examine the improvements due to the modified set-up, the conductance
stability of the 10 gm long nanowire was measured during four hours in pH 7 buffer,
by sweeping Veaiomer at Vpg = —5 V (Figure 5.9 a).

These measurements show the stability of the whole system, including the SINW and
the reference electrode. In order to reveal the stability of the reference electrode, the
cyclovoltammogram of Ru(NH3)sCls was measured versus the calomel reference elec-
trode before and after this SINW measurement (Figure 5.9 b). Additional cyclovoltam-
mograms were measured during a period of several weeks.

The SiNW stability measurements show a Vry caiomer shift of about 75 mV during four
hours, whit a maximal shift of 33 mV per hour.

The cyclovoltammograms on the other hand demonstrate the stability of the calomel
electrode. The peaks and therefore also the measured E 0" of the ruthenium compound
of -210 mV versus the calomel electrode shifted about & 5 mV within several weeks.
Furthermore, there was no difference between the voltammograms that were measured
before SINW measurements and those measured afterward. This means that at least 65
mV of the Vrg catomer shift have to originate from the SINW itself.

It is known that ions are able to adsorb onto oxide-electrolyte interfaces, especially in
accumulation, where negative gate voltages attract small cations such as K™ [42, 43].
Such a charging of the oxide layers would cause a V7 caiomer shift as it is observed.
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Figure 5.9: a) The stability of Viy caiomer Was examined by measuring the previously fabricated
10 um long SiNW several times in pH 7 buffer solution during a time period of 4 hours. A shift
of maximally 33 mV per hour was observed. b) Cyclovoltammogram of the ruthenium complex
versus the calomel reference electrode. Such voltammograms were taken during several weeks,
before and after measurements with SINWs. During this period, the peeks shifted about +£ 5 mV
(inset).

5.2 Characterization of recently fabricated SINWs

5.2.1 Nanowires characteristics on air

In the following section, the characteristics of recently fabricated SiNWs using the
modified protocol (Section 2.1) will be presented and compared to the nanowires that
had been fabricated previously. First, the transfer characteristics in air shall be dis-
cussed. A typical transfer characteristics sweep is shown in Figure 5.10. Vry , and
Vru » were determined as -16.7 and 2.9 V from the linear plot (black). By using the
slope of the same plot and an oxide capacitance of 1.2- 10~* F/m?, the device mo-
bility was calculated to be 152 cm?/Vs for holes in accumulation and 260 cm?/Vs for
electrons in the linear part of the inversion regime just above Vrg ,. While the mobil-
ity remained fairly constant at the accumulation side, it drastically dropped to about
20 cm?/Vs in the inversion regime at back-gate voltage above 5 V. A subthreshold
swing of 2.2 V per decade in depletion and 1.0 V per decade in weak inversion was
obtained from the logarithmic plot (red). The accumulation conductance reached val-
ues of about 2-10~7 Q~!, whereas the inversion conductance reached values of about
8-107% Q~!. Furthermore, a small conductance peak within the depletion region was
observed around -7 V.

These values significantly differ from those obtained from the previously fabricated 10
um long nanowire. The most significant difference was observed at the accumulation
regime, where Vry , is around 12 V more negative and [l about a third of the
previously measured value. Moreover, Sp was about 17 times larger. The high Vry
and subthreshold swing in depletion indicate a significant higher trap state density at
the recently fabricated nanowire.
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Figure 5.10: Logarithmic (red) and linear (black) plot of the transfer characteristics of a recently
fabricated silicon nanowire with a width of 100 nm and length of 10 um.

The inversion side on the other hand is similar to the one of the 1 um long previously
fabricated nanowire, although with a higher electron device mobility, which was how-
ever still much smaller than the mobility observed at the previously fabricated 10 pm
long SINW.

5.2.1.1 Geometry

The transfer characteristics in air of all functioning nanowires of a sample after bonding
are shown in Figure 5.11. They were all 10 um long, but had different widths from 100
nm to 1pum (Section 2.1.1). These measurements were done before applying epoxy.

The three thinner nanowires show similar behavior, whereas the widest SINW shows
no accumulation current at all, but very high depletion and inversion conductance. This
behavior had not been observed before the nanowire was bonded. It is therefore most
probably due to damages in the silicon device layer or the gate oxide caused by too
much pressure applied on the contact pads while bonding.

When the three thinner SINWSs are compared, a Vry p shift towards smaller voltages is
observed with increasing width, especially between 100 and 125 nm width. Further-
more, the transconductance dG/dVp¢ increased by a factor of 1.2 between these wires,
whereas it is almost identical for the 125 and 150 nm wide wires.

The Vry p shifts suggest that surface charges of the side walls have significant influence
on the conductance of the nanowire: With decreasing width, this influence increases,
hence Vrp ), increases. This is in agreement with results obtained from previously fab-
ricated SINWSs [20], as well as with the reported width-dependence of SOI-based SINW
conductance up to about widths of 150 nm [27] and the dependence of the conductance
of SOI-based Si nanoribbons on their thickness [15] (in this case, the surface charges
on the top of the ribbons influence Vrg).

In inversion, Vg shifts much less, but it is the saturation conductance which increases
with increasing width, except for the 125 nm and the 150 nm wide nanowires, which
show about the same saturation conductance. The fact that this conductance is not con-
stant for all widths, might again indicate that this saturation is caused by the nanowire
itself instead of the leads or the contacts.
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Figure 5.11: Transfer characteristics in air of a recently fabricated SINW sample, measured
after bonding, but before epoxy was applied. The widest nanowire was probably damaged during
the bonding. | Vry, » | decreases and Ugevp increases with increasing width, whereas Vry

remains relative constant.

However, even if most observations made during the above presented nanowire mea-
surements somehow fit into the picture, the number of measured nanowires is probably

too limited to draw any final conclusions.

5.2.1.2 SiNW Stability in air

After applying the epoxy, only the 100 nm wide SiNW survived. During the period
of ten days, the transfer characteristics of this nanowire (now sealed with epoxy) were
measured several times in air (Figure 5.12), usually before and after solution measure-
ments. The inversion side of the graph turned out to be more stable, with a Vry shift of
maximally about 5 V. The saturation conductance was relatively stable throughout this
measurement series. At the accumulation side, the device mobility varied significantly
and Vg shifted about 10 V.

This variations of Vry and the device mobilities confirm the concerns about the inter-
pretation of the measurements of SiNWs with different widths.

5.2.2 Characteristics in solution

All solution measurements with the recently fabricated 100 nm wide SINW were per-
formed using the modified set-up comprising a calomel reference electrode and the
potentiostat. Contour plots of such a measurement in pH 7 buffer are shown in Figure
5.13. Veaiomer Was swept from -2 V to +1.5 V in steps of 10 mV at back-gate volt-
ages between -30 and +22 V in steps of 4 V. In contrast to the previously fabricated
SiNWs, a highly conductive accumulation region was not found in the measured poten-
tial window. The inversion region on the other hand already began at Viyjome; around
-1.7 V. As already observed at the accumulation region in contour plots of previously
fabricated SiNWs, the inversion conductance suddenly decreased at Vg = 8 V, which
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Figure 5.12: Transfer characteristics in air of a recently fabricated 100 nm wide SiNW, mea-
sured during a time period of 10 days. Vry p, Vru,, as well as the device mobilities strongly
vary between different measurements.

leads to a kink of AVcajomer /AVie at constant conductance in Figure 5.13 a. As already
discussed before, this is attributed to the parts of the sample that are not in contact with
the solution. A AV¢uiomer/AVse ratio of 0.1 was manually extracted at 4 x 1078 Q!
from the less steep slope on the right-hand side of the kink. The slope on the left-hand
side of the kink was so steep, that the AVeyjomer/ AV ratio could not be determined.
This slope was also much steeper than the corresponding slope observed at previously
fabricated SiNWs. It is in good agreement with the expected nearly infinitely steep
slope due to a p-n junction within the leads (Figure 5.5).

As observed previously, the calomel reference potential nicely followed Vp, at constant
Vii. The offset between these potentials remained relatively constant at a value of 300
mV at positive back-gate voltages and then linearly increased with decreasing Vg up
to 650 mV (Figure 5.13 b).

The current through the platinum electrode usually remained between around + 380
and - 130 nA (Figure 5.13 ¢).

The conductance in dependence of Vpg at constant Vigomer shows no saturation in
inversion at negative Ve omer Values (Figure 5.14 a). At positive calomel potentials, the
slope of the inversion conductance only starts to become smaller close to the maximal
applied back-gate voltage. The almost identical curves at Vigjomer of +1 and +1.5 V
show the small influence of the Pt electrode gate at this voltages.

When the conductance is plotted versus Vegiomer (Figure 5.14 b), a saturation is visible
at all Vg values. The conductance near saturation become quite unstable.

These observations show that within the applied potential ranges, the conductance of
the SINW in solution is significantly influenced by the back-gate. The Pt electrode is
only about 10 times as efficient as the back-gate which is five times less than observed
in the accumulation region of previously fabricated SINWs at a similar ion concentra-
tion (Section 5.1.3.1). Furthermore, the conductance becomes almost independent of
Veaiomet at Veaiomer > 0 for all back-gate voltages within the measured range.
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Figure 5.13: Contour plots of a measurement with a 100 nm wide recently fabricated SINW in
pH 7 buffer solution. a) The G vs. Vg and Vyiomer plot shows a region with high inversion con-
ductance, but no accumulation region. b) Vp, linearly follows Vyjomer at constant Vg, but with
altering offset depending on V. c) Current through the Pt electrode during the measurement.
This data was plotted using contour level smoothing.
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Figure 5.14: a) Conductance versus Vg at different Vg omer- The slope of the conductance
starts to decrease at high Vpg values for positive Vegomer- b) Conductance versus Vegrome -
The inversion conductance already increases at high negative Vyjomer Values. The conductance
saturates at all measured Vg values.
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5.2.3 Concentration series & Capacitances

In order to test the sensing capabilities of this SINW, the inversion region was measured
in aqueous KCI solutions with concentrations of 10 uM, 1mM and 1 M. Vegiomer Was
swept in steps of 10 mV from -1.5 V to 2 V at Vpg of 0, 2....20 V. Contour plots of
these measurements are shown in Figure 5.15.

The AVcaiomel/AVae ratio at 41078 Q! was extracted manually from the contour
plots. All three concentrations showed a ratio of 0.13 at the right-hand side of the kink.
Not only the ratios were identical, but also the Vrg caiomer Of these solutions at all Vg
were similar, with a shift of maximally about 50 mV (Figure 5.16).

A second series of measurements that was conducted some days later using the same
solutions and SiNW, showed no AVcuiomer/AVp dependence on the concentration as
well and therefore confirmed the results of these measurements.

The ionic strength of the KCI concentrations used during these measurements corre-
spond to those of 6- 107> x DPBS to 6 x DPBS. Comparing these results with those
of the previously fabricated SINWS, AViyomer/AVBG is expected to decrease at least
between 10 uM KCl and 1 mM KCI. The ratio of about 0.13 observed at this measure-
ment series is similar to the value obtained from the previously fabricated nanowires at
1073 x DPBS.

The observed concentration independence within the measured concentration range
could indicate a different ratio between the capacities Cr, Cs and Cp compared to the
previously fabricated SINWs. This could possibly lead to a concentration dependence
only at higher or lower concentrations than the 10 uM to 1 M KCl range. This seems
however improbable as the thickness of the top and buried oxide were measured to be
quite homogeneous throughout the wafer (Section 2.1). The results could also indicate
that the inversion conductance of this nanowire is dominated by any other effects such
as trapped charges or contact resistance. In this case, the SINW would not be suitable
as a sensor.

vCaIOmeI [V]

Figure 5.15: Contour plots of a recently fabricated 100 nm wide nanowire in aqueous solutions
with KCI concentrations of 10 uM, 1 mM and IM. The AV 4jomer/AVpe ratios do not depend on
the ion concentration.
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Figure 5.16: Conductance versus Vegjomer at Vg = 14 V for different KCl concentrations. The
Conductance was very similar for all concentrations, with a maximal V7g caomer difference of
about 50 mV.

5.2.4 pH measurements

After the concentration measurements could not prove the sensing capability of the
recently fabricated SINW, its response on a pH change of the measured solution was
examined. Buffer solutions with pH 3 to 9 were measured in random order. Two of
such measurement series were conducted at two different days, the first with pH 4, 7
and 9 buffer solutions, the second with pH 3,4..7 and 9 buffer solutions. Vegiomer Was
swept in steps of 10 mV from -1.5 V to 2 V in at back-gate voltages of 0, 2..20 V.
Contour plots of these measurements were almost identical to those already presented
above and will therefore not be shown. Vry caiomer Was determined for each pH value
at Vg = 8, 14 and 20 V (Figure 5.17 a). These Vry caiomer values of all pH buffer
solutions relative t0 Vry cqiomer at pH 4 are shown in Figure 5.17 b. Theoretically, a
VrH Calomer Shift towards more positive voltages is expected with increasing pH value.
This is due the increasing number of negatively charged SIOH™ groups on the oxide
surface with increasing pH (Section 3.3). Therefore a more positive liquid potential has
to be applied in order to drive the SINW into inversion. The shift observed during both
measurement series is mostly in agreement with theory. However, during the second
measurement series in pH 3..9 buffer solutions, Vg caiomer did not significantly shift
between pH 5 and 7. The average Vry caiomer sShift was 30 and 25 mV/pH at the first and
second measurement series, respectively. This is about half of the maximal reachable
value of 59 mV/pH. This average shift is however in good agreement with the usually
observed shift of around 30 mV per pH unit for SiO, [2]. Individual shifts exactly
reached 59 mV/pH (pH 7 to 9). Shifts larger than this maximally expected value were
not observed.

In order to test the significance of these results, the pH 5 buffer solution was measured
four times during the second measurement series. G vs. Vegiomer plots at Vg = 14 V of
these measurements are shown in Figure 5.18 a. The right image shows the Vrg caomer
shift relative to the first measurement. These shift reached values of up to 90 mV, which
is more than halve of the V7y caiomer shift measured between pH 3 and pH 9. This was
however only one measurement, the three other measurements showed a shift of less
than 40 mV.
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Figure 5.17: Recently fabricated 100 nm wide SiNW measured in pH buffer solutions. a)
Conductance versus Veaomer at Vpg = 14 V. The Vry cajomer shift is indicated by dashed black
lines. b) Vry calomer values of both pH measurement series at Vpg = 8, 14 and 20 V, relative to
VrH Calomer at pH 4. The dashed black line indicates the maximal reachable value of 59 mV/pH.
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Figure 5.18: Measurements in pH 5 buffer in order to determine the stability of a recently
fabricated 100 nm wide SiNW. a) G versus Vcgomer at Vpg= 14 V. The Vry caiomer shift is
indicated by dashed black lines. b) Vrg caiomer shifts during these four measurements.

Concluding, it could be said, that this recently fabricated SINW, measured using the
modified set-up with potentiostat and Calomel reference electrode, indeed is capable

of sensing pH changes. Issues such as relatively high shifts between measurements at
the same pH however still remain.
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Chapter 6

Conclusions & Outlook

Using previously fabricated SiNWs, a influence of the ion concentration of the mea-
sured solution on the SINW conductance was observed. The coupling efficiency of the
electrolyte-gate relative to the back-gate increased from a factor of ten at 10~® x DPBS
to fifty at 1 x DPBS. These results were in good agreement with values obtained from
a simple model considering capacitance ratios during SINW measurements in solution.

After initial issues, new SiNWs were successfully fabricated. Their characteristics
however deviated from the previously fabricated SiNWs. Particularly, no highly con-
ductive accumulation region was observed during measurements in solution. As the
number of functioning SiNWs was very limited and only a single SINW could be ex-
amined in solution, it is however not clear, whether the difference in characteristics
stems from the modified fabrication protocol or if it is due to sample-to-sample varia-
tion.

The pH sensitivity of these recently fabricated SiNWs could be demonstrated with a
voltage shift of 25 to 30 mV/pH, which is in line with reported values for SiO,-coated
ISFETs [2]. These measurements were only possible due to the improved stability of
the measurement set-up by implementing a calomel reference electrode and a poten-
tiostat to control the electrode potentials. This significantly reduced threshold voltages
shifts in solution compared to measurements conducted with the initial set-up compris-
ing an Ag wire quasi-reference electrode. However, threshold voltage shifts were still
in the order of tens of mV during measurements at constant pH and ion concentration.
This is probably due to trap states within the oxide that originate from the fabrication
process or due to ion adsorption onto the oxide-electrolyte interface. SINW measure-
ments in air before and after measurements in solution also showed strongly varying
Vrg values and therefore supported this assumption.

An important step to increase the stability and reliability of SINW sensors will therefore
be to remove the top oxide and the native oxide at the SINW side walls and to oxidize
these surfaces in a controlled manner in order to obtain homogeneous, well-defined
semiconductor-oxide interfaces. Furthermore, by using lithography, the leads could
completely be covered with a dielectric. That way, only the SINWs would be exposed
to the solution, which would facilitate the interpretation of measurement results and
decrease the sample-to-sample variation due to the manually applied epoxy.
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The statistical analysis of measurements of several SINWSs in parallel would be another
method to further increase the significance of measurement result. Such sensor arrays
decrease the influence of fluctuations of single sensors and therefore enhance the sen-
sitivity and reliability [10, 44]. By adding multiplexers to the measurement set-up, a
first step towards SINW array measurements has been done during this project.

Besides these suggested modifications for the near future, there is still a long way to go
in order to reach stable and reliable fully integrated SINW sensors. The most notewor-
thy challenges ahead will be the integration of the reference and platinum electrodes
on the chip [45], as well as control of the local temperature and fluid flow.
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Appendix A

Fabrication issues and protocol
details

A.1 Issues of the initial protocol

The initial fabrication protocol used a combination of UV and e-beam lithography to
pattern the SINWs and their leads [20]. A chromium film was deposited by evapora-
tion after each of these subsequent lithography steps. This led to a height step within
the metal film at the intersections of those two patterns. For unknown reasons, the
chromium layer showed a small crack at exactly this step. This crack was then trans-
ferred to the silicon dioxide top layer and finally the silicon device layer by plasma and
TMAH etching, respectively (Figure A.1). This usually led to a complete disconnec-
tion of all nanowires of one sample. Interestingly, these cracks only occurred at one
lead per nanowire and always at the same side within a sample.

This leads to the conclusion that an anisotropy either during evaporation or the UV
lithography probably caused this effect. This problem was avoided by patterning the
SiNWs as well as the leads by e-beam lithography. As a positive side effect, this change
also eliminated one evaporation step and the time consuming alignment of UV and e-
beam lithography masks.

Another critical fabrication step was the wet etching of the silicon device layer. As
the TMAH etch rate of silicon is very sensitive to several factors such as flow rate,
temperature and concentration [33], it is important to accurately control these param-
eters. Initially the samples were just thrown into the liquid without any control about
their orientation. Usually they were sticking to the glass walls of the beaker and were
eventually dragged into the stirrer by the liquid flow. This often led to severe scratches
on the samples, which usually rendered them unusable. To prevent this problem, teflon
tweezers that held the samples at a fixed place were constructed by the mechanics
workshop. Furthermore, these tweezers led to a higher stability of the etch rate.
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Figure A.1: SEM images of cracks in the top oxide and Si device layer of SINW leads. These
cracks occurred at the intersection of UV and e-beam lithography.

A.2 The modified protocol

1. Chrome mask

(a) Clean sample: 5 min sonication in acetone and isopropanol, UV/ozone for
10 min and 5 min sonication in acetone and isopropanol again.

(b) Spin coat 950k-PMMA from chlorobenzene at 4000 rpm for 40 s. Adjust
PMMA concentration, such that the layer has a thickness of 320 nm. Bake
for 30 min at 170° C.

(c) E-beam lithography (JEOL JSM-IC 848 with Raith ELPHY Quantum soft-
ware) at 35 kV acceleration voltage and following exposure parameters:

| Parameter | Large mask | Small mask |
Area dose [iAs/cm?] 400 400
Line dose [uAs/cm] - 2400
Ares step size [nm] 256 10
Line step size [nm] - 2
Probe current [A] 10°° 1010

Table A.1: e-beam exposure parameters

(d) Develop for 90 s in MIBK:isopropanol 1:3, wash in isopropanol.

(e) Chromium evaporation (Balzers-Pfeiffer PLS 500): 60 nm, at about 5- 10~/
mbar and 0° C. Deposition rate about 0.2 nm/s.

(f) Lift-off for 1h in acetone at 45° C.

2. SiO; plasma etch (Plasmalab 80 Plus): All steps at 25 mTorr and a base pressure
of 5-107> mbar.
(a) 2 min, 16 % O,, 100 W
(b) 1 min30s,40 % CHF; +2 % O,, 100 W
(¢) 2 min, 40 % CHF3, 100 W
(d) 2 min, 16 % O,, 100 W
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3. Remove Cr

(a) 10 min in a solution of 2.40 g NaOH and 3.16 g KMnOy in 21 ml H,O,
shaking

(b) 2 min in H,O, shaking

(c) Wash three times in H,O and then in isopropanol

4. Device layer etching

(a) Remove native oxide

i. Dip 1 min in H,O to wet surface
ii. 20 s in a solution of 21 ml HF (40% in H,0), 148 ml H,O and 155 g

NH4F
iii. Wash three times in H,O, then in isopropanol
(b) Sietch

i. 12 min in a solution of 90 % TMAH (25% in H,0O) and 10 % iso-
propanol at 45° C while vigorous stirring with 200 rpm.

ii. Wash three times in H,O (only short dip in the first bath), then in
isopropanol

5. Contacts

(a) Spin-coat hexamethyldisilazane (HMDS), then negative-photoresist (ma-N
415 from Micro Resist Technology), each at 4000 rpm and for 40 s, bake
for 90 s at 100° C.
(b) UV lithography: expose sample for 60 s.
(c) Develop for 70 s (ma-D 332S from Micro Resist Technology), wash in
H,O0.
(d) UV/ozone for 5 min.
(e) 5 min in a solution of 21 ml HF (40% in H,0), 148 ml H,O and 155 g
NH4F.
(f) Wash three times in H,O.
(g) 30 s of Ar plasma in the evaporator at around 5 - 10~7 mbar.
(h) Deposit 100 nm of aluminum by evaporation at about -20° C and 1-10~7
mbar at a deposition rate of around 1 nm/s.
(i) Anneal sample in forming gas (using a MBE Komponenten GmbH AZ 500
annealing oven) with the following recipe:
i. 60 s at 120° C, Process type 4
ii. 60 s at 120° C, Process type 3
iii. 600 s at 120° C, Process type 1
iv. 600 s at 450° C, Process type 1

6. Packaging

(a) Connect back-gate (i.e. the Si substrate) by scratching the sample and ap-
plying silver paint.

(b) Bond SiNWs and the back-gate to pins of a chip carrier.

(c) Manually seal all metallic contact pads and bonds with epoxy (EPO-TEK
303-2M), let epoxy dry over night at room temperature.
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Appendix B

The SP 920 Potentiostat

The SP 920 potentiostat was designed and fabricated by the electronics workshop of
the University of Basel. All connections to the potentiostat as well as all indicators
and switches are positioned on its front panel (Figure B.1). The diagram on this panel
describes the mode of operation of the potentiostat: By a feedback loop, the voltage
that is applied at the counter electrode V,,,; (also denoted as "Voltage Out to Electrode")
is altered until "Set Voltage In" equals "Ref. Electrode Voltage In" (the difference
between these two voltages can be monitored by using the "Error Volt. Out" output).
The feedback loop can manually be adjusted to a bandwidth between 0.1 Hz and 1
kHz. It can be switched on and off manually or by an external TTL signal. The output
current can be limited to either 1 uA, 10 nA or 10 mA. The output voltage is limited
to +2 V. Using the two outputs "Current Control Out" and "Voltage Control Out", the
output current and voltage can be monitored. A detailed schematic of the potentiostat
is shown in Figure B.2.

Figure B.1: Front panel of the potentiostat
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Figure B.2: Schematic of the SP 920 potentiostat
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