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Abstract
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Silicon nanowire (SiNW) based electronic devices fabricated with a complementary metal-
oxide-semiconductor (CMOS) compatible process have wide-range and promising applications
in sensing area. These SINW sensors own high sensitivity, low-cost mass production possibility,
and high integration density. In this thesis, we design and fabricate SINW electronic devices
with the CMOS-compatible process on silicon-on-insulator (SOI) substrates and explore their
applications for ion sensing and quantum sensing.

The thesis starts with ion sensing using SiINW field-effect transistors (SINWFETSs). The
specific interaction between a sensing layer and analyte generates a change of local charge
density and electrical potential, which can effectively modulate the conductance of SINW
channel. Multiplexed detection of molecular (MB") and elemental (Na") ions is demonstrated
using a SINWFET array, which is functionalized with ionophore-incorporated mixed-matrix
membranes (MMMs). As a follow-up, polyethylene glycol (PEG) doping strategy is explored to
suppress interference from the hydrophobic molecular ion and expand the multiplexed detection
range. Then, the SINW is downscaled to sub-10 nm with a gate-oxide-free configuration for
single charge detection in liquid. We directly observe the capture and emission of a single
H' ion with individually activated Si dangling bonds (DBs) on the SINW surface. This work
demonstrates the unprecedented ability of the sub-10 nm SINWFET for investigating the physics
of the solid/liquid interface at single charge level.

Apart from ion sensing, the SINWFET can be suspended and act as a nanoelectromechanical
resonator aiming for electrically detecting potential quantized mechanical vibration at low
temperature. A suspended SiNW based single-hole transistor (SHT) is explored as a
nanoelectromechanical resonator at 20 mK. Mechanical vibration is transduced to electrical
readout by the SHT, and the transduction mechanism is dominated by piezoresistive effect.
A giant effective piezoresistive gauge factor (~6000) with a strong correlation to the single-
hole tunneling is also estimated. This hybrid device is demonstrated as a promising system to
investigate macroscopic quantum behaviors of vibration phonon modes.

Noise, including intrinsic device noise and environmental interference, is a serious concern
for sensing applications of SiNW electronic devices. A H, annealing process is explored to
repair the SINW surface defects and thus reduce the intrinsic noise by one order of magnitude.
To suppress the external interference, lateral bipolar junction transistors (LBJTs) are fabricated
on SOI substrate for local signal amplification of the SINW sensors. Current gain and overall
signal-to-noise ratio of the LBJTs are also optimized with an appropriate substrate voltage.
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1. Introduction

1.1 Background

The senses of light, smell, taste, touch, and hearing are the fundamental and
indispensable mechanisms, through which humans obtain information from
their surroundings for survival. Sensors, artificial sensing organs, are devices
that can detect physical and chemical properties and changes of these
properties in environment and then transfer them into human-readable signals
[1], [2]. These physical and chemical properties include temperature [3],
pressure [4], humidity [5], pH [6], concentrations of concerned chemical
species [7]-[9], etc. The signal generation of a sensor can be based on electrical
[10], mechanical [11], optical [12], or electrochemical [13] mechanisms.

The wide usage of sensors will change our daily life to a large extent. For
example, a precise and real-time monitoring of harmful and hazardous
chemical and biological substances guards the whole society running in a
healthy and secure status. Such substances could be heavy metal ions [14] and
antibiotics molecules [15] in river and lake, as well as explosive gases [16]
and environmental pollutants [17] generated in industrial production. Highly
sensitive and accurate detection and analysis of specific biomarkers can not
only provide much information about one’s physiological state, but also play
an important role in early diagnosis, which greatly increases the chance of
curing a disease [18], [19]. In addition, network integrated with multiple
sensors can serve as one of the basic architectures for Internet of Things [20].
Efficient information delivery and communication of the sensor network lead
to an intelligent home and city.

The advance of nanofabrication techniques has recently led to tremendous
development of nanoelectronics sensors. Those sensors have attracted great
interest due to their capability of label-free, fast, and real-time sensing [21]-
[23]. Besides, the possibility of low-cost fabrication and miniaturization
further promotes the applications of nanoelectronics sensors and their
integration with external signal process schemes.

Silicon nanowire (SiINW) based field-effect transistor (FET) sensors are
one category of emerging and powerful nanoelectronics sensors [24]. They
have been widely studied in the label-free, sensitive, and multiplexed
detection of analytes ranging from elemental ions [25]-[27], biomolecules
[28]-[30], and gases [31], [32]. In the SINWFET, gate oxide surface on the
SiNW channel can be functionalized with a receptor-incorporated sensing
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layer. Once the charged target is captured by the sensing layer, the induced
change of local potential will modulate SiNW channel conductance and
produce a readout current signal.

SINWFET arrays can be integrated on a single chip and be selectively
functionalized, which enables the simultaneous detection and analysis of
multiple targets [33]-[35]. Multiplexed detection could greatly improve
throughput and efficiency. As illustrated in Figure 1.1, label-free and
multiplexed electrical detection of three cancer markers was demonstrated by
G. Zheng et al. using an array of three SINWFET sensors [36]. Monoclonal
antibodies (mAbs) of three cancer biomarkers, i.e., prostate specific antigen
(PSA), carcinoembryonic antigen (CEA), and mucin-1, were selectively
immobilized on the gate surface of each sensor. These SINWFET sensors
exhibited a high selectivity towards different analytes, indicated by their
negligible responses to the non-specific analytes.
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Figure 1.1. (a) Optical image (top) and schematic (bottom) of the SINWFET
array. (b) Conductance response data recorded for the simultaneous detection
of PSA, CEA, and mucin-1 using the SINWFET array. NW I, NW 2, and NW
3 were functionalized with mAbs for PSA, CEA, and mucin-1, respectively.
The solutions were delivered to the SINWFET array sequentially as follows:
(1) 0.9 ng/ml PSA, (2) 1.4 pg/ml PSA, (3) 0.2 ng/ml CEA, (4) 2 pg/ml CEA, (5)
0.5 ng/ml mucin-1, and (6) 5 pg/ml mucin-1. Buffer solutions were injected
after each protein solution indicated by the black arrows. Reprinted with
permission from [36]. Copyright (2005) Springer Nature.

Another advantage of SINWFET is the enhanced charge sensitivity by scaling
down SiNW dimensions, which can potentially reach single charge resolution
[37]-[39]. Recently, direct detection of single DNA molecule was realized by
S. Sorgenftrei ef al. using a carbon nanotube (CNT) based transistor [40], [41].
As shown in Figure 1.2, one probe DNA was decorated on the CNT surface,
which could capture and emit a single complementary DNA in liquid sample.
The capture and emission events modulated the CNT channel conductance
and generated the conductance switching signal between distinct states. Such
approach opened up a novel technique to analyze the DNA hybridization
kinetics in addition to statistical methods. However, the complexity of CNT
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device fabrication and its difficulty in the integration with external circuits
limit its applications [42]. Besides, one DNA molecule usually holds multiple
charges [43], which means that the single charge detection is still to be
achieved.
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Figure 1.2. (a) Conductance recording of the carbon nanotube transistor with
the DNA probe exposed to its complementary DNA target. (b) Conductance
based histogram of time intervals. Reprinted with permission from [40].
Copyright (2011) Springer Nature.

Besides ion sensing, SINWFET can be suspended and act as a
nanoelectromechanical resonator. This hybrid device provides an ideal
platform for electrically detecting quantized mechanical vibration and
investigating macroscopic quantum behaviors at low temperature [44]. In such
device, mechanical vibration can be coupled with carrier transport via
capacitive or piezoresistive effects. When SINW dimensions are downscaled
to be comparable with the wavelength of carriers, the separation of energy
level of carriers can be larger than the thermal energy, which makes quantum
effects of carrier transport visible [45]. In addition, mechanical vibration of
the hybrid device can also be quantized at certain temperature [46]. Such
device with quantized mechanical vibration can be used for investigating
macroscopic quantum behaviors. The quantum behaviors of mechanical
vibration have been demonstrated in cavity opto-/electro-mechanical systems
[47] and hybrid quantum acoustic system composing superconducting qubits
and surface/bulk acoustic wave resonators [48]. However, for future real-
world applications, electrical accessibility to mechanical vibration is still
desired.
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1.2 Thesis organization

The main focus of this thesis is to investigate SINW based transistors and
resonators for sensing applications. Chapter 2 introduces the fundamentals
about ion sensing, quantum sensing, and noise of SINW electronic devices.
Chapter 3 presents the optimization of CMOS-compatible fabrication process
to shrink the SINW dimensions and suppress the intrinsic device noise.
Chapter 4 summarizes the multiplexed detection of methylene blue (MB") and
sodium (Na") ions using a SINWFET array functionalized with mixed-matrix
membranes (MMMs). Chapter 5 focuses on the detection of single hydrogen
ion (H") in liquid using sub-10 nm SiNWFETs with gate-oxide-free
configuration. Chapter 6 shows a 3 GHz SiNW resonator aiming for quantum
sensing. Chapter 7 introduces lateral BJTs as local signal amplifiers of SINW
sensors for an improved overall signal-to-noise ratio (SNR).

A brief summary of the papers listed in this thesis is presented as following.
In Paper I, a SINWFET array is selectively functionalized with ionophore-
incorporated MMMs and multiplexed detection of molecular (MB") and
elemental (Na") ions is demonstrated. Hydrophobic interaction between MB"
and matrix of the Na’-MMM generates interference to the Na" sensing and
limits the multiplexed detection range. To address this issue, Paper II uses
hydrophilic polyethylene glycol (PEG) doping to reduce the matrix
hydrophobicity and thereby to suppress the hydrophobic MB'-matrix
interaction. As a result, selectivity of the PEG-doped Na™-MMM against MB"
is improved and the multiplexed detection range is expanded by more than
one order of magnitude. Paper III presents a direct detection and
comprehensive analysis of single charge (H") in liquid sample using sub-10
nm gate oxide free SINWFETs. The unprecedented ability of the sub-10 nm
SINWFET is demonstrated for investigating the physics of solid/liquid
interface at single charge level. Paper IV exhibits a SINW resonator with a
resonant frequency of 3 GHz, which is the highest value among the resonators
based on Si-contained materials. The signal transduction is dominated by
piezoresistive effect, and the effective piezoresistive gauge factor (~6000)
extracted from the device ranks among the largest ones of Si. In Paper V and
Paper VI, lateral version of BJTs are designed and fabricated as local current
amplifiers for SINW sensors. A current gain of 70 is realized with 50-nm-wide
base region. Substrate voltage modulation effect is systematically studied to
improve both current gain and overall SNR.
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2. Fundamentals

This chapter introduces the fundamentals about ion sensing based on
SINWFETs and quantum sensing based on SiNW resonators. Chapter 2.1
illustrates working principle of ion sensing, including single charge detection,
using SINWFET sensors. Quantum sensing using SiNW resonators is
discussed in Chapter 2.2. Intrinsic device noise and environmental
interference are discussed in Chapter 2.3.

2.1 SINWFET sensor

A conventional metal-oxide-semiconductor field-effect transistor (MOSFET)
is a three-terminal device, consisting of source (S), drain (D), and channel
regions. Figure 2.1(a) depicts the schematic of MOSFET fabricated on silicon-
on-insulator (SOI) substrate, which consists of top Si, buried oxide (BOX),
and bulk Si. Drain-to-source current ( /) flows through the semiconductor
channel driven by the voltage applied on D (V). A gate oxide layer is formed
on the semiconductor channel separating it from gate metal. The voltage
applied on the gate (V) generates a vertical electric field in the channel,
which bends the energy band and tunes the carrier density. Consequently, the
conductance ( G ) of semiconductor channel is modulated by 77; .

RE

Figure 2.1. Schematics of (a) MOSFET and (b) SINWFET sensor fabricated
on SOI substrates.

The structure of a SINWFET ion-sensitive sensor is similar to that of
MOSFET, with the gate metal replaced with an electrolyte (see Figure 2.1(b)).
V5 is applied to the electrolyte via a reference electrode (RE). The gate oxide
surface is normally functionalized with a sensing layer incorporated with the
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specific receptor, which can selectively interact with the analyte molecule or
ion in the electrolyte. Different types of receptors are designed for different
targets based on their specific binding mechanisms. For example, the receptor
of ion, ionophore, is usually designed with a cavity structure which can bind
the target ion with a similar size [49], [S0]. The receptor of single-strand DNA
is its complementary counterpart [51]. The analyte-receptor interaction on the
gate oxide surface can generate a variation of local charge density, leading to
a change of surface potential (A¢,) and consequently a shift of threshold
voltage (AV; ) of the SINWFET. Provided the electrolyte potential is fixed by
the RE, AV is then transduced to a change of /g by the SINWFET.

Typically, the sensing surface can be prepared with two approaches. One
is to covalently conjugate the receptor molecule on the gate oxide surface [26],
[29]. The other one is to coat a polymer membrane incorporated with the
receptor molecule on the gate surface [52], [53]. Potentiometric responses to
analyte of both methods are based on the same mechanism. Herein, pH
response of the gate oxide surface is used as an example to illustrate the
sensing mechanism [54]. When an oxide surface is in contact with electrolyte,
an electrical double layer (EDL) forms at the solid/liquid interface (see Figure
2.2) [55]. ~OH groups on the oxide surface are the receptors of H" and
generate pH responses. The dynamic equilibrium between the -OH group and
surface H' can buffer the change of surface pH ( pHy ). Since pH is correlated
to electrical potential by the Nernst equation [56], the intrinsic buffer capacity
( B ) of the oxide surface is equivalent to a capacitance, which is connected
to EDL capacitance ( Cgp, ) in series. Once the bulk pH ( pH, ) is changed, the
equivalent change of electrical potential will be shared by the equivalent
capacitance of £, and Cgp; . The change of ¢, which corresponds to the
potential shared by EDL, can be expressed as [57]

AP 530 ithg e L
ApH, q 2.3kTCep, (2.1
2
q ﬂint

where k is the Boltzmann constant, 7 the temperature, and g the elemental
charge. For an oxide surface with an infinitely large £, ¢ =1 and Eq. (2.1)
is written as

— =-23—. (2.2)

This means that for one order of magnitude change of bulk H" concentration,
the surface potential response Ag@, is 2.3kT/g= 59.2 mV at room
temperature. Theoretically, 59.2 mV/dec is the maximum potential response
for monovalent ions, which is called Nernstian response [57].

20



Stern layer Diffuse layer Liquid bulk

Ps

0

Figure 2.2. Schematic of EDL at oxide/electrolyte interface with the potential
distribution across EDL.

With the advancement of Si nanofabrication technology, the width and height
of the SINW channel can be extremely downscaled to, e.g., sub-10 nm [58].
This leads to a much improved charge sensitivity and makes it potentially able
to detect a single charge. However, two other technical prerequisites have to
be satisfied to achieve the single charge detection using the SINWFET. First,
the intrinsic device noise of such SINWFET needs to be suppressed to enhance
SNR [37], which will be discussed in Chapter 2.3. Second, the number of
activated receptors functionalized on the SiNW surface should be small
preferably just one, otherwise the signal will be an ensemble response
averaged from multiple receptors [39], [40].

© Target
O Receptor © @

i (+]
@ Anion o

© 7
e J ° [+

SiINW channel
Figure 2.3. Schematic of single charge detection using an n-type SINWFET.

As indicated in Figure 2.3 and 2.4(a), the single charge captured and emitted
by the receptor on the SiNW channel effectively modulates the channel
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conductance and generates [,y switching between distinct levels. The
conductance modulation by the single charge can be ascribed to two origins,
i.e., number fluctuation ( AN ) and mobility fluctuation ( Az ) [59]. For
number fluctuation, when the single charge is captured by the receptor on
SiNW surface, it is shared by the SINW capacitance and EDL capacitance
[60]. Consequently, carrier number in the SINW channel is altered. For
mobility fluctuation, the captured charge changes local Coulomb scattering
strength and modulates carrier mobility in the SINW channel [61]. The relative
amplitude of /4 switching can be expressed as [62]

Alps _AN | Ap

23
Ins N u -3)

Capture (7, ) and emission (7, ) time constants characterize the interaction
kinetics between the single charge and its receptor. If the capture event of the
single charge leads to /g switching to a high-state, the period when /4 stays
at a low-state is determined by the probability of capture event. Therefore, the
time of low-state is regarded as the capture time (¢, ) (see Figure 2.4(a)).
Correspondingly, the emission time (¢, ) is the time when /g remains at the
high-state. The time constants 7, and 7z, are defined as the mean values of ¢,
and ¢, , respectively.

(@) 1o (b) 5,

> >

t fe I
Figure 2.4. (a) Iy switching signal and (b) its PSD detected by SiINWFET.
Is switching signal due to the single charge capture/emission events can also
be analyzed in frequency domain. As shown in Figure 2.4(b), a typical power
spectrum density (PSD) of I,g switching signal gives a Lorentzian-shape

distribution. The corner frequency of PSD ( £, ) is determined by the time
constants [63]:

1(1 1
f. _Z[_+_]' (2.4)
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2.2 SINW resonator sensor

The SINWFET can be suspended and act as a doubly clamped
nanoelectromechanical resonator, which provides an ideal platform for
electrical detection of potential quantized mechanical vibration at low
temperature. In such device, the vibration of SINW, which is activated by an
external electrical field applied from a side gate, could induce extra strain in
it and therefore modulate the SiNW conductance via capacitive or
piezoresistive effects. The resonant frequency ( f, ) is determined by the
dimensions and mechanical properties of SINW [64]:

EwW
=1.05, |——, 2.5
fo =105 275 25)

where E is the Young’s modulus, p the mass density, # the SINW width, and
L the SINW length.

For the demonstration of quantized mechanical vibration and the real
applications, the SINW resonator has to fulfill the following requirements:

1) Mechanical vibration occupancy reaches its quantum ground state and
is well decoupled from thermal environment. A straightforward way is to use
a gigahertz mechanical resonator with a high quality factor (Q) in milli-kelvin
range. Thermal vibration phonon occupancy (7, ) depends on the resonant
frequency and the temperature [65]:

B 1
Mo = m ’ (2.6)

where £ is the Planck constant. For example, 7, of the mechanical resonator
with a resonant frequency of 1 GHz is estimated to be only ~ 0.1 at 100 mK,
which is much below the quantum limit of 1. A high Q of the vibration is also
desired to decouple the mechanical vibration from its thermal environment,
e, foO>>kT/h ( f,0 product reflects the isolation between resonant
system and its thermal environment) [66].

2) Effective mass (m,y) of the resonator has to be sufficiently small to
ensure an observable zero-point motion ( x,, ), since x,, is given by [67]

, h
X, = |——. 2.7
* 8”2ﬁ)meﬁ ( )

3) A proper detector, which is capable of electrical readout of the quantized
mechanical vibration, has to be integrated with the resonator. A commonly
used detector is another quantum system (usually a two-level quantum system)
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[48], and it detects the mechanical vibration through direct interaction with
the resonator.

By downscaling the SINW dimensions, both a high resonant frequency and
a small effective mass can be obtained, which is beneficial for quantizing the
mechanical vibration of SINW resonator.

2.3 Noise of SINW device

Noise is a critical issue for sensing applications when we pursue a high SNR.
Both intrinsic device noise and environmental interference of the SiINW
devices are addressed in this thesis.

Since the SINW resonator studied in this thesis is fabricated by suspending
a SINWFET, its intrinsic device noise can be illustrated with the same theory
of SINWFET. The intrinsic noise of SINWFET is dominated by the random
carrier trapping/detrapping processes near SiNW/gate oxide interface [68],
which can be explained by the well-established noise models of MOSFET.
Typically, intrinsic noise of MOSFET shows a 1/f -like spectrum in the
frequency domain. There are two models to explain the physical origin of the
1/f noise of MOSFET, i.e., carrier number fluctuation (AN ) and carrier
mobility fluctuation (Ax ) [69]. In AN model, the traps in the vicinity of the
channel/gate oxide interface can randomly trap/detrap carriers in the channel,
which leads to the carrier number fluctuation. Ax model associates the 1/f
noise to the carrier mobility fluctuation due to the Coulomb scattering near the
channel/gate oxide interface. Both AN and Ax models predict a 1/f -like
spectrum and they can be combined to a unified model, in which the gate-
referred voltage noise ( Sy ) can be expressed as [69]

) 2
q kTN, Ipg

Sy =————| 1+a uCox—=| , (2.8)
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where N, is the trap density in volume, A the gate area, Cpy the gate oxide
capacitance, «, the tunneling coefficient of carriers in the gate oxide, ¢, the
Coulomb scattering coefficient, and g,, the transconductance. As shown in
Eq. (2.8), Syg of the SINWFET depends on the trap density N, near the
SiNW/gate oxide interface. Sy also increases with the reduction of gate area
A, suggesting that the intrinsic noise will become a more severe concern
when the SINW dimensions are downscaled. To address such problem, one
strategy is to improve the SINW surface quality and reduce N, near the
SiNW/gate oxide interface [70].

Apart from the intrinsic device noise, environmental interference is another
concern for overall SNR of electronic sensors. The SINW electronic sensor is
more vulnerable to the environmental interference, since it operates at low

24



current level. To suppress the external interference, local current amplification
using a bipolar junction transistor (BJT) can be a promising solution [71].
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3. Fabrication and Characterization of SINW
Devices

SiNW electronic devices studied in this thesis are fabricated on SOI wafers
using a CMOS-compatible process. In Chapter 3.1, a base fabrication process
is introduced. In order to downscale the SINW to sub-10 nm and suppress the
intrinsic device noise, double-exposure and H, annealing processes are then
developed in Chapter 3.2. Finally, the electrical characteristics of the
SiNWFETs are presented in Chapter 3.3.

3.1 CMOS-compatible fabrication

SiNW electrical devices can be fabricated by two approaches: bottom-up and
top-down. The bottom-up approach is based on self-assembly growth
mechanism. Although as-fabricated SINWs show a surface with a low defect
density, their dimensions are difficult to control and subsequent device
fabrication and process integration are challenging. In this thesis, the SINW
devices are fabricated by the top-down approach which is fully CMOS-
compatible, i.e., the SINW pattern is defined by lithography and reactive ion
etching (RIE) on a SOI substrate.

To downscale the SINW dimensions, electron beam (e-beam) lithography
(EBL) is used for the SINW device fabrication. Traditional photo-lithography
is commonly used for device fabrication, but its resolution is limited by the
wavelength of light source therefore it is difficult to define sub-100 nm
structures in lab. The resolution of EBL, on the other hand, is limited by the
spot size of e-beam, which can reach sub-10 nm [72]. Negative EBL resist
hydrogen silsesquioxane (HSQ) with a high resolution of ~10 nm is selected
to define the fine device structure.

To illustrate the top-down fabrication process, a process flow of an n"-p-n"
liquid-gate SiINWFET is presented in Figure 3.1 as an example. The
SiINWFET was fabricated on a 100-mm SOI wafer. The SOI wafer comprised
of a 55-nm-thick lightly p-type Si layer on top of a 145-nm-thick BOX layer.
The top Si layer was thinned down from 55 nm to 30 nm by thermal oxidation
and subsequent oxide etching using hydrofluoric acid (HF). An arsenic
implantation was employed to form the heavily n-type (n") S and D terminals
while the channel region was protected by e-beam resist during the
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implantation. The dopants in S/D regions were activated by rapid thermal
processing (RTP) at 1000 °C for 10 s in N, atmosphere. Afterwards, the
SINWFET structure was defined with HSQ by EBL, followed by RIE of
unprotected Si layer. To reduce the parasitic resistance and obtain ohmic
contact, a 10-nm-thick nickel silicide (NiSi) layer was formed on the S/D pads
with RTP at 400 °C for 30 s in N, atmosphere. A 5-nm-thick HfO, layer by
atomic layer deposition (ALD) was deposited on the SINW surface as a
passivation layer. Before electrical measurements, forming gas annealing
(FGA) was done at 400 °C for 30 min to passivate traps at the SINW/oxide
interface.
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Figure 3.1. Fabrication process flow of an n"-p-n" SINWFET. Top-view and
cross-sectional schematics of the device at each step are presented. The
dashed curve annotates the position of cross-sectional cut.

The SINW devices studied in this thesis are designed with different structures.
Their fabrication processes are slightly modified from the base process
described above. For example, the SINWFETs for the single charge detection
are designed without the gate oxide. Therefore, the ALD passivation process
is skipped and instead an e-beam resist passivation layer is patterned on the
S/D regions. For the SINW resonators, SINW vibration must be activated by
an external force applied from a side gate, which is defined together with S/D
terminals by EBL and RIE. The detailed fabrication processes of these devices
can be found in the corresponding papers.
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3.2 Process optimization

Some common challenges in the base fabrication process become greatly
amplified for extremely downscaled SINW devices. First, the proximity issue
of EBL could damage the fine HSQ pattern [73]. In an ideal case, only HSQ
in the designed pattern area is exposed by e-beam. However, the incident e-
beam is scattered backwards in the substrate and expose the HSQ outside of
the pattern to some extent. This issue is more severe for SINW devices with
smaller dimensions. The required dose of HSQ pattern for SINW increases
dramatically when the pattern width reaches the resolution of HSQ (~10 nm).
Therefore, the backscattered e-beam becomes much stronger, which
accumulates with that from S/D regions. If the overlapped dose of these
backscattered e-beams gets close to the threshold value for HSQ reaction,
some HSQ residue will be left between S/D regions, which may destroy the
device structure (see Figure 3.2(a)).

Figure 3.2. SEM images of HSQ pattern with (a) single-exposure and (b)
double-exposure EBL processes.

To solve the proximity issue, a double-exposure strategy is employed to
optimize the HSQ pattern definition step. In the first exposure, only the NW
pattern is exposed by e-beam. After development, the exposed HSQ pattern
for the SINW is left on the substrate, while the HSQ around the NW pattern is
stripped by the developer. In the second exposure, a new HSQ layer is coated
on the substrate and only the HSQ patterns for S/D regions are exposed.
Although the strengths of the backscattered e-beams from SiNW and S/D
regions are not weakened, their accumulation effect is eliminated and the fine
device structure can be formed as designed (see Figure 3.2(b)).

The second issue is the RIE-induced roughness and associated defects on
the SiNW surface [74]. According to Eq. (2.8), intrinsic noise of the
SINWFET increases with the shrunk dimensions, which inevitably limits its
SNR. To address this noise issue, a H, annealing process is explored. At
elevated temperature, Si atoms on the SINW surface will rearrange to reach
the lower energy and this process is accelerated by H, gas [75]. As shown in
Figure 3.3, such rearrangement will smooth the SINW surface and repair the
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surface defects. Besides, the migration of Si atoms from the SINW to S/D pads
could further reduce the SINW dimensions.

Figure 3.3. SEM images of SINWs (a) without and (b) with H; annealing.

3.3 Electrical characterization

Transfer characteristics and voltage noise of the liquid-gated SINWFETSs with
and without the H, annealing were measured in a 1 mM KCI solution. The
results are plotted in Figure 3.4. V; is applied to a Ag/AgCl reference
electrode. The H, annealing process indeed greatly improves the electrical
performance of the SINWFET, as evidenced by the near-ideal subthreshold
slope SS ~ 60 mV/dec (see Figure 3.4(a)). Moreover, the gate area normalized
voltage noise ( 4 x Sy ) is reduced by about one order of magnitude by the H»
annealing (see Figure 3.4(b)), which is comparable or even lower than that of
some state-of-the-art SINWFETSs [70], [76]. The noise suppression by the H»
annealing process could improve the SNR and the detection limit of the
SINWFET sensor.
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Figure 3.4. (a) Transfer characteristics and (b) AxSyg of the SINWFETs
with and without H, annealing measured in 1 mM KCl at Vi, = 100 mV. Syq
was measured at Ing = 1 nAd, 5 nd, 10 nd, 50 n4, and 100 nA.
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4. Multiplexed Ion Detection Using SINWFET
Array

In recent years, multiplexed analyses of liquid samples have attracted great
interest. The liquid samples may consist of multiple components, such as
elemental ions, molecular ions, and small molecules. Such detection of liquid
samples can provide rich information regarding water contaminations, one’s
physiological state, efc.

In this chapter, a SINWFET sensor array is applied for multiplexed
detection of sodium ion (Na") and methylene blue ion (MB"). Mixed-matrix
membrane (MMM) incorporated with the ion receptor, i.e., ionophore, is used
as the ion sensing layer, which is coated on the gate oxide surface of the
SiNWFET. Multiplexed detection of Na" and MB" is demonstrated using Na'-
and MB"-sensitive SINWFET sensors integrated on one chip. However, the
hydrophobic interaction between MB" and polyvinyl chloride (PVC) matrix
of the Na'-MMM generates interference to Na“ sensing and limits the
multiplexed detection range. A hydrophilic additive, i.e., polyethylene glycol
(PEG), is doped into the Na'-MMM, which is proven to suppress the
hydrophobic interaction with MB™ and therefore expands the multiplexed
detection range.

4.1 Working principle of MMM

The MMM is based on PVC matrix and contains ionic site (KTpCIPB) and
specific ionophore for the target ion. lonophore for elemental ion is
commercially available. Na-ionophore III is used for Na' sensing, because its
cavity fits well with Na™ in size. Since the size of MB" is much larger than
elemental ions, commercial ionophores with a high binding affinity to MB"
are currently not available. A new class of synthetic receptors, i.e., metal-
organic supercontainer (MOSC), is proven to be an efficient host system for
such large molecular ions [77]. The synthesized MOSC, designated as 1-Co,
is used as the ionophore for MB". The MMM components are solved in
Tetrahydrofuran (THF), and the MMM solution is drop-casted on the gate
oxide surface of SINWFET for functionalization. Prior to sensing
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measurements, the Na’-MMM is conditioned in a 100 mM NaCl solution for
4 h and MB"-MMM is conditioned in a 10 uM MB solution for 10 h.
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Figure 4.1. Schematic of MMM-functionalized SINWFET.

Schematic of the MMM-functionalized SINWFET is presented in Figure 4.1.
In the conditioning process, target ions, i.e., Na" and MB', are captured into
the MMM from liquid sample due to the strong affinity of the ionophores
through an ion-exchange process with counter ion of the ionic site (K"). When
the ionophore molecules incorporated in MMM are more than ionic sites
stoichiometrically, the number of target ions in the MMM is approximately
fixed by that of the ionic sites. Therefore, phase boundary potential ( £y ) at
the MMM/liquid interface depends on the target ion concentration in the liquid
sample (ciq ) [78]:

kT Cii
Ep = EJy + 2.37log10q , 4.1)

where Epg is the phase boundary potential constant. When cijiq is increased,
more cations (Na” or MB") accumulates on the MMM side of MMM/liquid
interface. To maintain the charge neutrality, equal number of anion (CI") will
accumulate on the liquid side. Consequently, a larger electrical field and a
higher phase boundary potential are produced at the MMM/liquid interface.
When the electrical potential of the liquid sample is fixed by a RE, the
observed AV, ofthe SINWFET equals AE,g . Consequently, variation of ciiq
in liquid sample will change V; of the SINWFET by 59.2mV/dec according
to Eq. (4.1).
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4.2 Multiplexed detection of molecular and elemental
ions

Prior to multiplexed detection, the SiNWFET sensors were selectively
functionalized with MB"- and Na"-MMMs. The MB" detection was conducted
by measuring AV; of MB-sensitive SINWFET with the MB" concentration
(cyp ) increasing from 10 nM to 1 mM. The background solution used for the
measurement contained 1 mM KCI. The results are shown in Figure 4.2(a).
As cyp increases, the surface of MB'-MMM becomes more positively
charged, leading to a negative shift of V; . The MB'-sensor shows a near-
Nernstian response up to ¢z =30 uM. The response of V' starts to deviate
from the ideal trend when ¢y is above 100 uM. Such deviation can be
ascribed to the co-extraction of MB" and its counter ion (CI) from the liquid
into the MMM, which is called Donnan failure [79]. A lower detection limit
of ~1 uM is extrapolated from the MB" response curve in Figure 4.2(a).
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Figure 4.2. Potential responses of (a) MB'-MMM and (b) Na'-MMM

functionalized SINWFETs to the target and interfering ions. The dashed lines

indicate the Nernstian responses.

The selectivity of MB'-sensor was also investigated by measuring its response
to the common elemental ions, i.e., Na” and K, which are widely present in
aqueous samples. Figure 4.2(a) indicates the negligible responses of MB-
sensor to Na" and K" with their concentrations ¢y, and cx up to 1 mM. This
is because these elemental ions are too small to fit into the cavity of MB"
MOSC. The superior selectivity against elemental ions is a clear advantage of
MOSCs in the recognition and detection of molecular ions. These results
demonstrate the high sensitivity and selectivity of the MB'-sensor and the
successful functionalization using ionophore doped MMM.

Na'-sensor was characterized by measuring its potential responses to target
ion Na" and interfering ions K" and MB" in a similar way. As shown in Figure
4.2(b), the Na'-sensor exhibits a near-Nernstian response to cy, in a wide
range from 100 uM to 100 mM with a lower detection limit of ~60 puM.
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Meanwhile, the Na'-sensor shows large responses towards K™ and MB" once
cx and cyp are above a certain threshold, i.e., ~1 mM for K" and ~10 uM for
MB". The response of Na-sensor to K* can be ascribed to the fact that K* has
a similar size with Na", and the size selectivity of Na'-ionophore to K" is poor
[80]. The response of Na'-sensor to MB" can be explained by the hydrophobic
interaction between MB" and PVC matrix of the Na™-MMM. Hydrophobic
MB" could partition into the PVC matrix during the measurements and
generate interference to the Na* sensing. This is described in more detail in
Paper I. This partitioning process and the interference are under poor control,
as indicated by the large variations of AV; among different measurements.
Therefore, for multiplexed detection of Na* and MB', it is crucial to keep ¢y
below the threshold value, i.e., ~10 uM, to avoid the non-specific interference
from MB".
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Figure 4.3. (a) Optical image of a SINWFET chip with MB"- and Na-

sensors. (b) Multiplexed detection of MB" and Na".

To conduct multiplexed detection, MB'- and Na'-sensors were integrated on
one chip as seen in Figure 4.3(a). During the multiplexed detection, ¢y in
the liquid sample is kept below the threshold, i.e., 10 uM. As shown in Figure
4.3(b), the initial ¢z and ¢y, are 1 and 100 uM, respectively. First, ¢y is
increased from 1 to 3 uM and then from 3 to 7 uM, the corresponding AV
of MB"-sensor are —12.5 and —30.7 mV, respectively. Meanwhile, the Na'-
sensor shows negligible responses. Afterwards, cy, is increased from 100 to
300 uM and then from 300 uM to 1 mM, the corresponding AV; of Na'-
sensor is —9.4 and —13.0 mV. Also, negligible responses are observed for the
MB"-sensor. This multiplexed detection is demonstrated in a narrow range,
because ¢z must be kept below the threshold to avoid the interference of
MB" to Na'-sensor. A solution of such problem is presented in Chapter 4.3.
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4.3 PEG doping for improving ion selectivity

Hydrophobic ions in a complex liquid sample can generate considerable
interference to membrane based ion-sensitive sensors. The interference is
understood due to the partitioning of the hydrophobic ions into the polymer
membrane matrix. In this chapter, we demonstrate that, by incorporating
hydrophilic PEG into the membrane matrix [81], [82], such partitioning can
be significantly suppressed and thus the selectivity of membrane based sensors
to hydrophobic ions is greatly improved.

Target ion can be specifically captured by the ionophore in MMM.
However, hydrophobic interfering ions can also partition into MMM due to
the hydrophobic nature of MMM matrix. In the presence of both target and
interfering ions, i.e., Na" and MB" respectively, Ep,z at the MMM/liquid
interface can be expressed with a semi-empirical form [78]:

kT
Epy = EOy + 2.37log10 (cNa + K o MBCuiB ), (4.2)

where Kna mp is the selectivity coefficient of Na'-MMM against MB".
Ko v reflects affinity of the Na'-MMM towards Na“ and MB". A smaller
value of Ky, mp indicates that the Na’-MMM has a lower affinity to MB"
and is less vulnerable to the interference from MB™.

control

e . 10% PEG

o i Ld - -180f T 20%PEG 30% PEG

5 min
—

control 10% PEG 20% PEG 30% PEG e e
t

Figure 4.4. (a) Optical images of Na'-MMM THF solutions with different
PEG concentrations (upper) and Na -MMDMs on glass after conditioning in a
100 uM MB™ solution for 10 min (lower). (b) Eyy of ISEs fabricated with
different Na*-MMMSs measured in a 10 uM MB" solution for 5 min. Inset:
schematic of Ey,; measurement setup.

To demonstrate the advantages of PEG doping, four types of Na'-MMMs
were prepared: Na-ionophore incorporated MMM without PEG (Na"-MMM-
control), and with 10%, 20%, and 30% PEG (weight ratio to PVC matrix)
(Na"™-MMM-10%, Na'-MMM-20%, and Na'-MMM-30%, respectively). As
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shown in Figure 4.4(a) (upper), the THF solutions of Na"-MMM-control, Na'-
MMM-10%, and Na'-MMM-20% are transparent, while that of Na'-MMM-
30% is turbid with visible particles since the excessive PEG are not dissolved.
The different Na™-MMMs were immerged in 100 pM MB" for 10 min to test
partitioning of MB" into the Na'-MMMs. As shown in Figure 4.4(a) (lower),
all of the PEG-doped Na'-MMMs present a light blue color in comparison to
the dark blue color of Na’-MMM-control. Evidently, hydrophilic PEG can
reduce hydrophobicity of the Na"-MMMs, and therefore lower their affinity
to hydrophobic MB" and impede the partitioning of MB".

The effect of PEG doping on MB" partitioning was further examined by
measuring working electrode potential ( £y ) of ISEs produced with the four
Na’-MMMs. To fabricate these ISEs, pipette tips were dipped into the MMM
solutions, allowing ~10 pL solution to fill the pipette tips by capillary force.
Then, Ag/AgCl pellets were inserted into the pipette body. Saturated KCI
solution was injected into the pipette body to complete ISE fabrication. The
ISE has a symmetric configuration with Ag/AgCl reference electrode as seen
in the inset of Figure 4.4(b). Therefore, the contribution from standard
chemical potential of the MMM is canceled out and E,; only depends on the
ratio of ¢y in the liquid sample to that in the MMM. As a result, Ey can
quantitatively indicate the amount of MB" partitioning into the MMM [83].
As shown in Figure 4.4(b), Ey,; becomes more negative with the increase of
PEG concentration in the Na’-MMMSs measured in a 10 pM MB" solution.
For Na'-MMM-10%, Ey; is lowered by ~60 mV in comparison to that of
Na'-MMM-control, which can be converted to ~10 times reduction of ¢y in
the MMM. Further increase of PEG concentration beyond 10% shows less
effect on Ey,, which is consistent with the observed color differences of the
Na'-MMMs shown in Figure 4.4(a) (lower).
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Figure 4.5. AV; as a function of (a) cyg in 1 mM NaCl and (b) ¢y, in 1 mM
KCl of Na"-sensors functionalized with different Na"-MMMs. In (a), the solid
and dashed curves represent measured and fitting results, respectively.
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SiNWFETs were functionalized with the four Na’-MMMs, and their potential
responses to MB" were measured to characterize the selectivity against MB".
The measurements were conducted with a background solution of 1 mM NaCl
to keep a constant ionic strength. Figure 4.5(a) presents AV of these
SiINWFETs versus ¢y . The SINWFET with higher PEG doped MMM shows
a lower response to MB". The selectivity coefficients Ky, mp of different
Na'-MMMs are extracted by fitting the response curves with Eq. (4.2). The
fitting results are shown as the dashed curves in Figure 4.5(a) and the extracted
Ko mp 18 listed in Table 4.1. Evidently, PEG doping improves the selectivity
of the Na'-MMM against the hydrophobic molecular ion, i.e., MB*, which is
indicated by the reduced K, ms . In particular, Kna mp of Na'™-MMM-20%
and Na'-MMM-30% is reduced by more than one order of magnitude in
comparison to that of Na’-MMM-control.

Table 4.1. Extracted K, mp of different Na'-MMMs.

MMM Na*-MMM- Na"-MMM- Na"-MMM- Na"™-MMM-
control 10% 20% 30%
KNa, MB 25 8 2 0.9

Possible adverse effects of PEG doping were evaluated by conducting Na*
sensing with the control and PEG-doped Na’-MMMs. The Na' sensing
measurement results are plotted in Figure 4.5(b). The responses to ¢y, of Na'-
MMM-control, Na'-MMM-10%, and Na'-MMM-20% basically overlap,
demonstrating that PEG doping has no significant adverse effects on Na"
sensing when PEG concentration is below 20%. However, the response of
Na'-MMM-30% deviates significantly when cy, is above 10 mM, which
indicates that further increase of PEG doping in Na'-MMM may lead to
deterioration of Na' sensitivity, particularly when cy, is high. Such deviation
might arise from the co-extraction of Na* and CI™ from the liquid sample into
the MMM [79]. The co-extraction process is likely enhanced in Na'-MMM-
30%, since the reduced hydrophobicity might facilitate the extraction of CI°
into the MMM.

Since Na'-MMM-20% shows the improved selectivity against MB" and
negligible adverse effects in Na“ sensing, it is selected to expand the
multiplexed detection range for MB" and Na' ions. As shown in Figure 4.6,
the initial concentrations of MB" and Na“ are 1 and 100 uM, respectively.
cyp 1n the liquid sample is first increased from 1 to 10 uM and then from 10
to 100 uM while ¢y, is maintained at 100 uM. Correspondingly, the MB'-
sensor shows —65.3 and —52.3 mV of AV, respectively, while the responses
of the Na"-sensor are negligible. Then, cy, is increased from 100 to 300 uM
and then from 300 uM to 1 mM, and ¢,;; is maintained at 100 uM. The
corresponding values of AV, of Na'-sensor are —22.7 and —30.5 mV,
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respectively, while V; of the MB'-sensor remains unaltered. In Chapter 4.2,
the multiplexed detection is performed with ¢y only up to 7 uM, above
which hydrophobic MB* will generate large interference to the Na'-sensor.
PEG doping into the Na"-MMM clearly suppresses such interference and
greatly improves the tolerance of the Na'-sensor to MB'. Consequently,
multiplexed detection is performed in a much wider ¢,,; range, i.e., from 1 to
100 uM. It should be noted that the demonstrated PEG doping strategy for
membrane based ion sensors will not be limited to the particular ions studied
in this work. It can be generally applicable for other membrane based sensors.
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Figure 4.6. Multiplexed detection of MB' and Na'. The Na'-sensor is
functionalized with Na*-MMM-20%.
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5. Single Charge Detection in Liquid Using
Sub-10 nm SINWFETs

As discussed in Chapter 2.1, three technical prerequisites must be satisfied to
achieve single charge detection in liquid sample using a SINWFET. First,
dimensions of the SINW need to be extremely downscaled for an enhanced
charge sensitivity. Second, intrinsic device noise of the SINWFET should be
low to achieve a high SNR. Third, the SINW surface should have a single
activated receptor to prevent ensemble signals.

In this chapter, these three prerequisites are carefully addressed and the
events of a single H" interacting with a sensing surface are successfully
observed using sub-10 nm SINWFETs. The SiNW surface is smoothed by a
H, annealing process to suppress the intrinsic device noise and further shrink
the SINW width and height to sub-10 nm. The SINWFETSs are gate oxide free,
and surface Si dangling bonds (DBs) are employed as the receptors to
capture/emit H" ions in liquid sample. Since the majority of DBs are
passivated with covalent H-terminations using a wet etching process in
buffered HF, the remaining DBs can be activated individually as a single H"
receptor. The single H-DB interaction produces the Iq switching signals
between two discrete levels. Such switching can be ascribed to the change of
local Coulomb scattering strength and therefore electron mobility. The
kinetics of single H™-DB interaction and its correlation to energy barriers at
the SiNW/electrolyte interface are systematically investigated.

5.1 Direct observation of single H™-DB interaction

To realize the direct detection of single H-DB interaction, n'-p-n" type
SiNWFETs without gate oxide layer were fabricated on (100) SOI substrate
with an optimized CMOS-compatible process. As shown in Figure 5.1(a), S/D
regions of the SINWFET are heavily n-doped, while the SINW consists of a
150-nm-long lightly p-type region (gray) in the center and 50-nm-long heavily
n-type regions (yellow) on both ends. The width and height of the SINW were
shrunk to sub-10 nm by the H, annealing process, during which the RIE-
induced surface defects on the SINW surface were also eliminated. A cross-
sectional transmission electron microscope (XTEM) image of the SiNW
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channel after H, annealing is shown in Figure 5.1(b). The channel width and
height measured from the image are 7 and 9 nm, respectively.
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Figure 5.1. (a) Three-dimensional schematic of the gate oxide free SINWFET.
(b) XTEM image of the SINW with H; annealing. (c) Transfer characteristics
of the SINWFETs with and without H> annealing measured in 1 mM KCI at
Vo =10 mV. (d) AxSyg of the SINWFETs with and without H, annealing
measured in 1 mM KCI at Vi, =10 mV. S\ was measured at I =1 nd, 5
nd, 10 nd, 50 nd, and 100 nA.

Without the gate oxide layer, modulation of the SINW channel conductance
by the single H'-DB interaction can be enhanced, as the distance where the
interaction takes place to the SINW channel is minimized. To avoid excessive
leakage current in liquid, the S/D pads and leads were passivated by an e-beam
resist layer while the SINW channel was exposed to liquid sample for H
detection. Typical transfer characteristics of the SINWFETs with and without
H, annealing are shown in Figure 5.1(c). Gate leakage currents ( /; ) are
negligible and 7Iq can be modulated by 5 orders of magnitude, which
indicates that the EDL works as a good gate dielectric. As discussed in Chapter
3.2, H, annealing can improve the SS and suppress the intrinsic noise of the
SINWFET (see Figure 5.1(c) and (d)).

On the SiNW surface, the non-saturated valence electrons form Si DBs
with a density of ~10'* cm?-eV"'. The DBs can act as the receptors of H' in
liquid sample. Considering dimensions of the SINW channel, the total number
of DBs is ~3000, which is too high to detect single H' capture/emission events.
It is known that most of Si DBs can be passivated by a wet chemical process
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in buffered HF with covalent H-terminations. After the passivation, the DB
density is reduced to ~10' cm™-eV™' [84], [85]. With such low density, the
number of DBs on the SINW channel surface is estimated to be 0.3 per SINW,
which suggests a high probability of a single DB activated as H" receptor on
the tiny SINW channel surface.

Detection of the single H™-DB interaction was performed in a 10 mM HCI
solution with a constant gate overdrive, i.e., Vg —V; =129.4 mV. I,5 was
monitored in real-time with a sampling frequency of 3 kHz. A typical I
trace is depicted in Figure 5.2(a) (upper), showing I,q switching between two
levels with Alpg~ 3 nA. For small MOSFETs, capture and emission of a
carrier by a trap near Si/oxide interface could also result in a similar /g
switching, leading to so-called random telegraph noise (RTN) [86]. To verify
if the observed two-level Ipg switching correlates to the carrier
trapping/detrapping processes occurring near the interface between SiNW and
native oxide, a control experiment was conducted on the same SINWFET but
in deionized (DI) water. /g for measurement in DI water was intentionally
kept the same as that in 10 mM HCI to ensure that the SINW channel was
biased to the same condition in both cases. As indicated in Figure 5.2(a)
(middle), the Ig trace measured in DI water does not show the two-level
switching. This result confirms that the two-level I, switching observed in
10 mM HCl is not generated inside the SINWFET device, otherwise it should
also appear when measured in DI water since the device is biased to the same
condition in both cases. To exam if CI” contributes to the /g switching,
another control experiment was conducted in a 10 mM KCI solution. As
shown in Figure 5.2(a) (lower), I;,5 switching is not observed in 10 mM KCL
This confirms that the /g switching in 10 mM HCI is genreated by the
interaction between H' (not CI") and the DB.

Figure 5.2(b) presents a schematic view of the interface between SINW and
HCI solution. There are three different terminations on the SiNW surface:
single Si DB, covalent Si-H terminations, and Si-O" terminations on discrete
native oxide islands. The EDL on the electrolyte side is formed by a Stern
layer and a diffuse layer [57]. The capacitances of Stern layer ( C,, ) and diffuse
layer (Cy; ) are connected in series with the SINW capacitance ( Cg; ). The
electrical potential distribution across the SINW/HCI interface is illustrated at
the bottom of Figure 5.2(b). The single DB can capture and emit one H" ion
at the Stern/diffuse layer interface, which is the closest plane that H" ions can
reach towards the SINW surface. When emitted from the DB to the electrolyte,
the H' ion must overcome the electrical potential barrier across Stern layer (
V). The —OH group on the SINW surface, which has a much lower effective
density than that on an oxide surface, can also interact with H™ ions but gives
a weak buffer capacity and thus a weak pH response. Detailed discussion of
the —OH group density can be found in Paper I11.
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Figure 5.2. (a) Ing sampling results in 10 mM HCI, DI water, and 10 mM
KCL The sampling frequency is 3 kHz. (b) Schematic of the SINW/HCI
interface. The single DB captures and emits a H' ion from/to the Stern/diffuse
layer interface. The total potential drop is shared by the capacitances of
SiNW, Stern layer, and diffuse layer. (c) AxSyq (black curve) generated by
the single H'-DB interaction measured in 10 mM HCL. The intrinsic noise of
the SINWFET with H> annealing (blue band) is much lower than the signal,
while that of the SINWFET without H> annealing (ved band) overwhelms the
signal. (d) Statistical analysis of capture and emission times of the single H'-
DB interaction. They are in good agreement with Poisson distribution. The
time constants t, and 7, are extracted from the fitted slopes.

The H" receptor, DB, on the SiNW channel surface is an acceptor-type
electron trap [87]. The DB is saturated with an electron from the channel, since
our SINWFET is biased to strong inversion during the sensing experiments.
The DB becomes negatively charged when filled with the electron, and
enhances local Coulomb scattering in the SINW channel. The negatively
charged DB could further capture a H™ ion from the electrolyte and become
neutralized. This would reduce the local Coulomb scattering strength and thus
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increase Ig. The time when I,g remains at the low-state is the capture time
t, and the time at the high-state is the emission time ¢, (see Figure 5.2(a)).

The Ipg switching measured in 10 mM HCI is further analyzed in
frequency domain and its PSD is plotted in Figure 5.2(c), which shows a
Lorentzian-shape profile with a corner frequency of ~150 Hz. To illustrate the
beneficial effect gained with H, annealing, the intrinsic device noises of the
SiINWFETSs with and without H, annealing are also included in the same PSD
plot as references. The Lorentzian hump of the single H-DB interaction is
completely shadowed by the 1/f spectrum of the SINWFET without H»
annealing (red band), which indicates that the capture/emission events of a
single H" cannot be resolved on the SINWFET without H, annealing.
Distributions of ¢, (black rectangles) and ¢, (red circles) extracted from the
I trace are presented in Figure 5.2(d), which are in excellent agreement with
Poisson statistics, i.e., the count is proportional to exp(¢/7) [88]. The time
constants 7, and z, can be extracted from the fitted slopes, i.e., 7, =2.27 ms
and 7, =5.69 ms.

5.2 Single H"-DB interaction analysis

The Ipg traces of the SINWFET with H, annealing (referred as Dev. A)
recorded at different V; — V7 in 10 mM HCI are plotted in Figure 5.3(a). The
histograms of three representative Ipg traces are also presented in Figure
5.3(b), and each trace shows two discrete Gaussian peaks [89]. As discussed
before, the current peaks of low- and high-states correspond to the empty and
filled states of the DB, respectively. At V; —V; =79.5 mV, the lower peak is
dominating, which indicates that the DB is mostly empty. As V,; increases,
the lower peak gradually decreases while the higher peak increases and finally
becomes dominant, indicating that the DB is mostly filled with H'. To
quantitatively represent the DB states, occupation probability ( P ) is
calculated by the ratio of the areas of the lower and higher Gaussian peaks.
The transition from the empty to the filled DB is clearly illustrated by the
increased P at higher V; (see Figure 5.3(c)). As illustrated in Figure 5.2(b),
Stern layer shares a larger potential drop V,, with the increased V; . Therefore
the energy of H" bound by the DB is lowered comparing to that at Stern/diffuse
layer interface. Consequently, the DB has a higher probability to be filled with
the H" from the Stern/diffuse layer interface at a higher V; .
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Figure 5.3. (a) I sampling results at varied Vg — Vi in 10 mM HCI with a
3 kHz sampling frequency. (b) Three representative histograms of Ipg. (c)
Occupation probability of the DB as a function of V5 —Vr .

The time constants 7, and 7, extracted from the I, traces at different
Vg —Vy are plotted in Figure 5.4(a). 7, decreases with the increased Vg

while 7, shows an opposite trend. As illustrated by the dashed line of
potential distribution at the bottom of Figure 5.2(b), the voltage drops across
diffuse layer and Stern layer are enlarged as V increases. According to
Boltzmann distribution, the increased potential drop across the diffuse layer
will lead to an increased H" concentration at the Stern/diffuse layer interface
(e ) As a result, it becomes easier for the DB to capture a H' ion from the
Stern/diffuse layer interface, thus resulting in a shorter r, . Meanwhile, the
emission of a H' ion from the DB becomes more difficult due to the higher
potential barrier across the Stern layer. Therefore, a larger 7, is observed with
increasing V.
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Figure 5.4. (a) v, and ., of Dev. A as a function of Vi —Vy . (b) Schematics
of energy barriers of a general analyte-receptor reaction process (upper) and
the H'-DB interaction (lower). (c) t, and t, as a function of HCI
concentration measured at Ing = 40 nA. (d) pH response of the SINWFET
measured in HCI solution. The solid curves in (a) and (c) are the fitting results.

According to the first-order Langmuir kinetics, considering an analyte-
receptor reaction on a surface, the fraction of analyte bound receptor (8) is
determined by both capture and emission processes through [90]

déo

3 = (1=0) k0. (5.1)

where k,, and k; are the association and dissociation constants of the
analyte-receptor reaction, respectively. k,, and k., are determined by the
kinetic energy barriers of the capture ( AEqp ) and emission ( AEcmi )
processes, respectively (see the schematic illustration in Figure 5.4(b)
(upper)). For the H'-DB interaction, the potential drop across the Stern layer
V. adds an additional barrier gV, to the H" emission process, as illustrated
in Figure 5.4(b) (lower). Therefore Eq. (5.1) is written as
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In the case of a single DB, € changes from 0 to 1 when a H" ion is captured,
and from 1 to 0 when the H' ion is emitted. 7, and z, of the single H'-DB
interaction can therefore be expressed as

1 _qV;t
L: k,,cy, and — =K g€ kT (5.3)
T T

C €

The potential and charge distribution at SINW/HCI interface (including cy;
and V,, ) can be calculated numerically using the site-binding and Gouy-
Chapman-Stern (GCS) models [57]. Detailed calculation method is available
in Paper II1. With the inputs of ¢, and V., the measured time constants at
different V; can be fitted by Eq. (5.3), which is shown by the solid curves in
Figure 5.4(a). Parameters C,, k., , and k. of Dev. A extracted from the
fitting are listed in Table 5.1.

7, and z, were also measured at different bulk HCI concentrations ( ¢y )
ranging from 10 to 30 mM at a fixed /pg =40 nA, as shown in Figure 5.4(c).
Here 7, becomes lower with increasing ¢y, while 7, is independent of ¢y .
Such dependence can be explained by the negligible pH sensitivity in the ¢y
range between 10 and 30 mM (pH 2—1.5 in Figure 5.4(d)), which indicates
that the electrical potential across the EDL almost does not change in this pH
range. cy, follows the increase of ¢y, to maintain a constant potential drop
across the diffuse layer. Higher ¢y, will lead to a reduced z, as analytically
expressed in Eq. (5.3). On the other hand, since ¥V, does not change in this
pH range either, 7z, stays constant.

The relative amplitude ( Alpg/Ipg ) at different V; —V; are plotted in
Figure 5.5(a), where Al is the difference between the two peaks in /g
histograms. As discussed in Chapter 2.1, both number (AN/N ) and mobility
(Ap/ p) fluctuations can contribute to Alpg/Ips - The calculated contribution
from AN/N is shown in Figure 5.5(b), which is negligible comparing to the
measured Alpg/Ips . Details of the calculation are presented in Paper III. As
a result, Alpg/Ips is mainly ascribed to Ax/u due to the change of local
Coulomb scattering strength induced by a single charge [62]:

AIDS _A_ﬂ_ asc:u

5.4
Ips H A G4
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Figure 5.5. (a) Relative signal amplitude as a function of Vi —Vy . The solid
curve is the fitting results. (b) Calculated contribution from number
Sfluctuation.

Alpg/Ing decreases at higher V; , which can be explained by the reduced
mobility and scattering coefficient [91]. Al,g/Ips of Dev. A measured at
different V; can be well fitted with the mobility fluctuation, shown as the
solid curve in Figure 5.5(a) (see Paper III for more details). The extracted
scattering coefficient falls into the range of 5.4—8.4x10"° V-s, which is in
good agreement with the reported value [91].

Table 5.1. Parameters extracted from the fitting of time constants and signal
amplitudes of Dev. A and B.

Parameters Dev. A Dev. B (DB 1) Dev. B (DB 2)
C, (F-cm?) 4x10° 4x10° 4x10°

k,, M'ms") 0.1 0.05 0.1

ko (ms™) 0.2 1.4 0.15

a,. (V-s) 54—84x10""  27-2.8x10"°  5.8-8.5x10"
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5.3 One-by-one activation of DBs

It has been reported that in a MOSFET multiple carrier traps with different
energy levels can be activated one-by-one through V; modulation [92].
Similar one-by-one activation of DBs as H" receptors on the SINW, is also
observed on our SINWFET. Figure 5.6(a) and (b) present the I traces and
three representative histograms measured on a different SINWFET (Dev. B),
respectively. The traces can be separated in two groups depending on V;; . The
first DB (DB 1) is activated at V; —V; =—12.6 mV, where the DB empty
state is dominating. With the increase of ¥, the occupation probability for
DB 1 increases gradually. DB 1 is mostly filled with a H" ion at V; —V; =
47.3 mV. As V; further increases, the second DB (DB 2) starts to interact
with H" at V; —V; = 82.3 mV, and DB 2 shows a similar behavior with DB
1. For a clearer illustration, the occupation probability of the two DBs in the
one-by-one activation process is plotted in Figure 5.6(c).
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Figure 5.6. (a) Ipg sampling results at varied Vg — Vi in 10 mM HCI with a
3 kHz sampling frequency. (b) Three representative histograms of Ipg. (c)
Occupation probability of the two DBs as a function of Vg —

7, and 7, of the two DBs of Dev. B at different V; are plotted in Figure
5.7(a). The time constants can also be well fitted by Eq. (5.3) using the same
C, value as Dev. A, which verifies the validness of our explanation on the
time constants of single H'-DB interaction. The extracted fitting parameters
are also listed in Table 5.1. The equilibrium constant K =k, /k.; of the two
DBs differs by ~20 times, which corresponds to ~78 mV difference in the
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energy level between DB 1 and DB 2 in energy band gap. This energy
difference is consistent with the difference of V; to activate DB 1 and DB 2.
As shown in Figure 5.7(b), Alps/Ips of both DBs can be well fitted with
mobility fluctuation and the extracted scattering coefficient ¢, are listed in
Table 5.1. Alpg/Ihs differs largely of the two DBs, which further supports
that they are distinct DBs. Although more than one DB might exist on the
SiNW surface, they could be activated individually by V; for single charge
detection.
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Figure 5.7. (a) Time constants and (b) relative signal amplitudes of the two
DBs as a function of Vi — Vi . The solid curves are the fitting results.
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6. SINW Resonator for Quantum Sensing

The sensitive detection of ions using SINWFETs has been discussed in
Chapter 4 and 5. In this chapter, a doubly clamped SiNW based
nanoelectromechanical resonator will be studied to investigate its applications
for quantum sensing at low temperature.

The SiNW resonator exhibits a high resonant frequency f, = 3 GHz at the
temperature of 20 mK, resulting in a calculated thermal phonon occupancy
npn much below the quantum limit (#p, << 1). A quality factor Q ~1000 is
extracted, which suggests a good isolation between the mechanical vibration
and its thermal environment ( f,Q >>kT/h). A low effective mass m.; of the
tiny SINW leads to a large zero-point motion x,, ~ 0.2 pm. Both £, and x,
reach the best level among the state-of-the-art doubly clamped NW resonators
using Si-containing materials. The SINW resonator can also act as a single-
hole transistor (SHT), which is confirmed by the observed Coulomb diamond
transportation features. The single-hole tunneling behaviors are strongly
correlated to the mechanical vibration, which enables the fully electrical
readout of the mechanical signal. The dominating signal transduction
mechanism is ascribed to the piezoresistive effect. Moreover, an apparent
effective piezoresistive gauge factor of the device (g ~6000) is among the
largest reported gauge factors of Si.

6.1 3 GHz SINW resonator

As shown in Figure 6.1, a SINW with 17 nm in width, 27 nm in thickness, and
200 nm in length is suspended, with a suspension height of 30 nm to the
underneath substrate. The SINW consists of 100-nm-long lightly p-type
region at the center and 50-nm-long heavily p-type regions at both ends. The
lightly p-type region of the SINW is gated by a 140-nm-wide side gate with a
55 nm gap. The conductance of the SINW channel can be modulated by a DC
voltage applied on the side gate 7 . The electrical and mechanical properties
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of the device are characterized in a dilution refrigerator with a base
temperature of 20 mK and chamber pressure of 107 Torr.

(b) Ve

I Lightly p-type Si p*-type Si NiSi Vo VM (t)

Figure 6.1. (a) Schematic and (b) SEM image and schematic measurement
arrangement of the SINW resonator.

The vibration measurement arrangement is illustrated in Figure 6.1(b).
Mechanical vibration of the SINW is actuated and detected by using a one-
source frequency-modulation (FM) technique [93]. The S terminal is biased
by a DC voltage ¥, superimposed by an AC FM signal V™ (¢) with a driven
frequency f; . The side gate terminal is biased by V; . Mixing current ([, )
is detected with a lock-in amplifier at the D terminal. Details of the vibration
measurement arrangement are available in Paper IV.

Figure 6.2(a) shows the measured 7., as a function of f; at side gate
voltage V; =— 25 V with a driving power P, =— 41 dBm. A resonant
frequency f, =2.9997 GHz and a quality factor Q = 1249 are extracted from
the [, curve with data fitting. Figure 6.2(b) plots the resonance peaks of
L. at Vg =—25 V with a series of P; from —31 to —19 dBm. It is clearly
indicated that a higher P, not only broadens the resonance peak but also
lowers the resonant frequency. Such nonlinearity is commonly observed in
nanoscale mechanical resonators [93], [94]. The higher driving power, which
induces a larger vibration amplitude, will modify both the stiffness of the
SiNW and the energy dissipation of the resonator.
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Figure 6.2. (a) 1., as a function of driving frequency at Vo =—25 V and
P,=—41dBm. (b) 1., as a function of driving frequency with different P,
at Vg =—25V. Each data set is offset by 0.4 nA for clarity. Extracted (c) shift
and (d) width of the resonance peaks as a _function of cube root of P, .

To further analyze the nonlinearity, shift ( fy;; ) and width ( f ) of the
resonance peaks in Figure 6.2(b) are plotted versus P, (see Figure 6.2(c) and
(d), respectively). The linear fitting results show that both f.. and f,;4, are
proportional to Pd]l/3 , which indicates that the nonlinear terms are dominated
by a Duffing term (ax’, where x is the displacement of the resonator) and a
van der Pol nonlinearity (77x> dx/dt ) [94].

6.2 Single-hole transistor behavior

Our device also acts as a single-hole transistor, in which the hole tunnels
through the channel one by one due to Coulomb repulsion [95]. The SHT
behavior is demonstrated by the profile in Figure 6.3(a) at V', =1 mV, which
shows a typical characteristic of Coulomb oscillations. As shown in Figure
6.3(b) (left), the measured [I,g at different V', and V; exhibits a typical
quantum-dot-like Coulomb diamond feature. Electrochemical potential of the
quantum dot ( uqp ) is quantized to a series of discrete energy levels separated
by charging energy. Illustrations in Figure 6.3(b) (right) present different
configurations of uqop and Fermi levels of source ( x4 ) and drain ( up )
terminals. When uqp lies in the bias window between x5 and g, , a hole can
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tunnel through the quantum dot, thus a current can be detected between source
and drain. However, when uqp is out of the window between ug and g,
no current can flow through the quantum dot. Since the relative position of
Hop to the window between g and 4, is determined by both V; and V7,
Ips oscillates with the varying V; at a fixed Vp,.
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Figure 6.3. (a) Ipg as a function of V; at V=1 mV. (b) Ipg as a function of
Vo and Vo . lllustrations in the right column show the relative
electrochemical potentials between S/D and quantum dot.

6.3 Transduction mechanism analysis

The DC voltage on the side gate V; applies an electrostatic force to the SINW,
which can modulate the strain and the resonant frequency of the SINW. As
shown in Figure 6.4(a), to investigate the V; modulation effect, the mixing
current /,;, is monitored when V; is varied from —25 to —15 V and P, is
fixed at —33 dBm. The resonant frequency can be tuned by 5 MHz when V
is changed from —25 to —15 V.

The mechanical vibration can be transduced to the electrical signal through
piezoresistive effect [93] and/or field-effect [96]. It has been shown that 7,
should be proportional to conductance if the transduction mechanism is based
on piezoresistive effect, i.e., ];lsz o« G , while it be proportional to
transconductance if the transduction mechamsm is due to field-effect, i.e.,
Il cdG/dV; . To understand transduction mechanism of our SiNW
resonator, both I,s and I, at resonance, i.e., I , are measured
simultaneously with changing V,; , as shown in Figure 6.4(b) and (c). I and
Ips show similar oscillation behaviors with varying V;; , and reach their peak
values at the same V; . Therefore, we attribute the dominating signal
transduction mechanism in the SINW resonator to the piezoresistive effect.
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This behavior is in sharp contrast to field-effect transduction mechanism
reported in carbon nanotube resonators, where I, peaks appear where
dlpg/dVg reaches its peaks [97].
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Figure 6.4. (a) 1., as a function of gate voltage and driving frequency at
P, =—- 33 dBm. (b) Zoom-in figure of (a), where the blue curve is Ipg
simultaneously measured with I, . (c) Mixing current at resonance as a
function of Vg . (d) Calculated mixing current at resonance based on
piezoresistive effect as a function of Vg, with an estimated effective gauge
factor g=:6000.

I.ix transduced from piezoresistive effect is proportional to the piezoresistive
gauge factor (g ). However, g of Si shows a strong dependence on many
parameters, such as crystallographic orientation, device dimensions, carrier
density, and temperature [98]-[100]. To estimate the effective g of our
device, the mixing currents at resonance are calculated with different g
values and compared with the measured 7, . As shown in Figure 6.4(d), a
giant effective g value about 6000 is needed to reach the measured I, at
P, =- 33 dBm with the appearance of Coulomb oscillations. This giant
effective g is among the largest reported gauge factors of Si [98], [99], [101].
One possible reason could be that the SINW resistance is dominated by the
tunneling barriers at P, =— 33 dBm and the tunneling resistance might be
more sensitive to the mechanical strain. In addition, the effective g has a
strong dependence on carrier density at nanoscale. The effective carrier
density in our device is lower when the transport behavior is dominated by
single-hole tunneling (the appearance of Coulomb oscillations) at P, =—33
dBm. It is worth noting that although the dominating signal transduction
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mechanism is the piezoresistive effect, a more complicated mechanism
cooperated by both piezoresistive and field effects, especially in the single-
hole tunneling regime, might be behind the real signal transduction and is to
be further investigated.
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7. Lateral BJTs as Local Signal Amplifiers

As discussed in Chapter 2.3, to suppress external interference, a bipolar
junction transistor (BJT) can be used as a local current amplifier of SINW
electronic sensor. However, the conventional vertical BJT, which requires
micrometer-thick Si, is not technologically compatible with the SINW devices
fabricated on SOI substrate.

In Chapter 7, lateral version of BJTs (LBJTs) are designed and fabricated
on SOI substrate to study their potential application as local signal amplifiers
for SINW electronic sensors. Chapter 7.1 presents a CMOS-compatible
fabrication process of the LBJT and the current gain ( £ ). Chapter 7.2 exhibits
a systematic study of the substrate voltage (V, ) modulation effect of the
current-voltage (/-V) characteristics and current noise of the LBJT.

7.1 Device fabrication and characterization

A cross-sectional schematic of an LBJT on SOI substrate is shown in Figure
7.1(a). The LBJT is of n*-p-n" type with a poly-Si contact on top of the base
(B). The emitter (E) and collector (C) are symmetric in terms of doping level
and geometry. An effective E/C doping level Np = 1.5x10* c¢cm™ and B
doping level N, = 8x10" cm™ are estimated by sheet resistance
measurements. A 20-nm-thick thermal oxide layer (barrier oxide) acts as the
etching stop layer for poly-Si and the electrical isolation layer between poly-
Si and E/C. A series of base width (77} are designed to study its influence on
[ . A cross-sectional TEM image of the LBJT is presented in Figure 7.1(b).
Before any electrical measurement, the LBJT was annealed in forming gas to
remove charged traps near Si/oxide interfaces.
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Figure 7.1. Cross-sectional (a) schematic and (b) TEM image of an LBJT on
SOI substrate. The TEM image is referred to the region in the dashed
rectangle in (a).

Figure 7.2(a) shows a typical Gummel characteristics and current gain of the
LBIJT with Wy =50 nm measured at collector voltage V- =1 V. The collector
(I ) and base ( [ ) currents are modulated by base voltage (7 ) with slopes
of 61.2 and 74.8 mV/dec in Vy range from 0.4 to 0.9 V, respectively. The
non-ideal slope of /5 could be ascribed to the presence of defects in the E-B
space charge region (SCR) and near the Si/oxide interfaces, which are not
completely removed by FGA [102]. This leads to anon-flat # which strongly
depends on Vi with a maximum value of 8, =70 at V;=0.85V. 8., of
the LBJTs with different base width is summarized in Figure 7.2(b). Clearly,
a higher S, can be achieved on the LBJT with a narrower base.
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Figure 7.2. (a) Gummel characteristics and f of the LBJT with Wy = 50 nm.
Ve=1V.(b) P 0of the LBJTs with different Wy.

7.2 Substrate voltage modulation

As illustrated in Figure 7.3(a) and (b), a positive ¥, applied on bulk Si can
induce a depletion layer and bend the Si energy diagram downwards by g
in the base region near the Si/BOX interface. A positive Vg lowers the E-B
injection barrier and thus increases electron injection current into the base bulk
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(annotated by /. in Figure 7.3(a)). Similarly, the E-B injection barrier can
also be lowered by a positive V,,, (indicated in Figure 7.3(c)), which leads to
an increase of electron injection current into the base near the Si/BOX
interface as annotated by /. in Figure 7.3(a).

(a) (b)

Emitter Base Collector

200
1150

1100=

150

8

v n
Emitter

V, (V)

Figure 7.3. (a) Cross-sectional schematic of depletion region in the base (grey
area) and different 1. components. (b) and (c) Band diagrams with V, > 0.
W, in (c) is the surface potential at the Si/BOX interface as shown in (b). (d)
Gummel characteristics and [ measured at different Vo, at Vo =1 V. The
arrows indicate V, increase from 0 Vto 10 V with a fixed step of 2 V.

Modulation effect of the positive V,,, is exhibited in Figure 7.3(d). /- and
[ increase considerably with V, especially when Vg is lower than 0.8 V.
Such increase can be ascribed to the V,,;, -enhanced E-B current injection near
the Si/BOX interface. On the other hand, /5 is insensitive to V, , suggesting
that the recombination current generated near the Si/BOX interface does not
contribute significantly to Iy . Taking ¥V, = 4 V as an example, the /.
curve can be divided into three regions depending on V5. When V3 <0.3 'V,
I is dominated by /., which shows a weak dependence of V. Evidently,
the LBJT should not be operated in such bias range for effective signal
amplification. As Fgy increases, [I.p increases exponentially and its
contribution to /. rises. An improved V3 control of /. is observed in the
Vg range from 0.3 to 0.8 V. This range is beneficial for current signal
amplification. For V5 > 0.8 V, I is dominated by /- and thus is under a
negligible modulation by ¥, . Clearly, the V' range advantageous for signal
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amplification is curbed with the increased V,; . More discussion of V
modulation effect of /- can be found in Paper VI.

The V,;, modulation of /. and Iy noise, S and S|3 , was also
characterized. S;. at 10 Hz measured at different V,, is shown in Figure
7.4(a). In the low I range, /. is dominated by I-; near the Si/BOX
interface. The random carrier trapping and detrapping processes to the traps
near the Si/BOX interface will generate extra noise to S . The noise of I
is indicated by the grey dashed line, measured at V3 =0V (I =1.,). As I¢
increases, it eventually becomes dominated by /-y and thus S falls in the
black dashed line measured at V,, =0 V.
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Figure 7.4. (a) S at 10 Hz as a function of I measured at different Vg,
I noise indicates S, measured at Vg =0V. (b) S\ at 10 Hz as a function
of Iz measured at different V.

Figure 7.4(b) plots Sz at 10 Hz as a function of /i measured at different
Vi - At Vo = 0V, Sig shows an [ 3 dependence in a wide /5 range over
4 orders of magnitudes [103]. Such dependence could be ascribed to local
fluctuations of electrical field associated with charging and discharging of the
bulk defects in the E-B space charge region, which modulates the current
flowing across the space charge region [104]. At V, > 0 V, Sz deviates
from the / é dependence and tends to be proportional to / in the range of
Iz <107 A. Referring to the Gummel plots in Figure 7.3(d) again, /. is
dominated by /- under such bias conditions and therefore the main noise
source is the random carrier trapping and detrapping processes near the
Si/BOX interface [105], [106]. Our results reveal a transition process of noise
source in the LBJT when the dominant /- contribution is shifted from the
base bulk to the Si/BOX interface.

Although V,, can significantly improve £ at low Vy, it tends to induce
extra noise near the Si/BOX interface. This extra noise is reflected in S5 at
Iz < 107 A. To apply the LBIJT as a local signal amplifier for the SINW
electronic sensor, it is essential that the input-referred noise, i.e., Sz, of the
LBJT is significantly lower than that of the SINW sensor. Consequently,
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setting an appropriate V;, ata given input current ( /) is important in order
to ensure an optimal overall SNR.
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8. Conclusions and Future Perspectives

The purpose of this thesis is to explore the SINW electronic devices, i.e.,
SINWFETs and SiNW resonators, for different sensing applications. To
pursue this goal, a CMOS-compatible fabrication process is optimized to
downscale the SINW dimensions to ~10 nm. Meanwhile, the intrinsic noise of
such downscaled device is suppressed, which is essential for achieving a high
SNR. Afterwards, different sensing applications of our SiNW electronic
devices are studied and summarized as follow:

1. Multiplexed detection of molecular and elemental ions is demonstrated
using a SINWFET array. The SINWFET array is separately functionalized
with the MMM s as the sensing layers of the target ions, i.e., MB" and Na".
Using the same type of sensing layers for both targets greatly simplifies the
integration process. Both MB'- and Na'-sensors show near-Nernstian
responses in wide target concentration ranges. The MB'-sensor further shows
an excellent selectivity against common interfering ions in liquid samples,
e.g., H", Na", and K'. However, the Na'-sensor is more susceptible to the
presence of MB" due to the hydrophobic interaction between MB" and PVC
matrix of the Na'™-MMM. Such interaction generates a large interference to
Na' sensing once the concentration of MB" exceeds a threshold value. Based
on the observed cross-interference of the two target ions, multiplexed
detection of MB" and Na" is demonstrated in a single sample solution, in
which the concentration of MB™ is controlled below the threshold.

2. PEG is doped into the MMM to improve its selectivity and expand the
multiplexed detection range. In order to address the hydrophobic interaction
between MB" and PVC matrix, the hydrophilic PEG is selected as the additive
into the MMM to suppress its hydrophobicity. It is verified that PEG doping
can reduce the MMM’s affinity to hydrophobic MB", leading to a much
reduced interference from the hydrophobic interaction to the Na"-MMM. Such
effects are evidenced by the significantly improved selectivity coefficients of
the PEG-doped Na'-MMMs against MB'. The improved selectivity of the
Na'-sensor expands the dynamic range of the multiplexed detection by one
order of magnitude.

3. Direct detection of a single H" is achieved using gate oxide free sub-10
nm SiNWFETs. The SINWFETs are fabricated using an optimized CMOS-
compatible process. A H, annealing process is explored to smooth the SINW
surface to reduce the surface defect density and the intrinsic device noise. Si
DBs on the SiNW surface act as H' receptors. The majority of DBs are
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passivated by buffered HF with covalent H-terminations, leaving a single
activated DB on the tiny SINW surface for single H" detection. The single H'-
DB interaction generates Ipg switching signals by modulating the local
Coulomb scattering strength. Based on the detected signals, kinetics of the
single H'-DB interaction and its correlation to the energy barriers at the
SiNW/electrolyte interface are systematically investigated. This work
demonstrates the unprecedented ability of our SINWFET to investigate the
physics of solid/liquid interface at single charge level.

4. A suspended 3 GHz SiNW nanoelectromechanical resonator is
developed aiming for electrical detection of potential quantized mechanical
vibration at low temperature. The doubly clamped SiNW resonator is
fabricated on SOI substrate. Such SiNW resonator achieves a resonant
frequency of 3 GHz, reaching the best level among the state-of-the-art SINW
resonators. A single-hole tunneling behavior is also observed in the resonator,
which shows a strong correlation with the resonance signal. The dominating
transduction mechanism is attributed to the piezoresistive effect. A giant
effective g ~ 6000 with a strong correlation to the single-hole tunneling is
estimated from our measurements. This hybrid device is promising to
investigate macroscopic quantum behaviors of vibration phonon mode.

5. Symmetric LBJTs are fabricated on SOI wafer as local current amplifiers
for the SINW electronic sensors. With the base width of 50 nm, a current gain
of 70 is achieved with good reliability. For an n'-p-n" type LBJT, an
improvement of S is observed by applying a positive V; , which can
enhance the E-B current injection near the Si/BOX interface. However, carrier
random trapping and detrapping processes in the vicinity of the Si/BOX
interface would increase the LBJT device noise when the interface current
contribution to /- is significant. Applying an appropriate V,, can both
improve £ and achieve an optimal overall SNR.

Based on the work in this thesis, basic knowledge and technique are
accumulated about the CMOS-compatible fabrication and electrical
characteristics of SINW devices, ion-sensitive MMM, single charge analysis,
high-frequency resonator, and amplification performance of LBJT. More
efforts need be done to explore the sensing applications of SINW electronic
devices.

1. Microfluidics system should be integrated with the SINWFET for real
sensing applications. In this thesis, a polydimethylsiloxane (PDMS) container
is used to hold the liquid sample for characterizing the sensing performance
of the SINWFET sensor. The microfluidics system will enable a more precise
control of liquid sample delivery.

2. Surface functionalization method needs to be explored on the gate oxide
free SINW surface for single charge analysis of analytes other than H'. The
receptor of H' in this thesis is the self-formed Si DB on the SINW surface. To
detect and analyze a single ion or molecule of other chemical and biological
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species, one should explore the approach to functionalize the individual
specific receptors on the SINW surface.

3. More study needs to be conducted to investigate the transduction
mechanism of the SiNW resonator. A more complicated mechanism,
cooperated by both piezoresistive and field effects, might be hidden in the
single-hole tunneling regime. Joint contributions from piezoresistive and field
effects could provide rich physics of interaction between mechanical vibration
and carrier transport. Furthermore, quantum-dot-based qubit can be defined in
our system with a multiple-gate architecture, leading to a hybrid system
consisting of solid-state qubits and high-frequency vibrational phonons. Such
system could enable the investigation of many quantum effects, such as
phonon number counting and coherent state transfer.

4. LBJTs will be integrated with the SiNW sensors to suppress the
environmental interference. In this thesis, the fabrication process of the LBJT
is established and the characteristics of current gain and noise are studied.
Integration of the LBJTs and the SINW sensors will be further explored on
SOI substrates.
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Sammanfattning pd Svenska

Kiselnanotrdds (SiNW) baserade elektroniska enheter tillverkade med en
kompletterande metall-oxid-halvledare (CMOS) kompatibel process har ett
brett spektrum och lovande applikationer inom avkénningsomrddet. Dessa
SiNW-sensorer har hog kénslighet, mdjlighet till massproduktion till l&ga
kostnader och hog integreringstithet. I denna avhandling designar och
tillverkar vi elektroniska SiNW-enheter genom den CMOS-kompatibla
processen for kisel-pa-isolatorskivor (SOI) och undersdker deras
applikationer for jonavkanning och kvantavkdnning.

For att uppnd detta mal optimerades den CMOS-kompatibla
tillverkningsprocessen for att minska SiNW-dimensionerna till ~ 10 nm.
Under tiden tystades det inneboende bullret fran en sddan minskad enhet,
vilket dr grundldggande for att uppnd en hdg signal-till-brus forhéllande
(SNR). Ddrefter studerades olika avkdnningsapplikationer for vara
elektroniska SINW-enheter, som kan sammanfattas enligt foljande:

1. Multiplexerad detektion av molekyldra och elementdra joner
demonstrerades pa SiNWFET-system. SiNWFET tilldelades separat en
funktion av blandat matrismembran (MMM) som avkénningsskikt for
dummymal, dvs. MB" och Na'. Att anvinda samma typ av avkidnningsskikt
for bdda malen forenklar integrationsprocessen avsevirt. Bade MB™- och Na'-
sensorer visar ett ndstan Nernst-svar inom breda intervall av
analytkoncentrationer. MB'-sensorn visar vidare en utmérkt selektivitet mot
vanliga stérande joner i flytande prover, H", Na" och K'. Emellertid &r Na'-
sensorn mer mottaglig for nirvaron av MB® pd grund av den hydrofoba
interaktionen mellan MB* och PVC-matrisen for MMM. En sédan interaktion
genererar storningar for Na'-avkénning nir koncentrationen av MB'
overstiger troskelvérdet. Baserat pa den observerade korsinterferensen hos de
tvd maljonerna demonstrerades multiplexerad detektion av MB" och Na™ i en
enda provlosning, dir koncentrationen av MB' kontrollerades under
troskelvirdet.

2. PEG dopades in i MMM for att forbéttra dess selektivitet och utvidga
det multiplexerade detekteringsomradet. For att ta itu med den hydrofoba
interaktionen mellan MB" och PVC-matrisen valdes den hydrofila PEG som
tillsats i MMM f{or att undertrycka dess hydrofoba egenskaper. Det
verifierades att PEG-dopning kunde minska MMM affinitet till hydrofob MB”,
vilket ledde till en mycket reducerad storning fran de hydrofoba
interaktionerna for den MMM-baserade Na'-sensorn. Sddana effekter
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bevisades av de signifikant forbittrade selektivitetskoefficienterna for Na'-
sensorerna mot MB'. Den forbittrade selektiviteten hos Na'-sensorn
utvidgade det dynamiska omradet med en storleksordning vid multiplexerad
detektion av MB"- och Na'-joner.

3. Direkt detektering av enstaka H™ uppnaddes pa oxidfria SINWFET-
grindar under 10 nm. SINWFET-enheterna tillverkades med en optimerad
CMOS-kompatibel process. En H,-glodgningsprocess anviandes for att sléta
ut SiNW-ytan for att minimera densiteten av ytdefekter och enhetens
inneboende ljud. Si dinglande obligationer (DBs) pd SINW-ytan fungerar som
H'-receptorer. Majoriteten av DBs passiviserades genom BHF-etsning med
kovalent H-terminering, vilket ldmnade en enda aktiverad DB pé den lilla
SiNW-ytan for den enda H'-detekteringen. Den enda H'-DB-interaktionen
genererade drain-source strommen véxlingssignaler genom att modulera den
lokala Coulomb-spridningsstyrkan. Baserat pa de detekterade signalerna
genomfordes en systematisk undersdkning av kinetiken for den enskilda H'-
DB-interaktionen och dess korrelation till energibarridrerna vid
fast/elektrolyt-granssnittet. Detta arbete visar en odvertraffad forméaga hos
vart SINWFET att undersoka fysiken i grianssnittet mellan fast och flytande
vid en enda laddningsniva.

4. Upphéngda 3 GHz SiNW nanoelektromekaniska resonator utvecklades
med sikte pa elektrisk detektering av potentiella kvantiserade mekaniska
vibrationer vid lag temperatur. En dubbelkldmd SiNW-resonator tillverkades
pa ett SOI-substrat. Denna SiNW-resonator uppnadde en resonansfrekvens pa
3 GHz, vilket dr den bésta nivan bland de senaste SINW-resonatorerna. Ett
enkelhals-tunnelbeteende observerades ocksa i resonatorn, vilket visade en
stark  korrelation = med  resonanssignalen. Den  dominerande
transduktionsmekanismen tillskrevs piezoresistiviteten. En enorm skenbar
effekt g ~ 6000 med stark korrelation till enkelhalstunnling uppskattades
utifrdn vara métningar. Denna hybridanordning &r lovande for att kunna
undersdka makroskopiskt kvantbeteende for vibrationsfononlége.

5. Symmetriska laterala bipoléra transistorer (LBJT) tillverkades pa SOI-
skivor som lokala stromforstérkare for elektroniska SiNW-sensorer. Med
basbredden 50 nm kunde en strdmforstarkning pé cirka 70 uppnas med god
tillforlitlighet. Fér en n™-p-n* typ av LBJT observerades en forbittring av
stromforstirkning en positiv substratspanning, vilket skulle kunna forbéttra
EB-strominjektionen ndra Si/BOX  gréinssnittet. Emellertid  okar
transportdrens slumpmaéssiga infangning och avskdrmning i nérheten av
Si/BOX grénssnittet LBJT bruset nér granssnittsstrommens bidrag till /. ar
betydande. Att tillimpa en ldmplig substratspinning kan bade forbattra
stromforstirkning av LBJT och uppna en optimal total SNR.
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