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Abstract

For the last decade, semiconducting nanowires synthesized by bottom-up methods have
opened up new opportunities, stimulated innovative scientific research, and led to applications in
materials science, electronics, optics, and biology at the nanoscale. Notably, nanowire building
blocks with precise control of size, structure, morphology, and even composition in one, two,
and three dimensions can successfully demonstrate high-performance electrical characteristics of
field-effect transistors (FETs) and highly sensitive, selective, label-free, real-time biosensors in
the fields of nanoelectronics and nano-biosensing, respectively. This thesis has focused on the
design, synthesis, assembly, fabrication and electrical characterization of nanowire
heterostructures for a proof-of-concept nanoprocessor and morphology-modulated kinked

nanowire molecular nanosensor.

Nanoprocessor
Realization of a fully integrated complex circuit such as a nanoprocessor has remained
difficult due to issues of assembly and electrical uniformity of nanowire devices. To surmount

these obstacles, we have developed a multi-functional nanoprocessor architecture based on
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programmable non-volatile nanowire transistor arrays. Ge/Si core/shell NWs synthesized by
chemical vapor deposition according to the vapor-liquid-solid mechanism are coupled with a
rationally-designed dielectric shell stack based on a charge-trapping mechanism to realize
nanowire field-effect transistors (NWFETs) with well-defined and programmable gate responses.
Controlled integration of individual NWFETs yields reconfigurable charge-trapping NWFET
arrays consisting of 496 functional device nodes, capable of complex logic functions such as
full-adder with a maximal voltage gain of 10 and input/output (I/O) matching. Significantly, the
same device arrays can be re-programmed to perform diverse functions including full-subtractor,
multiplexer, demultiplexer and D-latch. These results represent a significant advance in both
complexity and functionality of nanoelectronic circuits built by the bottom-up approach.
Moreover, the architecture demonstrated here provides a general and scalable paradigm for a

fully-integrated nanoprocessor with computing, memory and addressing capabilities.

Nano-biosensor

The realization of an electrochemical nano-biosensor that is functional in physiological
environments seems unlikely to occur soon, due to the challenges posed by the short Debye
length in a high ionic strength solution. Furthermore, development of such a nano-biosensor
cannot keep pace with growing demands for a point-of-care or in vivo biosensor. To overcome
these limitations of conventional electrochemical nano-biosensors, the concept of a kinked
NWFET synthesized by rational modulation of morphology and dopant concentration is
presented here. This chemical/biomolecular probe is considered and investigated here under

physiological conditions. Heavily n-doped (n++)/intrinsic (i)/heavily n-doped (n++) silicon
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semiconductor nanowire has been synthesized in a probe-like kinked structure, and modified to
form an FET device. Based on models of the NWFET’s sensitivity in solution and investigation
of reliable surface functionalization to immobilize antibodies, the n-type kinked NWFET
biosensor has successfully been demonstrated and verified for sensing cancer markers with
Enzyme-Linked ImmunoSorbent Assay (ELISA) method in a microfluidic system at low ionic
strength. Furthermore, theoretical analysis of a NWFET biosensor operating with high-frequency
modulation predicts new opportunities to sense target proteins at high ionic strength, regardless
of protein charge. These results imply that a kinked structural NWFET biosensor with high-
frequency measurement will allow realization of a future 3D in vivo bioprobe for advanced

pathology and proteomics in a single cell.
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Chapter 1

Introduction

Nanoscience and nanotechnology had their beginnings with the invention of scanning
tunneling microscopy (STM) and discovery of fullerenes in the 1980s. Since then, research on
nanoscale phenomena has led to significant advances in physics, chemistry, biology and material
science. In particular, the emergence of zero-dimensional (0D) structures such as quantum dots,
one-dimensional (1D) structures such as carbon nanotubes (CNT), semiconductor nanowires
(NW), and two-dimensional (2D) structures such as graphene has enabled not only examination
of new optical, electrical, mechanical, and thermal properties based on quantum effects, but also
realization of other novel properties never observed in classical systems. For the last decade, 1D
semiconductor NWs have fueled intense progress in nanotechnology and nanoscience due to
their several unique advantages and characteristics. First, it is possible to design and develop
various 1D nanostructures through precise control of size, morphology, structure, and
composition in two and three dimensions. Second, controllable material modulation over many
length scales and in many directions enables novel multi-functional devices and new nanoscale
heterostructures for study of quantum confinement. Third, synthesized NWs can easily be

combined with other nanostructures such as quantum dots, nanopores, or graphene to create



next-generation devices. In this chapter, I will provide a brief overview of nanoscience and
nanotechnology with an emphasis on the synthesis of NWs and NW heterostructure systems and

also on nanowire field-effect transistors (NWFETs) and their applications.

1.1 Overview of nanotechnology and nanoscience

Since Richard Feynman inspired the concept of nanotechnology, ' scientists have
imagined controllable synthesis of structures through direct manipulation of atoms.
Nanotechnology and nanoscience deal with understanding and controlling matter at the length
scale of approximately 1 to 100 nanometers.> Significantly, nanoscale materials present
intriguing phenomena not anticipated by classical physics. First, a nanoscale confined structure,
whose size approaches the Fermi wavelength of an electron, has quantized energy levels (Fig. 1-
1), in contrast to the continuous energy levels of bulk structures.” The small number of confined
electrons in a nanosystem causes an electronic density of states which is quantized and which
corresponds to harmonics of electron wave functions confined to the quantum dot. This unique
property leads to applications in homogenous light-emitting diodes (LED)," highly efficient solar

cells,” quantum dot biosensors with high fluorescence quantum yields, ™ qubits,” "

single
electron transistors,'” and high-performance FETs based on 1D NWs'*'* or NTs." Second,
nanostructures have a large surface-area-to-volume ratio (SA:V). Fig. 1-2 demonstrates the
dramatic increase of SA:V from the millimeter to nanometer scale in a cubic structure. This trend

16-17

. . . . . . . . 18 19
is significant for nanoscale applications in sensing, catalysis, = and spectroscopy ~ because

higher chemical reactivity may be associated with the higher surface area available to reactions.



Last, the size of nanomaterials is compatible with essential biological structures and this may
enable non-invasive in-situ biological research.”” Due to their small size, nanostructures are less
likely to disturb cellular metabolism when injected into the cell.”'** Furthermore, direct culture
of biological systems on nanostructure-based complex templates®® is possible and relevant for

directly probing key nanomaterial-biological interfaces.

2-dimenswonal t-dimensiona O-dimensional

_ % j;lpg

quantum fim quanium wwe quanium dol

A w v
%% s 4\ "4
g'(w) g''(w) g (W)

Figure 1-1 Confined structure in 0D, 1D and 2D (from top-right to top-left)
and corresponding densities of electron states g(i)(W) (from bottom-right to

bottom-left). Courtesy of Ref [3].

To explore and exploit the nano-world, three things are essential: seeing, manipulating,
and synthesizing nanoscale matter. Scanning electron microscopy (SEM),”’ tunneling electron
microscopy (TEM)*® and scanning probe microscopy (SPM), including atomic force microscopy
(AFM),?”*’ scanning tunneling microscopy (STM),*" electrostatic force microscopy (EFM),’’
near-field scanning optical microscopy (NSOM),** magnetic resonance force microscopy

(MRFM),> are generally used to observe and analyze nanostructures. Interestingly, a



combination of STM and AFM techniques allows for observation of morphology and

manipulation of atoms (mostly STM) and molecules (e.g. AFM).**?’

In addition, strong
electric,’® magnetic,’’ or electromagnetic fields’® can be implemented in conjunction with the
aforementioned techniques to induce specific interactions with nanomaterials. A critical task of
nanotechnology and nanoscience is synthesis of nanostructures and nanomaterials in a
controllable and reliable manner to yield materials with novel and unique properties. Processes
by which nanostructures are produced are largely classified as either “top-down” or “bottom-up.”
Top-down methods are based on creation of smaller structures or devices by manipulation of a
larger material source. Photolithography,” e-beam lithography,*’ and dip-pen lithography,*'
followed by etching or deposition of materials, are representative of the top-down process. A key
advantage of the top-down approach is that patterning directly defines devices with exquisite
alignment and precision. The bottom-up method, on the contrary, relies on synthesis and
subsequent organization/assembly of smaller functional components into more complicated

*47 and graphene®® through

structures. Synthesis of quantum dots,** nanowires**®/nanotubes,
chemical deposition is representative of the bottom-up approach. The bottom-up approach offers
great flexibility in synthesis and integration to create high-quality homogeneous systems as well

. . . . . 45-46
as heterogeneous systems with in-situ modulation of nanomaterials.

However, devising
methods to self-assemble nanodevice building blocks with high precision and uniformity over

large areas remains a significant challenge.
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Figure 1-2 Scheme demonstrating the effect of the increased surface area

provided by nanostructured materials

The bottom-up method has distinct advantages in the research and application of
nanotechnology and nanoscience. In particular, NW research from the bottom-up perspective has
the potential for significant impact in nanoelectronics and biosensing. In the next section, I will
describe the synthesis of semiconductor nanowires and nanowire heterostructures with precise
control of morphology, composition, and electronic properties. Subsequently, I will introduce
nanowire field-effect transistors that serve as the basic building blocks for nanoelectronics and

nanobiosensors.

1.2 Rational synthesis of semiconductor nanowires and heterostructures

Synthesis of semiconductor nanowire



Nanowires can be grown using electrochemical deposition® or chemical vapor deposition
(CVD)*** based on a vapor phase mechanism such as vapor-liquid-solid (VLS),***° vapor-
solid-solid (VSS),”' oxide-assisted growth (OAG),” and self-catalyst growth (SCG).>*
Electrochemical deposition is mainly used for synthesis of metallic nanowires,* while CVD is a
very common technique for synthesis of semiconductor nanowires.**%*°

Understanding the VLS mechanism is central to rational synthesis of not only one-
dimensional nanowires but also heterostructures. When target atoms of a semiconductor in the
vapor phase are supplied to a metal nanocluster catalyst at an appropriate growth temperature,
the two components will form a eutectic liquid alloy. Once sufficient target atoms supersaturate
the metal-semiconductor eutectic alloy, homogeneous nucleation of a single-crystalline one-
dimensional solid will begin. The continuous uptake of target semiconductor atoms induces
elongation of the nanowire. The nucleation and growth of NWs has been observed by in-situ
transmission electron microscopy’’. During synthesis, the nanowire diameter is dictated by metal
catalyst size’® while nanowire length is modulated by growth time. For example, nanowires with
~3 nm diameter ("molecular-scale" nanowires)’’ and millimeter long nanowires’® have been
demonstrated with high controllability and uniformity. Furthermore, switching target atoms
capable of eutectic formation with the catalyst enables modulation of material composition

45,59

during the growth process, making possible the synthesis of superlattices™™ ~". Furthermore, in-

situ doping of semiconductor nanowires can be well controlled by the judicious choice of doping
material and by control of the dopant feed-in ratio.>**’

To choose a suitable metal catalyst and target material for synthesis of semiconductor

nanowire the binary phase diagram is consulted. Fig. 1-3a shows the silicon-gold phase diagram.



The diagram depicts distinct phases separated by curves that correspond to non-analytic solutions
to the free energy as a function of temperature and percentage of Si atoms. An optimal growth
temperature can be found at the intersection of the liquid + metal catalyst and liquid +
semiconductor phase boundaries (Fig. 1-3a). In this region, supersaturation can readily occur at
low atomic percentages of the target semiconductor. VLS growth entails nucleation and

elongation of the nanowire (Fig. 1-3b).

() == . -
-t Uiy | -
R
Lo e ‘ - W S —
T Uquid ¥ T Uquid
- .—*u—- 'S ’- - - -— . —
d000% s sabanshalodin: 477 S VI do o o o
= = S == = s e S
oy = - < _ - .~ muu““ Llnua.s‘

Figure 1-3 VLS mechanism in phase diagram. (a), Liquid-solid phase diagram of Au-Si. Blue
arrow corresponds to phase transition in VLS mechanism at growth temperature (blue dashed
line). Courtesy of Ref [61]. (b) Schematics of nucleation and elongation in nanowire synthesis by

VLS mechanism.

The synthesis of p-type silicon nanowires (p-SiNWs) proceeds as follows. First, a piece
of silicon wafer with a top layer of 600 nm silicon oxide (Si0,) is cleaned with O, plasma (100W
RF, 1 min at 0.6 Torr) followed by modification with poly-L-lysine (PLL) (0.1% w/v aqueous
solution, Ted Pella Inc.) for 10 min. After rinsing with deionized (DI) water, a colloid of 30 nm-

diameter Au nanoparticles (Au-NPs) (2x10'" particles/ml in water, Ted Pella Inc.) is applied to



the substrate for 10 min and then rinsed off with DI water. Au-NPs disperse and adhere to the
PLL-modified growth substrates without aggregation, because Au-NPs in water are negatively
charged and thus not only repel each other but also adhere to the positively charged PLL.%* The
catalyst substrate is loaded in the tube-furnace of the CVD system and heated to 460°C. The
growth temperature, 460°C, which is higher than the Au-Si eutectic temperature of 370°C, is
chosen from the Au-Si phase diagram (Blue dashed line in Fig. 1-3a). To synthesize p-type
silicon nanowires with a 4000:1 silicon (Si) to boron (B) ratio (number of boron: 1.5x10*°
atoms/mol), 2 sccm SiH4(100%), and 2.5 sccm B,Hg (100ppm in H, or He) are introduced into
the reactor as precursors for Si and B respectively. Either 60 sccm H, or 10 sccm Ar carrier gases
are delivered to the catalyst substrate. Total gas pressure is maintained at 40 Torr during growth.
After growth for 40 min, nanowires on the substrate are analyzed by SEM and TEM. As shown
in Fig. 1-4a, the nanowires are uniform and grown in high yield. Furthermore, high-resolution
SEM and TEM images of a single nanowire (Fig. 1-4b) reveal a clear interface between the Au

catalyst and Si body at the tip of nanowire.

(b)
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Figure 1.4



Figure 1.4 (Continued)

Figure 1-4 P-type silicon nanowire synthesized by the VLS-CVD method. (a),
SEM image of p-type silicon nanowire on the growth substrate. Scale bar: 10
um. (b), (Upper panel) High-resolution SEM image of one nanowire from image
(a). Scale bar: 100 nm. (Lower panel) TEM image of one nanowire transferred

from the grown substrate. Scale bar: 200 nm.

Synthesis of core/shell semiconductor nanowire heterostructures

A number of techniques have been developed over the past decades to deposit uniform
thin films ranging in thickness from a few monolayers to several micrometers. These techniques
can be broadly categorized as physical deposition and chemical deposition.®® Physical deposition
implements mechanical, electromechanical or thermodynamic methods®®. Chemical deposition,
on the other hand, uses precursors that chemically react at the solid surface and leave a solid
layer via a vapor-solid (VS) mechanism.** The interesting feature of semiconductor nanowire
synthesis is that the VLS mechanism entails anisotropic chemical deposition of precursors in
only one dimension. However, at different values of temperature (typically higher) and pressure,
material precursors decompose in the gas phase or at all nanowire surfaces leading to uniform
(radial) deposition of material.

For successful shell growth, chemical deposition must predominate in the radial direction
with effective suppression of any axial growth. Typically, either a high temperature and low
vapor pressure of precursors, ® ® or low temperature (<eutectic) and high vapor pressure of

precursors,*® % suffices to suppress axial growth of a nanowire. Under these conditions, the



liquid-solid binary phase diagram has only a liquid phase or solid phase region for both the
semiconductor material and catalyst.®!

The synthesis of intrinsic Si (i-Si)/intrinsic Ge (i-Ge) core/shell nanowires proceeds as
follows. The preparation of substrates functionalized with 30 nm Au catalyst is the same as
introduced in section 2.1 of this chapter. The catalyst substrate is loaded into a CVD furnace and
heated to 465°C for growth of the i-SiNW core. Once the temperature stabilizes, 1 sccm SiH4 and
60 sccm H; are introduced with a total gas pressure of 40 Torr. Growth continues under these
conditions for 20 min and is then interrupted by evacuating the reactor and changing the furnace
temperature to 330°C for preparation of the i-Ge shell. The growth temperature of 330°C for the
i-Ge shell is lower than the eutectic temperature (356°C) of the Ge-Au alloy as shown in Fig 1-5a.
After 2 mins at 330°C, 50 sccm GeHy (10% concentration) is introduced, and the total gas
pressure maintained at 100 Torr for 5 min. TEM images of the nanowire reveal an explicit
core/shell nanowire structure with a uniform diameter, in which the core and shell have single-
crystalline and amorphous structures, respectively. Under these growth conditions, the shell has

growth rate of ~10 nm/min.
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Figure 1.5 (Continued)
Figure 1-5 Synthesized i-Si/i-Ge core/shell nanowire with CVD-VLS mechanism. (a), Liquid-solid
phase diagram of Au-Ge alloy. Courtesy of Ref [61] (), (Left panel) TEM image of i-Si/i-Ge
core/shell nanowire. Scale bar: 100 nm. (Upper right panel) TEM image of interface between i-Si
core and i-Ge shell. Scale bar: 10 nm. (Lower right panel) Fast Fourier transform (FFT) image of

i-Si core (upper right panel).

1.3 Semiconductor nanowire field-effect transistor (NWFET)

A semiconductor is a material which has a bandgap on the order of 1 eV, intermediate
between that of a metal or an insulator. This small bandgap allows conductivities intermediate
between those of insulators and conductors and, more significantly, for the conductivity to be
sensitive to temperature, illumination, magnetic field, electric field and impurity atoms. Based on

these novel properties, semiconductor materials have been implemented in thermal sensors,®’

68-70 59, 71-72

photodetectors, solar cells, magnetic sensors’> and charge sensors utilizing a p-n
junction diode’ or a transistor.”

The transistor has been central to the development of modern electronic systems,
including logic and memory, and critical scientific research tools. In particular, the field-effect
transistor (FET) has served as the foundation of modern electronics. It is distinguished by an
ability to undergo significant conductivity modulation under application of external electric
fields, and possesses several other key characteristics. First, the device has a high input

impedance, which enables a lower noise intrusion from the environment and less cross-talk from

adjacent devices. Second, the size of devices can be scaled down to the molecular level without
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significant degradation of performance, because the operation of the device is rooted in the
control of the number of majority carriers such as “electrons” or “holes” in the channel.”® Last,
compared to other logic circuits, static power dissipation is very small when two complementary
FETs are implemented in a complementary metal-oxide-semiconductor (CMOS) circuit”’.

A semiconductor nanowire field-effect transistor (NWFET) is a molecular-scale analog
of a conventional FET and has a number of versatile and powerful functions that can be
modulated by rational synthesis. The typical NWFET is composed of four main components (Fig.
1-6a): a semiconducting nanowire, metal contacts, a gate electrode, and an oxide supporting
substrate. Two metal electrodes at the edges of the nanowire, a highly conductive electrode
positioned in the middle of the nanowire, the nanowire body, and substrate serve as the
source/drain, top-gate, channel, and back-gate, respectively. Fig. 1-6a-c shows various top-gate
architectures of a NWFET, which can be generally classified as full-top-gate or partial-top-gate
structures. These structures share several essential components with conventional metal-oxide-
semiconductor field-effect transistors (MOSFETSs). As shown in Fig. 1-6b, the MOSFET consists
of a p-type semiconductor channel, two heavily n-doped regions for the source and drain, gate
electrode, and ohmic-contacted substrate. Three MOSFET performance regimes can be identified
depending on the magnitude of the gate-to-source bias (Vgs) and drain-to-source bias (Vps):’
subthreshold, linear, and saturation modes. In the case of most NWFETs, the channel has only
one majority carrier and is ohmically contacted with metal electrodes so that there is neither an
inversion layer along the channel nor pinch-off in the channel. This means that the NWFET can
only operate in two modes such as accumulation mode (channel conductive) for the on-state and

depletion mode (channel non-conductive) for the off-state. Significantly, a NWFET with p-n

12



junction or Schottky contacts for the source and drain’® reported an inversion mode for lightly
doped or intrinsic channels””. However, this section will focus on general NWFET mechanisms

based on either a full-top-gate or partial-top-gate structure.

~

gate oxide

Source

Source

Back gatcy

Figure 1-6 FET structures. (a), Scheme of typical NWFET with partial top-gate. (b), Scheme of
NWFET with nanowire-based partial top-gate (c), Scheme of NWFET with full top-gate. (d),
Scheme of typical MOSFET, showing the channel length L, the channel width Z, the oxide

thickness d, the junction depth r. Courtesy of Ref [77].

For a NWFET with a full-top-gate, the drain current in depletion mode (gate voltage
below threshold voltage) is dominated by carrier diffusion due to the depletion of majority
carriers in the channel. For a p-type NWFET with channel length L, nanowire diameter R, the
current can be described as

n(0) —n(L)

on
— 2 IR 2
IDS - Q(T[R )Dn Ox ‘I(T[R )Dn I

(1-1)
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where D, is the diffusion constant in the depletion layers, n(x) is the electron density in the
channel, and source and drain are at x=0 and x=L. The electron density at the source and drain
are given by

q(WYs—¥B) q(Ys—¥p-Vp)
n(0) = n;e KT B, n(L) = ne KT (1-2)

where s, vp, and yp are the potential at source, nanowire body, and drain, n; is intrinsic carrier

concentration, k is the Boltzmann constant, and T is absolute temperature. Inserting (2) into (1)

gives
Q(ll)i{;ll}B) CI(lle—Ilcl)TB—VD)
n;e —n;e
Ips = —q(wR*) Dy — T
R2)D Q(ll)i;llfs) v
_ —q(mR*)D,me (1- ) (1-3)
L

Note the exponential dependence of Ip for Vg-V1 < 0. In accumulation mode, where the
gate voltage is higher than the threshold voltage, majority carriers induce the conducting channel,
such that the channel acts as a resistor. As the drain voltage increases, with the source to gate
bias (Vgs) maintaining its initial value, the drain to gate bias (Vgp) decreases. This effect is
referred to as pinch-off and leads to the same operation as in the linear and saturation mode of a

conventional MOSFET. The drain currents Ip in the modes’’ are

1
Ips = L—ZuCox((VG —Vp)Vps) for Vps & (Vg — Vp) in linear mode (1-4)
I—HCOXV V)2 v, Ve —Vy) i ] d 1-5
e _W( - —Vr) for Vps > (Vg — Vr) in saturation mode (1-5)

where p is carrier mobility, Cox is the capacitance of gate oxide, Vg is the gate voltage, Vr is the

threshold voltage, and Vps is the drain voltage. The transconductance g, of the NWFET, which
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is an important indicator of electrical device performance, is expressed in different operational

modes as
dlps o
Im = = — UCoxVps in linear mode (1-6)
Vg Vps= constant L
dlps . .
O = 3, = L_z'“Cf)x(VG —Vr) insaturation mode (1-7)

Vps= constant
Fig. 1-7a shows the Ips-Vps plot of a full-top-gate NWFET which demonstrates linear and
saturation regions.

For a NWFET with a partial-top-gate geometry, interestingly, there are uncovered, top-
gate-free parts of the nanowire between the channel and source/drain contacts. These parts are
highly conductive with abundant majority carriers so that the nanowire body does not exhibit
pinch-off. Therefore, the source-drain current of a NWFET with a single partial-top-gate in the
middle of the semiconductor channel can be expressed in linear mode as follows,

1 Ver = Vs Vp —=Vp
Ips = L_Z#Cox((vcs’ - VT)VD'S') = =

(1-8)

Rggr Rppr
where Vg and Vy are the voltage at the interface of the top-gate-free and gate regions close to
the source and drain, respectively, Vg is the voltage difference in the channel covered by the
top-gate, and Rsy' and Rppy are the resistance of top-gate-free parts close to source and drain,

respectively. Fig. 1-7b shows the Ips-Vps and Ips-Vgs curves for a partial-top-gate NWFET

which correspond to electrical transport in linear mode.
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Figure 1-7 Electrical characteristics of NWFET. (a), Ips-Vps data for Ge/Si core/shell
nanowire device (L = lum, 4 nm HfO, dielectric) with Vg = -2 to 2V in 0.25V steps from top to
bottom. Inset: Top-view SEM image of the NWFET device. The Au top-gate overlaps with the
Ni source/drain electrodes to ensure full coverage of the channel. Scale bar: 500 nm. Courtesy
of Ref [13]. (b), Gate-dependent Ips-Vps characteristics of NW-top-gated NWFET. The NW
gate voltage for each Ips-Vpscurve is indicated (0, 1, 2, and 3V). (Top left inset) The red and
blue curves show Ips-Vgs for n-type NW (red) and global back-gate (blue) when the bias is set
at 1V. (Bottom right inset) SEM image of a multiple crossed NW-top-gated NWFET. Scale bar:

2 um. Courtesy of Ref [80].

1.4 Organization of thesis

Semiconductor nanowire building blocks coupled with functional materials through
bottom-up methods can provide unique properties for use in novel nanoelectronic and nano-
biomolecular applications. This thesis studies how to encode new functions into nanowire
building blocks through physical design and synthesis and explores new nanoscale architectures

for the realization of a nanoprocessor and unique biosensing device.
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In part I, Chapters 2-3, we describe how charge-trapping field-effect transistors
(CTNWFETs) based on semiconductor/high-k-oxide-stack core/shell nanowires were developed,
studied, characterized, and assembled to demonstrate reconfigurable multi-functional nanowire
circuits for a nanoprocessor. Specifically, chapter 2 describes the bandgap design and
development of CTNWFETs through integration of an amorphous shell of a high-k oxide stack
over single-crystalline semiconductor nanowires using atomic layer deposition (ALD).
Furthermore, employing a high-performance Ge/Si core/shell nanowire structure for the core
successfully yields enhanced device uniformity, a prerequisite for building complex circuits. In
addition, this novel device shows bistable conductance with high ON/OFF ratios (>10%) and can
be used for not only logic gates but also memory elements at the nanoscale.

In Chapter 3, we propose a crossbar array architecture consisting of non-volatile
CTNWEFET as the platform for a programmable integrated nanowire circuit. A simple but
effective nanowire assembly method is introduced to enable fabrication of CTNWFET crossbar
arrays. A multi-channel electrical measurement system is described. Based on two blocks (one
unit tile) of CTNWFET crossbar arrays, we realize a number of complex logic circuits such as
NOR, XOR, half-adder, full-adder, full-subtractor, multiplexer, demultiplexer, and D-latch.
Furthermore, we demonstrate how this architecture can be scaled to develop a full nanoprocessor
system and comment on the low power consumption characteristics of this design.

In part II, Chapters 4-5, we present a novel NWFET biosensor and use this platform to
understand the fundamentals of electrically-based biomolecular detection. Critical factors
underpinning such detection are explored by means of not only surface modification analysis

with X-ray photoelectron spectroscopy (XPS) and contact angle measurement but also enzyme-
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linked immunosorbent assays (ELISA). In addition, nanowire biosensing in the high-frequency
regime is studied to overcome the limits of charge-based sensing in high ionic strength solutions.
In Chapter 4, the theoretical sensitivity of a NWFET biosensor is investigated for design and
development of high-sensitivity NWFET through modulation of dopants and morphology in
synthesis. The surface modification of a SINWFET with (3-aminopropyl)triethoxysilane (APTES)
and glutaraldehyde (GA), 3-(trimethoxysilyl)butyl aldehyde (TBA), or APTES and N-
hydroxysuccinimide (NHS)/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is inspected
by XPS and contact angle measurements. Furthermore, ELISA experiments using gold-
conjugated secondary antibodies in a microfluidic system reveal ~2000 antibody sites per pm®
and eventually prove that electrical signal changes from a NWFET biosensor correspond to
specific association-dissociation events of charged target proteins.

Finally, in chapter 5, we discuss issues related to the use of electrically-based biosensors
and demonstrate a new NWFET-based biosensor in high ionic strength solutions. This
biomolecule-sensing nanoelectronic probe has the potential to open up new opportunities in

nanoproteomics and help advance nanoelectronic sensing from in vitro to in vivo studies.
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Chapter 2

Design, synthesis, and characterization of non-volatile

NWFET for nanoprocessor building block

Conventional CMOS technology has led the nanoelectronic industry for several decades
and has altered lifestyles in modern society. However, as devices approach their physical limits
in size and as power consumption surges with an increase of transistors,' a paradigm shift will be
needed to contend with dramatic increases in manufacturing costs. Field-effect transistor (FET)
devices based on semiconducting nanowires produced by bottom-up methods are good
candidates for nanoelectronic building blocks due to their relative ease of modulation for
multiple functions at the nanoscale,”* low-power consumption,’ and excellent electrical
performance.” ’ The ability to modulate diameter size, nanomaterial type and electrical
properties (by doping) presents new opportunities to produce diverse functional building blocks
for nanoelectronics through intelligent design of nanowire structure. This chapter starts with a
discussion of NWFETs as the building blocks of electronic applications and addresses design,
synthesis, and characterization of novel non-volatile charge-trapping NWFET for the realization

of integrated complex circuits in nanoelectronics.
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2.1 NWFET for nanoelectronics

An essential factor in electronics is uniform performance between circuit units in terms of
threshold voltage and on/off currents, which is one of the critical reasons CMOS technology
based on top-down methods has been highly successful. As device features scale down to the
sub-100 nm regime, uniformity is key to the success of the device; enormous resources are
expended by top-down technology on lithography equipment and operating facilities to minimize
fluctuations in device characteristics.'

Using nanostructures to assemble devices from the bottom up, analogous to the way that
nature builds biological systems,* ” is a possible solution to the problem of maintaining

10, 11

uniformity. Hence, for the past two decades, carbon nanotubes (CNTs) and semiconductor

nanowires'*"' have been investigated and implemented in logic and memory for integrated
complex circuits. Their unique controllability in terms of material, structure and impurities'*'
makes semiconductor nanowires the more promising of these two types of materials for
nanoelectronics. Compared to materials produced by top-down methods, the self-assembled
semiconducting nanowire guarantees high electrical performance due to single crystallinity with
smooth surface boundaries.”> >

For this reason, many researchers have attempted to build complex logic and high
capacity memory using semiconducting nanowire building blocks or, more specifically, the
NWFET platform. NWFET-nanowire crossbar arrays have successfully demonstrated ‘OR,’
‘AND,” ‘NOR,’ ‘XOR,’ ‘half-adder’ logic gates," 2 by 2 decoder,'” ring oscillator,'® '” bipolar

transistor,'* CMOS circuit,'*'” and non-volatile memory.'? Surprisingly, although a decade has

passed since the introduction of functional NWFETs for logic and memory building blocks, one
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of the most complex circuits utilizing NWFET building blocks in the history of nanoelectronics

is the 2 by 2 decoder. This fact speaks to the significant challenges of high-density integrated
complex circuits. These challenges include 1) how to solve variations in device characteristics, 2)
which architecture is best to enable complex functionality and 3) how to assemble the individual
components in high-density circuits on a large scale.”* To address these issues and realize
integrated multi-functional complex NWFET circuits, in this chapter and the following one we
have demonstrated non-volatile NWFET with highly uniform electrical performance capable of
both logic and memory functions, a new architecture consisting of a cascade multiple 2D
nanowire crossbar array, and a lubricant-assisted contact printing method capable of axial

alignment with control of NW density.

2.2 Physical design of charge-trapping NWFET as logic and memory

elements

In attempting to realize a complex circuit based on a one-dimensional structure, crossbar
array architecture presents itself as an obvious way to achieve not only high device density but
also efficient interconnection.”® However, if all junctions in the crossbar have NWFET functions,
it is impossible to demonstrate logic gates, because each row or column in the crossbar array
shares the same potential. To address this issue, we consider a bistable NWFET that can achieve
two states of an electrical property, FET or highly conductive junction. This concept has been
successfully realized by non-volatile NWFET through a surface coating of redox active
molecules, cobalt phthalocyanine (CoPc),'* though it falls short of controllability of electrical

properties, such as threshold voltages or on/off currents between devices. We reasoned that the
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development of a new multi-state NWFET, with non-volatile, uniform, high on/off ratio
electrical performance, is central to achieving integrated complex circuits.

There are two main strategies for conferring non-volatile multi-stable properties on
NWFET in which doubling the capacity of stored data and creating multiple bits per cell are
feasible. One approach is to couple intrinsic properties of materials, such as ferroelectricity,”> >’
magnetoresistivity,® multiferroicity®® and phase transition®” *' with the NWFET. A second
approach is to build a quantum well structure on the NWFET by designing a stack of different
dielectrics as a charge-trapping device™ to control the electron/hole concentration in a confined
area. The additional structure on the NWFET would need to play the roles of non-volatility, gate
oxide, and multi-stable switching functions simultaneously.

Fig 2-1a-c show a charge-trapping mechanism in which the structure is composed of a
tunneling layer, a charge-trapping layer, and a blocking layer. The bandgap energies of the
tunneling and blocking layers are much larger than that of the charge-trapping layer, such that
joining these heterogeneous materials generates a quantum well where electrons or holes can be
trapped. Furthermore, the tunneling layer is designed to be thinner than the blocking layer to
make quantum penetration of electrons or holes easy in the tunneling layer and difficult in the
blocking layer. Through the quantum tunneling effect, electric charges can pass through the
tunneling layer and be trapped in the charge-trapping layer under large bias (Fig 2-1b) on the
dielectric stack. Applying a large bias of reverse polarity to the system ejects the trapped charges

by the same mechanism.
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Figure 2-1 Charge-trapping mechanisms. (a), Band structure of a dielectric stack
comprising a quantum well, composed of tunneling, charge-trapping, and blocking
layers. (b), Applying large positive bias to the dielectric stack. The tunneling effect traps
electrons in the middle layer. (c), Applying large negative bias to the dielectric stack. The

tunneling effect causes electrons to escape from the charge-trapping layer.

In order to analyze this system quantitatively, a simple simulation of p-type Si/Al,O;-
Z10,-Al,03-Zr0,-Al,03 30nm/Inm-2nm-1nm-2nm-5nm core/shell NWFET was performed to
calculate the threshold shift between the two different NWFET states by the change in hole
concentration in the functional gate oxides stack due to charge-trapping. The bandgaps of
amorphous alumina, zirconia and silicon dioxide are known to be ~8.8 eV, ~5.8 eV, and ~9 eV,
respectively, so that Inm Si02, 2nm-1nm-2nm ZrO;-Al1203-Zr0O;, and 5Snm Al,O; constitute the
tunneling, hole-trapping, and blocking layers, respectively. Fig. 2-2 and Table 2-1 show the
physical structure, estimated bandgap structure and parameters of the charge-trapping NWFET
for this simulation. In addition, Three features are assumed for the simulation of NWFET: First,

this NWFET system assumes that the source and drain contacts are ohmic on the nanowire by
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etching through the gate oxides. Second, the shape of the gate metal and oxides is cylindrical.

Third, the distribution of dopants is uniform throughout the volume of the NWFET.

(a)

Table 2-1 Parameters of the charge-trapping NWFET for the simulation

Parameter Value
radius of nanowire core (Iore) 15 nm

Length of nanowire channel (L) 0.1 ym
Length of nanowire 2.1 ym

Mobility of silicon nanowire ()

3.65x 10> cm?/ V-s!®

Temperature (T) 300 K
o  sm
0.2eV, . —Ir
G T 1 Gev 1.85eV
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Figure 2-2 Physical and bandgap structure of simulated CTNWFET. (a), Prospective

and cross-sectional view of p-type Si/A1203-ZrO>-A1203-ZrO>-A1,0; core/shell NWFET

with a single partial top-gate. (b), Bandgap structure of 1nm-2nm-Inm-2nm-5nm A4/,0;-

ZrO1,-Al,03-ZrO1,-Al,O3 multi-dielectric stack. Applying large positive (negative) bias on

the top-gate induces the threshold shift to right (left) side.
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To estimate the resistivity of nanowire and boron dopant density, we use the empirical
results from p-type SINW grown with a 4000-to-1 atomic ratio of silicon to boron, 2 um in
length and 30 nm in diameter. The measured conductivity is approximately 5 uS, yielding the
resistivity and number of boron atoms in the dopant:

A X (30 X 1077 ¢m)? 28 % 10-20)
= — = = 2.0 X .
P = GL T 5x106Sx2x10-*cm cm

1 1 1
== - (+n < p)
o quan+qupp  Qupp
o 1
“P =, x 28X 1020 - om
1

T 16x1019C X 3.65 X 102cm2 - V-1-5-1 x 2.8 x 1020 - cm
=6.11 x 10 ¢m™3 (2-1)
where p, G, o, p, n, {1, and p, are resistivity, conductance of nanowire, conductivity, hole
concentration, electron concentration, hole mobility, and electron mobility, respectively. The
total capacitance of multiple gate dielectrics can be calculated as the serial connection of

individual cylindrical capacitors of each oxide layer so that

_ 2mee
Coxide B In (tox + rcore) (2'2)
Tcore
C = 1 =22x1071F
S WS WS U U U fem (23)
Csl Csz Cs3 CSZ Cs3

where Coxide 18 the capacitance per length of general cylindrical capacitor which has inside radius
Teore and outside radius tox + I'eore, and €, €9, Ciotal, Csi1, Cs, and Css are the dielectric constant,

vacuum permittivity, capacitance per length of the total gate oxide stack, of the silicon oxide, of

32



the aluminum oxide, and of the zirconium oxide, respectively. Because the charge-trapping
NWFET is an independent combination of charge-trapping mechanism and three-terminal field-
effect switching, transconductance of the NWFET will be calculated in this system first.

As mentioned above, the NWFET is a three-terminal switch modulated by a gate electric
field so that the interface between nanowire and gate oxide induces surface dipoles, eventually
enhancing or depleting the majority carriers in the nanowire channel. Hence, by introduction of a
depletion depth from the surface to the center of nanowire, the transconductance of the NWFET
can be calculated. The depletion depth “t4” can be calculated by solving Poisson’s equation as

follows.

G maN,—N 2.4
dtz - gSi p_n d a) (-)

where p and n are hole and electron concentration, and Ny and N, are donor and acceptor density.
This equation cannot be solved analytically. Here, employing the depletion approximation®*
which is p =n = 0 (no free charge population) and N, >> Ny, p << N,, at t = td in p-type

nanowire, equation (2-4) can be simplified as

d’¢ qN,
- _ 2-5
dt? i 2-5)
which is a solvable form. The solution of equation (2-5) is
N, t;? N, t; X 2mr,
¢:q atd +q atd core attztd (2-6)
2‘C:Si Ctotal
27T, X Eg; 2C 2(v. —V(x
— td — core Si —1+ 1+ total ( G ( )2) (2_7)
Ctotal qNa£Si X (ancore)
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assuming the surface potential on the nanowire along the channel, Vg — V(x) = V. From the

depletion depth, the resistance in 100nm NWFET channel can be estimated as

R L L (2-8)
h = p —_ = p _— -

‘ A T[(rcore - td)z

Now, considering the constant resistance ro of nanowire except the channel shown in Fig. 2-3a,
we can finally solve for the relationship between source-drain current I4 and top-gate voltage Vg

by Ohm’s law as follows:

Vds

" I+ R )

1 ds
I4s— Vg curve is plotted in Fig. 2-3b based on organized equation from inserting equation (2-7)
and (2-8) into equation (2-9)
In addition, charge-trapping mechanism can be reflected on the analysis of NWFET by
using Fowler-Nordheim (FN) tunneling® which is the process whereby electrons tunnel through

a barrier by external electric field. The FN tunneling says the tunneling current as

] = qug - exp (_f__qu : l¢3> (2-10)

Therefore, the amount of trapped charge penetrating the barrier and the inducible change of the

gate voltage from equation (2-10) are

(2-11)

_ Qtrap . J q ( 4 /2qm )

V. - -z

frap Gy Civg Gy
The charge-trapping effect on the NWFET is shown in Fig. 2-3c, which explicitly demonstrates
the threshold shift contributed by hole or electron tunneling and shows a sizable hysteresis curve

in the I4 — Vg curve.
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Figure 2-3  Simulation results of NWFET and CTNWFET. (a), Scheme of
equivalent circuit of NWFET. (b), Simulation result of NWFET 15— Vys curve at
Ve =0V. (¢), Simulation result of NWFET I, — Vg curves at Vyg =1V with Vg,
=-1V (yellow), OV (pink), 1V (blue). Note that 1V V., equals to 6.6 x10°C. All

graphs are plotted by Wolfram Mathmatica®.

2.3 Fabrication of core/shell NWFET

The fabrication of reliable, high-quality core/shell NWFET with a defect-free high-k shell
stack is fundamental to realizing CTNWFET and fully integrated multi-functional nanowire
crossbar arrays for complex circuits. In this section, I provide typical methods for fabricating
NWFET, and discuss the deposition of the high-k multiple shell structure by atomic layer

deposition (ALD).
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Nanowire transfer

Nanowire grown by the CVD-VLS method forms a “forest” on the substrate as shown in
Fig. 1-4a. These nanowires as synthesized need to be transferred in solution to other substrates
such as silicon wafer and flexible Kapton® plastic®® in order to fabricate NWFET devices. The
growth substrate is sonicated in 100% ethanol or isopropanol (IPA) for a few seconds to create a
colloidal solution of nanowire (Fig. 2-4a). The solution can be drop-casted onto the marker
substrate for registry of the nanowire location. Due to the random positions and orientations of
drop-casted nanowires (Fig. 2-4b), this method is not appropriate for making nanowire array
structures, but it is the simplest way to fabricate single-NWFET devices. Controllable
approaches for nanowire transfer appropriate for realizing crossbar array structure will be

discussed in Chapter 3.

(a)

Figure 2-4 SiNW transfer. (a), SINW colloids in ethanol. (b), Dark-field
optical image of drop-casted SiNW on pre-defined marker substrate. Scale

har: 40um

Nanowire registration
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To fabricate source, drain, and gate for NWFET, metal electrodes must be connected to
the nanowire, which means that the nanowires should be registered on pre-patterned markers.
High-resolution images of nanowires can be obtained by SEM. However, the process of imaging
by SEM involves physical bombardment of high-energy electrons, which can disturb the
electrical properties of nanowire. For that reason, a dark-field optical microscope with polarizing
filter is often used for the registry of a single nanowire. Interestingly, even though the diameter
of nanowire is less than the diffraction limit of visible light, the intensity of scattered light in the
dark field is strong enough to see the 1D structure shown in Fig. 2-5a and c, because of its length.
Furthermore, comparing the intensities of scattered light from nanowires with SEM image in Fig.
2-5a and b reveals that individual nanowires can be identified by dark-field microscopy, even
though the two adjacent nanowires beyond the diffraction limit of the light source cannot be
resolved. This approach successfully allows the registration of highly dense nanowire arrays, as

in Fig. 2-5c.

Figure 2-5 Nanowire registration with optical microscope. (a-b), dark-field optical

(a) and SEM (b) images of the same region of a 30-nm SiNW array. The
corresponding nanowires in (a) and (b) are marked. Note that short and thin
nanowires are not revealed in dark-field optical imaging with polarized filter

because of small scattering. (c) Optical image of the same region as (a-b) with
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Figure 2-5 (Continued) crossbar and number markers. A program automatically
registers nanowire and marker position based on highlighting of the edges. (d),
Nanowires registered by the program, Igor Pro™ courtesy of Dr. Q. Qing, based on

optical (blue) and SEM (red) images. Scale bar: 6 um.

Electron Beam Lithography (EBL)

EBL is used to pattern electrodes for source, drain, and gate with high resolution and
precision on randomly dispersed nanowires. The use of appropriate e-beam resist is important to
effect correct resolution, thickness, and negativity/positivity of the patterns. In order to achieve
positive patterns with both high resolution and large undercut, polymethyl methacrylate in
chlorobenzene (PMMA 950 C2, MicroChem Corp.) and copolymer methylmethacrylate-
methacrylic acid (MMA EL9, MicroChem Corp.) have been used were used here.

After drop-casting nanowires onto a marker substrate, the substrate is spin-coated with
either PMMA or PMMA/MMA resists at 4000 rpm followed by baking on a hotplate at 180°C
for 5 min. This treatment achieves a 100 nm or 500 nm polymer thickness.’’ Next, a ~20 nm
conducting polymer (ESPACER, Showa Denko Inc.) is spin-coated on top of the polymer to
prevent electrons from accumulating on the surface of both dielectric substrate and
semiconducting nanowire during e-beam exposure. EBL is performed with a JSM-7000 (JEOL
Ltd.) e-beam writer that is an SEM with a beam blanker. The e-beam acceleration voltage is 30
kV, beam currents are 25 pA and 350 pA for sub-micron and few-micron patterns, and area
dosages are 270~380 pC/cm” and 350~450 uC/cm’ for the PMMA and MMA layers. The

patterns are rinsed with deionized (DI) water to remove ESPACER, developed in a 1:3 methyl
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isobutyl ketone to isopropyl alcohol mixture (1:3 MIBK:IPA, MicroChem Corp.) for 90 s, and

rinsed with IPA for 30 s.

Metallization

To fabricate NWFET, metallization processes are necessary to create source, drain and
gate. In general, a semiconducting nanowire forms a Schottky barrier at a metal junction as in the
case of source and drain metallization®*. However, the height of a Schottky barrier can be
lowered through the choice of appropriate metal so that the contact behaves transparently at
room temperature (RT).*® In order to form ohmic contacts with silicon nanowire, palladium (Pd)
and nickel (Ni) are commonly used. Pd can make a transparent contact with SINW at RT.
However, adhesion is poor; thus either thin chromium (Cr) or titanium (T1) is metallized with Pd
for the adhesion layer. Ni, in contrast, cannot form transparent contact with SINW, so the
junction of SINW and Ni is annealed at high temperature to form nickel silicide (NiSi) which is
transparent with SINW at RT. For the annealing process, rapid thermal annealing (RTA) is
commonly used at 300~350°C with forming gas (5% hydrogen in nitrogen).

In practice, most semiconducting materials react in the air to produce native oxides on
their surfaces, so that removal of this oxide before metallization with Pd or Ni is critical for the
formation of transparent contacts, particularly for source and drain. In the case of silicon dioxide
for example, either buffered hydrofluoric acid (BHF) or buffered oxide etchant (BOE), which is
a mixture of a buffering agent such ammonium fluoride (NH4F) and hydrofluoric acid (HF) in
water, is commonly used for controllable (slow and constant) etching, in contrast to HF only.

The chemical equations for Si etching with HF or BHF are
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Si0, + 6HF = 2H* + SiF,*~ + H,0

Si0, + 4HF + 2NH,F = 2NH," + SiF,*~ + H,0
Note that both reactions produce water, which significantly change the equilibrium constant in
the case of HF only. The 1:7 BOE etchant achieves ~1 nm/s etching of SiO,, so must be used
immediately before starting metallization of source and drain®. Fig. 2-6 shows the Schottky
barrier and the transparent contact of NWFET at RT without and with oxide etching, respectively,

before metallization.
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Figure 2-6 Metal-semiconducting nanowire contacts at room temperature. (a),

Schottky contact. (b), Ohmic (transparent) contact.

In contrast to source and drain metallization, top-gate metallization forms the junction of
a dielectric material and a metal. The work function of the metal plays a role in determining the
characteristics of NWFET by shifting the flat-band voltage (VFB).>* In p-type NWFET including
1D hole gas Ge/Si core/shell NWFET®, the top-gate metals of low work function shift the

threshold voltage (V) to the left and top-gate metals of high work function shift Vi, to the right.
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Therefore, the NWFET Vy, can be predictably controlled and tuned by the appropriate selection

of metal.

Deposition of high-k oxide shell structure

The most critical aspect of conferring charge-trapping functionality onto the NWFET is
deposition of the defect-free high-k dielectric shell structure. One of the best approaches for
achieving this is atomic layer deposition (ALD,) which provides excellent conformity and
reproducibility by a self-limiting mechanism. Accurate but simple control of deposition thickness
at the atomic scale with a wide range of materials is desirable in order to build very thin
heterogeneous high-k shell structure with sharp interfaces. Details of the ALD mechanism will
be discussed in the appendix A.

In order to deposit the shell on a 1D nanowire structure by ALD, two strategies are
considered. The first is to stack the shell on the freestanding nanowires in the disordered “forest”
on the growth wafer immediately following synthesis. The other is to deposit the shell onto
NWFET devices. Fig 2-7a and b illustrate the two strategies. The first approach requires high-k
shell etching for the metallization of source and drain to make ohmic contacts, which is a
primary cause of low device yields. By contrast, the second approach makes a simple fabrication
feasible without the concerns of fabricating reliable contacts. Therefore, the second strategy is

adopted here for fabrication of CTNWFET and fully integrated CTNWFET crossbar arrays, as

will be demonstrated in the next section and the following chapter.
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Figure 2-7 Two strategies for the fabrication of shells on NWFET. (a), Core/shell
NWFET starting from as-synthesized semiconductor/dielectrics core/shell nanowire.
(b), Core/shell NWFET starting from bare semiconductor nanowire, followed by

dielectric shell deposition on NWFET by ALD.

2.4 Fabrication and electrical characterization of CTNWFET device

As discussed in section 2-2, a non-volatile bistable NWFET device based on the charge-
trapping mechanism can be built in a high-k dielectric shell structure, which is designed to form
the band structure of a quantum well by using tunneling, charge-trapping, and blocking layers.
To investigate the electrical properties of CTNWFET, a p-type Si/Si0,-ZrO,-Al,03-Zr0,-Al,03
(1Inm-2nm-1nm-2nm-5nm) core/shell NWFET is fabricated via the following procedures. The p-
type SINW core is synthesized by the VLS-CVD method to achieve 30 nm diameter and 4000:1
Si:B atomic ratio, followed by annealing of the growth substrate in O, at 600°C for 10 min to

form a ~1-nm thermal SiO; shell which will serve as the tunneling layer. Further shell
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deposition with the other oxides is performed by ALD at 300°C with ZrCl, and trimethyl
aluminum (TMA) precursors for ZrO, and Al,O; deposition respectively. The as-synthesized
Si1/S10,-Zr0;-Al,03-Zr0;3-Al,03 (1nm-2nm-1nm-2nm-5nm) core/shell charge-trapping
nanowires (CTNWs) are drop-cast onto the SisN, substrate with pre-defined markers after
creating a CTNW colloidal solution by sonication of the growth substrate. Based on registry
information obtained for the transferred CTNWs by dark-field optical microscope, EBL is
carried out on the PMMA/MMA spin-coated CTNW substrate to define source and drain,
followed by development of the e-beam-patterned substrate with 1:3 MIBK:IPA for 90 s and IPA
for 30 s. The substrate is etched with 1:7 BHF for 20 s to remove all dielectric shells, and
immediately loaded into the thermal evaporator. 1.5 nm/68.5 nm Ti/Pd film are deposited at
2x107 ~ 6x107 Torr. After lift-off, the second EBL process, using the same conditions as in the
first round, is performed to define the single top-gate at the center of the CTNWFET. The

1.5nm/68.5nm Cr/Au film is then deposited for the top-gate by thermal evaporator.

CTNWFET device characteristics

Fig. 2-8a shows the I4-V¢s curves at different top-gate voltages. The device has
transparent contacts and shows a linear mode in MOSFET as discussed in Chapter 1-3. Fig. 2-8b
shows the conductance-Vg curves. The top-gate sweeping demonstrates a counterclockwise
hysteresis curve whose width is related to the absolute value of the applied maximum top-gate
voltage. When a large negative bias is applied to the top-gate, the majority carriers, i.e. holes, in
the p-type nanowire channel will pass through the 1-nm SiO; tunneling layer and be trapped in

the ZrO,-Al,03-ZrO; layers, inducing a leftward shift of the threshold voltage. When large
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positive bias was applied to the top-gate, a rightward shift is observed. Eventually, these
threshold voltage shifts caused by the concentration of trapped holes in the multi-dielectric shell
result in counterclockwise hysteresis in the conductance vs. Vg curve, as in Fig 2-8b.
Interestingly, wider sweeping of the top-gate voltage causes a wider hysteresis window, which
can be attributed to more injected/ejected holes to/from the charge-trapping layer by the higher
top-gate bias. It is worth noting that, in the top-gate range of -2 V to 2 V, there are two states
where the conductance is different at the same V. Furthermore, the two states are non-volatile at

0V top-gate with ~10” conductance difference.
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Figure 2-8 FElectrical performance of CTNWFET. (a), 1, — Vg curves at -2V (blue),
OV (red), 2V (black), 6V (green) V. Upper left inset: AFM image of CTNWFET
device. Scale bar: 1 um. Lower right inset: TEM image of p-type Si/SiO2- ZrO,-
AlLO3-ZrO,-A1,0;5 core/shell nanowire. Note that TEM image reveals a well-defined
interface between dielectric thin films. Scale bar: 20 nm. (b), Conductance vs. Vg
curves with 5V (green), £6V (blue), and =7V (red) Vs scanning ranges by a log-
linear plot. Arrows indicate the direction of Vg scan. The black line corresponds to
top-gate leakage current with £7 V Vg scanning ranges, which is less than I pA.

Inset: 1~V curve at 1 V Vy by a linear plot.
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Investigation of various multi-dielectric shell structures

In principle, charge trapping based on the band structure of a quantum well composed of
tunneling, charge-trapping, and blocking layer, works. In order to investigate simpler but more
functional structures, various combinations of multi-dielectric shell structure with varying
thickness, order, and total number of dielectrics are tested. Fig. 2-9a shows conditions
investigated, where total thickness is fixed and thickness and positions of Al,O3 and ZrO, varied;
Fig. 2-9b-e gives the results. Fig. 2-9f lists the hysteresis window width AVy, corresponding to
the charge-trapping capability of each structure; for all structures total thickness and average
dielectric constant are similar. When we consider logic and memory components for the
CTNWEFET, larger AVy, is desirable for wider operational voltage with two different states. For
this purpose, structure IV, 2nm-5nm-5nm Al,03-ZrO,-AL,O;, appears the best-suited.
Interestingly, structure III shows the smallest AVy,, which is probably due to the same thick
thickness of its tunneling and blocking layers. Due to this symmetry, the blocking layer can play
the role of tunneling layer for the top-gate so that the injected electrons from the top-gate
eventually decrease the total number of stored holes in charge trapping layer. It is noteworthy
that the AVy, of the 2-nm ZrO, layer in structure II is smaller than that of the 4- and 5-nm ZrO,
layers of structure I and IV, which could result in lower charge storage capacity and prove the
charge-trapping functionality of the ZrO, layer. Based on this test, structure IV 2nm-5nm-5nm
AL O3-ZrO,-Al,03 (AZA) will be used as the gate oxide of CTNWFET in our multi-functional

non-volatile crossbar arrays.
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Figure 2-9 Investigation of CTNWFET performance with four different multi-
dielectric shell structures. (a), Schematic of four different gate stacks with
combinations of Al,O; (purple) and ZrO; (green) layers. The detailed thickness is
listed in (f). Note that the leftmost AlO; corresponds to the tunneling layer, and the
rightmost AlO, could be the blocking layer. (b-e), 1;,— Vg curves with £7V (red) and
+9V (blue) Vi scanning ranges for structure I (b), 11 (c), 11l (d), and IV (e). (f), Table

of composition, thickness, and hysteresis window width for the four structures.

2.5 Conclusion

In this chapter the design, fabrication, and characterization of core/shell NWFET with
charge-trapping functionality was discussed. First, designed p-type Si/Al,03-Zr0,-Al,03-ZrO;-

AlO3 30nm/1nm-2nm-1nm-2nm-5nm core/shell NWFET was simulated and showed an
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expected shift of threshold voltage due to the charge trapping originating from the quantum well
of the shell structure. Next, specific details of the fabrication of general core/shell NWFET
devices were provided. Finally, the designed CTNWFET was fabricated and characterized. The
device demonstrated non-volatile bi-stable field-effect transistor device with high performance as
predicted by theory. Furthermore, the investigation of various multi-dielectric shell structures for
CTNWEFET revealed a simple and more highly functional platform for logic and memory
components. This CTNWFET will be a basic component of the more complex structures and

circuits discussed in the next chapter.
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Chapter 3

Fully integrated configurable multi-functional CTNWFET

crossbar array circuit

A computer processor constructed from intrinsically nanoscale building blocks and
integrated on the nanoscale is a longstanding yet elusive goal of nanotechnology.'> The
important steps towards this goal over the last two decades include the demonstration of simple
logic gates with assembled individual semiconductor nanowires and carbon nanotubes,”® but
with only 16 devices or less and a single function for each circuit. Small logic circuits also have
been shown using a few elements of a 1D memristor array,’ although these are passive devices
without gain and thus difficult to cascade. These past circuits fall far short of a scalable,
multifunctional nanoprocessor''" due to challenges in materials, assembly, and architecture on
the nanoscale. In this chapter, I will discuss the design, fabrication, and demonstration of the first

programmable nanoprocessor system which surmounts these hurdles.

3.1 Physical design of CTNWFET crossbar array for programmable multi-

functional complex circuit
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Rational design of crossbar array architecture is an essential precursor to high-density
complex circuitry with 1D building blocks because this rational design enables universal logic
and signal restoration at the nanoscale. Fascinatingly, the combination of NW crossbar
architectures with CTNWFET building blocks promises unique opportunities to realize high-
density, complex circuits with programmable function.

First of all, one node out of the crossbar array can be considered from CTNWFET with a
top-gate, as in Fig. 3-1a. The typical gate response of a p-type CTNWFET has a
counterclockwise hysteresis curve, as shown Fig. 3-1b. Significantly, the I4s — Vg curve
demonstrates that two distinct states are observed. After -6 V gate bias, the current 4 of the
device exhibited >10° nA change for Vg between -0.5 and 2.5 V, while in contrast, after +6 V
gate bias, the current change was less than 20% for the same Vg range. We thus define the
former state as ‘active’ since the CTNWFET behaves like an active transistor, while the latter
state is ‘inactive’ since the device behaves as a passive interconnection. The programmability of
individual NWFETs between the active and inactive states allows distinct functional circuits to
be realized from arrays.
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Figure 3.1 (Continued)

Figure 3-1 Structure and basic operation of one node based on the programmable
CTNWFET. (a), A scheme of one node (blue dashed circle) generated by CTNWFET
with a top-gate. The node is composed of source/drain (blue), charge-trapping
functional NWFET (pink), and a top-gate on the NWFET (gray) (b), Typical 1,4V
curve of the node. “Active” and “inactive” states can be defined between -0.5V and

2.5V of V¢ (light blue region).

Based on our understanding of the 1 x 1 case (Fig. 3-1a), the logic gates of ann x 1
nanowire crossbar array (NW-CA) consisting of n metal nanowires and one CTNWFET can be
predicted after programming nodes. For example, Fig. 3-2 shows two schemes of 1 x 4 arrays
where the resistor R is connected to both the drain and source. The main point of these circuits is
that the connection between CTNWFET and the resistor R can be described as a simple voltage
divider circuit as shown in Fig. 3-2. If the resistor connects to the source (Fig. 3-2a) and the
resistance of CTNWFET, which is modulated by the top-gates, has much larger impedance than
R, the output will be V4 which can be defined as ‘1’ state. In the opposite instance, the output
will be 0 V which can be defined as ‘0’ state. Hence, by programming the resistance modulation
of the device, the inputs at active nodes on CTNWFET are included in logic flow so that the final
output becomes a NOR gate of all inputs from only active nodes. For example, programming the
nodes to active states for ‘A’ and ‘B’ and inactive states for ‘C’ and ‘D’ as in Fig. 3-2a will
enable the circuits to operate an A NOR B circuit. More fascinatingly, the operation of logic
gates can be changed by reprogramming the nodes so that fifteen different NOR logic

combinations can be realized in one circuit feature as listed in Table 3-1. If the resistor is

52



connected to the drain (Fig. 3-2b), the circuit performs OR logic operations with active nodes

after programming by the same mechanism as the NOR case.

Table 3-1 Possible logic gates of a 4 x1 CTNWFET crossbar array of Fig. 3-2a

by the node programming

NO(.le state Nod.e state Noc'le state Noc'le state Logic operation

for input A | for iput B for input C | for input D
Active Inactive Inactive Inactive A
Inactive Active Inactive Inactive B
Inactive Inactive Active Inactive C
Inactive Inactive Inactive Active D
Active Active Inactive Inactive A NOR B
Active Inactive Active Inactive A NOR C
Active Inactive Inactive Active ANORD
Inactive Active Active Inactive BNOR C
Inactive Active Inactive Active B NOR D
Inactive Inactive Active Active CNORD
Active Active Active Inactive A NORBNOR C
Active Inactive Active Active A NOR CNOR D
Inactive Active Active Active B NOR C NOR D
Active Active Inactive Active A NOR BNOR D
Active Active Active Active A NOR BNOR CNOR D

This concept can be expanded up to an n x n NW-CA as well as ‘even tiles’ of n x n NW-
CAs, which are composed of n metal nanowires on n CTNWFETs. Fig 3-2¢ shows one example
ofa (4 x3)x (3 x1) NWCA which demonstrates ‘(B NOR D) NOR (A NOR B NOR D) NOR
(A NOR D)’ logic gates after node programming as shown in Fig. 3-2c. The significant

advantage of this strategy is that any kind of logic gates can be achieved by using tiles of
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CTNWFET crossbar arrays, because the NOR gate is one of the universal gates."” Fig. 3-2d

represents full-adder logic constructed with two blocks of CTNWFET crossbar arrays giving

NOR combinations through node programming.
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Figure 3-2 Schemes of n xn CTNWFET crossbar array (CTINWFET-CA) for NOR

or OR logics gates. A green dot and a blue dot correspond to active and inactive
states programmed by a short pulse of large top-gate bias. R represents a load
resistance which has similar value to the NWFET resistance. (a), 4 x1 CTNWFET-
CA for A NOR B logic operation. Note that the load resistor R is connected to
source. At the left is the equivalent circuit. (b), 4 X1 CTNWFET-CA for A OR D
logic operation. Note that the load resistor R is connected to drain. The left shows
the equivalent circuit. (c), (4%3)x(3x1) CTNWFET-CA for (B NOR D) NOR (A NOR

B NOR D) NOR (A NOR D). (d), Full-adder circuit configuration by CTNWFET-CA.
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Furthermore, tiles of n x n CTNWFET-CA are cascaded by feeding the outputs of one tile
to the inputs of the next tile, forming a feed-forward logic architecture capable of combinational
logic functions (Fig. 3-3). Sequential logic functions such as latches can be implemented by
integrating control gates'* or switchable diodes'” in the architecture to allow for feedback, and
eventually, this architecture leads to the realization of a nanoprocessor capable of logic,
encoding/decoding, and memory functions. Here I will discuss the realization of these
CTNWFET-CA architectures and demonstrate programmable multi-functional complex circuits

for a nanoprocessor.
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Figure 3-3 Nanoprocessor architecture based on the CTNWFET logic tile.
The unit tile (dashed box) corresponds to two CTNWFET-CAs, block-1
(left) and block-2 (right). Each block contains charge-trapping NWs (pink),
metal gate electrodes (gray), passive load resistances (red) and
lithographic-scale electrodes (blue) integrated for input/output. Note that
the CTNWs and metal gates in block-1 are rotated 90° with respect to the

schematic shown in ‘Unit tile’.
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3.2 Development of novel CTNWFET toward uniform performance

As discussed previously, a fundamental requirement for a basic building block in
electronics is uniform performance across individual devices. In particular, the fluctuation of
device performance is extremely critical for complex circuits such as a processor, where large
quantities of devices must be coupled to each other and operated organically'®. This requirement
holds also for electronic circuits based on CTNWFET crossbar array. Specifically, the deviation
of Vy, in both active and inactive states must be smaller than the Vy, separation between the two
states. However, CTNWFETs based on p-type Si cores demonstrate several-volt fluctuations of
Vi in both active and inactive states as shown in Fig. 3-4. Therefore, we use intrinsic Ge
(Ge)/intrinsic Si (Si) core/shell nanowires for the semiconducting channel of the CTNWFET to
address this critical issue, because the Ge/Si nanowire FET has shown not only exceptional
electrical performance but also uniformity through bandgap engineering. The single-component
semiconducting NWFET typically has Schottky barriers at metal contacts and low intrinsic
mobility from scattering from charged dopants which significantly limit device performance and
uniformity, while Ge/Si nanowire FET shows transparent contacts and low-bias ballistic

transport from one-dimensional hole gas system through 1D subbands, enabling high

17-19

performance and uniformity.
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Figure 3.4 (Continued)

Figure 3-4 Non-uniform performance of Si-based CTNWFETs. (a), Dark-field
optical microscope image of a 8 x10 Si-based CTNWFET-CA block. (b), lds vs. VG
curves of ten Si-based CTNWFETs in the block of (a). The device number
corresponds to the number in (a). Note that individual devices show different on-

current, threshold voltage of active/inactive state, and hysteresis window width.

Fig. 3-5b and ¢ demonstrate outstanding uniform performance of (Ge/Si)/Al,03-ZrO,-
AL O3 (AZA) core/shells in block-1 and block-2 of the CTNWFET crossbar arrays (CTNWFET-
CA) (Fig. 3-5a) of which fabrication will be discussed in the next section. Fig. 3-5b shows the
typical Igs-Vg curves of Ge/Si CTNWFETSs in block-1 (left array in Fig. 3-5a) and block-2 (right
array in Fig. 3-5a), in which the performances of eight top-gates almost overlap with each other.
Specifically, the deviation of Vy, in both active and inactive states must be smaller than the Vy,
separation between the two states. The Vy, of 70 CTNWFET nodes from block-1 of the
CTNWFET-CA structure in both active and inactive states was characterized (Fig. 3-5¢).
Notably, 59 out of 70 (84%) of nodes in the active state had Vy,’s <2V and 64 out of 70 (91%)
of those in the inactive state had Vy’s >3.5 V (Fig. 3-5¢c, lower and upper planes, respectively).
The high yield of NWFET devices reflects the uniformity of the Ge/Si CTNWFET building
block," while controlled assembly™ allows any defective elements to be excluded readily from
the functional circuit. We thus readily achieve a distinction between Vy,’s for both states in both
blocks of the CTNWFET-CA, which provide a relatively wide ~2V hysteresis window for circuit

operation. Therefore, these Ge/Si CTNWFET-CA tiles are the best candidates for
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implementation as the unit of novel programmable multi-functional complex circuit, as will be

demonstrated in later sections.
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Figure 3-5 Uniform performance of Ge/Si-based CTNWFET. (a), Dark-field optical
microscope image of the two-block CTINWFET-CAs. The cyan (left) and red (right)
open rectangles outline block-1 and block-2, respectively. Scale bar: 40 um. (b),
Typical 1 vs. Vg data of Ge/Si-based CTNWFET devices in block-1 (left curves,
cyan box in (a)) and block-2 (right curves, red box in (b)). The devices are biased at
0.5 V. The measurement is taken by scanning the Vys on one gate line from 6 V to -6
V and then back to 6 V, while keeping the other gate voltages at 0 V. Prior to the
measurement all the gate lines are biased at 6 V for 5 s to reset all of the CTNWFET
nodes into inactive state. The arrows mark the direction of the hysteresis. The
different colored curves represent recording from different gate lines (G1 ~ G8). (c),
Distribution of V,, from 70 NWFET nodes in block-1 (cyan box in (a)) in the
CTNWFET-CA tile. The blue and red bars represent the Vy, values of devices in

inactive and active states, respectively, with V= 0.5V
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3.3 Fabrication of CTNWFET crossbar arrays for circuitry

The development of effective assembly is a prerequisite to building highly integrated
functional nanosystems with nanowire building blocks. In particular, the hierarchical
organization of CTNWFET at high density on a large scale is a critical precursor to the
fabrication of a nanoprocessor.”' Since the 21% century, several methods have been developed to

22,23
d, ™

align nanowires axially on the substrate, including electric fiel microfluidic flow,**

20, 28 : .
% Herein, I describe

Langmuir-Blodgett film,”> ** blown-bubble films*’ and contact printing.
the lubricant-assisted contact printing method which is one of the simplest methods of
fabricating density-controllable NW arrays on a large scale to be used for CTNWFET-CAs.
Ge/Si NWs are transferred from growth substrates to device substrates by a shear printing
process where shear force determines the density and alignment of NWs.*® First, oxygen plasma
treated (100 W, 1 min) device substrates (600 nm Si0O,/Si) are patterned by photolithography
(Shipley S1805 diluted by 50 % in Thinner-P, MicroChem) to define a region where NWs will
be deposited. The dimension of the region is typically ~1 cm (width) by ~0.1 cm (length).
Second, the patterned device substrate is mounted onto a fixed stage whose movement is
controlled by a micromanipulator. Approximately 50 pL of heavy mineral oil (Sigma-Aldrich) is
drop-casted onto the device substrate to serve as a lubricant. Third, the NW growth substrate (~1
cm by ~2 cm) is brought into contact with the device substrate (NWs facing the device substrate)
and a pressure of ~3.4 N/cm? is applied while the device substrate is slid with a constant velocity

of ~5 mm/min (Fig. 3-6a). These procedures produced an average printing density of ~2 Ge/Si

NW per micron as shown in Fig. 3-6b.
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Figure 3-6 Procedure and result of lubricant-assisted contact printing method

for Ge/Si NWs. (a), Schematic of process flow contact printing. (b), Axially
aligned Ge/Si NWs with ~2 NWs per micron density on 600 nm SiO/Si

substrate after all contact printing processes completed. Scale bar: 4 um

The large-area Ge/Si NW array is first patterned into proper dimensions for device
fabrication, using an inductively coupled plasma reactive ion etching (ICP-RIE, Surface
Technology Systems). SFs is used as etchant and electron beam lithography (EBL, with PMMA
950-C2, Microchem) is used to mask regions for devices. Dark-field optical microscopy is used
to register the positions of individual Ge/Si NWs, and then source/drain contacts are defined by
EBL followed by wet etching in 1:7 buffered oxide etchant (BOE, Transene) for 5 seconds and
thermal evaporation of 70 nm Ni. The dielectric layers are deposited by ALD followed by EBL
and metallization to define top-gate metal lines (Ct/Au, 1.5/70 nm respectively). The dielectric
over the outer metal is etched with 1:7 BOE for 20 s to allow electrical access to the devices.
Finally, EBL and metal evaporation were used to connect source/drain/gate electrodes to the

outer metal pads.
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Fig. 3-5a and 3-7b show optical microscope images and SEM images of a unit tile
composed of two CTNWFET-CA blocks which have undergone all fabrication steps as shown
schematically in Fig. 3-7a. A total of 496 programmable NWFET devices were laid out in two
separate arrays with a total area of approximately 960 pm?, where each device node consists of a
single CTNW crossed by a top-gate line. The average area per node, ~1.9 pm?, is relatively large
in these proof-of-concept studies but does not represent a lower limit, as previous studies
demonstrating close-packed NW assembly® and the scaling of charge-trapping devices®’ indicate

that an area a thousand times smaller, ~0.0017 um2 , 1s achievable.

Figure 3-7 Fabrication and structure of CTNWFET-CA tile. (a), Conceptual illustration of

key components of the two-block CTNWFET tile, including assembled and patterned Ge/Si
NWs (cyan) with source/drain electrodes (blue), charge-trapping tri-layer gate dielectric
(purple) and metal top-gate lines (gray). The fabricated structure consists of two blocks of
CTNWFETs, namely block-1 (left) and block-2 (right). (b-c), Dark-field optical image of the
block-1 and the block-2 from the region defined by the cyan rectangle and the red rectangle
in Fig. 3-5a. The white dashed box at the central region of the image outlines the region
containing NWFET devices. Scale bar: 40 um. The total area of the regions defined by the
white dashed boxes in b and c is ~960 um’. Scale bar: 40 um. (d), SEM image of the region

defined by the green rectangle in (b). Scale bar: I um. (e), SEM image of the region defined
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Figure 3-7 (Continued) by the yellow rectangle in (c). Scale bar: 1 um. (f), SEM image of the
region defined by the blue rectangle in (e), showing a single-NW device with 10 top-gates.
Scale bar: 1 um. The optical images are taken under in the dark-field mode (BX51, Olympus)
with 20x (b,c) objective lenses. SEM images were taken in a field-emission SEM (Ultra55,

Zeiss) with 2 kV acceleration voltage and in-lens detector.

3.4 Demonstration of fully integrated programmable multi-functional

complex circuit based on CTNWFET-CAs

As discussed in section 3.1, the two-block CTNWFET-CA tile can be programmed for
various Boolean functions. Theoretically, the same tile can demonstrate a range of distinct logic
operations since active and inactive nodes in both blocks are reproducibly and independently
switched by voltage programming. Therefore, based on a multi-channel measurement system
capable of applying node programming (see appendix B for detailed information), I will
demonstrate a fully integrated programmable multi-functional complex circuit fabricated for the
first time via a bottom-up approach. The important combinational circuits, which play a
fundamental role in the nanoprocessor, such as full-adder, full-subtractor, multiplexer and
demultiplexer, will be exemplified on the same CTNWFET-CA tile through electrical

reconfiguration of nodes.

Demonstration of a full-adder
Fig. 3-8a illustrates the configuration of the 1-bit full-adder logic circuit comprising two

blocks with the output of block-1 (left dashed box, Fig. 3-8a) fed to the input of block-2 (right
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dashed box, Fig. 3-8b). The programmed active (green dots, Fig. 3-8a) and inactive nodes
determine the circuit function, and for this full-adder case the outputs S and C,, represent the
sum and carry-out of the summation (4 + B + C), respectively, withS = A @ B @ C and

Cout = (A-B)+ (A-C)+ (B (). The symbols ‘@’, -’ and ‘+’ represent logical XOR, AND
and OR, respectively. Six inputs 4, A (NOT A4), B, B (NOT B), C, and € (NOT C) based on 0V
pulse for ‘0’ state and 3 ~ 3.6V pulse for ‘1’ state are applied to the unit tile and collected output
S and Coy. In this demonstration, because Vpp in block-2 is 0.1 V, the full swing of output
voltage of S and C,y is 0.1V which is not matched to input voltage. The input/output matching in
the full-adder circuit will be discussed later. The data successfully show correct full-adder results

corresponding to the full-adder truth table (Table 3-2) and setting half swing to 0.04V.

(a) (b)
Voo Vbp 0-101 Full swing : 0.10V r0.10
! i [ G >
| : 5 0.084 PR -0.08
n —=H T
% A : == : ¢ . e} 2l S
O B! (P : < 0.061 A_g " loos &
« /B ! i ' b . —
3 Ci i | = = Q
e | | > 004 [ L0.04 2
: | o - o e
|t s | ; g
0.021 . L0.02 2
: 0.00{ JMl L% ﬂﬁ‘pﬂgﬁk‘g L0.00

I(000) (001) (010) (011) (100) (101) (110) (111)

Figure 3-8 Demonstration of a full-adder circuit. (a), Circuit design implementing a 1-bit
full-adder. /A, /B and /C denote the complementary inputs of A, B and C, respectively. The left
and right dashed boxes outline block-1 and block-2 respectively. Applied Vpp in block-1 and
Vpp in block-2 are 1.5V and 0.1V respectively. Load resistance connected to sources of each
CTNWFET is omitted in schematic. (b), Output voltage levels for S and C,, at all possible

eight input states.
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Table 3-2 Truth table of full-adder logic and results of all eight input states in Fig. 3-8b

A B C Theoretical expectation | Experimental results (Fig. 3-8b)
" S Cout S Cout
0 0 0 0 0 0 (0.000V) 0 (0.002V)
0 0 1 1 0 1 (0.065V) 0 (0.002V)
0 1 0 1 0 1 (0.077V) 0 (0.001V)
0 1 1 0 1 0 (0.000V) 1 (0.075V)
1 0 0 1 0 1 (0.071V) 0 (0.002V)
1 0 1 0 1 0 (0.000V) 1 (0.078V)
1 1 0 0 1 0 (0.000V) 1(0.042V)
1 1 1 1 1 1 (0.072V) 1 (0.080V)

Demonstration of a full-subtractor

After reprogramming the same tile (Fig. 3-5a) as Fig. 3-9a, The two outputs of the
reprogrammed circuit, D and By, represent the difference and borrow, respectively, of the
subtraction (X-Y-B) with the logic relations D =X @Y & B and B,,; = B - m +X-Y,
where X, Y and B are the inputs to the circuit and X represents the complementary input of X,
Measurements of D and B, for different X-Y-B input combinations (Fig. 3-9b) based on the
same conditions in terms of input voltages and Vpp in block-1 and block-2 show that the output
voltage levels for logic “0” (0 — 0.01 V) and logic “1” (0.04 — 0.08 V) are well separated and
represent robust states. Moreover, the truth table summarizing the expected and experimental
results for the full-subtractor (Table 3-3) demonstrates full and correct logic of this processing
unit. This result explicitly shows that CTNWFET-CA tile can perform multi-functional complex

logic operations with one physical feature.
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Figure 3-9  Demonstration of a full-subtractor circuit. (a), Schematic of a circuit
implementing a full-subtractor. /X, /Y and /B denote the complementary inputs of X, Y and B,
respectively. Applied Vpp in block-1 and Vpp in block-2 are 1.5V and 0.1V respectively. Load
resistance connected to sources of each CTNWFET is omitted in schematic. (b), Output of D
(red) and B, (blue) of the full-subtractor implemented with the same tile structure shown in

Fig. 3-5a with all eight input states.

Table 3-3 Truth table of full-subtractor logic and results of all eight input states in Fig. 3-9b

Theoretical expectation | Experimental results (Fig. 3-9b)

X Yol B D Bou D B,

0 0 0 0 0 0 (0.000V) 0 (0.009V)
0 0 1 1 1 1 (0.059V) 1 (0.072V)
0 1 0 1 1 1 (0.068V) 1 (0.040V)
0 1 1 0 1 0 (0.000V) 1 (0.076V)
1 0 0 1 0 1 (0.070V) 0 (0.002V)
1 0 1 0 0 0 (0.000V) 0 (0.002V)
1 1 0 0 0 0 (0.000V) 0 (0.002V)
1 1 1 1 1 1 (0.060V) 1(0.074V)

Demonstration of multiplexer/demultiplexer
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The multiplexer and demultiplexer can be expressed by combinations of the NOR
universal gates as discussed in the section 3.1 so that the node configuration of the two-block
CTNWFET-CA tile can be designed for a 2-to-1 multiplexer and 2-to-4 demultiplexer as in Fig.
3-10a and Fig. 3-10d respectively. For 2-to-1 multiplexer demonstration, two signals 4 and B,

and one selector S based on OV pulse for ‘0’ state and 3 ~ 3.6V pulse for ‘1’ state are input to the
reprogrammed unit tile as Fig. 3-10a and multiplexed to the output X from the one CTNW in

block-2 while applying 1.5V and 2.2V at Vpp in block-1 and block-2 respectively. The output X
voltage levels for logic “0” (0 — 0.22 V) and logic “1” (1.75 — 1.85 V) are clearly defined in 1.0
V half swing (Fig. 3-10b and c). For the 2-to-4 demultiplexer demonstration, two signals 4y and
A; are demultiplexed to four outputs Dy, D;, D, and D; from the reconfigured unit tile as shown
in Fig. 3-10d with the same condition regarding inputs and Vpps. The outputs show
unambiguous voltage levels for logic “0” (0 — 0.53 V) and logic “1” (1.70 — 1.98 V) considering

1.0 V half swing voltage. (Fig. 3-10e and f)
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Figure 3.10 (Continued)

Figure 3-10 Multiplexer and demultiplexer circuits implemented in CTNW logic tile
architecture. (a-c), Characterization of a 2-to-1 multiplexer. (a), Schematic of logic (upper)
and circuit implementation (lower) of multiplexer. The circuit involves 2 CTNWs in block-1, 1
CTNW in block-2 and 6 input gates (A, B, S, and complements). The S signal selects the
output X between A and B. Note that in this demonstration the complementary signal (/X) is
generated, which can be easily translated to X by using an additional NWFET as an inverter.
(b), Voltage output (/X) at 8 input states. The circuit was realized using the same CTNWFET-
CA tile structure shown in Fig. 3-5a. (c), Truth table of the multiplexer. The measured voltage
outputs are summarized in the brackets. (d-f), Characterization of a 2-to-4 demultiplexer. (d),
Schematic of logic (upper) and circuit implementation (lower) of the demultiplexer. The
circuit uses 4 CTNWs in block-1 and 4 gates (Ao, A; and their complementary inputs). The 4
outputs (Dy— D;3) are addressed by combinations of (4y, A1). (e), Voltage output of Dy (black),
D, (red), D; (blue) and D; (cyan) at different (g, A;) input states. (f), Truth table of the
demultiplexer. The measured voltage outputs are summarized in brackets. The blue color

marks the line that is selected at each input combination.

Input/output matching for cascade configuration

To restore signals, expand the size of logic gates and cascade logic flows, conserving or
amplifying the output relative to the input in the unit tile, namely input/output (I/O) voltage
matching, is crucial. In this respect, FET-based logic gates have a huge advantage due to their

larger-than-unity gain property,” unlike passive memristor devices’ where the gain is <1.
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Specifically, this I/O matching is a prerequisite for a complex circuit requiring self-feedbacks
such as a latch and shift register that are sequential circuit elements in a processor. The I/O
matching properties of two CTNWFET-CA tiles used for the full-adder, the full-subtractor, and
multiplexer/demultiplexer will be explored with the full-adder configuration and implemented to
Data latch®' (D-latch) after reconfiguration.

Typical voltage transfer functions of the full-adder circuit (Fig. 3-8a) for power-supply
voltage, Vpp, of 3.0V (Fig. 3-11a) show that as the input levels of 4, B and C are swept from
logic state “0” (0V) to logic state “1” (3.5V), the outputs S and C,y switch from logic “0” (both 0
V) to logic “1” (2.0 and 2.7V, respectively). From these data, the peak voltage gains of C,, and
S (Fig. 3-11a, lines tangential to data) are found to be 10 and 4, respectively, which show the
larger-than-unity gain and the matching of input—output voltage levels needed for a potential to
cascade the logic tiles (Fig. 3-3). Further tests show that the output of S and C,, for six typical
input combinations (Fig. 3-11b) all had similar output ranges: 0 — 0.6 V for logic state “0” and
2.0 — 2.7 V for logic state “1”. The expected and experimental results for a full adder are
summarized in a truth table (Fig. 3-11c), which shows good consistency for this fundamental
logic unit. The Vi, value of some active NWFET nodes shifted with the 3V source bias and
precluded switching behavior for the (4, B, C) = (0, 1, 0) and (0, 1, 1) inputs for a consistent
input voltage range (0 — 3.5 V). It is worthwhile to note that optimization of logic operations can
be achieved by tuning Vpp and the load resistance, together with adjustment of Vi, through the
choice of top-gate metal'®. Nonetheless, the large voltage gain and matching of input—output
voltage levels described here demonstrates the potential to integrate the prototype device into

large-scale integrated circuits such as a multi-bit adder in a cascade configuration.
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Encouraged by the results of I/O matching, we mapped a D-latch, a sequential logic
circuit capable of information storage, onto the unit tile (Fig. 3-11d). The D-latch circuit (Fig. 3-
11d, upper panel) is composed of four NOR gates with a positive-feedback connection between
the output, O, and inputs to NOR gates 2 and 3 (Fig. 3-11d, upper panel). As a consequence, O
equals input data, D, when clock, E, is in logic state “1” but retains its previous value when E is
switched into logic state “0”. We implemented the NOR gates in the tile using NW1-NW3 in
block 1 and NW8 in block-2 (Fig. 3-11d, lower panel), and formed the positive feedback by
connecting the output to an input gate in block-1. An important constraint on realizing the D-
latch logic is that there must be a successful feedback loop (output Q of block-2 back to block-1;
Fig. 3-11d), which requires matching of input and output voltage levels. Measurement of Q as a
function of repetitive £ and D pulses (Fig. 3-11¢) shows that O follows D when FE is switched to
logic “1” (3.6 V) at time points 16 and 33 s but retains its previous value when E is switched to
logic “0” (0 V) at 7, 24 and 41 s, as expected for a D-latch. The robustness of this sequential
logic circuit is tested further by inputting a more complex data waveform (Fig. 3-11f), where
measurements of O demonstrated a sharp logic operation by following D with high fidelity in the
time intervals 16 — 24 and 33 — 41 s. Moreover, the voltage range of output, Q (0 —2.2 V),
closely matches that of the input data, D, and clock, E. These data clearly show the successful

operation of D-latch function in a programmable CTNWFET-CA tile based on I/O matching.
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Figure 3-11 Demonstration of a full-adder and D-latch based on input/output matching. (a-
¢), Characterization of full-adder with I/O matching. (a), Voltage transfer function for S (red)
and Coy (blue) from input states (0, 0, 0) to (1, 1, 1). The dashed tangent lines show the
maximal voltage gains of the outputs. (b), Output voltage levels for S and C,,, for six typical
input states. (c), Truth table of full-adder logic for the six input states in (b). The measured
output voltages are shown in brackets. (d-f), Demonstration of D-latch. (d), Schematics of
logic (upper) and circuit design (lower) of a D-latch implemented with the same CTNWFET-

CA tile used in (a—c). (e, f), Output,Q, waveforms (green) at two sets of clock (E, red) and

data (D, blue) inputs.
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3.5 Comparison between nanowire logic tiles and 32-nm state-of-the-art

CMOS logic

The reversible programming of individual CTNWFET nodes in the tile provides great
versatility, as shown by the combinational and sequential circuit elements demonstrated above.
Reconfigurable logic has been realized using memristor complementary metal-oxide—
semiconductor (CMOS) hybrid circuits®’, where the microscale CMOS layer is responsible for
logic operation and memristors are responsible for reconfigurable signal routing. Our
architecture, however, represents the first example of a system integrating nanoscale devices that
combine both logic and programmability functions. These bottom-up nanowire circuits also have
limitations in comparison with conventional CMOS circuits, although projections suggest that

density, speed and power consumption can be further improved for our array architecture.

Area

The effective logic gate area in the unoptimized CTNW array demonstrated in this work
is ~3.3 um®, which is larger than the logic gate area of 0.35 um” in the present 32-nm CMOS
generation.”®> We project that a CTNW logic gate area of 0.002 um?” is achievable, based upon
estimates of dense packing of NW building blocks by Langmuir-Blodgett assembly*® and
reported scaling of charge-trapping devices.”” This would be at least a 30-fold improvement over
the 16-nm CMOS generation anticipated in 2016, which is projected™ to feature a logic gate area
of 0.063 pm?” (Table 3-4). Our bottom-up assembly of CTNWs also enables the logic gates to be
integrated in 3D stacking,’* offering unique opportunities for even higher density of integration.

We note that the state-of-the-art NAND flash memory,* another type of conventional CMOS
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device, demonstrates an effective device area of 0.0015 um* comparable to that of projected
nanoprocessor. However, complex lithography and costly fabrication processes pose a significant
challenge for scaling beyond the 22-nm technology node, whereas in our bottom-up approach
critical dimension are not limited by lithography but rather defined by chemical synthesis and

assembly.

Power consumption

The estimated power consumption of each NW logic gate is ~0.9 uW based on Vpp of ~3
V and on-state current of ~0.3 pA. This is larger than the 10-100 nW per gate consumed in 32-
nm CMOS. However, with the introduction of complementary n-type NW devices’, static power
dissipation can be eliminated, leaving capacitive power and leakage as the primary sources of
power consumption, and the projected CTNW logic gate power consumption may be reduced
below 1 nW per gate. Specifically, the dynamic power consumption, Wp, of a capacitatively
connected logic gate is given by

Wp = aCVpp*f
where a is the switching activity, C is the load capacitance, Vpp is the supply voltage, and f is
the operating frequency. To assess the prospective power consumption of the programmable
CTNW logic gates, we consider a simulated logic gate driving four other gates, i.e., a “fan-out of
four” configuration (an industry standard for assessing logic gate performance in a technology-
independent way). For this estimation, C is approximately 4 x 3.3 aF = 13.2 aF; Vpp is 3 V; fiis
50 MHz. We note that the gate capacitance of 3.3 aF was estimated based on top-gate/NW

geometry with the same gate dielectric thickness as the 2nm-2nm-5nm AZA stack of CTNW
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(Fig. 3-12a). Typical switching activity in a large circuit is a = 0.1. With these values, the
estimate for dynamic power consumption is 0.6 nW. Static power consumption in a
complementary logic gate is largely due to leakage. For the devices described here, the leakage
current, i.e. off-state current, is approximately 20 pA (Fig. 3-12c). Thus, for a 3 V supply, the
leakage power would be 60 pW per nanowire. For a small logic gate consisting of two or three

nanowires, leakage power remains less than 200 pW per gate.

Switching speed

The prototype demonstrated in this work was developed to demonstrate correct static
operation and was not optimized for maximum operating speed. In order to assess potential AC
operation, we carried out circuit simulations for switching speed using the Cadence Design
Framework II simulation environment®”. Within this environment, an empirical device model"'
was developed where current vs. voltage curves generated by the model match quantitatively (e.g.
‘on’ current, ‘off” current, threshold voltage, etc.) with the experimental results (Fig. 3-12b and
c). Parasitic resistances and capacitances were also estimated based upon the physical
composition of the wires and their geometry in relation to the substrate and each other; per unit
CTNW junction cell, the parasitic resistance was estimated to be 2 Q for metal electrodes and 70
KQ for semiconducting NWs; capacitance to ground was estimated at 10 aF per cell; wire-to-
wire coupling capacitance was estimated at 3 aF per cell. With these models and estimates for
interconnect resistances and capacitances, simulations were performed for full-adder circuits.
These simulations predict that for logic inputs switching between 0 and 3 V, output transients

would settle to correct values in 5-10 ns, leading to an estimated top circuit speed of 100-200
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MHz. A lower maximum speed of 50-100 MHz is projected if the simulated circuits were to be
integrated into more complex logic. This is comparable to clock speeds required in real-time,
low-power microcontrollers®®, an application of interest, but less than the 5 GHz achievable in
conventional CMOS™ for high-performance computing. It is noteworthy that Ge/Si NWFETs
with 40 nm channel length have previously demonstrated intrinsic delay of 0.5 ps (or switching
speed of 2 THz)*’, which defines an upper limit for Ge/Si NWFET-based logic operations. A
summary of the present and projected key device area, power and speed metrics for our NW

based logic tiles and CMOS are organized in Table 3-4 below:

Table 3-4 Comparison between present and projected bottom-up nanoprocessor and top-down
CMOS systems. Data for the ‘Present Achievement’ are extracted from experimental data shown
in this work. ‘Logic Gate Area’ is calculated by the total device area (ca. 1620 um’, see Fig. 3-7b
and c) divided by the total number of NWFET nodes (496). The total device area includes the
top-gate array region (~960 um’), the S/D region containing 500-nm long metal contacts that
align with the axes of the NWs, and two gap regions each consisting of ~500-nm wide gaps
between the S/D and the top-gate array. ‘Power Consumption’ is estimated as described above.
‘Projected Nanoprocessor’ is modeled as an array with 6 CTNWs and 6 top-gates, both with 40-
nm pitch, together with 20-nm long metal contacts to the ends of NWs and 20-nm wide gaps
between S/D contacts and the top-gate array region. The gate pitch, composed of ~20 nm gate
width and ~20 nm gap, is derived from state-of-the-art charge-trapping devices’ and compatible
with the lithography tools used in this study. The nanowire pitch is calculated based on
demonstrated dense assembly’® of NWs consisting of 10 nm diameter Ge NW core, 2 nm thick

concentric Si shell, and conformal 12 nm charge-trapping layers. ‘Logic Gate Area’ is calculated
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Table 3-4 (Continued) by the total device area in this model (~0.07 um’) divided by the total

number of NWFET nodes (36). ‘Power Consumption’ and ‘Circuit Speed’ are obtained by

simulation as described above. Data for ‘Present CMOS’ and ‘Projected CMOS’ are obtained

from Table ORTC-2C of the International Technology Roadmap for Semiconductor (ITRS).” The

‘Logic Gate Area’ in these cases contains the active channel, implanted S/D, area for contact

plugs to S/D/G, and minimum spacing to adjacent transistors.

. Present Present CMOS Projected Projected
Metric Achievement | (32 nm in 2010) | Nanoprocessor CMOS
P (16 nm in 2016)
toge ae 1 3.3 mm? 0.35 mm” 0.002 mm? 0.063 mm?
Power 900 nW / 10-100 nW / 10-100 nW /
) . <1 nW / gate
Consumption logic gate gate gate
Cireuit Speed | P05 | 5 Gy 50-100 MHz -5 GHz
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Figure 3-12 Structure and characterization of a typical programmable CTNWFET in the unit

tile. (a), Cross-sectional transmission electron microscopy image of a representative

nanowire device, with substrate surface (SiO,) and gate (Cr/Au) at the bottom and the top of

the image, respectively. Other components of the nanowire and dielectric layers are labeled,

and dashed lines define the boundary between different components. Scale bar: 10 nm. (b),

14—V curves recorded from a six-gate NWFET with Ve, = 8 (black), 3 (red), 0 (blue) and -8

V (magenta) (G3), and G1, G2, and G4—G6 grounded. Inset: scanning electron microscopy
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Figure 3-12 (Continued) image of the device. The small black arrow indicates G3. Scale bar:
1 mm. (d), Semi-logarithmic plot of conductance versus Vs for the same device as in (b),
recorded for =6V (blue) and +9V (red) sweeps at Vy; = 0.5 V. The arrows represent

sweep/hysteresis direction.

3.6 Conclusion

We have demonstrated a programmable and scalable architecture based on a unit logic
tile consisting of two interconnected, programmable, non-volatile nanowire transistor arrays.
Each NWFET node in an array can be programmed to an active or inactive transistor state, and
by mapping different active-node patterns into the array, combinational and sequential logic
functions including full-adder, full-subtractor, multiplexer, demultiplexer and D-latch were
realized with the same programmable tile. Cascading this unit logic tile into linear or tree-like
interconnected arrays, which we calculate will be possible given the demonstrated gain and
matched input/output voltage levels of CTNWFET devices, provides a promising bottom-up
strategy for developing increasingly complex nanoprocessors with heterogeneous building
blocks.*** In the near term, particularly promising for this architecture and the low-power
devices it contains are simpler, tiny, application-specific nanoelectronic control processors,
where such ‘nanocontrollers’ might make possible very small embedded electronic systems and

new types of therapeutic devices.
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Chapter 4

Understanding NWFET biosensor and surface modification

Nanotechnology has progressed dramatically in recent decades with the development of
zero-dimensional structures (metallic nanoparticles,' semiconductor nanoparticles,” and magnetic
nanoparticles’), one-dimensional structures (carbon nanotube,* semiconductor nanotube,’
semiconductor nanowire,”® metallic nanowire”), and two-dimensional structures (graphene, '’
nanopore,ll metal film,'? and nanostructured surface film'”). These novel nanostructures have

15-17

. . 14 4 -
been implemented for use as molecular biosensors, * bioprobes, °~ " and other nanosystems

capable of diagnostics due to their high sensitivity and performance. The large surface area-to-
volume ratio of nanostructures enables the amplification of signals induced by target bio-
molecules because physical and chemical effects on the surface of nanosystem critically
dominate states of the biosensor device.'™ "’

Biosensors can be classified by their method of signal transduction. These include (1)
optical detection methods based on fluorescence,”” Raman,”' surface-enhanced Raman,** %
refraction/dispersion, phosphorescence spectroscopy,”* (2) Mass-change detection methods
based on piezoelectric resonator” and quartz crystal microbalance(QCM),*® and (3)

27,28

electrochemical detection methods based on field-effect transistor (FET) and screen-printed
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metal electrodes.” Compared to other biosensors, the nanoscale FET offers significant
advantages for real-time, highly sensitive, multiplexed and label-free electrical detection, even
though FET-based biosensors lose sensitivity as ionic strength of the solution increases, a
common issue for electrochemical sensors based on charge detection.’® The ions in a high ionic
strength solution screen the charges of the target analyte and neutralize them such that when it is
located at a distance beyond the Debye length the electrochemical biosensor loses the ability to
sense it. Understanding the FET biosensor system and analyzing its limitations are therefore
necessary not only to improve and optimize its function but also to overcome its limitations in
the design of a novel biosensor that may be used under physiological conditions.*!
Semiconductor nanowire building blocks are one of the best candidates for a novel FET
biosensor. Developments in nanowire growth have led to the demonstration of a wide range of
nanowire materials with precisely controlled size,” structure,”® morphology,’* and composition”
%3335 and capable of property modulation. The controllability of nanowire building blocks
allows us to produce a nanoscale FET with a single-crystal-based cylindrical structure.’
Furthermore, a molecular-scale nanowire FET has been demonstrated which has very high
surface-to-volume ratio (3 nm diameter cylindrical nanowire: 1.67 nm’', in other words,
~67%).>® In the case of bulk FET devices, a charged target molecule bound on the surface can
only modulate a number of majority carriers within a few nanometers, because the screening
length in semiconductors, Asemi, 1S @ few nanometers (i.e. 1~2nm for silicon with a hole density of
10"~10"/cm’*" By contrast, the high surface-to-volume ratio and small diameter in the

nanowire FET allows the surface potential charge on the semiconductor nanowire to dominate
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conductance changes along the FET channel even with the short screening length of
semiconductor; this results in sensitive detection of charged molecules.*®

In this chapter, I describe an innovative biomolecular sensing probe created by
modulations of structure and dopants, discuss the theoretical analysis of semiconductor nanowire
field-effect transistor (NWFET) sensitivity in low ionic strength solution and explore the

experimental analysis of functionalization and antibody modification on the surface of the device.

4-1. Theoretical sensitivity of NWFET biosensor in low ionic strength solution

The NWFET is a nanoscale three-terminal switch modulated by a gate potential. This 1D
system can transduce an electrochemical reaction on its surface into an electrical signal
correlated to conductance of NWFET channel by field effect. Its high electrical performance
with large surface-to-volume ratio as well as high capacitive coupling through a thin native gate
oxide enables an enhanced sensitivity for charged biomolecules. In this section, I discuss the
specific charge sensitivity of a NWFET biosensor in a direct current (DC) measurement as a
simple model to introduce the fundamentals of the conventional system, and move forward to a
new concept of NWFET biosensors for the future.

Fig. 4-1a depicts a normal biosensing environment composed of a NWFET, chemical
layers on the NWFET surface for specific binding/unbinding of target analytes, target
biomolecules, and ionic solution. We assume that: (1) the NWFET is an ideal cylindrical
structure of silicon (Si) with 1 nm conformal SiO, gate oxide, (2) the solution is electrically

neutral, (3) the target molecules can be considered point-charges, and (4) the solution potential is
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constant. The main purpose of calculating the change in NWFET conductance by charges over
its surface is to figure out the screening effect of those charges in ionic solution.

Because the solution is neutral,

n
ZNL' Zi = 0 (4-1)
i=0

is valid, where N; is the total number of ions of species 1 in the solution and z; is the charge
number of species i. Because the solution potential is constant, the ions are in thermal
equilibrium with each other and act as free charges. This means that they follow Boltzmann

statistics such that

N; _zae
n=e kpT (4-2)

at all points in the solution, where n;, V, q, ¢, kg, and T are the number density of all species,
volume of the solution, an elementary charge, electrical potential, Boltzmann constant, and

absolute temperature respectively. Therefore, the charge density in the solution is
n n
N; _zae
p= auz=) qz e kel (43)
i=0 i=0

from equation (4-1) and (4-2). In order to calculate electrical potential in the solution, we can use

the Poisson equation® as follows:

n
1 N. _ziq®
Vo =-to o =N gy et (4-4)
i=0

grSO grgo

where €, and g are relative and vacuum permittivity respectively. For a high ionic strength

solution, it is difficult to solve eq. 4-4 due to non-linearity of the differential equation. However,
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for a low ionic strength solution z should be small, and the exponential part can be treated

linearly by a first order of Taylor series. Hence, equation (4-4) becomes

(o2

n n
N zq*e 1 NN zqe
e €0 V. kgT &gV kgT

i=0 i1=0

n
From eq. (4-1) (gz N;z; = 0)
i=0

From general definition of ionic strength of the solution

so that eq. (4-5) is

n
1 N; _ziae

(4-5)

—_

N 2 2 21q2(p
_— == 2 -
Z V. kgT ereokBT e “-7)

This is the solvable form of the Helmholtz equation where k™1 = fgr;";B is defined to Debye

screen length*’. The equation may be expressed in spherical coordinates by taking r = 0 at some

arbitrary ion. Therefore, the general solution of Helmholtz equation in spherical coordinate®' will

be
—\/ﬁr e\/ﬁr e—KT A e—KT
- .y 2 (4-8)
o) =4, - + 4, i 17, % T
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where A and A, are arbitrary constants. Note that r is the distance from the charge source in
ionic solution (Fig 4-1a). From boundary conditions, the potential should be 0 if r is infinite, so

that A, should be zero.

—Kr

fo(r) = A= (4-9)

We assumed that the charges are considered points and surrounded by ions. Inside the screened

space, ions should follow

— 4-1
o) = g (4-10)
according to Gauss’s law, where Q are all charges in the center. If r is very small,
4, ¢
r 4re,gyr
Q
— 4-11
V7 4me, g, ( )

Therefore, the induced potential by charge Q in low ionic strength solution at a large distance

from the center is

) = Qe ™ 4-12
)= 4me, g1 (4-12)

This means that the amount of charge Q will equal the amount of charges as Qe™ at the point r.

For the system of NWFET biosensor, consider a p-type NWFET which has an antibody-
modified surface; the potential charges on the oxide surface of NWFET by the antigen-antibody
pair can be calculated by

Qs  Que™™ ] a[Antigen]
B X[Antibody] 1 + a[Antigen]

AV, = (4-13)

Coxide Coxide
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where ‘[ ]’ denotes concentration and Qa, Coxide, o and a are charges by antigens, capacitance of
gate oxides per length, distance from the antigen layer to oxide layer, and the equilibrium
constant. It is worth noting that the second term is the total number of antigen-antibody complex
based on Langmuir adsorption equation*” and the antibody layer is formed at distance r, from the
surface of NWFET. In addition, bringing the linear operation of NWFET from eq. (1-5), the

current change by bound antigens is

1
Alps = L_z.ucox(AVG *Vps)

1 [Antibody]  a[Antigen] ) (4-14)

= — —KTo % .
2t <QA€ l 1 + a[Antigen]
Now, considering the specific parameters of the system as in Table 4-1, assuming

[Antigen] >> + = K}, which means that all antibody-sites are occupied by antigens, the top-
g - y pied by

gate potential changes due to a singly-charged antigen simplifies as

QA e—KTO

AV, =
¢ Coxide

X[Antibody] (4-15)

This result shows the NWFET sensitivity for the charged antigen bound to the antibody layer in
solutions of varying ionic strength and different antigen charge numbers. For example, the gate
potential change by 100 antigen-antibody complexes per pm on a 30 nm-diameter NWFET is
~4.8 mV in 1 uM ionic strength solution shown as Fig. 4-2. Fig. 4-2 based on eq. (4-15) shows

the significant effect of ionic strength on AV induced by a single charge in the target antigen

Table 4-1 Main parameters used for the simulation in Fig. 4-1b

Main parameter Values

Diameter of SINW (Icore) 30nm

Si02 thickness of gate oxide (toxide) Inm
Table 4.1
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Table 4-1 (Continued)

2TTX €10, XEg
Gate oxide capacitance of SINW 1 Teore + toxide = 3.36nF
rcore
Distance between antigen binding point 10nm
and NWFET surface (o)
Ionic strength of solution (I) IuM
Antibody concentration ([Antibody]) 100 / pm
(a) P (b)
® .o — [
.o Hil
A "'*- **',' 0.0041+ - i Ll N 1 Il
o . -. \ |
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Figure 4-1 Model and model result for NWFET sensitivity. (a), Schematics of simulated

system of NWFET biosensor modified by antibody for detection of target antigens. Red circle,

black circle, and Y shape with a wavy line represent a charged antigen, an ion in solution,

and a chemically modified antibody respectively. Cross-sectional view of NWFET biosensor

(left) shows clear semiconducting nanowire (purple circle)/gate oxide (cyan ring) core/shell

nanowire structure with antigen-antibody complexes on the surface of NWFET. Front view of

NWFET (right) shows that the binding point of antigen on antibody is located at r distance

from the gate of NWFET. Inset: typical structure of charged antigen in solution of a given
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Figure 4-1 (Continued) ionic strength. Note that the charged antigen is surrounded by
oppositely charged ions so that its potential is screened. (b), Curve of potential changes by
target antigen binding vs. ionic strength of solution in NWFET biosensor in system (a).
Significant screening effect of electrical potential by background ions is simulated over 10

UM range of solution ionic strength.

4-2. Rational synthesis of kinked NWFET for a biochemical sensing probe

The FET device has many advantages as a biosensor, such as its high input impedance,
and high sensitivity due to FET gain. Also, the nanoscale structure is non-invasive in a biological
system in which the device is smaller than one of the smallest units of the system. These unique
strengths of the nanoscale FET open up truly new opportunities for the investigation of living
organisms.

Specifically, a FET based on nanowire building blocks is a powerful candidate to probe
biological systems because its production via the bottom-up approach allows controllable
synthesis. Recently, a method for synthesis of single crystalline kinked semiconducting nanowire
superstructures was developed, and these structures were successfully implemented as minimally
invasive three-dimensional (3D) NWFET bioprobes for intracellular electrical recording."® This
superstructure utilizes the p-n junction FET (JFET), which is capable of highly localized
electrical sensing in the cell.”

The success of a kinked nanowire platform for electrical recording in the cell motivates

us to think about a new biosensor concept: a 3D biomolecular/chemical sensing probe for
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intracellular research such as proteomics (Fig 4-2). Conventional FET-based biosensors require
delivery of analytes to the devices, which is one of the biggest barriers to progress for in vivo
research.’’ By contrast, the active probe-type NWFET can electrically detect target proteins with
high-resolution tracking of the device position by simultaneous intracellular monitoring of its
photocurrent44 in real time. In this section, I discuss the synthesis, fabrication and the
characterization of n++/intrinsic (i)/n++ kinked nanowire FET for the future generation of 3D

intracellular biomolecular sensors.

Figure 4-2 Schematic of a concept of 3D biomolecule /
chemical sensing probe for intracellular researches based on

kinked NWFET. Courtesy of Ref. [45]

The growth of kinked semiconducting nanowire with dopant modulation by the CVD-

VLS method starts with the preparation of 80-nm Au catalyst substrate as introduced in Section
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1.2. In the first stage, heavily doped n-type “arm” is grown by delivering 1 sccm SiHa, 4 sccm
PH; (1,000 ppm in H; ), and 60 sccm H; to the Au catalyst substrate for 25 min at a total
pressure of 40 Torr and temperature of 455 °C. To form the kinked point in the arm, growth is
paused for 15 s by shutting off all gas lines and simultaneously evacuating the chamber to its
lowest pressure. 1 sccm SiHy, 4 scem PH;3 (1,000 ppm in H; ), and 60 sccm H; are then
reintroduced to the growth substrate for 2 min at the same total pressure and temperature as
previously. Shutting off only the PH; gas line for 1 min at this point allows the synthesis of
~500-nm intrinsic silicon nanowire. 4 sccm PH; was delivered again for 2 min with 1 sccm SiHy
and 60 sccm H;_ at the same total pressure and temperature. A second evacuation of 15 s follows.
In the final stage, the heavily doped n-type arm is grown for 15 min under the same conditions as
the first stage (Fig. 4-3b). Fig. 4-3a shows a schematic of the expected NW grown by this
method, and Fig. 4-3c¢, d, and e show optical, SEM, and high resolution TEM (HRTEM) images,
respectively, of typical grown kinked n++ /i / nt++ nanowire corresponding to the expected NW
structure following the growth procedure. The HRTEM images reveal the single-crystallinity and
smooth surface boundary of the kinked nanowire. The short semiconducting channel, in contrast
to heavily doped arms, can be successfully defined and recognized as the region between the first

and second kinked point.
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Figure 4-3 Synthesis of n++/i / n++ kinked nanowire. (a), Schematic of the structure of
n++/i/n++ kinked nanowire. Yellow arrows and circled numbers indicate growth direction
and order respectively. The blue and red colors of the nanowire body correspond to the
heavily n-doped (n++) and intrinsic (i) parts. (b), SiH,and PH; flow during NW growth. The
circled numbers match the ones in (a). The pause in the supply of precursors generates the
kinked points. (c), Dark-field optical microscope image of a typical kinked nanowire. Yellow
arrows indicate growth direction. Scale bar: 3 um. (d), SEM image of the kinked nanowire in
(c). The area shown corresponds to the purple dashed box in (c). Yellow arrows indicate
growth direction and false red coloring indicates the intrinsic part estimated from the growth

conditions. Scale bar: 1 um. (e), HRTEM imagse of kinked nanowire. The image of kinked
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Figure 4-3 (Continued) part (upper right, green dashed box, scale bar: 5 nm) and straight
part (lower right, blue dashed box, scale bar: 5Snm) reveals single crystallinity. Upper right

inset and lower right inset show fast fourier transform (FFT) image which are recorded

along the [111] zone axis.”

Following synthesis, the kinked nanowires are drop-casted from the growth substrate
onto a pre-defined marker substrate for further fabrication. The typical yield of kinked nanowires
on the drop-casted substrates is ~40%. The transferred NWs are converted into FETs through
position registry, EBL, and source/drain metallization, using the same procedures of straight
NWFET fabrication provided in Section 2-3. To isolate the metal electrodes of the NWFET from
the solution, SU-8 was applied by EBL as a passivation layer.

Fig 4-4 shows the l4-Vgs curves and water-gate (Vwg) performance of a typical
n++/i/n++ kinked nanowire FET in PBS 1 mX with Ag/AgCl electrode. The device has an ohmic
contact and the gate response of n-type FET with ~10,000 nS of transconductance. Interestingly,
the transconductance-to-noise ratio of the device indicates the sensitivity is ~5,000, so that the
minimum detectable potential change on the gate is >0.2mV. The theoretical results from Section
4-1 indicate that the device sensitivity is sufficient to detect five antigen-antibody complexes (if
each antigen carries a single charge). In the next section, I will discuss surface modification of

the SINW to produce the NWFET biomolecular sensor.

93



(a) (b) (c)

Ag/AgCl electrode

600 H
7000 A

400

2004 6500 -

,,["A)
o

6000
200

Conductance (nS)

-400 4

-600 4
5000 1

-800

Figure 4-4 Characteristics of n++/i/n++ kinked NWFET in solution. (a), Schematic of the system of
water-gate characterization for (b) and (c). Note that the potential of PBS I mX is controlled by a
Ag/AgCl electrode and the only channel of kinked NW (pink) is exposed to PBS 1 mX. (b), L vs. Vs

curve of kinked NWFET at Vyg = 0V (c), conductance vs. Vyg curve of kinked NWFET at Vs = 0.1

4-3 Analysis of surface functionalizations on SINW

In general, there are two main strategies to covalently bind either ligand or antibody to
the SINWFET. We take advantage of the fact that the protein’s primary structure is composed of
a specific series of amino acids which have amino and carboxyl chemical functional groups.*’
An aldehyde group forms an imine group when it reacts with an amine group by nucleophilic
addition in an acidic buffer. Alternatively, an amine group can react with a carboxyl group with
the help of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS), forming amides.* Hence, in order to generate aldehyde- or amino-terminated silicon

oxide surfaces, we use the following typical approaches.
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First, (3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde (GA) are employed as
shown in Fig. 4-5. Starting with O, plasma treatment (0.5 Torr, 40 W, 1 min) on the SINW
surface for termination of hydroxyl groups, 1% v/v APTES in 95% ethanol solution is applied
for 45 min at room temperature, followed by gentle rinsing with IPA, a flow of nitrogen to dry,
and baking at 115°C for 5 min. It should be noted that the baking process can increase cross-
linking of APTES. The APTES-modified SINW is soaked in 2.5% GA and 6 mM NaBH;CN
solution in PBS 1X (pH 7.9) for two hours. The modification process is completed by rinsing the
SiNW with water, acetone, and IPA and drying under a gentle flow of nitrogen. The NW surface
is now functionalized with aldehyde groups. To modify these with antibody, ultrafiltrated 100
pg/mL antibodies (14,000 x g (acceleration of gravity) for 15 min) are prepared with 6 mM
NaCNBHj3; (reducing agents) in 10 mM phosphate buffer (PB), pH 8.4, followed by application

to the substrate for two hours.

1% viv 3-Aminopropyltriethoxysilane (APTES) H\Nr H\N;-l H\Nﬁ
in ethanol/H20 (95%/5%) ; z g
EtO sisiosi
ggggggggg EtO-S‘inHg Silane/ethanol solution O/CI)XO/‘LXO/(L\O

EtO

'Y
L ) 4

Silane modification'

Glutaraldehyde
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+NaCNBH,

KIVAS
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Figure 4-5 Schematic of SINW (cyan color) surface modification with APTES and

GA to covalently attach antibodies.
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Second, 3-(trimethoxysilyl)butyl aldehyde (TBA) can be used as in Fig. 4-6. In principle,
TBA, which has three terminal methoxy groups similar as APTES as well as an aldehyde group
like GA, is superior to APTES + GA in terms of Debye length in ionic solution, because the total
chemical chain length is ~2 nm shorter. After O, plasma treatment (0.5 Torr, 40 W, 1 min), the
SiNW is immersed in 1% TBA in 95% ethanol solution for 45 min at room temperature. The
NW is gently rinsed by ethanol and dried in a flow of nitrogen followed by baking at 110°C for

10 min. Subsequent antibody modification is the same as described in the APTES+GA

modification.
1% v/v 3-(Trimethoxysilyl)Butyl Aldehyde) (TBA) ‘\\c,” Q\C,“ c\)\c;'l
in ethanol/H20 (95%/5%) g Z g
EtO
20 Si Si Si
HHHHHHHHH EtO ~Si~~C_ (YOO
000000000 ( H 000000000
Et0 N
I >

Silane modification

Antibody modification

Y+ NaCNBH,

Figure 4-6 Schematic of SiNW (cyan color) surface modification with TBA to

covalently attach antibodies.

Lastly, as shown in Fig. 4-7, APTES and EDC/NHS can be applied to use carboxyl

groups on proteins unlike the others in using amino groups. All processes up to APTES
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modification are the same as the first approach. A mixture of 4 mM EDC and 5 mM NHS in
activation buffer (0.1 M 2-(N-morpholino)ethanesulfonic acid (MES), 0.5 M NacCl, pH 6)
containing 100 ug/mL antibodies is drop-casted onto the APTES-modified SINW for two hours

at room temperature followed by rinsing with deionized (DI) water and drying under a flow of

nitrogen.
H HH HH H
1% viv 3-Aminopropyltriethoxysilane (APTES) WoW W
in ethanol/H20 (95%/5%)
EIP . .
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Figure 4-7 Schematic of SINW (cyan color) surface modification with APTES and

EDC/NHS to covalently attach antibodies.

The success of surface modification by the three approaches can be qualitatively and
quantitatively confirmed by surface chemical analysis techniques such as a contact angle
measurement and X-ray photoelectron spectroscopy (XPS) and attenuated total reflectance
mode - Fourier transform infrared spectroscopy (ATR-FTIR). First, tracking the contact angle,

which reflects wettability of the surface, can provide a qualitative view of whether the chemical
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layer has been successfully generated after surface modification.”” We expect the contact angle
to be changed after surface modification because all the modification processes transform
hydroxyl-terminations by O, plasma treatment to either aldehyde or amino terminations. Second,
XPS can quantitatively measure the composition and chemical/electronic state of the elements on
the surface (top 1 ~ 10 nm) of material. When a homogeneous X-ray beam hits and interacts with
a material under ultra-high vacuum conditions (<107 Torr), both scattering and fluorescent
radiation occur, which are closely correlated with the atomic weight of the components.”® Hence,
measuring the kinetic energy and number of escaping electrons generates surface chemical
information during X-ray irradiation of the target material. Third, ATR-FTIR enables
identification of existing functional groups and examination of the chemicals on the surface.
Measurement of absorbed infrared light, whose origins are the translational and vibrational
energy of the bond or group, from the IR-irradiated material can reveal particular information
about functional groups on the modified substrate.”’

To simplify experiments, contact angle measurement was performed on similarly
modified n-Si (100) wafers, which have the same native silicon dioxide surface properties as
SiNW. Fig. 4-8 shows the results at the stage directly following O, plasma treatment, APTES
modification, and APTES+GA modification. As expected, APTES- and APTES+GA-modified
Si wafer demonstrate a higher contact angle; in other words they are more hydrophobic than
hydride Si wafer. This is qualitative evidence that chemical layers are being deposited through
either the APTES or GA modification process. Reported contact angles of both APTES™ and
GA” are in the range of 40-70 degrees, which agrees well with our results, though the success of

GA modification on top of APTES modification cannot be assessed by this method.
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(a)

(b)

Figure 4-8 Results of contact angle measurement after
oxygen plasma treatment, APTES modification, and GA
modification. (a), Hydride Si wafer by oxygen plasma
treatment. Contact angle: 27°. (b), APTES-modified Si
wafer. Contact angle: 50°. (c), APTES+GA-modified Si

wafer. Contact angle: 43°.

Additionally, XPS (K-Alpha, Thermo Scientific) analysis was done on surface-modified
n-Si (100) wafer under various conditions to quantify the success of chemical modification.
Because the Si surface modified by APTES, GA, and TBA is terminates in amino and aldehyde
groups, it is mainly the binding energy range of Cls and N1s that is analyzed. Fig. 4-9a-d show
the XPS results of pristine, APTES-modified, APTES+GA-modified, and TBA-modified Si
wafer, respectively. For pristine bare Si (Control), a high C-C bond count per second (CPS) was

observed, though the value is one order of magnitude less than in the case of APTES,
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APTES+GA and TBA modification. This abnormality may result from carbon contamination by
carbon dioxide in air because nitrogen s1 shows only baseline noise CPS. Compared to the
control, both APTES- and APTES+GA-modified surfaces reveal C-C, C-N, NH,, and NH;"
bonds (by CasaXPS™ ver. 2.3.16, Casa Software Ltd.). Peak fitting for carbon 1s shows two
peaks resolved for only the APTES-modified sample, due to C-C and C-N, whereas for the
sample further treated with GA an additional C=O peak is resolved at higher energy, suggestive
of surface aldehyde groups. Consistently, the C-N intensity decreases after GA modification, as
would be expected if additional carbon chains cover the nitrogen of the APTES surface. C-C
increases in intensity also, presumably due to additional carbon chains. Examination by XPS of
the TBA-modified surface shows C-O/C=0 and C-C bonds from peak fitting in carbon s1 and
non-bond related to nitrogen s1, which are expected results from TBA chemical structure.
Therefore, these XPS results reveal that the APTES-modified, APTES+GA-modified, and TBA-

modified Si wafer is well-functionalized by aldehyde groups or amino groups as expected.
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Figure 4-9 (Continued)
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Figure 4-9 High-resolution XPS spectra of various functionalized surfaces.
(a), Cls (left) and Nls (right) peaks of binding energy of pristine bare Si
wafer. The Cl peak in the left curve is fitted to the binding energy of C-C,
C-N, and C-O/C=0 bonds. (b), Cls (left) and Nlis (right) peaks of binding
energy for the APTES-modified Si wafer. The Cl peak in the left curve is
fitted to the binding energy of C-C and C-N bonds. The NI peak in the right
curve is fitted to the binding energy of NH;  and NH,. (c), C 1s (left) and N
Is (rvight) peak of binding energy of APTES+GA-modified Si wafer. The Cl
peak in the left curve is fitted to the binding energy of C-C, C-N, and C=0
bonds. The N1 peak in the right curve is fitted to the binding energy of NH;"
and NH. (d), Cls (left) and N1 (right) peak of binding energy of TBA-
modified Si wafer. The CIl peak in the left curve is fitted to the binding
energy of C-C and C-O/C=0 bonds. All analysis performed by CasaXPS™

software.
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The last analysis of surface modification, by ATR-FTIR (Perkins-Elmer, fixed 45 deg
incidence, sample in physical contact with Ge crystal), was attempted to confirm the XPS results.
Unfortunately, neither large absorptions at specific energies nor significant differences between
the variously-modified surfaces were observed (Fig. 4-10), while control Teflon samples showed
strong absorption peaks. This could be due to the very thin surface modification layer (close to

monolayer) that is below the sensitivity of the instrument/technique.
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Figure 4-10 Surface analysis with ATR-FTIR. Black, red, and blue
lines correspond to the results from pristine bare, APTES-modified,
and APTES+GA-modified Si wafers, respectively. No difference was

observed among the three conditions.

In summary, we have introduced APTES, APTES+GA, and TBA modification as three
methods for antibody protein modification, and successfully demonstrated and confirmed by

contact angle measurement and XPS analysis modification of silicon/native oxide wafer, which
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has the same surface properties as SINW. In the next section, I discuss and analyze antibody
modification through enzyme-linked immune sorbent assay (ELISA) based on APTES, GA,
TBA, and EDC/NHS chemical modification on the SINW surface to realize a reliable and label-

free kinked NWFET biosensor.

4-4. Analysis of antibody modifications on SINWFET biosensor with ELISA

The Si surface functionalized with aldehyde or amino groups from APTES, APTES+GA,
or TBA modification can now bond with antibody proteins. At this point, Enzyme-Linked
ImmunoSorbent Assay (ELISA) was employed to investigate both the coupling efficiency of the
modified substrate to antibodies and their density at each modification step, as these are
significant factors in the effectiveness of the NWFET biosensor. ELISA is a quick and accurate
test using secondary antibodies that bind to primary antibodies (PAs) at labeled, verifiable sites.
In order to quantitate antibody density on the surface of NW, gold nanoparticle (Au) conjugated
secondary antibodies were used to identify the bound sites of antibodies with Au imaging on NW
by high-resolution SEM and TEM. In this section, I describe the preparation and modification of
Au-conjugated secondary antibody for ELISA and discuss the density of antibody sites as

determined by SEM and TEM.

ELISA preparation and application
To calibrate the number of bound antibody sites on 30-nm or 80-nm diameter SINWs, 5-
nm diameter Au-conjugated secondary antibodies (Au-CSA) (Sigma-Aldrich, Anti-Mouse

Immunoglobulin-Gold antibody product) were employed. Typical Au-CSA are suspended in
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buffer solution with contaminants such as bovine serum albumin (BSA), glycerol, and sodium
azide, which are intended to prevent aggregation, freezing and bacterial degradation respectively.
However, because these contaminants could interfere with the chemical reactions with the
functionalized SINW surface during antibody modification, dialysis is used to remove them.
Ultrafiltration is not used for filtering because the tremendous centrifugal forces (14,000 x g)
involved could rupture the link between gold nanoparticle and antibody. Instead, taking into
account the molecular weight (MW) of the antibody (immunoglobulin) from Fig. 4-11, a 8-10
kD membrane dialysis kit (Spectrumlabs, Micro Float-A-Lyzer) is used for purification of Au-
CSA solution with stirring in a PBS 1X reservoir for ~6 hours. We expect the purified solution to
be a mixture of Au-conjugated antibody and BSA in PBS 1X solution due to the similarity of
their MW. However, the existence of BSA in ELISA should not disturb the binding event
between Au-CSA and the SINW surface modified by the PAs because BSA is a widely used
protein for surface passivation which prevents non-specific binding®* and ensures the separation
of Au-CSA in high ionic strength solution as PBS 1X.

The filtered Au-CSA colloids are directly drop-casted to PA-modified SINWs for two
hours followed by rinsing with DI water and gently blowing dry with nitrogen gas. The final
substrate, including Au-CSA/PA complex-modified SINWs, was moved into SEM or TEM for

quantitative analysis of binding density.

104



Figure 4-11 Logarithmic pore size chart of molecular weight for nano- and

micro- structures. The blue and yellow boxes indicate the sizes of immunoglobulin

and BSA respectively. Courtesy of Ref [55].

SEM and TEM analysis of antibody density on the SINW after surface modification
Scanning Electron Microscopy (SEM) is a powerful tool for investigating material
properties at the nanoscale. The interaction between a solid specimen and an irradiated electron
can produce secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays,
cathodoluminescence, and transmitted electrons, which contain information about the sample’s

surface structure (morphology), crystallinity, chemical composition, and orientation of
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material.’® SE imaging is commonly used to achieve high-resolution images of a sample surface
up to ~1 nm; however, this mode cannot provide high-resolution contrast for the gold
nanoparticles linked to semiconducting nanowire. In contrast, since BSE signal is sensitive to
atomic number, the energy selective back-scattering (ESB) detector, which filters out secondary
electrons, is used to image 5-nm Au-linked SINW, and it successfully demonstrates clear
contrast between gold nanoparticles and SINW without loss of nanoscale resolution. Fig. 4-12a-d
show typical SEM images in ESB mode of bare SINW and prostate specific antigen antibody
(anti-PSA)-modified SINW with APTES+GA, TBA, and APTES+NHS/EDC after Au-CSA
modification. Due to the significant difference in atomic mass between Si and Au, the images
show dark contrast for SINWs as compared with gold nanoparticles.

Based on multiple SEM (FESEM Ultra Plus, Zeiss) images from different NWs on the
sample chip, antibody density on SINW is determined by counting the number of Au colloids on
NWs. The statistical results for different surface modifications are shown in Fig. 4-12e. The area
used for density calculation is calibrated from a semi-circular cylinder because all the SEM
images are projected ones. All three surface modification methods demonstrated statistically
significant distinct protein coupling densities compared to the bare Si control, with

APTES+GA>APTES+EDC/NHS>TBA, though all were within the same order of magnitude.
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Figure 4-12 Statistical analysis of anti-PSA density on SINW after surface
modifications based on SEM imaging in ESB mode. Note that the position of a
gold nanoparticle corresponds to anti-PSA location by specific binding of anti-
PSA and secondary antibody. (a), Bare SiNW for control. Scale bar: 100 nm.
(b), anti-PSA SiNW modified by TBA. Scale bar: 100 nm. (c), anti-PSA SiNW
modified by APTES+GA. Scale bar: 100 nm. (d), anti-PSA SiNW modified by
APTES+EDC/NHS. Scale bar: 100 nm. (e), Statistical results of Au density in
the cases of (a)-(d), based on SEM images. Each result is averaged from 10

photos of different regions of the sample chip.
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For more precise analysis, TEM (Jeol 2100 TEM, Jeol) imaging is performed with the
same SiINW samples used in SEM analysis. All surface modifications of NWs are done on
silicon nitride membrane (500 um x 500 pm x 38 nm) for TEM imaging. Fig. 4-14a-d show
typical TEM images of Au-CSA modified SINWs with bare surface (control) and prostate
specific antigen antibody (anti-PSA)-modified surfaces with APTES+GA, TBA, and
APTES+NHS/EDC. Unlike SEM images, for purposes of the density calculation the total area
should include anywhere the 5-nm gold nanoparticle can contact, because TEM can reveal the

entire area. Fig. 4-13 indicates that a 5-nm gold nanoparticle can attach in the angle range of 2n-

® on the surface of the NW, where © is 2 arccos (2_;?)' Therefore, the effective area is

D—5
O =T1-D. _ 4-16
W-L=L-D <T[ arccos <D n 5)) ( )

where L is a nanowire length. Based on this, anti-PSA coupling densities for all surface
modification methods were calibrated and statistically analyzed; the results are shown in Fig. 4-
14e. As expected and in agreement with SEM analysis, the control (bare Si) shows significantly
(15 ~ 50 times) lower density than the others. Strangely, however, the APTES+NHS/EDC
modification yields a density ~3 times higher than TBA and even APTES+GA modification, a

result that is not in agreement with the SEM data.
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Figure 4-13 (Continued)

Figure 4-13 Schematic for calculation of the effective area where 5-nm
diameter gold nanoparticles can bind. W and D are the available boundary
lines for gold nanoparticles and NW diameter, respectively. A gray circle and

two golden circles represent the SINW and gold nanoparticles, respectively.

Even though there are fluctuations in the ELISA results for anti-PSA density on SINW
depending on analysis methods, both the APTES+GA and APTES+EDC/NHS modifications
demonstrate at least ~600 per um® average anti-PSA density. This means that ~27 mV would be
induced on the surface of SINW in PBS 1 mX if antigens capable of ten charges fully occupy all

the binding sites, based on the simulation in Section 4.1.

(e) 2400 4

2000 A
1600 +
1200 +

800 +

Gold density ( /um?)

400 A

TBA

APTES+GA
Bare SINW

APTES+NHS/EDC

Figure 4-14 Statistical analysis of anti-PSA density on SINW after surface
modifications based on TEM imaging. (a), anti-PSA modified SiNW by
APTES+GA. Scale bar: 100 nm. (b), anti-PSA modified SINW by TBA. Scale bar:
200 nm. (c), anti-PSA modified SINW by APTES+EDC/NHS. Scale bar: 100 nm.
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Figure 4-14 (Continued) (d), Bare SiNW for control. Scale bar: 50 nm. (e), Au
density results for (a)-(d) based on TEM images. Each result is averaged from 10

photos of different regions of the sample chip.

4-5. Conclusion

This chapter investigates a novel kinked NWFET biosensor created by bottom-up
methods. First, the theoretical simulation in Section 4-1 of a typical NWFET biosensor with an
antibody layer on its surface producing an ion-screening effect predicts its high sensitivity in low
ionic strength solution. Specifically, the simulation predicts that ~4.8 mV of gate potential
change on the device surface could be induced by one hundred binding events of a single
charged antigen per um in 1 uM ionic strength solution. Second, a novel kinked semiconducting
nanowire is successfully synthesized by modulation of morphology and dopants for use as a 3D
probe-type biosensor. Furthermore, n-type kinked NWFET fabricated from the grown NW is
characterized in buffer solution and revealed to have a high sensitivity (i.e. transconductance to
noise ratio) capable of detecting five bound single charges. Third, various approaches for surface
functionalization on a Si wafer are both qualitatively and quantitatively evaluated by contact
angle measurement and XPS analysis. These confirmed well-modified chemical layers of
aldehyde and amino groups necessary for covalent bonding with antibodies. Following these
functionalizations, the yields of antibody on SINW after modification processes are statistically
investigated by the ELISA method using gold-nanoparticle conjugated secondary antibodies.

SEM and TEM images of gold nanoparticles on SINW reveal an average antibody density of at
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least ~600 per um” where the NW surface was functionalized by either APTES+EDC/NHS or
APTES+GA.

Based on our understanding of the NWFET biosensor and its surface modification
established in this chapter, I will next demonstrate reliable and reproducible detection of charged
molecules with a kinked NWFET biosensor using a microfluidic system at low ionic strength
solution. In addition, I will introduce the concept of a NW biosensor that can function at high

ionic strength, which must underlie our efforts to realize an intracellular biomolecule-sensing

NW probe.
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Chapter 5

A novel kinked nanowire biosensor and opportunities for

biomolecular detection under physiological conditions

The advent of the NWFET biosensor in the early 2000s met growing demands for a
highly sensitive, label-free and real-time biosensor capable of multiplexed detection.'”
Nonetheless, most people in molecular diagnostics and biology still prefer optical biosensors
based on fluorescence or surface plasmons to an electrochemical biosensor,* > due to two issues
that are critical in biological and physiological research. The first concerns a fundamental
limitation of biosensors based on an electrochemical transduction: ions in solution can surround
the charged analytes and screen their potential so that an electrochemical biosensor based on
charge sensing loses the power to detect analytes that are a distance greater than the Debye
length from the device. At physiological ionic strengths, the Debye length is ~0.7 nm, so that the
biosensor essentially becomes blind under these conditions.® The second is that a typical
NWFET biosensor attached to a substrate, when fabricated by top-down methods, does not allow
intracellular detection owing to structural limitation. Expanding the sensing ability of the high-
performance biosensor from in vitro to in vivo is essential for its practical implementation in

real-time pathology and, in future, proteomics.
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Kinked NWFETs, synthesized by controllable modulation of growth direction and dopant,
represent a promising platform to overcome these shortcomings. They feature a probe-like
structure in addition to the biosensing advantages of the NWFET.” In this chapter, I discuss
novel kinked NWFET biosensors for intracellular detection. First of all, based on optimized
surface modification as discussed in Chapter 4, reliable detection of cancer markers will be
demonstrated by n-type kinked NWFET in low ionic strength solution using microfluidics.
Furthermore, the concept of a high-frequency-based NWFET biosensor will be introduced, along

with a frequency mixing technique for biosensing at high ionic strength.

5-1. Biosensing measurement system with microfluidics

Microfluidics involves the manipulation and delivery of fluids in a precise and
controllable manner, which is key to managing biomedical samples reliably and reproducibly.
Specifically, compared to a droplet delivery system, microfluidics allows higher throughput, in-
situ monitoring, and laminar supplementing of samples. To investigate the behavior of the
kinked NWFET biosensor unambiguously this precise control'’ is invaluable. In addition to
benefiting from the accuracy conferred by microfluidics, all electrical measurements in low ionic
strength biosensing experiments are performed with low-frequency alternating current (AC)
modulation, filtering out background noises. In this section, I describe how to set up a
conventional electrical measurement system with AC modulation as well as a microfluidic

system for biosensing of cancer markers.

Microfluidics
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Fig. 5-1 shows the typical pattern of a microfluidic channel designed on a photomask.
The pattern is composed of 1.5-mm diameter circles for an inlet and an outlet and 5 mm (length)
x 0.5 mm (width) dimension for the main channel. This design (especially the 0.5 mm width)
enables laminar delivery of biomolecules.'' To create a master mold, the photomask was used
with a film of SU-8 3050 which was spin-coated at 3000 rpm for 40 s and prebaked at 95°C for
15 min. It should be noted that the spin-coating conditions were designed to form a ~50-um
microfluidic chamber height (10:1 width-to-height aspect ratio) to prevent blockage of the main
channel by deflection/deformation of the ceiling during liquid pumping.'? The pattern for a
master mold is then ready following baking at 95°C for Smin and developing with SU-8
developer. For fabrication of the microfluidic chamber with the master mold, soft polymer
polydimethylsiloxane (PDMS) is used with a curing agent (Sylgard 184, Dow Corning). A 10:1
(w/w) mixture of PDMS and the curing agent is poured into a petri dish with the master mold to
a depth of ~1.5 mm, followed by removal of bubbles under vacuum. The petri dish is then hard-
baked in an oven at 80°C for 2 hours to cure the PDMS. Having peeled the cut-out PDMS
chamber from the Si wafer with a sharp razor blade, inlet and outlet holes were made by a
puncher (Harris Uni-Core™, Ted Pella, Inc.) followed by cleaning via sonication in acetone for
5 min and in IPA for 5 min.

The PDMS chamber can be installed on the device chip with an optical microscope and
an xyz translation stage in a precise manner. Fig. 5-1b and ¢ show our typical microfluidic
chamber installed on the region of kinked NWFET devices with precise alignment. After
alignment, the chamber is sealed by physical pressure with a cover from above and

biocompatible silica glue (KWIK-SIL, World Precision Instruments). Note that conventional
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sealing with the permanent bond of PDMS"® cannot be used for our microfluidic set-up due to

surface functionalization of the substrate.

(a)
D
L
w
fe—
(c) - )
i

(b)

Commercial Ag/AgCI
reference electrode

et

— &

Figure 5-1 Microfluidics. (a), Design of microfluidic channel. D, W,

and L correspond to 1.5 mm, 500 um, and 5 mm respectively. (b),

Schematic of microfluidic chamber on chip. Note that the Ag/AgCl

reference electrode is inserted at the outlet to maintain stable

solution potential. (c) PDMS chamber installed on the device chip

with accurate alignment. Aligned PDMS channel allows exposure of

only the nanowire to solution (right).

In order to dispense the biomolecule solution manageably and minimize artifacts, we

used a syringe pump (Standard Infuse/Withdraw Harvard 33 Twin Syringe Pumps, Harvard
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Apparatus) at the end of the outlet and a rotary switch valve (Automated 6-position 7-port low
pressure selector valve, Rheodyne) in the middle of the inlet tube as shown Fig. 5-2. Electrical
signals during biosensing experiments can be induced not only by molecular binding/unbinding
events but also by some artifacts as explained in the Appendix (e.g. change of ionic strength or
pH, static charge disturbance from physical contact). Use of the rotary switch valve prevents
cross-contamination of solutions and minimizes external interference during the change of

reservoirs.

Reservior 1 Reference
electrode
Reservior 2
Reservior 3 Microfluidic chamb
RoFary —_ icrofluidic chamber —_ Syringe
switch um
valve with NWFET biosensors pump
Reservior 4
Reservior 5
Reservior 6

Figure 5-2 Block diagram of the microfluidic system for biosensing.
Rotary switch valve and syringe pump allow minimal disturbance of
the system and flow control, respectively. Blue arrow indicates

direction of solution flow.

Set-up for electrical measurement
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The electrical set-up is composed of a function generator and a Lock-in amplifier (SR830
Lock-in, Stanford Research Systems) for an electrical measurement through amplitude
modulation. AC voltage at low frequency and DC voltage are applied to the NWFET biosensor
by a function generator for V4 and solution for a water-gate Vg through reference electrode,
respectively. The AC signal modulated by the gate potential change of NWFET can be
monitored by the Lock-in which filters noise in the output. The Lock-in enables removal of
different frequency signals from the input by a homodyne detection mechanism with low pass
filter,'* making it possible to monitor the NWFET signal with low noise. Fig 5-3 shows a noise
level in DC (without a Lock-in) and AC (with a Lock-in) measurement for the same NWFET.
The AC measurement with a Lock-in yielded an order of magnitude less noise than the DC

measurement.
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Figure 5-3 Noise levels for DC and AC (with Lock-in amplifier)
measurements. Conductance of the same device was monitored with
either DC (black) or AC (blue) measurement. For DC, a 10-kHz
low-pass filter was used before the Analog-to-Digital converter. For

AC, the time constant was set at 100 ms in the Lock-in amplifier.
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So far I have described the development of the microfluidic system and AC electronic
set-up designed to achieve high signal-to-noise for the realization of reliable and reproducible
biosensing. In the next section, using this system, I will describe the electrical sensing of cancer
markers with an n-type kinked NWFET biosensor in low ionic strength solution and compare the

empirical data with the theoretical predictions discussed in Chapter 4.1.

5-2. Biomolecular detection with a kinked NWFET biosensor in low ionic

strength solution

The NWFET biosensor can detect not only the binding/unbinding of charged target
biomolecules but also other factors that affect the gate potential of the device. These artifacts can
make it difficult to analyze the data collected from the biosensor clearly. Therefore, we used
ELISA methods with 5-nm gold nanoparticle conjugated secondary antibodies (Au-CSA), which
allows investigation of surface functionalization and antibody modification, to demonstrate a
kinked NWFET biosensor due to several advantages. First, Au-CSA specifically binds with only
primary anti-PSA on the surface of the device, enabling confirmation of device selectivity.
Second, an association and dissociation of Au-CSA can be detected electrochemically because
both gold nanoparticles linked to the antibody and the antibody itself are electrically charged in
solutions of specified pH. The isoelectric points (pls) of gold nanoparticle and immunoglobulin
are known to be ~3!"*! and 6.1~ 8.5!"%]. More significantly, gold nanoparticles linked to
secondary antibodies can be imaged by SEM in Energy Selective Backscattering (ESB) detection
mode after electrical sensing of Au-CSA is completed, so that the source of electrical signal

change can be confirmed.
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Au-CSA sensing experiments in low ionic strength solution were performed with p-type
straight NWFETs (the control) and n-type kinked NWFETs in the microfluidics system. All
NWFETs were functionalized by APTES+GA followed by anti-PSA modification, and
simultaneously monitored through 79 Hz measurement with Lock-in. Fig. 5-4 shows the results,
which demonstrate the conductance changes of complementary NWFETs after introducing and
rinsing Au-CSA in PBS 1 mX (pH 6.0). Several observations can be made. First, the direction of
conductance changes, an increase (decrease) for p-type NWFETs and a decrease (increase) for n-
type NWFETs, due to the association (dissociation) of negative charges on their surfaces, are in
accordance with the theoretical expectation of charge polarity for Au-CSA at pH 6. Second, two
different n-type kinked NWFETs exposed to the same microfluidic conditions had generally
similar conductance profiles, differing only in some details of the signal (Fig. 5-4d). These
observations are evidence that the conductance changes are caused by Au-CSA
binding/unbinding on individual NWFET biosensors. Third, the conductance of the biosensors
after the rinsing process did not fully return to the baseline before Au-CSAs introduction. The
observed baseline shifts are -24 mV, -28 mV, and +36 mV for device L17-L20 (Fig. 5-4a),
device L18-L19 (Fig. 5-4b), and device L9-L10 (Fig. 5-4c), respectively. These values should
correspond to induced gate potential changes of the devices by undissociated Au-CSAs, if the
electrical signal reflects the binding/unbinding events of biomolecules on the surface of the
device. Note that the gate potential changes are calibrated from the transconductance of the

devices in PBS 1 mX.
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Figure 5-4 Au-CSA sensing results. Red and green lines indicate when flow of 100 nM
Au-CSA colloid in PBS I mX and PBS 1 mX alone begins, respectively. The blue line in
(a)-(c) indicates the starting time for air flow to dry surface. The abrupt signal change
around 4500 s corresponds to the time when air arrives at the NWFET devices and all
devices are monitored simultaneously. (a), Device L17-L20 (n-type kinked NWFET),
(b) Device LIS-L19 (n-type kinked NWFET). (c), Device L9-L10 (p-type straight

NWFET). (d), Conductance vs. time curves of two simultaneously monitored devices.

In order to clarify the reason for the shift in baseline conductance, SEM images were
taken in ESB mode. Fig. 5.5 shows typical SEM images of a NWFET including the intrinsic
semiconductor part. The average Au density from electrically-monitored NWFETs was
~123/um” which is similar to the Au density from the Si;Nj substrates. Because the baseline of

the signal was stable during drying, as shown in Fig. 5-4a-c, we conclude that the remaining Au-
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CSAs along the NWFET channel induced the baseline shifts for the three devices. Therefore,

based on these data, we can calculate induced gate potential by a single Au-CSA binding event

ina l-um2 area of the nanowire as well as the Au density for devices L17-L.20, L18-L19, and

L9-L10 in which all binding sites for Au-CSAs are occupied, as shown in Table 5-1. If we use

the gate potential change on a NWFET by a single charged protein from theoretical simulation in

Chapter 4.1, these experimental results reveal that a single Au-CSA carries ~4 charges in pH 6

PBS 1 mX.

Table 5-1 Summary of results for Fig. 5-4a-c

Device L17-L20 (n-type)

Device L18-L19 (n-type)

Device L9-L10 (p-type)

Gate potential change

; ; —24mV —28mV +36mV
by a single Au-CSA in = —-0.20mV = 0.23mV = 0.29mV
| um? 123 123 123
Au density in —83mV 9 123 —99mV 9 123 86mV 9 123
equilibrium after Au- —24mV ~ pum? —28mV  um? 36mV ~ um?
CSA introduction = 425/um? = 435/um? = 294/um?

Figure 5-5
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Figure 5-5 (Continued)

Figure 5-5 Typical SEM images of NWFET biosensor in ESB mode after the Au-CSA
sensing experiment. Three high-resolution SEM images are joined to more accurately

quantify the attached Au in the area outlined by the blue box.

Subsequently, the capacity of the kinked NWFET for sensing charged biomolecules was
clearly verified by the ELISA method with Au-CSA. In addition, the number of carried charges
in a single gold-nanoparticle linked to a cancer marker was successfully calibrated in low ionic
strength solution by comparison of the theoretical simulation and empirical results. In the next
section, I will discuss a new approach for a biomolecular sensor with NWFET in high ionic
strength solution with the aim of envisioning a novel 3D biomolecular sensing probe capable of

functioning at physiological solution concentrations.

5-3. Toward biomolecular detection at high ionic strength

As mentioned in the introduction to this chapter, one of the biggest challenges in
expanding implementation of the nanowire electrochemical biosensor into point-of care or in
vivo investigations is overcoming the ion-screening effect caused by a short Debye length'” in
high ionic strength medium'®. Because the Debye length in a physiological environment is less
than 0.7 nm, the conventional NWFET biosensor cannot detect the existence of target molecules
on its surface due to the thickness of surface modification layers as well as the actual physical

size of the antibody or receptor. In this section, I discuss the NWFET biosensor in high ionic
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strength solution, and theoretically propose a novel high-frequency measurement system with a
frequency mixer based on impedance change sensing.

Before discussing a potential solution we need first of all to understand the NWFET
biosensor at high ionic strength. The system of an antibody-modified NWFET in solution is
composed of the reference electrode, medium, an interface between the medium and a surface
modification layer, and a gate oxide and semiconductor nanowire channel. Fig. 5-6a depicts this
system before and after the association of target antigens with the antibody layer. Assuming that
the antibody layer forms a membrane by close packing and that all binding sites are occupied by
antigens, antigen binding events will give rise to a change in not only resistance but also
capacitance between the reference electrode and the NWFET. The important change during
antigen binding/unbinding events is the change in capacitance which is not screened by

background ions in the solution.

Reference Reference
electrode electrode
o) -+ @ + o
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Figure 5-6 Schematic of NWFET biosensor in electrolyte before (left) and after (right)
target antigen binding. The purple line on the NWFET, ‘Y’ shape, red diamond, green
circle, and pink cross indicate native gate oxide, antibody, antigen, arbitrary

biomolecule, and ions in solution, respectively.
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To analyze the system qualitatively, equivalent circuits for Fig. 5-6b are considered.
When DC or AC potential are applied to the electrolyte, solvated counter ions create an electrical
double layer (EDL) by aligning along the antibody layer, so that this structure can be described
as a RC parallel circuit consisting of the capacitance of electrical double layer (Cpr), Warburg
resistance (W), and charge-transfer resistance (Rcr)'’. When electron transfer due to the external
electric field starts, the Warburg impedance (W) owing to the mass transport plays a role in
determining the surface kinetics at the electrolyte/antibody layer interface. The charge-transfer
resistance (Rcr), which is the polarization resistance at equilibrium potential, is mainly due to
electrochemical kinetics (redox processes) at the interface. Hence, the R reflects how dense the
functional groups and antibodies are, and will be affected by the number of antibody-antigen
complexes and antigens in the electrolyte. Cpr is determined by the dipoles at the interface,
while W and R¢t stem from ion diffusion (non-faradaic) and electrochemical reactions on the
surface (faradaic) respectively. Thus the system is composed of three main impedances including
the electrical double layer (EDL), the antibody-antigen membrane, and the gate oxide where it
will divide an electrical potential applied to the reference electrode. Therefore, a gate bias of
high frequency, which will make the impedance of antibody membrane and antibody-antigen
complex membrane dominant in the system, would allow significant change of the gate potential

right on the gate oxide due to formation and dissolution of the antigen layer.
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Figure 5-7 Equivalent circuits of n-type NWFET biosensor before (left) and after
(right) target antigens. The antibody and antigen layers can be considered a capacitor

assuming that they form membranes by close packing.

For clearer analysis, specific parameters of the system are examined and calculated in
Table 5-2. Interestingly, the antibody layer is approximately three orders of magnitude smaller
than general EDL capacitance and similar to the capacitance of the gate oxide. The impedance of
a capacitor is inversely proportional to the capacitance. Therefore, if we assume the impedance
of antibody layer is critically larger than that of the EDL without faradaic current at the
electrolyte/antibody membrane interface (namely, ignoring W and Rer for simplicity), forming
an antigen layer on the antibody layer will induce a significant potential drop and change the
current of the NWFET at high frequency gate potential. Furthermore, Rcr and W will contribute
to changing the NWFET current with high-frequency modulation of gate bias because redox
kinetics will be changed by antigen binding and W will be ignorable at high frequency as shown

in Table 5-2.
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Table 5-2 Specific values of each component in Fig. 5-7

1 pm channel length, 30 nm diameter NWFET

Values

Solution conductivity in 0.1 M PBS 1X

~1.5 S/m!?%

Electrical double layer capacitance in 0.1 M ionic
strength (Stern layer capacitance)

~10"2F (simulated results)™*"

Charge transfer resistance in 0.1 M ionic strength

~3x10° Q!

Warburg impedance (W)

V20
(o : Warburg constant)!?3]
J2rf

Capacitance per unit length of native SiO; (1 nm
thick)

2me, Esio,

i (o)

X1um = 6.6X1071°F

Capacitance per unit length of antibody (10 nm thick)

M Xx1pm = 8.0x10~16F[24]

e
Capacitance per unit length of antigen (10 nm thick) 2MoEsio, x1um = 1.0x10~15F[24]
layer on antibody (10 nm thick) layer In (i izm)

To estimate the NWFET current, we start with the linear regime of NWFET:

1
Ins = 73 4Cox((Va = Vr)Vps)

(1-6)

. . .. AG
The main information we want to focus on for sensing is - where AG and G are the conductance

change by antigen binding and the initial conductance of NWFET before binding. Here, Vg, the

voltage right on the gate oxide, is related to the applied voltage at reference electrode Vy via the

complex valued transfer function H(io), so that
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Ve = H(iw) X Vg (5-1)
H (iw) can be determined by the voltage divider equation neglecting Ry in Fig. 5-7:

1+ iwRC

i) — i
() = TR + Gy (5-2)

where all the layers from the EDL to the antibody layer (or antibody-antigen complex layer) are
considered to form a RC circuit with ‘R’ and ‘C’ parameter. Substituting eq. 5-2 into eq. 1-6 and

applying V; = Asin[(w + Aw)t] and V¢ = Asin|wt],

1 AH(iw)sin[(w + Aw)t](1 + iwRC) ,
Ipg = L—ZuCox (( T+ wR(C + Gy - VT> Asm[wt]) (5-3)

where A is constant. Once a B cos[Amt] generated by a frequency mixer and low pass filter (after
using trig identities) is applied to the Lock-in for the reference, only the cos[Awt] term in
H(io)VrVps will be measured. Now, let H(iw) = He'?, where H and ¢ are the magnitude and
the phase of the transfer function respectively. Then, eq. 5-1 becomes
Vs = H(iw)XAsin[(w + Aw)t] = Im[AHei (@ ta0)t+é)

= AH sin[(w + Aw)t + ¢] (5-4)
Note that, based on the definition of the transfer function in Euler’s formula, the antibody-
antigen layer will change not only the amplitude (AH) but also cause a phase shift (¢). Therefore,

eq. (5-3) is
1 , .
Ips = L—ZuCox((AHsm[(a) + Aw)t + @] — Vp)Asin[wt]) (5-5)
Here, the reference of Lock-in is cos[Awt] so that the Ips measured by Lock-in is
1 2 . - 6
Ips L—z,uCoxA Hsin[(w + Aw)t + ¢]sinwt] (5-6)
From trigonometric identity:
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1
Ips L—z,uCoxAzH(sin[(a) + Aw)t] cos[¢]

(5-7)
+ cos[(w + Aw) t] sin[¢])sin [wt]
Only the first term is in phase with the Lock-in reference. Therefore,
1 1 ,
Ips < =— uC,,A?H cos[¢] cos[Awt] = =— uC,,A*Re[H (iw)] cos[Awt] (5-8)

212 212
This results show that the measured signal from the Lock-in is proportional to the real part of the

transfer function. From eq. 5-2,

1+ w?R?C(C + C,y)
1+ w2R2(C + C,,)

Re[H(iw)] = = h(w,R, C,C,y) (5-9)

0h  Cor?R*(w?R*(C + Cpp)® — 1)
ac (1 + w2R%(C + C,,)?)?

(5-10)

Here, when oR(C+Cyy) =1, S—Z = 0 which is an inflection point. Physically, antigen binding

should reduce C by the increased thickness, so that positive signals would be observed for
oR(C+Cyy) < 1. It is worth noting that there is no term regarding charge here, only a decrease in
C. This equation predicts that if ® increases, the sign of the signal will be reversed, when ®R(C
+ Cox) >1.

The antigen binding will induce a change in the transfer function so that

AG Ah  h(w,R,C 4+ Cup,Cox) — R(w,R,C,Coy)
G h h(w,R,C,C,,)

(5-11)

Here, if C is changed into aC, where 0<a<lI, then

Ah h(w,R,aC,C,,) —h(w,R,C,C,,) h(aC)
S((,l), R; a, C’ Cox) - 7 - h((l),R, C, Cox) - h(C) -
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~ A{R?0*(C + C,x)* + D(R?w?al(aC + C,y) + 1)}

-1 5-12
{(R?w?C(C +C,,) + D(R?w?(aC + C,,)% + 1)} (5-12)

Now this equation is the frequency dependence of the signal,
s 20WR?CCyy[X((wR)?)? + 2Y(wR)? — (1 — a)] (5-13)

dw  {(R?w?*C(C +C,,) + D(R?w?(aC + C,)% + 1)}?
where
X=a(l—-a?>C*+ (1 —-a?>)(1+3a+a?)C3C,,
+3(1 —a)(1+a)?C?C,,* +3(1—a®cCC,,> +(1—a),,*
Y=a(l—a)C*+ (1 -a?)CC,, +(1—-a)C,,*

In0<a<1,both Xand Y are positive. The condition of :—i =0is

1 [-Y+Y2+X(1 -
wo=§j y T @ >0) (5-14)

S will have a maximum at ®,, generating a positive signal peak, and oy is inversely proportional
to R. This reveals that wy will increase with ionic strength, which corresponds to a decrease in

resistance. Interestingly, R to maximize S is

1 |-+ +x(-a 5-15
R—w—o\[ < (R>0) (3-15)

due to the symmetry between R and ®. Therefore, increasing ionic strength (decreasing R) will
decrease the signal S in constant .
In summary, this qualitative analysis reveals the following three important points. First,

antigen binding will induce positive signal changes in the NWFET biosensor. Second, the signal
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will have a peak at a particular frequency wy and increase with ionic strength. Lastly, increasing

ionic strength will decrease the signal

5-4. Conclusion and prospects

A kinked semiconductor nanowire synthesized through modulation of morphology and
dopants has been developed into a novel FET-based biosensor, which has the potential to be
implemented as an in-vivo or point-of-care bioprobe. We have successfully demonstrated
electrochemical detection in a low ionic strength solution by an n-type kinked NWFET biosensor
in a microfluidic system, and verified the results by an ELISA method including SEM and TEM
analysis. Furthermore, qualitative analysis of an NWFET biosensor in electrolyte with equivalent
circuit guides to the high-frequency measurement enables detection of impedance changes in the
system due to the association and dissociation of target biomolecules. These results and analysis

constitute significant progress toward a novel NWFET bioprobe for an intracellular biosensor.
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Appendix A: Atomic layer deposition

Atomic layer deposition (ALD) is one chemical deposition technique to deposit thin films
of materials. Unlike conventional chemical vapor deposition (CVD), the ALD has the unique
advantages of conformal deposition, atomic-scale film thickness control by self-limiting
reactions, and accessibility to a diverse set of deposition materials.'

ALD consists of four steps. To initiate the deposition, the substrate is exposed to the first
precursor which adsorbs on the surface. Once the absorption of the precursor is saturated, it
forms a monolayer and un-reacted precursors are purged out of the reaction chamber via vacuum
pump. Subsequently, the second precursor is introduced to the surface and reacts with the
functional groups on the first layer to form a monolayer of the desired deposition compound.
After excess un-reacted precursors are purged from the chamber, the first precursor is delivered
again and the cycle is repeated to deposit additional monolayers. Fig A-1 describes an Al,O3

deposition as an example of ALD process.
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Figure A-1 (Continued)

Figure A-1 Schematic of an ALD process for Al,O; deposition.

To grow Al,03/ZrO,/Al;03 dielectric multishells on semiconductor nanowire cores, the
following ALD procedure is used. The device substrate with Ge/Si NWs and source/drain
contacts was loaded in the ALD chamber (Savannah-100, Cambridge NanoTech) and heated to
200°C. Trimethyl aluminum [Al(CH3);, TMA], tetrakis(dimethylamino)zirconium {Zr[N(CH3),]4}
and water were used as precursors.” Each Al,O3 deposition cycle consisted of 0.015s water
vapor pulse, 8s N, purge, 0.015s TMA pulse and 8s N, purge. Each ZrO, deposition cycle
consisted of 0.015s water vapor pulse, 10s N, purge, 0.25s Zr-precursor pulse and 15s N, purge.
To form the charge-trapping dielectric structure shown in Fig. 3-12, a deposition sequence of 25

cycles Al,Os, 55 cycles ZrO,, and 55 cycles Al,O3; was used.
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Appendix B: Multi-channel measurement system for
programming and characterization of nanowire logic

circuits

Multi-channel measurement system

Device chips were mounted in a probe station (Model 12561B, Cascade Microtech, Fig.
B-1) with its back-plane grounded. A custom-designed 96-pin probe-card (Accuprobe, Fig. B-1)
equipped with a BNC interface was used to electrically access the devices in the array.
Measurements were made with a computer-controlled analog I/O system (PXI-6723, 3x PXIe-
6124 in a PXIe-1065 chassis, National Instruments) that provided 32 channel analog-voltage
generation and 12 channel analog-voltage recording. Each analog-voltage recording channel has
>100 GQ input resistance which is over 10" larger than the resistance of NWFETs (<1 MQ) and
passive load resistors (<10 MQ) used in the circuits. To record the voltage outputs from the
circuits, we connected external resistors (<10 MQ metal film resistors with £1% tolerance,
Vishay Dale) to the drain of individual NW devices in the NW logic tile and monitored output
voltage at the drain electrode (Fig. B-1). The value of the external resistors was chosen to be at
least one order of magnitude larger than the ‘on’ state resistance of active nodes. The passive
resistor loads used in our circuit prevented us from achieving full-swing operation, although

future integration of complementary NWFET loads' could minimize this effect. Simplified
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circuit schemes excluding resistor connections were presented in Figs. 3-3, 3-8, 3-9, 3-10, and 3-

11.
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Figure B-1 Schematic of the multi-channel 1/0 system. Blue and red

arrows indicate input and output flow of data and command.

Node Programming

We applied the “1/3 rule”” to modulate nodes to be set or reset without cross-talk
between adjacent nodes. Fig. B-2 shows three NWs (NW1-NW3) in block-1 (left pink dashed
box) and two NWs (NW4-NW5) in block-2 (right pink dashed box), both with three top-gates
(grey). The two blocks are connected by external wiring (black lines with arrows) before

programming. For each step, the voltages applied to the source/drain electrodes of the NWs
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(Vnw) and the top-gates (V1) are marked beside their corresponding terminals. A typical value
of the programming voltage, V, is -6 V. The voltage drop across the charge-trapping dielectric,
Vgs, is defined as Vrg-Vnw, and is presented by colored dots as explained in detail below. All
nodes are first set to inactive by setting Vgs to —V (brown dots). The active node on NW2 in
block-1 is programmed by setting Vgs to V (green dot) for the target node and V/3 (yellow dots)
or —V/3 (cyan dots) for all other nodes. The active node on NW4 in block-2 is programmed with
a similar method as was NW2. It is noteworthy that Vgs is set to V only for the target node and is
at +V/3 for all other nodes in both blocks. The successful implementation of various logic
circuits (Figs. 3-8, 3-9, 3-10, and 3-11) demonstrates that the +V/3 Vgs does not disturb the

charge-trapping states of these nodes and thus confirms the validity of this programming

approach.
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Figure B-2 (Continued)

Figure B-2 Schematic of active node pattern programming using the
V/3 rule. (a), Schematic of the circuit and the target active node
pattern (green dots). (b)-(d) Step-by-step programming of the active
node pattern shown in (a), which does not affect the state of the other
adjacent nodes. Brown, green, cyan, and yellow dots indicate nodes

with applied bias of -V, V, -V/3, and V/3, respectively.
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Appendix C : Signal artifacts in biosensing by ionic strength

changes

An electrochemical biosensor can detect not only charged molecule
association/dissociation on its surface but also electrical artifacts such as ionic strength changes.'
NWFET biosensors are no exception to this. Fig. C-1 shows change in conductance of an n-type
kinked NWFET in KCI solutions of various concentrations but with the same pH. The
microfluidic system with low frequency electrical measurement (Vsd = 200mVpp, 79Hz), which
is the same as was used in the aforementioned biosensing experiments, was used for these
experiments with an Ag/AgCl reference electrode (Vwg = 0V). We observed an increase in
conductance proportional to the concentration of KCl solution, which could be related to the
reference electrode because the change in number of chloride ion (in KCI or PBS) can induce a
change in the potential of the reference electrode. To analyze the result quantitatively, consider

the Nernst equation,’
RT
E=E°— ?an =197mV —59.2mV log,, @ at RT (C-1)

where E, E°, R, T, F, Q are reduction potential, reduction potential of Ag/AgCl saturated by KCI,
ideal gas constant, absolute temperature, Faraday constant, and reaction quotient. If the
concentration of Cl” is increased by a factor of two, the potential change AE is

AE =59.2mV log,, Q + 59.2mV log,,2Q = 17.8 mV (C-2)

This value corresponds to the results in Fig. C-1.
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Figure C-1 Conductance vs. time curves of n-type kinked NWFETs in different ionic
strength solutions. The trace is initially recorded with the devices in 87.4 uM KCI solution
(pH 6.2). The four black arrows indicate the time at which we began flowing 175 uM, 350

uM, 700 uM, and 87.4 uM KClI solutions with the same pH (pH 6.2).

To clarify artifacts from ionic strength changes in biosensing experiments, we employed
a dual reference electrode (Ag/AgCl) setup to measure the potential change between them as a
function of ionic strength as determined by various ions and proteins. Fig. C-2a shows the setup
with microfluidic flow channels. The DC potential change between the two electrodes when
flowing 100nM PSA in PBS 1mX with and without an ultrafitration/dialysis protein filtration
process is shown in Fig. C-2b. It should be noted that the buffer which contains the PSA is PBS
1X; thus, even adding ~1pL of the 1X protein solution to PBS 1mX could significantly change

the ionic strength of the original buffer solution. Understood in the context of the results in Fig.
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C-1, the DC shifts in Fig. C-2b are the effect of not proteins but rather ionic strength change
during mixing the PBS 1X/protein solution with PBS ImX buffer. Therefore, removing the high

ionic background buffer of proteins is critical to performing appropriate biosensing experiments.
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Figure C-2 Dual Ag/AgCl electrode microfluidic setup and the potential changes between
them induced by flow of filtered and unfiltered protein samples. (a) Equivalent circuits (top)
and schematic of side view of the dual electrode setup in a microfluidic chamber (bottom). (b)
The potential change between the electrodes upon the introduction of filtered (top) and
unfiltered (bottom) 100nM PSA in PBS ImX. Note that PSA buffer solution is PBS IX before
the filtration process. Red and green arrows indicate the time at which we began flowing

protein samples and rinsing out respectively.
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