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Abstract

In this dissertation, the advanced device was developed for
overcoming the limitation of IFET which can be manipulate charged
species pass through nanochannel. And the slow response time of

nanofuidic device was studied for improving the device.

we developed a versatile ionic field effect transistor (IFET) which
has an ambipolar function for manipulating molecules regardless of
their polarity and can be operated at wide range of electrolytic
concentrations (10”°M~1M). The IFET has circular nanochannels
completely covered by gate electrodes, called “all-around-gate” ,
with a aluminum oxide (Al:03) of a near-zero surface charged oxide
layer. Experimental and numerical validations were conducted for
characterizing the IFET. We found that the versatility is originated
from the zero-charge density of oxide layer and all-around-gate
structure which increase the efficiency of gate effect 5 times higher
than a previously developed planar—gate by capacitance calculations.
Our numerical model adapts Poisson-Nernst-Plank-Stokes (PNPS)
formulations with additional nonlinear constraints of fringing field
effect and counter-ion condensation and the experiment and
numerical results are well matched. The device can control the
transportation of ions at severe concentration up to 1M electrolyte
which resembles a backflow of a shale gas extraction process.

Furthermore, while traditional IFETs can manipulate either



positively or negatively charged species depending on the inherently
large surface charge of oxide layer, the presenting device and
mechanism provide effective means to control the motion of both
negatively and positively charged molecules which is important in
DNA sequencing through nanopore, medical diagnosis system and
point-of-care system, etc.

However the ambipolar IFET showed slow response time during
ionic current measurement. Smeets analyzed the slow response time
using a simple RC electric circuit, but it does not fit well to
experiment data below t = 50 us. We hypothesized that the long
response time comes from the electric double layer capacitor. Thus
we developed a new model and equation that includes “EDL
capacitor” . Silicon nitride nanopore device was made by traditional
fabrication method. The device measurement was done by patch
clamp. By matching the new model to experimental data, we showed

the possibility of a better theory than Smeets’ equation.

Key words: nanofluidic, nanochannel, ionic field effect transistor,

ambipolar behavior, response time, RC delay time

Student number: 2011-30786
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CHAPTERI. Nanofluidics:

Introduction



1. 1 Nanofluidics

Nanofluidics is the study of behavior, manipulation, and control of
fluids that are confined to structures of nanometer (below 100 nm)
characteristic dimenstions." Practical research of Nanofluidics
began from 1990s because of the difficulty of following the
nanofabrication below 100 nm. Despite the recently started, this
study dramatically grew a large disciplines which currently
published 1600 or more articles (Fig 1.1). The reason for this
nanofluidics was able to develop a large disciplines, because the
influence of electric double layer has been expanded depending on

the move from micro size to nano size.

1.2 The influence of Electric double layer

Electric double layer is a native potential which is made from
counter ion condensation for compensating with the surface charge
of material in solution (Fig 1.2 (a)) ®. Classically, this length of
electric double layer is called Debye screening length and we will

express the equation (1.1).
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Eq. (1.1)3

n®is the concentration of bulk solution. Z is the ionic valence of
solution. ¢, ¢, are respectively the permittivity of space and solution.
The Debye screening length is changed as the concentration of
standard solution from few angstrom to few hundred nanometer
(Table 1.1)3. Therefore typical microfluidics which have few micro
size or macro size can be ignore the influence of electric double layer
(Fig 1.2(b)) *. As the wall approaches below nanoscale, new potential
distribution is made by overlapping between the electric double
layers of each wall (Fig 1.2 (c)) * This new potential distribution

show unique property of nanofluidics.



(a) inner Helmholtz plane
outer Helmholtz plane
slip plane

Qo «— water molecule
cation, hydrated

specifically adsorbed i
cation, partially hydrated [

specifically adsorbed
anion, nonhydrated

surface charge \_}@

s
Stern layer Jiffuse layer (Gouy-Chapman)

(b) Microscale (c) Nanoscale

V(z)

Fig 1.2 (a) the schematic figure of electric double layer.
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1.3 Perm-selectivity

Perm-selectivity is one of important property from nanofluidics.
This property is a term used to define the preferential permeation

> In

of certain ionic species through ion exchange membrane.
nanofluidics, counter ion of material surface charge are filled inside
nanochannel as overlapping the electric double layer. This
phenomena makes it difficult that co ion pass through the
nanochannel. As result, this nanochannel have a perm-selectivity
(Fig 1.3 (a)). If we control the surface charge, co ion is more easily

pass through nanochannel. Even through major carrier is opposite

ion as changing opposite surface charge of material (Fig 1.3 (b)).

1.4 Application of Perm-selectivity

There are three application using the perm-selectivity. First
application is applied to a water purification or desalination

extracting a specific ion in nanochannel (Fig 1.4 (a)) S.

Second is a clean energy application using the conversion of a
mechanical pressure to an electrical flow which pass through
specific charge ion in nanochannel (Fig 1.4(b)) ’. Third application

is bio application. Fig 1.4 (c) 8 show that we can manipulate to a

6



Table 1.1 Dye screening length with variation of

KCL concentration

KCl concentration (M) Debye length Ap (nm)

100 0.3

107! 1.0
102 3.1
1073 9.6
104 30.5
1073 96.3

—
Q)
~—

nanochannel

oxide

=

+ + + + + + +

nanochannel

oxide

Fig 1.3 the permselectivity property of nanofluidics
with (a)negative surface charge (b) negative surface

chrage



velocity and direction of biomaterial through the nanochannel. This

application gave us the possibility of a high resolution analysis.

The common points of these three applications is that the property
of electric double layer is most important role of these devices and
if it is able to regulate the electric double layer, thereby we produce

a maximum efficiency of each device.

In this thesis, we answered two questions. First, how can electric
double layer be modulated to enhance efficiency of nanofluidic
device? We answered using the ionic field effect transistor. Second,
how does electric double layer affect response time of nanofluidic

device? We answered using the electric double layer capacitor.
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CHAPTER2. The study of
alternative material for the

ambipolar IFET
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2.1 Introduction

Various passive type of modulating the motion of a charged species
in nanofluidic system were reported such as changing the viscosity
of solution in the nanochannel' (Fig 2.1 (a)), mechanical friction
between DNA and nanopore®? (Fig 2.1 (b)), coating an adhesive
material on nanochannel® (Fig 2.1 (c))and surface treatment for
changing the surface potential® (Fig 2.1 (d)). Those platforms
employed passive methods which were unable to change the behavior
of charged species on—-demand, once the devices were fabricated. In
contrast, ionic field effect transistor (IFET) can provide an active
method which enable to enhance, diminish or even reverse the

behavior of charged species in situ by introducing gate potential.

12



Fig 2.1 various passive method of modulating the motion of
a charged spicies in nanofluidic system (a) changing a pH of
solution (b) reformation of spices (c) coating an organic
material (d) mechanical friction
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2.1.1 Previous research limitation: Unipolar

characteristics of IFET

Previous research were published various nanofabrication methods
and device designs for ionic field effect transistor. Rong Fan made
the 2 dimensional nanoslits which have micro size width and nano
size height using reactive ion etching (RIE) and anodic bonding. (Fig
2.2(a)) ° Udi vermesh made ldimensional nanochannel using the
sacrifice methods. This methods used wet etching for specific
nanowire after depositing the oxide on the nanowire. (Fig 2.2 (b)) ¢
Nam sung wuk made 0 dimensional nanopore using the electron beam
llithography and RIE. (Fig 2.2 (c)) ’

Even though various devices were fabricated, they have the same
trend of experiment data and limitations due to use same concept.
Fig 2.3 (a) ~(c)”®° show that ionic current of all devices decreased
as changing from negative gate voltage to positive gate voltage. The
devices (Fig 2.3 (b), (c¢)) which have good gate efficiency show the
saturation ionic current at positive gate voltage. When these trend
analyze using the ionic conductance equation (Eq. (2.4)), surface
charge were unable to change in the positive gate voltage because of
their large surface charge.

Traditional IFETs can manipulate either positively or negatively
charged species depending on the inherently large surface charge of
oxide layer and they demanded either high gate voltage or low
electrolyte concentration for changing surface charge density > % 7"

14



1 Traditional fabrication method of IFET was principally made by
Si0y ° 6 8 1011 and nanoporous membrane’. While they had
transparency, easy—fabrication and relatively high uniformity, these
materials had high surface charge density which led to a diode
behavior® & 77111116 The reason why the diode behavior occurs is
that induced surface potential by gate voltage cannot overcome a
polarity of inherent surface potential. Due to this characteristic, a
traditional IFET can only control the same polarity of charged
species with the surface charge of nanochannel.

To overcome the limitation, we need to choose a new oxide material.
Alternative material selection criteria are next tree condition. First,
low leakage current like the SiO2. Second, neutral surface charge for
ambipolar behavior. Third, high dielectric constant for high gate

efficiency.

15
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2.2 Materials and methods

2.2.1 Literature research for alternative material

selection

We examined literature value of the point of zero charge (PZC) (Fig
2.4 (a)) !! and the dielectric constant (Fig 2.4 (b)) '? for neutral

surface charge and high-k constant. First, we chose four oxide ZrOZ,
TiOz, Si3N4and A1203 using the PZC graph which displayed the pH
value at the range of zero surface charge. Second, SiSN4 which have

low dielectric constant like a SiO: was excluded for high gate

efficiency. Finally, we have selected TiOzand A1203 which are enable

to deposition using the atomic layer deposition (ALD) in our lab.

The surface charge of nanochannel played a deterministic role for
the direction of ion transportation. In this work, we covered the
nanochannel surface with aluminum oxide (Al203) as a dielectric
layer. While the surface charge of Al2O3 is usually known to be
(slightly) positive, our system had a slightly negative surface change
due to its lower point-of-zero-charge than 7. To confirm the
polarity, we had conducted ion concentration polarization (ICP)
experiment that possessed an ion depletion zone at anodic side and

18
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an ion enrichment zone at cathodic side with negatively charged

nanochannels?’,

As shown in Figure 2.5, the fluorescent signal quickly disappeared
at anodic side of nanochannel array to confirm that the ion depletion
zone was formed at the anodic side. (Also see supporting video.) The
ion depletion zone should be formed at the cathodic side if the

surface charge of nanochannel was positive*!.

20



Source; cathodic side

(V=0V)

Fig 2.5 The formation of the ion depletion zone at the
anodic side. This confirmed that Al,O4 surface was
negatively charged.
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2.2.2 Leakage current experiment of metal-oxide-

electrolyte (MOE) system

The leakage current is the one of important parameter that affects
the performance of device which have a gate structure. Therefore, it
is important to recognize by simple experimentation how many
leakage current flow through a gate oxide. In order to recognize the
leakage current in the solution, we applied the Metal-Oxide-
Electrolyte (MOE) system (Fig 2.6 (a)) instead of Metal-Oxide-
Semiconductor (MOS) system in typical solid state. MOE device was
fabricated by photolithography and reactive ion etching. Metal was

deposited an aluminum using an evaporator. TiOZand A1203 were

deposited 60nm by ALD. Chamber of electrolyte was formed by SU-
8 which is a photolithography resist and have a high hydrophobicity
and a strong strength enough a function of chamber.

This MOE system which mimic the gate structure of IFET device
can be able to check the leakage current before the device are

fabricated. The leakage current of TiOzand AIZO3 was measured by
the MOE system. Fig 2.6 (b) was shown that Ale3 have a lower
leakage current than TiOZ. As result, the nanochannel were
fabricated by AIZO3 which have a low leakage current, neutral surface

charge density and high dielectric constant.
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Fig 2.6 Metal oxide electrolyte system (MOE) (a) the
schematic figure of MOE system. (b) the experimental data
of leakage current using MOE system. We used Al,O3 and
Ti,O.
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2.3 Results and discussion

2.3.1 Principle of ionic field effect transistor (IFET)

Ionic field effect transistor (IFET) can be able to control the perm-
selectivity. The oxide surface which wrapped the nanochannel are
affected by gate potential. Thereby the induced dielectric
polarization add the native oxide surface charge. Then we can chose
the polarity of surface charge by modulate the degree of gate
potential. (Fig 2.7)

Ionic conduction in nanofluidics can be divided into two ionic
conduction. (Fig 2.8) The equation (2.1) is the simple electric

conduction equation. However we need to consider the more complex

situation.
I nquk
Vv Vv Eq. (2.1)

q is the elementary of charge [C], U is electric mobility. First

ionic conduction is considered geometry and bulk concentration and
expressed using below equation (2.2)7 this conduction is called “bulk

concentration governed ionic conduction”.

2
T[rnano

Gpuik = L_ [e X ngci(Ueo + Heounter)] Eq. (2.2)
nano
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Uco is the electrophoretic mobility of co ion, Ucounter iS the
electrophoretic mobility of counter ion, 1,4n0is the diameter of

nanochannel and Ly gp,is the length of nanochannel. Second ionic

conduction is considered geometry and counter ion in the electric
double layer. The counter ion which is induced by surface charge of
material additionally generate the “surface charge governed ionic

conduction” and is expressed by below the equation (2.3)

2Mano
Gsurf = I [Ucounter X |00l] Eq. (2.3)

Oy is the surface charge density of oxide. These two ionic

conduction have taken effect in the same nanochannel. Therefore we
can directly add each other. And then we got the final ionic

conductance the equation (2.4) in nanochannel.

rhano 2|0
Gror = I (Uco + Hcounter) ket X € + Ucounter ——
nano nano
Eq. (2.4)

This equation (2.4) are divided the term which is determined by bulk
solution and other term which is determined by surface charge.
Surface charge is native property of material so ionic conductance of
the passive methods are only affected by bulk concentration. As a
result, ionic conductance of those platforms were unable to change

the behavior of charged species on—-demand, once the devices were
25



fabricated. However the IFET can be tunable the surface charge

density for ionic conductance.

(b)

oxide

Fig 2.7 Ionic field effect transistor (IFET) mechanism. (a)
positive gate potential (b) float gate potential (c¢) negative
gate potential

m

P

m— > 0

—
L B B B B &N N B B N B B B}

Fig 2.8 The schematic figure of ionic conduction in nanochannel
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2.4 conclusion

In this chapter, we mentioned that the IFET device are developed to
overcoming the previous methods which change the surface charge
of material. However, conventional IFETs have the unipolar
behavior unlike the original concept which have the ambipolar
behavior. The gate voltage was unable to overcome the polarity of
silicon oxide surface charge because silicon oxide have too high
surface charge density. We studied the PZC data and dielectric
constant to improvement the gate efficiency and tested the leakage
current of MOE system to overcome unipolar behavior. As a result,

Al5,03 is the optimum material instead of SiOs.
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Chapter. 3 New design for
improving the gate efficiency

by all-around-gated IFET
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3.1 Introduction

Previous research of IFET have other limitation which is paln gate
structure. A planar gate structure in which a gate electrode installed
only one wall of nanochannel can modulate the surface charge
density at the wall and thus, the efficiency of applying gate potential
would become lower than all-around-gate structure which had a gate
electrode at entire surface of nanochannels. We calculated unit area
capacitances (F/m? when the diameter of nanochannel is 10nm and
the thickness of oxide wrapped nanochannel is 60nm. We used below

two equations (Eq. 3.1, Eq. 3.2).

€or
Cplane - Eq. 3.1
Ty —Ta
€oér
Ccylin =
Eq. 3.2

T
Ty X ln(é)

Thus, the calculated unit capacitance of cylindrical gate structure
have five times larger than plane gate structure.

As previously suggested as “an ideal structure for field effect
reconfigurable nanofluidic diodes would be dual split-gates with a
gate-all-around structure and a sub-10 nm nanochannels of a neutral

1

surface” *, we have developed a novel design of all-around-gate
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structure, with 7.5nm radius nanochannels, with minimal surface
charge density using Al2O3 which has the surface charge density of
-1.5 mC/m? in this work.

Firstly, all-around-gate structure was adapted to increase the
efficiency of gate effect at least more than 5 times compared to
planar-gate structure. This high efficiency led to obtain an ionic
field effect at high electrolyte concentration up to 1M. Secondly, we
deposited Al2O3 which have low surface charge density for enabling
a polarity independent control. As a result, our device showed an
ambipolar behavior at Ip- Vs measurement. The experimental
ambipolar effects were validated by numerical simulation with
fringing field effect and counter-ion condensation which had not
been considered as major factors. The experimental and numerical

results were in line with our logical procedures and well-matched.
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3.2 Materials & methods

3.2.1 Fabrication of All-around-Gated Ambipolar IFET

While the fabrication of all-around IFET device was previously
reported?, here we added further process to construct more rigorous
all-around IFET device. The fabrication started with bare silicon
water (500um thick). On top of the wafer, lum-thick silicon dioxide
(Si02) and 20nm-thick amorphous Si (a-Si) was sequentially
deposited (Figure 3.1 (a)). Using electron beam lithography (EBL)
with the e-beam resist of poly methyl methacrylate (PMMA), 80
nanochannels with 50um length were patterned on a-Si (Figure 3.1
(b)). And the reactive ion etching (RIE) was followed to construct a
trench structure which will be a nanochannel. That trench had
140nm width and 100nm depth (Figure 3.1 (¢)). PMMA was removed
by oxygen plasma. Then, SiO2 was wet anisotropically etched by
Buffered Oxide Etchant (BOE) that etches only SiO:, not a-Si,
resulting a circular cross-section of nanochannels (Figure 3.1 (d)).
Regardless of the pattern size of a-Si (RIE in Figure 3.1 (e)), the size
of nanochannel was determined by BOE in Figure 3.1 (f) which was
fixed by the wet etch time of BOE. Because the trench width (RIE)
had a large variation due to the limitation of EBL process, this wet

etch process satisfied the high reproducibility of nanochannel size.
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We named this process as self-limiting process. Transparent
Conduct Oxide (TCO) of Aluminum-doped Zinc Oxide (AZO) as gate
electrodes was deposited 40nm on the entire surface by Atomic Layer
Deposition (ALD) (Figure 3.1 (e)). Transparent AZO was used for the
optical observation of substances through nanochannels, while
previous work had utilized opaque metal electrodes. To prevent a
leakage current through AZO electrode, we partially removed AZO
at each end of nanochannel (non-gated region), remaining at the
center (10um length called gated region) (Figure 3.1 (f)). The copper
electrode pad was patterned on the contact region of AZO gate
electrode using e-beam evaporator (Figure 3.1 (g)). A1203 dielectric
oxide (70nm thickness) was deposited on the entire surface by ALD
so that a circular nanochannel with all-around gate electrode could

be formed at the center of the trench (Figure 3.1 (h)).
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Fig 3.1 Schematics of fabrication process.
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3.3 Results and discussion

Figure 3.2(a) showed schematics of fabricated nanochannel. The
nanochannel had a constricted area in the middle because a gate
electrode existed only at the center of nanochannel. Figure 3.2 (b)
and 3.2 (c) showed the SEM image of the cross section of non-gated
region (~100nm opening) and gated region (~10nm opening). After
deposit SiOz (1.5um thickness) on top of Al20O3 using plasma enhance
chemical vapor deposition (PECVD), microchannels were fabricated
near both ends of nanochannel by RIE process so that the
microchannels were connected with nanochannels. The
microchannels had the dimension of 60um width and 1.5um depth
and Sum-radius pillars were installed inside microchannel for
preventing a collapse of PDMS cover as shown in Figure 3.2 (d).
Finally PDMS cover was bonded using oxygen plasma. The device
was heated at 90°C conformal bonding. Figure 3.2 (d) showed the
assembly device with magnified microscopic view near the
nanochannel. Note that the color of AZO electrode (a pink color)
could be observed through nanochannel array so that we confirmed

the nanochannels in this work had an optical transparency.
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(b) A-A’ (non- gated region)

Al,O; (transparent)

/ ,

N nanochannel (~100nm)
[ )

810, substrate 100nm

( C) B-B’(gated rggion)

Al O, (transparent) (70nm)

I nanochannel (~10nm)
—

AZO gate (transparent) 100nm

Microchannel (Drain)

80 transparent
nanochannels

G
Microchannel
(Source)

20pm

Fig 3.2 (a) The schematic diagram of all-around-gated IFET.
Cross-sectional SEM images of (b) non-gated region and (c)
gated region. (d) Microscopic image of IFET device near

nanochannel array.
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3.4 Conclusion

In this chapter, we developed the design of all-around-gate
structure to improve the gate efficiency of conventional plane gate
structure. We calculated the gate efficiency between plan gate
structure and all-around-gate structure using unit area capacitance
equation. As a result, the calculated unit capacitance of cylindrical

gate structure have five times larger than plane gate structure.

We fabricated the nanochannel device insulted all-around-gate
structure using electron beam lithography and atomic layer
deposition. The device have 7.5nm diameter and 100um nanochannel

length and 80 arrays.
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Chapter 4. Theory of IFET
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4.1 Governing equations of nanofluidics

Poisson-Nernst-Planck-Stokes formulation is valid in the system
because the validity of the continuum frameworks is held down to a

length scale greater than Inm'. Independent variables are
electrostatic potential (), ion concentration of i-th species (Ci),

pressure (p), and flow field (U) obtained by following equations,

—&Viy=p,=F) Zc, Eq. 4.1

0=-V-J, Eq. 4.2

J, =-D,V¢, —ﬂcivw+ciu, Eq. 4.3
RT

0=-Vp+nViu-pVy, Eq.4.4

andV-u=0 Eq. 4.5

where ¢f is the electrical permittivity of the electrolyte, pe is the
volumetric charge density, F is Faraday constant, Zj is valence of i-th
species, Dj is diffusivity of i-th species, R is gas constant, T is
temperature, and 7 is the dynamic viscosity. Poisson equation
represented by equation Eq. 4.1 describes the electrostatic potential

distribution. Nernst-Planck equations represented by equation Eq.

4.2 in which ionic molar flux Jjis expressed in equation Eq. 4.3
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describes the mass transport of charged species under consideration
of the diffusion, the electromigration and the convection. Stokes
equations and continuity equation represented by equation Eq. 4.4
and Eq. 4.5 describe the fluid flow. Equations 4.1 ~ 4.5 should be

solved by coupling manner.

4.2 General description for metal-oxide-

electrolyte (MOE) system

In usual MOE system, the surface charge density is obtained from
simple algebraic equations independent from governing equations.
In various literatures®®, the MOE system was approximated to series
capacitors by equivalent electrokinetic circuit models. Using those
models, zeta potential and surface charge density modulated by gate
voltage can be analyzed by solving simple algebraic equations.
However, those equations are only valid in the planar-type MOE
system. Therefore, those models should be reformulated to be
applicable to the cylindrical MOE system which is our system. When
the Stern layer on the charging behavior of the MOE system can be
described by the following set of 1D ordinary differential equations

based on Gouy-Chapmann theory in case of symmetric electrolyte.
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li(rd—j :@sinh(@j at 0<r<R; Eq. 4.6
rdr\ dr & RT

——(r%—@jzo at Ry <r<R; +d, Eq. 4.7
r

In the above, ¢ is the electric potential in electrolyte, & is the
electric potential in oxide layer, Hris the radius of the nanofluidic
channel, d,x is the oxide layer thickness, and Z is ion valence.
Equation 4.6 is the Poisson-Boltzmann equation expressed as
cylindrical form to describe the potential distribution inside
nanochannel and equation 4.7 is the Laplace equation describing the
potential distribution within oxide layer. Because we neglect the
Stern layer, zeta potential is approximately equal to surface
potential, = ¢|gs directly given by gate voltage, Vi Thus, the
modulated zeta potential corresponding to Vs can be obtained by
solving equations 4.6 and 4.7 with following boundary conditions.

(Figure 4.1 shown the schematic figure of IFET)

99 _ o atr=o Eq. 4.8

dr

p= at r =R, Eq. 4.9

L 82, 9P aroR, Eq. 4.10
dr dr

42



@D =V, at r=R; +d,, Eqg. 4.11

where &£,xis the electrical permittivity of the oxide layer and oy is
the inherent surface charge density on oxide/electrolyte interface
which is near-zero value in our ambipolar IFET system, while the
typical value of oo is high enough to have unipolar electrical
response® 7. Equation 4.8 is the condition for axis of symmetry,
equations 4.9 and 4.10 describe oxide/electrolyte interface, and
equation 4.8 is the voltage condition by gate electrode. Equation 4.10
implies the discontinuity of electric displacement field at interface
where Gauss’ s law for electrostatic field should be satisfied. Since
above formulation is valid to a system where the full length of
nanochannel is completely covered by a gate electrode with low gate
voltage (fully-gated IFET), we need additional considerations for
the partial coverage of gate electrode (partially-gated IFET) as
shown in Figure 3.2 (a) with high gate voltage. The considerations
are a fringing field effect and a counter—ion condensation as

following.
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4.3 Fringing field effect

Despite of difference in structure, the zeta potential modulation of
partially-gated IFET (Fig 4.2 (b)) could be similar to that of fully-
gated IFET (Fig 4.2 (a)) in physical intuition. Define ‘gated region’
as a region of gate electrode and ‘non-gated region’ as a region of
absence of that. Gated and non-gated regions correspond to ‘A-A"’

and ‘B-B’’ denoted in Figure 3.2 (a), respectively. Typically,
when voltage is applied to the gate electrode, the electric field is
sought to be generated only inside the oxide layer of gated region
and the electric field abruptly drops to zero in that of non-gated

region. However, this is impossible because of the conservative

nature of the electric field, VxE =08. To satisfy the conservation,
the electric field should curve and extend outward into non-gated
region which is called fringing field effect or edge effect. Due to this
fringing field, the zeta potential on oxide/electrolyte interface of
non-gated region can be modulated as similar as gated region. The
impact of fringing field was researched by Lin et al® using carbon
nanotube FET (CNFET) where fringing field affected gating
phenomena significantly. To solve fringing field directly, it
requires high-cost computation. Numerical domain must be
discretized into nearly zero sized elements in the vicinity of the each
gate end, so that the number of degree of freedom diverges (Fig 4.2
(c)). To avoid this, we assumed that the distribution of the modulated

zeta potential along the nanochannel wall followed the Gaussian
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distribution expressed as

(X_”)z} Eq. 4.12

where A is an arbitrary constant, o is the standard deviation, and «
is the mean value of the arbitrary function f(x), respectively. Using
equation 4.12, the modulated zeta potential along the channel walls

was set to be

L
gate L
10 EXP| — 2 at z<-——2 (region B
é,gt p az 2 ( g )
L L
€ gate at -—2¢ <7 <€ (region A
é/(Z): gat 2 2 ( g ) .
_ Lo L
& gote €XP| — z at  z>—2¢ (region B)
a 2
Eq. 4.13

In above expressions, ¢gue is the modulated zeta potential on

oxide/electrolyte interface by gate electrode which is calculated
from equations 4.6 ~ 4.11. @ is defined as & = (Lecpanner~ Lgate) 2/41nf3
in which Lcpannes is the length of the nanochannel, Lgu . is the length

of the gated region and S= (gate/dmin IS ratio of modulated zeta
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potential and its minimum zeta potential at the end of nanochannel
wall. Since [ is a phenomenological parameter, one can choose it in
the range of 1 to . For example of the limiting cases, [ is equal to
1, corresponding to fully gated system and [ goes to infinity,

diminishing the fringing field effect. We postulated that £ was
proportional to the electrical conductivity of the electrolyte solution

and its values were summarized in Table 4.1

Table 4.1 Used parameters to describe a fringing
field effect and a counter—ion condensation

¢ [M] B v
107 20 0.005
10+ 200 0.05
107 2.000 0.5
102 20.000 2
10! 200,000 2

1 2.000.000 2
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(b) Locally-gated IFET
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Fig 4.2 the zetapotential distribution of (a) fully-gated IFET,
(h) Locally—gated IFET, (c) Loaclly-gated IFET with firinging
field.
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4.4 Counter—-ion condensation

Surface charge density, os can be determined from the modulated
zeta potential if charge—-potential relation in electrokinetic system
is known. In classical viewpoint, the Grahame equation based on the
Poisson-Boltzmann equation can be used to determine the surface
charge density (Fig 4.3 (a)). However, when zeta potential exceeds
the thermal voltage, R7/F~25mV, the electric double layer starts to
enter a non-linear regime where the Grahame equation is expected
to break down®'*!! (Fig 4.3 (b)). Under these conditions such as high
zeta potential or high electrolyte concentration, one should consider
the ion-ion interactions so that surface charge over-screening and
ion crowding are arose in the vicinity of the solid/electrolyte
interfaces. To elucidate those non-linear effects, additional compact

2. In those

layer consist of counter-ions has been proposed'®
literatures, counter—ions in the vicinity of the highly charged
surface are condensed in narrow layer, and then new compact layer
is formed beyond the Stern layer. Consequently, the impact of highly
charged surface to the electric double layer structure is reduced by
condensed counter—-ions. To obtain charge-potential relation in that
non-linear regime, Kilic and coworkers established the analytical
model based on the modified Poisson-Boltzmann equation with a

phenomenological parameter!® which we chose in this work.

In their model, parameter » represents the ratio of bulk
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electrolyte concentration (co) and maximum condensed

concentration (cmax) expressed by

2C
v=—"2=2a’N,c, Eq. 4.14

max

Where N4 is the Avogadro number and a is the effective diameter of
an ion. Note that a is not necessarily the actual diameter (~O (1) A),
it just means ion—-ion correlation under phenomenological viewpoint.
By definitions of Eq. 4.14, v has a maximum value, 2 because ¢y
cannot exceed the maximum concentration, cmax. By theoretical
derivation without loss of generality, charge-potential relation

became following form,

o. = 25gn(¢)ZFe A \/gm{u 2vsinh2(ﬂﬂ Eq. 4.15
v 2RT

where Ap is the Debye layer thickness defined as

Ao :\/(gf RT )/(ZZZFZCO), sgn(¢) is sign of the zeta potential, and ¢

is calculated from equation 4.15. Due to highly confined
nanostructure (radius in O(10)nm), ion-ion correlation were
expected to be strong. To capture the strong correlation, the
effective diameter of an ion, a, was fixed to be 7.5nm'’, so that v was

proportional to the bulk electrolyte concentration from equation

4.15 of which values were summarized in Table 4.1
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4.5 Tonic current

To obtain theoretical I-V characteristics of IFET, local ionic current density;, i,

is defined by

i=>ZF —D.Vc.—ZjFch.V +cu Eq. 4.16
j J J J RT J 4 J T

and then total ionic current through IFET system (I) can be calculated by

| =N, [i-nds Eq. 4.17

where Ncn is the number of nanochannel, S is arbitrary cross section of the
system, and n is normal vector on surface S. Required field quantities in

equation 4.16 were obtained from equation 4.1 ~ 4.15.
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Fig 4.3 the zetapotential distribution of (a) fully-gated IFET,
(b) Locally—-gated IFET, (c) Loaclly-gated IFET with firinging

field.
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Chapter. 5 Analysis of all-

around—-gated ambipolar IFET
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5.1 Introduction

Recent advances in nano-fabrication methods enable to fabricate
rigorous and definite nano-sized structure for various scientific and
engineering applications. Nanostructure possesses unique scientific
and technological properties that microstructure cannot exhibit.
Especially, as decreasing the size of nanostructure below 100nm, the
structure had a perm-selectivity which let only counter-ions can
pass through below a critical electrolyte concentration. The perm-
selectivity was reported to be depending on the magnitude and
polarity of surface charge density and bulk electrolyte concentration.
Thus, the active control of the surface charge density at wide range
of electrolyte concentration has been drawn significant attentions in
both scientific and engineering field'® for manipulating the motion
of charged species and this has become the essence of nanofluidics
research. The emerging application fields of nanofluidc system were
energy harvesting!" 2, biosensors® %, backflow from shale gas
extraction port® or desalinations of seawater® which enable to create
a huge market that never have existed. Those applications were
fundamentally originated from controlling the motion of charge
species passing through a nanostructure and, therefore, the cost-
effective/on-demand/sensitive control has become the most

important practical issue of nanofluidic researches.
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5.2 Materials and methods

5.2.1 Electrical measurement method of IFET

We measured the ionic current (/p) for different gate voltage (V¢)
with KCI buffer solution at pH 7 in the concentration range from 10~
M to 1M. The fluidic chambers were covered with PDMS and
Ag/AgCl electrodes were connected on both sides of the chambers.
We measured the electric data using the parameter analyzer (Agilent
4156C) in the homemade dark box which blocked the electrical noise.
(Figure 5.1 (b)) The current was measured as follows. First, drain
voltage (Vp) increased from OV to +2V at 0.25V/min for low
concentration and 0.5V/min for high concentration, respectively.
After Smin delay time, Vp decreased from 0V to -2V at the same
voltage step. For each concentration of KCI, the microchannel was
refreshed for 10 minutes with the same solution using a rotary pump.
The measurements without the application of gate voltage were
repeated until the results were reproduced. For a high concentration
case such as 10™'M and 1M, serious precipitation occurred inside the
microchannels. To prevent it, we added refresh step at each change
of gate voltage. Leakage current (a current from source to gate) was
simultaneously measured for confirming the proper operation.

(Figure 5.1 (a))
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Reservoir (Source)

80 nanochannels
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Fig 5.1 (a) The schematic figure of electric circuit of IFET
measurement (b)photograph of measurement setup
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5.3 Results and discussion

5.3.1 Ionic conductance at floating gate

Ionic transport in nanofluidic system has the unique property of
surface-charge-governed regime demonstrated by D. Stein et al.” In
a dilute limit, ionic conductance is independent from the bulk
properties of the system such as the electrolyte concentration or the
geometrical factor, so that the conductance curve saturates below a
specific concentration value which is determined by surface charge
density and called ‘surface-charge-governed conductance’ .
Because the plateau of conductance curve is only revealed in
nanochannel system, this property has been utilized to demonstrate
the validity of the device in the view point of nanofluidic application.
Beyond the specific concentration value, the conductance is
proportional to the bulk concentration, called geometry-governed
regime. These two distinct regimes can be plotted (ionic
conductance as a function of bulk concentrations) simultaneously as
shown in Figure 5.2. In a cylindrical nanochannel, the analytical

expression of ionic conductance, G, was derived® as

2
T dnano 4|60|
= Z L (:uco * Heounter )CO F+ Heounter
nano pore

Eq.5.1

58



Where dnano is the diameter of a nanochannel, L, is the length
of a nanochannel, and o and feounter is the electrophoretic
mobility of co- and counter-ion, respectively. The first term in
equation Eq. 5.1 represents the bulk conductance and the second
term represents the surface-charge-governed conductance.
Using equation 5.1 and circuit theory, the total conductance of
our IFET at floating gate, Goss, Wwas calculated from
Grotar=80 X (Ggatea X Gron-gated / (2 Ggateat Gnon-gated) in which Ggaceq and
Gron-gatea are the ionic conductance of gated and non-gated region,
respectively. We used values of to =7.853x107m?/V * s, Lcounter
=7.582x10"®m?/V - s, |ovl=1.5mC/m?, dpao=15nm (gated region)
and 100nm (non-gated region), and ZL,a,=10 um (gated region)
and 5um (non-gated region). Both theoretical (solid line) and
experimental (circles) conductance as a function of bulk
concentration were shown in Figure 5.2. In a low concentration
range (<10 *M), experiments were saturated to the surface-
charge-governed conductance and consistent with analytical
solution and the conductance fell into the geometry-governed
regime above the concentration. However, in a high
concentration range, i.e. co>107'M, the experiments were shown
to be deviated from the theoretical calculation, while previous
literatures followed the theoretical calculation over 1M
concentration” ® ?, The discrepancy would be come from highly

confined microchannel. Our microchannels had the thickness of
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1.5 wum, while previous studies wusually provided the
demonstration with an open reservoir. The thin microchannel
could provoke strong ion—-ion interaction or ion-wall interaction
in a high concentration range so that KCI solution at 100mM and
1M concentration turned into a solid precipitation that hindered

the ionic current through the micro-nanochannel.

10-° T | I T
O Experiments é)

b -
. Analytical solution § O .
e 5
0
8.
C -10
S 10
3
=
©
=
O
O surface-charge .
-governed regime /
- , -
/
- /
(P gL T T T .

10° 10* 103 102 107 100

Bulk concentration, ¢, (M)

Fig 5.2 lonic conductance as function of bulk concentration.
Experimental conductance and analytical solutions were
denoted by open circles and solid line, respectively. The plot
clearly demonstrated a nanofluidic characteristic of surface-
charge- and geometry-governed regime
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5.3.2 The formation of precipitation with high KCIl

concentration

In spite of the discrepancy in high concentration range, we
concluded that our device was intact because surface-charge-
governed conductance as the unique property of nanofluidic

system was observed.

After the electrical measurement with the KCI1 solution of
concentration over 107 !'M, serious precipitations were accumulated
at the microchannel as shown in Figure 5.3 The precipitation
decreased the cross—-sectional area of microchannel so that an ionic

current significantly decreased.
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Potassium chloride
,Eret}i@itation

Fig 5.3 The formation of KCI precipitation after the experiment with 10"'M and
1M KCl solution.
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5.3.3 Ionic current with gate voltage

The ionic currents (Ip vs Vp) were measured as a function of gate
voltage (V) at the concentration range from 10™°M to 1M as shown
in Figure 5.4, demonstrating the Ohmic (or linear) relationship
between Ip and Vp within the voltage range of |Vpl<2V. Over the
range, one can have ion concentration polarization phenomena which
involve a non-linear current-voltage relationship!® !!. Higher KCl
concentration, we obtained higher ionic current values. Upon the
application of gate voltage, ionic conductance increased regardless
the polarity of gate voltage for entire concentration range, called
ambipolar behavior. A terminology of ‘ambipolar’ in MOSFET
(Metal-Oxide-Semiconductor Field-Effect Transistor) represents
that the channel polarity strong depends of the polarity of gate
voltage. For instance, negative gate voltage induces abundant holes
inside the channel, so that the channel becomes positive polarity and
vice versa. In case of IFET, the same mechanism would be hold with
near-zero surface charge. Thus, the increment of ionic current was
proportional to the absolute value of the gate voltage. On the
contrary, the ionic current should increase with either positive or
negative gate voltage, if the IFET had unipolar characteristics. The
ambipolar behavior was originated from that the nanochannel had
extremely low surface charge density due to Al»O3 layer and the gate
electrode had so-called an “all-around-gate structure” for the

high sensitivity.
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5.3.4 Leakage current of IFET device.

In order to show the robustness of the system, we simultaneously
measured the leakage current from source to gate. Figure 5.5 showed
that the leakage currents were below 4pA and independent from the
bulk concentrations, leading to a conclusion that the leakage current
would not effect on the ionic currents through source to drain.
Additionally, the same order of leakage current in whole
concentration range taught us that our device successfully worked

without dielectric breakdown.
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Fig 5.4 Experimentally measured /- Vp characteristics in the
concentration range of 107°M to 1M. The conductance
increased as a function of the absolute value (regardless of the
polarity) of V.
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concentration range of 107°M to 1M.
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5.3.5 Ambipolar characteristics (/p—- Vg as a function of

Vp): Numerical matching

In an ambipolar IFET device, Ip- Vi characteristics become V-shaped
curves since the ionic current should be modulated regardless of the
polarity of gate voltage. On the contrary, a unipolar IFET has a diode
behavior. The measured Ip- Vi characteristics were plotted in Figure
5.6 for different electrolyte concentrations with numerical results.
The measured Ip- Vi characteristics were ambipolar (V-shaped curve)
since an inherently low surface charge density of A1203 (-1.5mC/m?)
and higher capacitance of an all-around-gate structure (~5 times)

than that of a planar-gate effectively reflected the gate polarity.

In a low (10°M ~ 107*M) and an intermediate (107>M ~ 1072M)
concentration range, numerical results were well-matched with
experimental data. For 10°M and 10 ‘M, the extent of the ionic
current modulation was appeared in the same order of magnitude
because those concentrations were in surface-charge-governed
regime’ where ion transport through the nanochannel is affected
only by the surface charge density of nanochannel rather than bulk
property. Meanwhile, deviations between measured and numerical
results occurred in high concentration range (10"'M ~ 1M). Higher
the bulk concentration gave larger deviation. Nevertheless, the

measured Ip— Vi characteristics plotted in Figure 5.6 were ambipolar.
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Consequently, more constraints in theoretical considerations would
be needed to describe the ion transport at extremely high

concentration
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Fig 5.6 Experimental and numerical /5~ V; at each electrolyte
concentration. The “V” shape represented the ambipolar
behavior.

69



5.3.6 The effects of fringing field and counter-ion

condensation

We had adopted two additional constraints which were fringing field
effect and counter-ion condensation to describe the ionic
transportation through the partially gated IFET. Compared to
Poisson-Nernst-Planck-Stokes formulation without any constraints
(dashed line in Figure 5.7), our modified formulation (solid line) was
well-matched with experimental results. With a view point of PNPS
formulation without constraints, a positive gate voltage changed the
polarity of gated region only, and then nanochannel behaved as the
npn nanofluidic transistor for negatively charged nanochannel,. For
the npn nanofluidic transistor, the application of a drain voltage
could cause a reverse bias in one of the two pn junctions and hence
the ionic current should be saturated'?, leading to a unipolar behavior.
Moreover, numerical results with negative gate voltage had non-
negligible error compared to the experimental results. Therefore,
the two constraints should be included in PNPS formulation to
correctly describe the ambipolar behavior of the presenting partially
gated IFET. The fringing fields which were generated in non-gated
region to satisfy VXE =0 could modulate the whole nanochannel
and hence the polarity of the entire nanochannel became positive or
negative depending on the gate voltage, while the gate voltage was

applied only near the center of nanochannel. Additionally, the
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condensed layer formed by counter-ion in the vicinity of the highly
charged oxide/electrolyte interfaces let over-modulated surface
charge drop down, so that the non-negligible numerical error at
larger gate voltages was resolved. Therefore, fringing field effect
and counter-ion condensation were essential constraints in IFET

analysis.
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5.3.7 Sensitive polarity inversion

The presenting IFET had the lower threshold voltage to inverse the
polarity of the nanochannel than previously reported IFETs'® 4, We
defined the threshold voltage Vi, as required gate voltage to regulate
the zero-polarity of the nanochannel. When gate voltage was higher
than Vi, the nanochannel had the positive polarity and vice versa.
Using the condition of c0=0 at V=V, we derived the simplified
equation for Vi related to oxide capacitance Cox and inherent surface

charge density o as

V,, = -——% Eq. 5.2

Equation 5.2 presented that IFET with higher oxide capacitance and
lower inherent surface charge density had lower threshold voltage,
leading to a fast polarity inversion. Since Al>0O3 used in this work had
near-zero surface charge density (-1.5mC/m? and capacitance of
all-around-gate structure (5.06mF/m? was 5 times higher than
planar-gate structure, the threshold voltages of our device were
calculated to be 0.2964V from equation 5.2 and 0.2967V from
13, 14

numerical simulations which were superior to other IFET’ s V4

as shown in Figure 5.8.
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5.4 Conclusion

In this work, we developed a transparent all-around-gated ionic
field effect transistor (IFET) which has an ambipolar characteristic
and can be operated at wide range of electrolyte concentrations (10~
M~1M). Due to the relatively low oxide capacitance of a planar-gate
structure and the inherently high surface charge density, a
traditional IFET can only control the same polarity of charged
species as the surface charge of nanochannel. To enable the
polarity—-independent control, all-around-gate structure was
adapted to increase the efficiency of gate effect compared to the
planar—-gate structure and we used Al203 as oxide layer which has
lower surface charge density than SiO2. As a result, an ambipolar
behavior was obtained by experiments and was validated by
numerical simulations with a fringing field effect and a counter-ion
condensation which had not been considered as major factors before.
The numerical results demonstrated that the application of gate
voltage can drop the electric field around the gated region so that
one can possibly lower the translocation velocity of charged
molecules through the nanochannel. In addition, the fabricated all-
around-gated IFET had the lowest threshold voltage as required gate
voltage to regulate the zero—-polarity of the nanochannel. The use of
this ambipolar IFET would provide significant advantages to cost-
effective/on-demand/sensitive control of charged species such as

ions (negative or positive), DNA (negative), RNA (negative), and
75



proteins (negative or positive) regardless of their polarity which is
important in a biomedical analysis such as DNA sequencing through

nanopore, medical diagnosis system and point-of-care system, etc.
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Chapter 6. The equivalent
electric circuit for nanofluidic

device
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6.1 Introduction

6.1.1 The response time of nanofluidic device

That research of nanofuidics has also been actively conducted in
accordance with the development of Nanofluidic application

described in the first chapter!??3.

In point of commercialization,
nanofluidic device consisting nano structure used for a part of “lab
on a chip” than used alone (Fig 6.1 (a)) *. For example, Bio
application device which detect a DNA in a blood divide few parts of
function. : a part having a function of filtering the micro-sized
materials, such as red blood cells, a part function of duplicating DNA
for improving the detection, a part function of observing for the
electrical signal etc. When the application is working by gathering
parts having various function, it is important to understanding each

a response time of part for grasping the overall device performance.

(Fig 6.1(b))

Thus, we measured the response time of nanofluidic device. As a
result, we were unable to analyze the simple sum of bulk resistor and

nano structure resistor and need new electrical circuit model.
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Fig 6.1 (a) the schematic picture of “Lab on a chip” (b) The
response time of “ Lab on a chip”
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6.1.2 RC circuit delays: basic concept

Figure 6.2 (a)® shown the schematic RC simple circuit which resistor
and capacitor are connected in series. The first moment which have
applied by the voltage in this electric circuit, all of the voltage are
applied to the resistor and capacitor operates as a conducting wire
happening dielectric polarization. However, charge are build up to
this capacitor as time goes on. Applied to the resistor voltage is
dramatically reduced. Finally, all of the voltage apply to the
capacitor. The current of resistor are reduced like the voltage of
resistor as time goes on. In the end, current of resistor is zero. In
order to compare this response time and the other device element,
the “RC delay time” is defined as the time it took for maximum
voltage is reduced to 1/e and it is expressed following the equation.

The term of multiplied RC, 7 is called the “RC time constant”™.

t
V(t) = V(1 — exp (— ﬁ))
Eq. 6.1

T=Rx*C
Eq. 6.2
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Fig 6.2 (a) The schematic figure of Simple RC circuit

(b)voltage and current with time variation of resistor and
capacitor.
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6.2.2 Previous research: RC delay time with nanofluidic

device

Smeets et. al® developed the new equation which analyze the
response time of nanopore device. The equation 6.3 adapted the RC
delay time equation of classical electromagnetic theory and adjusted

to nanofluidic device.

. v -
i(t) = (R_i - Iy)exp <E> + 1,
Eq. 6.3

V, is applied voltage at nanopore device. R;is the resistor of
chamber, I,is the saturation ionic current. R,is the resistor of

nanopore. C, is the capacitor of nanopoer membrane.

The equation 6.3° show that ionic current was approached the
saturation ionic current I, when the time flows the infinitely and
ionic current was determined by the resistor of chamber R; when the
time is zero, t=0. Thus, we can understand the change of ionic

current from t=0 to t=w using this equation 6.3.

Figure 6. 3(a)® showed that the experiment results (black dots) and
fitting line (red line) which followed by the equation 6.3 were well
matched. However if the scale of figure 6.3 (a) are changed the

logarithm scale, the fitting data (red line) clearly failed at upper 50
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micro-sec like figure 6.3 (b)%. This journal mentioned that “A fit of
an ideal capacitor's response to the data is shown by the red line,
which clearly fails to give a valid description for t = 50 us.” and they
expressed that the effect of dielectric loss was the reason why the
fitting data was failed above 50 micro-sec region. However they
were unable to define exactly what “the effect of dielectric loss” is

and rewrite a correct equation included “the effect of dielectric loss”.

In this chapter, we were developed a new model which more clearly
explain the response time of nanofluidic device. We focused that
Smeets’ equation considered the resistor of chamber R, the
capacitor of nanopore membrane C, and the resistor of nanopore R,.
However nanopore system also have the charge polarization region
(Electric double layer) which was generated by gathering of counter
ions. So we needed to consider the affection of EDL as a new

capacitor of nanopore system for analyzing the response time.
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Fig 6.3 The ionic current — time graphs of nanopore device

(a) linear scale. the experiment results (black dots) and
fitting line (red line) which followed by the equation 6.3 were
well matched. (b)logarithm scale. the fitting data (red line)
clearly failed at upper 50 micro-sec.
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6.2 Materials & methods

Si based nanpore device fabrication was well established.””® This
report was followed them. 500um Silicon wafer were coated back and
forth with 100nm silicon nitride (Si3N4) using a low pressure
chemical vapor deposition (LPCVD) (Figure 6.4 (a)). For opening a
window in the back side of wafer, photolithography and reactive ion
etching (RIE) were used to remove the micro scale of SiN layer
(Figure 6.4 (b)), after which a KOH wet etch removed the 500um
silicon (Figure 6.4 (c)). This KOH wet etching condition is 78degree
at 10hours. Silicon wet etch rate is Sum/hr at this condition and
because etch slop is followed Si (111) plane after 10hours, final free
standing silicon nitride membrane size was micro scale (Figure 6.4
(d)). We employed focused ion beam to fabricate 100 nm diameter
nanopore (FIB) (Figure 6.4 (e)) and atomic layer deposition (ALD) to
reduce the size of the nanopore with tunable and controllable

diameter in a silicon nitride membrane (Figure 6.4 (f)).

Prior to measurement of ionic current through nanopre, the silicon
nitride membrane was treated by oxygen plasma about 1min to

enhance the hydrophilicity of nanopore surface.

The silicon nitride membrane was placed between two components
of flow cell. One component was consisted of Teflon jig which

functions as a fluidic channel and the other was a
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polydimethylsiloxane (PDMS) block which function as adhesion and
sealing layer. And Ag/AgCl electrodes were immersed at both fluidic
channels and connected to an amplifier (AXON patch 200B, Axon

instruments, USA) (Figure 6.5)

The ionic current was measured two different voltage region using a
potassium chloride (KC1) buffer solution at pH7 in the concentration
range from 10-5M to 1M. The high voltage region started from
100mV to 500mV at 100mV step. And the low voltage region
increased 2mV to 6mV at 2mV step. The ionic current of the highest
point beyond 200nA was cut off due to the equipment limitation of
Axon patch clamp. So the experiment results of high voltage only

used confirm data
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(a) /AgCl

Fig 6.5 (a) The schematic figure of electric circuit of
nanopore measurement (b)photograph of measurement
setup
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6.3 Results and discussion

6.3.1 The new electric circuit model for analyzing the

response time

The Figure 6.6 shown the electric circuit of Figure 6.6 (a) Smeets’
model and Figure 6.6 (b) our model. The difference between of them
is the capacitor Cgp; which was generated by electric double layer
inside the nanopore. lonic current equation as time was developed

for modeling the Figure 6.6 (b) which include the capacitor Cgp,.

Our model (Figure 6.6 (b)) have five parameter which are 3

resistor and 2 capacitor. Therefore we need five equations due

to determine the five parameter. First, we made the five equation

followed by Kirchhoff’ law.

=V

11 = —R
1 Eq. 6.4

V,=V;

12 =
R, Eq. 6.5
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Fig 6.6 The schematic figure and electric circuit of (a)
Smeet’ model (b) our new model.
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I, = —
> R; Eq. 6.6
Vs
Ly =C— Eq. 6.7
V
Iy =C,—
t Eq. 6.8

We have a simultaneous second differential equation (Eq. 6.9) using

the equations 6.4 ~6.8.

2

d42v, R, R, dV, (Ry +R,+R;)V;
R1C1R2C2 _dtz + [(1 +R_2) R]_Cl + (1 +R_3) R2C3:|E+ Rz = Vi

Eq. 6.9

and the equation 6.9 can solve using the general solution. So, we

can get the final equation 6. 10.

t t
I(t) = I, + Aexp(— r_) + Bexp(— r_)
+ - Eq.6.10
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1 B « B a \* CC,
= —ZC,—=C, + (—c ——c) +
R e e e T e Ré]
Eq. 6.10.1
11
a=—+—
R; R Eq. 6. 10. 2
- 11
R, Rj Eq. 6. 10. 3

The equations 6.10.1~6.10.3 is the detail explanations of equation

6. 10.
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6.3.2 Comparison new model with Smeets’ equation

The difference of smeets’ model and our model is the presence or
absence of the EDL capacitor in electric circuit. The difference was

able to express the flowing simple equations.

t
I(t) = lsqr + Aexp(_ ;)

Eq. 6.11

t t
I(t) =I5 + A'exp(——) + B'exp(— —)
T, T_

Eq. 6.12

. T= Rz * Cl
A, A’ and B’ are constant value in the same system.

1,5 T_ are followed Eq. 6. 10. 2 and Eq. 6. 10. 3. The equation 6.11

is the simplified Smeets’ equation and the equation 6.12 is the
simplified our equation. Our equation have one more exponential

term which is generated by the EDL capacitor.

The figure 6.7 shown the experimental data of nanopore device in
logarithm scale. The black dots are experimental ionic current as
time goes on. The blue line is followed Smeets’ model and the red

line is followed our model. This graph obviously was announced that
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our model have a good fitting value than Smeets model. Two
capacitors were calculated with the equation 6. 10 and it was
displayed on the figure 6.8. This figure notified below facts that
First, the bulk capacitor which was generated by nanopore membrane
was independent the concentration of solution. Second, pore
capacitance was changed by the concentration of solution. Pore
capacitance have the constant value until 1072M. In above
concentration, pore capacitance was increased 10 fold in proportion

with concentration.

We can some careful estimations. The capacitor of nanopore
membrane which was made by SiN layer should be the constant value
because of native capacitor are independent of concentration.
However our new capacitor, nanopore capacitor which was affected
by the electric double layer should be sensible with the change of
concentration and divided two region like ionic conductance (Figure
5.2). We think that even through the pore capacitor is smaller 1000
times than nanopore membranes, it is enough to change the response

time of nanopore system because of the huge nanopore resistor.
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6.4 Conclusion

The ambipolar IFET showed slow response time during ionic current
measurement. Smeets analyzed the slow response time using a
simple RC electric circuit, but it does not fit well to experiment data
below t = 50 us. We hypothesized that the long response time comes
from the electric double layer capacitor. Thus we developed a new
model and equation that includes “EDL capacitor” . Silicon nitride
nanopore device was made by traditional fabrication method. The
device measurement was done by patch clamp. By matching the new
model to experimental data, we showed the possibility of a better

theory than Smeets’ equation.
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7.1 conclusion

In this dissertation, the advanced device was developed for
overcoming the limitation of IFET which can be manipulate charged
species pass through nanochannel. And the slow response time of

nanofuidic device was studied for improving the device.

Traditional IFETs have the unipolar behavior and low gate efficiency.
In order to overcome these limitations, AloO3 which has near-zero
surface charge density was used for IFETs to have the ambipolar
behavior and all around gate structure was developed to enhance the
gate efficiency. All around gated ambipolar ionic field effect
transistor was fabricated with electron beam lithography and atomic
layer deposition. The ionic current of the IFET was measured at
various gate voltages (-2V ~ +2V). As a result, our device showed
ambipolar behavior unlike traditional IFETs which have unipolar
behavior. Our experimental data were theoretically matched with
the new model (fringing effect, ion condensation). Finally, our
device demonstrated higher gate efficiency than those of traditional

IFETSs.

The ambipolar IFET showed slow response time during ionic current
measurement. Smeets analyzed the slow response time using a
simple RC electric circuit, but it does not fit well to experiment data
below t = 50 us. We hypothesized that the long response time comes

from the electric double layer capacitor. Thus we developed a new
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model and equation that includes “EDL capacitor” . Silicon nitride
nanopore device was made by traditional fabrication method. The
device measurement was done by patch clamp. By matching the new
model to experimental data, we showed the possibility of a better

theory than Smeets’ equation.
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Abstract (in Korean)

= oW FEEN00M~IMAA  AeAsRT drAld  Aes
Arbe B2 340 AB%0] 22 & 9% all-around types) A7]%
FE  o¢  EaxzHE AT Fdd. o AR PE
o LEWA2E (IFET)E theilld #EE A5Foz AojE AFo] BT

AL gow, AL 0o e ERAFEE A BFEF

-l}°
>
k3
Iy
>
=
o
<

£ Alo]E Zxlo]=(gate oxide) T A&t o] &AE APH e I
o]2Her EAL HUtaacdt. 1 A, $Ee ET SANA 22 s
EAo]l AL 0°l 77t ZRAFZFS 7HH EFvl SA|ERREH 23, all
around gate type2® g 7§ 7|ES FR AolE X Hr} Sujo]ite
AE &&Ao] S WA HIAth $EY o]EAAAL J|Ee dAT7H
Poisson-Nernst-Plank-Stokes (PNPS) ©o]&<& wlolEo]a  of7]d]
fringing field effect®} counter-ion condensation & 32]de] HZ &
EdE w59k I A, AR o] 27 & devhe AMEE €A .
EAE HA7tES LR g 48" B 5 F(UIMAAE A2 &

gtk Az}, 71Ee] AEE IFETE Alo|E Lalo]=e] A stkel] ]34

o
—_—

AR 2AT 5 9t Bl AN A= SAeltg dE IYL A4
A 24% & 999 RA4E 29 $Uk ALE 2R AR dE YL
H BAS BF 22E 5 9t A M ol 53, DNANAA o1}

103



o) AGA2E Ao um A 2" wl$ Fa3 Ao g AL Fo|r},
2 o]Z2A /NEE ambipolar IFETE o] AHFZ A= FAHA

e =& WSS Hadl o]F SmeetsE 74kE RC A7|32E 539

_("_
Jol=gto] = (SIN)E JuEolS BEo] APz A2 2d uwstslc.

1 A3} Smeets®) AR} o] 2 2= A4S B § 9.

104



List of publications

Paper
1. NANOSCLE 7, 936 (2015) COVER LETTER

“Sub-10nm transparent all-around-gated ambipolar ionic field

effect transistor” 1# =}
2. Nano Letters 10, 3324 (2010)

“Sub-10-nm Nanochannels by Self-Sealing and Self-Limiting

Atomic Layer Deposition” (3##})
3. Electrochem. Solid-State Lett 13(2), K8, 19 2010 (2010)

“Selective incorporation of colloidal nanocrystals in nanopatterned

SiO2 layer for nanocrystal memory device” (4##})
4. Thin Solid Film 518, S217, 21, 1 Jan (2010)

“Controlling dislocation positions in silicon germanium (SiGe) buffer

layers by local oxidation” (4*]A})
5. Journal of Crystal Growth, 311, 1539-1544 (2009)

‘“Behavior of ultraviolet emission from nanocrystalline embedded

ZnO film synthesized by solution-based route “ (2*]#})

105



Patent

2

&

o,

39

o

AR E e A

2% 0|43 ol &
nano-channel having notched structure)

T5Y 1 2014-08-14

106

1:

o

S

27} (Ion device using

: 10-1432558

’



	CHAPTER1.Nanofluidics: Introduction
	1.1 Nanofluidics
	1.2 The influence of Electric double layer
	1.3 Perm-selectivity
	1.4 Application of Perm-selectivity
	Reference

	CHAPTER2. The study of alternative material for the ambipolar IFET
	2.1 Introduction
	2.1.1 Previous research limitation: Unipolar characteristics of IFET

	2.2 Materials and methods
	2.2.1 Literature research for alternative material selection
	2.2.2 Leakage current experiment of metal-oxide-electrolyte (MOE) system

	2.3 Results and discussion
	2.3.1 Principle of ionic field effect transistor (IFET)

	2.4 conclusion
	References

	Chapter. 3 New design for improving the gate efficiency by all-around-gated IFET
	3.1 Introduction
	3.2 Materials & methods
	3.2.1 Fabrication of All-around-Gated Ambipolar IFET

	3.3 Results and discussion
	3.4 Conclusion
	References

	Chapter 4. Theory of IFET
	4.1 Governing equations of nanofluidics
	4.2 General description for metal-oxide-electrolyte (MOE) system
	4.3 Fringing field effect
	4.4 Counter-ion condensation
	4.5 Ionic current
	Reference

	Chapter. 5 Analysis of all-around-gated ambipolar IFET
	5.1 Introduction
	5.2 Materials and methods
	5.2.1 Electrical measurement method of IFET

	5.3 Results and discussion
	5.3.1 Ionic conductance at floating gate
	5.3.2 The formation of precipitation with high KCl concentration
	5.3.3 Ionic current with gate voltage
	5.3.4 Leakage current of IFET device
	5.3.5 Ambipolar characteristics (ID-VG as a function of VD): Numerical matching
	5.3.6 The effects of fringing field and counter-ion condensation
	5.3.7 Sensitive polarity inversion

	Reference

	Chapter 6. The equivalent electric circuit for nanofluidic device
	6.1 Introduction
	6.1.1 The response time of nanofluidic device 
	6.1.2 RC circuit delays: basic concept
	6.1.3 Previous research: RC delay time with nanofluidic device

	6.2 Materials & methods
	6.3 Results and discussion
	6.3.1 The new electric circuit model for analyzing the response time
	6.3.2 Comparison new model with Smeets equation

	6.4 Conclusion
	References

	Chapter. 7 Conclusion
	7.1 conclusion

	Abstract (in Korean)
	List of publications


<startpage>17
CHAPTER1.Nanofluidics: Introduction 1
 1.1 Nanofluidics 2
 1.2 The influence of Electric double layer 2
 1.3 Perm-selectivity 6
 1.4 Application of Perm-selectivity 6
 Reference 10
CHAPTER2. The study of alternative material for the ambipolar IFET 11
 2.1 Introduction 12
  2.1.1 Previous research limitation: Unipolar characteristics of IFET 14
 2.2 Materials and methods 18
  2.2.1 Literature research for alternative material selection 18
  2.2.2 Leakage current experiment of metal-oxide-electrolyte (MOE) system 22
 2.3 Results and discussion 24
  2.3.1 Principle of ionic field effect transistor (IFET) 24
 2.4 conclusion 27
 References 28
Chapter. 3 New design for improving the gate efficiency by all-around-gated IFET 29
 3.1 Introduction 30
 3.2 Materials & methods 32
  3.2.1 Fabrication of All-around-Gated Ambipolar IFET 32
 3.3 Results and discussion 35
 3.4 Conclusion 37
 References 38
Chapter 4. Theory of IFET 39
 4.1 Governing equations of nanofluidics 40
 4.2 General description for metal-oxide-electrolyte (MOE) system 41
 4.3 Fringing field effect 45
 4.4 Counter-ion condensation 49
 4.5 Ionic current 51
 Reference 53
Chapter. 5 Analysis of all-around-gated ambipolar IFET 54
 5.1 Introduction 55
 5.2 Materials and methods 56
  5.2.1 Electrical measurement method of IFET 56
 5.3 Results and discussion 58
  5.3.1 Ionic conductance at floating gate 58
  5.3.2 The formation of precipitation with high KCl concentration 61
  5.3.3 Ionic current with gate voltage 63
  5.3.4 Leakage current of IFET device 64
  5.3.5 Ambipolar characteristics (ID-VG as a function of VD): Numerical matching 67
  5.3.6 The effects of fringing field and counter-ion condensation 70
  5.3.7 Sensitive polarity inversion 73
 Reference 77
Chapter 6. The equivalent electric circuit for nanofluidic device 78
 6.1 Introduction 79
  6.1.1 The response time of nanofluidic device  79
  6.1.2 RC circuit delays: basic concept 81
  6.1.3 Previous research: RC delay time with nanofluidic device 83
 6.2 Materials & methods 86
 6.3 Results and discussion 90
  6.3.1 The new electric circuit model for analyzing the response time 90
  6.3.2 Comparison new model with Smeets equation 94
 6.4 Conclusion 98
 References 99
Chapter. 7 Conclusion 100
 7.1 conclusion 101
Abstract (in Korean) 103
List of publications 105
</body>

