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ABSTRACT

This thesis describes several experiments based on carbon nanotube
nanofludic devices and field-effect transistors. The first experiment detected ion
and molecule translocation through one single-walled carbon nanotube (SWCNT)
that spans a barrier between two fluid reservoirs. The electrical ionic current is
measured. Translocation of small single stranded DNA oligomers is marked by
large transient increases in current through the tube and confirmed by a PCR
(polymerase chain reaction) analysis. Carbon nanotubes simplify the construction
of nanopores, permit new types of electrical measurement, and open new avenues
for control of DNA translocation. The second experiment constructed devices in
which the interior of a single-walled carbon nanotube field-effect transistor (CNT-
FET) acts as a nanofluidic channel that connects two fluid reservoirs, permitting
measurement of the electronic properties of the SWCNT as it is wetted by an
analyte. Wetting of the inside of the SWCNT by water turns the transistor on,
while wetting of the outside has little effect. This finding may provide a new
method to investigate water behavior at nanoscale. This also opens a new avenue
for building sensors in which the SWCNT functions as an electronic detector.
This thesis also presents some experiments that related to nanofabrication, such as
construction of FET with tin sulfide (SnS) quantum ribbon. This work
demonstrates the application of solution processed IV-VI semiconductor

nanostructures in nanoscale devices.
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Chapter 1

INTRODUCTION

This thesis describes several experiments that form part of a project to develop a
new DNA sequencing technology called “Sequencing by Recognition”, proposed
by Professor Stuart Lindsay in the Biodesign Institute, Arizona State University.
Carbon nanotubes (CNT) can be used as combined nanochannel and readout

electrodes for DNA detection.

Figure 1.1 DNA Sequencing by Recognition proposed by Dr. Stuart Lindsay at
ASU

In Figure 1.1, a recognition molecule is attached on the electrode, reading a
specific DNA base[1]. As the ssDNA passes the electrode readers via the CNT,
the sequence is identified. To utilize CNT as a nanopore or nanochannel, it is

important to first understand the transport properties through CNT[2]. Carbon
1



nanotube (CNT) based Nanofluidic devices are studied in my experiments (see
Chapter 4); they show their special electrical and mechanical properties for DNA
translocation.

The exploration of carbon nanotubes as 1D transport systems is not limited to
DNA sequencing; they also have the potential to form the basis of new types of
electronic sensor. The electronic properties, small size and large surface to volume
ratio of single-walled carbon nanotubes (SWCNT) give them particular sensitivity
as transistors. Jinyao Tang at Columbia University [3] found that the CNT-FET
becomes insensitive to gating after the CNT was filled with water, see figure 1.2.
We will do further research in this direction and also explore the effect of other

solvents such as acids and bases, see Chapter 5 and 6.

—hatore adding water ( b )

——alter adding water

Before open
——After open by OP
—— After adding waler
After dry in Vacuum

Figure 1.2 a) Electrical response to water filling into the reservoir of the intact
nanotube device. b) Electrical response to water filling of the nanotube
device after plasma treatment.

In Chapter 2, the basic theory of carbon nanotube is discussed, including

structure, electronic characteristics, and field-effect transistor (FET) principle.



Chapter 3 discusses the growth of carbon nanotube and fabrication of carbon
nanotube based nanofluidic channel and field-effect transistors.

Chapter 4 describes direct electrical measurement of molecules and small ssDNA
transport through CNT nanofludic device, in which one SWCNT spans a barrier
between two fluid reservoirs. The signals are described and analyzed.

Chapter 5 elucidates the effect of water filling to the electron transport properties
of CNT devices. By building field-effect transistor connections onto the SWCNT
nanofluidic channel, we have discovered that internal wetting of the SWCNT by
water turns semiconducting tubes on, and renders them insensitive to gating,
mimicking metallic behavior.

Chapter 6 takes one step further to discuss the filling effect of salt solutions,
including different concentration, different pH values, and different ion sizes. We
demonstrate that the electrical properties of SWCNT are also sensitive to the ionic
solution inside. Discussion in Chapter 5 and Chapter 6 opens a new avenue for
building sensors in which the SWCNT simultaneously functions as a
concentrator, nanopore and extremely sensitive electronic detector, exploiting the
enhanced sensitivity of the interior surface.

Chapter 7 describes project utilizing other types of nanostructures. In the quantum
ribbon project, we constructed FET with a new semiconducting material, tin
sulfide, a SnS quantum ribbon.

Chapter 8 briefly discusses the future directions and the major problems for

Nanofabrication.



Chapter 2

CARBON NANOTUBE FUNDAMENTALS

This chapter will introduce the background for the physical and electronic
structure of carbon nanotubes (CNT). We start from the structure of graphene,
then go forward to form the structure of carbon nanotubes. We will discuss how
the structure influences the electronic properties, such as band gap and density of
states of carbon nanotubes. The metallic and semiconducting properties will
influence the translocation of ions through CNT; this is discussed in Chapter 4.
The semiconducting CNT will be discussed in detail to explain the field effect
phenomenon when it is fabricated on the silicon dioxide substrate. This is the

basis for water wetting experiments shown in Chapters 5 and 6.

2.1 The structure of carbon nanotubes

A carbon nanotube can be imagined as graphene rolled up into a tube [4].
Graphene is a single layer sheet of sp® bonded carbon atoms is packed in a
honeycomb crystal lattice. The structure of graphene is shown in Figure 2.1. The

unit cell is the grey diamond that contains two atoms. The lattice vectors are
shown as aT andz [5]. Graphite has multiple layers stacked on top of each other.

Since our experiments using single-walled carbon nanotube, the graphene

structure (a single layer of graphite) is discussed here.



Figure 2.1 The structure of graphene. The lattice vectors are the blue arrows, the
unit cell is the grey diamond.

The lattice vectors have equations:

We have:

g =95, 435
1 ) > Y
a, =—x+——

275 > y

—_ —_—

_ _ 2
a,*a, = a,*a, =a

_—

a*a, = —

@.1)

2.2)

(2.3)

(2.4)

The lattice constant @ =+/3 a._. =0.246nm, while a,__ is the bond length of two

carbon atoms|[6].



The structure of a carbon nanotube is formed by rolling up a graphene sheet into a
cylinder. If more than one layer of graphene is rolled around each other, forming
N concentric tubes, it is called a multi-walled carbon nanotube (MWCNT). If only
one layer of graphene is rolled in to a cylinder, it is called single-walled carbon
nanotube (SWCNT). In our fabrication, most carbon nanotubes are single-walled
carbon nanotubes. So we restrict our discussion to single-walled carbon

nanotubes.

a

22020202 %%
0% % Y%
e % ;0
CH
OaCa®aa%%e®
CHORO-CHOEC

armchair

Figure 2.2 A carbon nanotube is based on a two-dimensional graphene sheet
(adapted from ref. [7]). (a) The chiral vector is defined on the hexagonal
lattice as C, = nd; + ma,, where a; and a, are unit vectors, and » and m are

6



integers. The chiral angle, €, is measured relative to the direction defined
by 4;. This diagram has been constructed for (n, m) = (4, 2), and the unit
cell of this nanotube is bounded by OAB'B. To form the nanotube,
imagine that this cell is rolled up so that O meets A and B meets B', and
the two ends are capped with half of a fullerene molecule. Different types
of carbon nanotubes have different values of n and m. (b) Zigzag
nanotubes correspond to (n, 0) or (0, m) and have a chiral angle of 0°,
armchair nanotubes have (n, n) and a chiral angle of 30°, while chiral
nanotubes have general (n, m) values and a chiral angle of between 0° and
30°. According the theory, nanotubes can either be metallic (green circles)
or semiconducting (blue circles).

Figure 2.2a shows how a graphene layer rolled up to form a nanotube. AB'BO is

the unit cell of this carbon tube. To form the tube, the graphene is rolled up so that

O meet A and B meet B'. The vector Fh describes the integer combination of the

lattice vectors. C, is defined as the chiral vector. In general, chiral vector is

written as:

|

N —_—

C, =na, + ma, (2.5)

The length of the chiral vector is:

=a\n’ +m’ +nm = \/gac_c \Nn* +m’ +nm (2.6)

‘Ch‘ = ‘na1 +ma,

Where n and m are integers, by convention n>m [8]. The chiral angle @is
measured relative to the direction of 5{ . In the figure, (n,m)=(4,2). The different n

and m numbers define the different types of carbon nanotubes. If one number is
zero, like (n,0) , the chiral angle is 0°, we call it a zigzag nanotube. If n=m, while
a chiral angle is 30°, we call it an armchair nanotube. In general, n and m can be
random numbers, and chiral angle varies between 0° and 30°, we call it a chiral

nanotube[6]. See Figure 2.3 for examples.

7



Vector Model SWONT Modea!

Figure 2.3 Schematic illustration of the SWCNT chirality: (adapted from ref.[6])
(a)—(c) armchair (10,10), zigzag (18,0) and chiral (17,-7). The left column
shows the rolling of graphene sheets to a carbon nanotube, illustrating the
chiral vector C, with respect to the unit vectors a; and a, in the
honeycomb crystal lattice of the graphene. The right column displays the
corresponding SWCNT models.

The properties of nanotubes are determined by the chiral angle and diameter,

which is defined by n and m. the diameter d is simply the length of the chiral

vector divided by m:

(2.7)
Bending the planar @ bonds into a cylinder results in a decrease of bonding

energy, which gives a limit of 0.7nm diameter for stable carbon nanotube[6].
8



The chiral angle is given by

tan™ (x/§n / (2m+ ”)) (2.8)

The measurement of diameter and chiral angle is done by scanning tunneling
microscopy and transmission electron microscopy, but it is very difficult to
measure diameter and chiral angle at the same time as measuring another physical
property. Microscopy is difficult because the tube is so small and the carbon
atoms are in constant thermal motion, and it is very easy to damage the tube by
the electron beam in the microscope.

AB'BO is the unit cell of this carbon tube. The unit cell of a nanotube contains N
hexagons, each of which contains two carbon atoms; thus the unit cell of a
nanotube contains 2N carbon atoms. If the unit cell of a nanotube is N times larger
than that of a hexagon, the unit cell of the nanotube in reciprocal space is 1/N
times smaller than that of a single hexagon.

There is no theoretical limit to the length of the carbon nanotube[9]. In our lab,
the longest CNT can be as long as centimeters, so the length to diameter ratio can
be as high as seven orders of magnitude. The end of the carbon nanotube can be
capped with carbon atoms in hexagons and pentagons[7]. But in our experiments,
carbon nanotubes with open ends were used, achieving by burning the carbon

nanotube ends in an oxygen plasma.

2.2 Electrical properties of CNT

The electronic structures of a carbon nanotube and graphene are similar. The band

structure of carbon nanotube is modified by its reduced dimensionality. We will
9



first discuss the band structure of graphene, and then discuss how the carbon
nanotube chirality determines its electrical properties. We will show how the
semiconducting and metallic nature of carbon nanotubes and their density of

states are determined.

2.2.1 Electrical structure of graphene

The graphene planar arrangement of carbon atoms result from sp” hybridization,
with three bond direction of 120° between them. Figure 2.4a show the graphene
lattice, the diamond area is the unit cell, A and B are inequivalent sites marked

with orange and blue.

Figure2.4 (a) the lattice of graphene (b) the reciprocal lattice of graphene

Figure 2.4b show the reciprocal lattice of graphene, it shows the momentum

states, k, available to electrons in the graphene [10]. The first Brillouin zone is
also a hexagon, with reciprocal lattice vectors:

— 27 — 27[—

b=k —=k,

(2.9)

and
10



17_+2—”17 27 e (2.10)

a3 &
In Figure 2.4b, some points of high symmetry are labeled. I" is the center of

hexagon where k = 0. The middle point of the Brillouin zone boundary is marked

as M, where k —2—7[17

av3 "’
The vertices of the Brillouin zone, marked by K and K', are called Dirac points.

There are three K and K'points in one Brillouin zone, each are equivalent to

—

k

A . .
= 3— has its maximum value.
a

each other. The K and K 'points are where
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Figure 2.5 3-D and 1D model of band structure of graphene (b is adapted from
Ref. [11])

Figure 2.5 shows the 3-D and 1D model of band structure of graphene. Figure

2.5a shows the allowed energy values for different . Figure 2.5b is the cross
section of the first Brillouin zone. We can find that at K and K'points, the
conduction band touches the valence band. From sp” hybridization, three electrons

form the bonds, leaving one electron free for each atom. One unit cell has two
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atoms, which has two free electrons. The two electrons fill the valence band,
leaving graphene as a zero band-gap semiconductor[12].

At the K and K'points the band-gap is 0eV. At the T point, the band-gap is
16.2eV. At the M point, the band-gap is 5.4eV [13]. The fact that the valence
band and conduction band touch means that there are available states for electrons
to transit from valence band to conduction band, so graphene can be considered as
a conductor.

Rolling the graphene sheet into a carbon nanotube restricted the graphene band

structure. The periodic boundary condition along C, quantize the graphene band
structure. First we define translational vector 7 along the carbon nanotube axis,
while C, is along circumferential direction (perpendicular to 7'), and we define

reciprocal lattice vectors K, in the circumferential direction and K, along the
axis. We have

a;.z = 0 T.z :272'

(2.11)
oK, =27 T-K, =0 2.12)
Where fl and E are given by:
— 1 -
K, :ﬁ(—tzbl +1b,) (2.13)
— 1 - —
K, =N(mb1 —nbz). (2.14)
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The wave vector is quantized along the C, direction, but remains continuous

along the T direction. The energy bands of carbon nanotube are made up with a
set of one dimensional energy dispersion relations that are cross sections of the
band structure of graphene.

The one dimensional energy dispersion relations are [14]

B 0= By V)

2 , (2.15)
where -7 /T <k <z /T 1is a one-dimensional wave-vector along the CNT axis
and v =1,..., N. The periodic boundary condition for a CNT gives discrete values
in the circumferential direction. The N pairs of energy dispersion curves given by
(2.15) correspond to the cross sections of the two-dimensional energy dispersion

surface of graphene.

;1} K! K!

Figure 2.6 One dimensional available wave-vector (bold lines) k in the Brillouin
zone of graphene(adapted from Ref. [6]) (a)for metallic CNTs (b) for
semiconducting CNTs
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Figure 2.6 shows several cutting lines near one of K points. The cutting line

corresponds to an allowed k value in the band structure of the carbon nanotube.

The distance between 2 adjacent lines is given by ‘Z ‘ =2/d, and the length is

given by ‘fz =27 /T . If the cutting line pass through K or K'points, the band

gap is zero, resulting in a conducting carbon nanotube. If the cutting line misses
the K and K'points, there is a finite band-gap between the valence band and
conduction band, resulting in a semiconducting nanotube. In general, for a (n,m)
carbon nanotube, if n-m can be divided exactly by 3, this gives a metallic carbon
nanotube. If not, this gives a semiconducting nanotube.[15]

It is predicted that the larger the diameter of a semiconducting carbon nanotube,
the smaller the bandgap [6], as demonstrated by experiment by Jeroen [16]. The
smallest stable CNT has a bandgap around leV. This gives an opportunity to
customize the bandgap of semiconducting CNT based on the diameter, which can

be a direction of further research.

2.2.2 DOS of carbon nanotube

The electrical properties of carbon nanotube are determined by the density of
states. Figure 2.7 shows the density of state of metallic and semiconducting
nanotubes. For metallic carbon nanotube, the density of state is constant between
valence band and conducting band. For a semiconducting nanotube, the density of
states is zero between valence band and conducting band, having peaks at the
edge of the band-gap. The transport properties of nanotubes are intimately related

to their electronic band structure. The band gap for semiconducting carbon
14



nanotubes is predicted to be E, ~0.7¢V /d, (nm). Small band-gap nanotubes

normally have a band gap less than 100mV. When the Fermi level is tuned into
the band-gap, the semiconducting tube of large band-gap shows a broad region of

near-zero conductance since E, > kT, while a small band-gap tube shows only

moderate dip in conductance since its band-gap is comparable to k,T .

, G
j— conduction — :C\ c,
— — — c

E11 E22

/’\I1
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/

Density of States Density of States

|
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E11

Energy

Metallic SWNT Semiconducting SWNT

Figure 2.7 DOS of metallic and semiconducting CNT(adapted from Ref. [17])

Optical properties of carbon nanotubes derive from electronic transitions. The one
dimensional material DOS has a feature that it is not a continuous function
energy, but decrease gradually then increase in spikes. The sharp peaks in one
dimensional material are called Van Hove singularities. Different nanotube
structures have different energies between Van Hove singularities. It is relatively
easy to detect optical signals from individual nanotubes and selectively excite

certain indices (n,m) carbon nanotubes.
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Good ohmic contacts made to metallic single-walled carbon nanotubes (SWNTs)
have revealed them to be ballistic conductors that exhibit two units of quantum
conductance, 4¢*/h (Rq = h/4e* = 6.5ka) [18]. Metallic nanotubes have been
reported to often approach such a quantized conductance value even at room
temperature. Semiconducting nanotubes devices have a conductance within 25%
of this theoretical limit [19, 20]. Additional resistance from the contacts can result
in smaller conductance. At room temperature, the main origin of the resistivity at
low bias in high-quality metallic single-walled nanotubes (SWNTs) is believed to
be scattering by acoustic phonons. The scattering is weak, resulting in long mean-
free paths at room temperature. Both measurements and calculations put the
mean-free path in the range of a few hundred nanometers to several micrometers.
At high biases, electrons gain enough energy to emit optical or zone-boundary
phonons. Yao et al. showed that this scattering is very effective, leading to a

saturation of the current at ~20 uA[21] at high biases.

2.3 Carbon nanotube field effect transistor (CNT-FET)

The semiconducting CNTs have general semiconducting -electrical
properties. They have an energy band gap in their band structure and conduct
poorly when the Fermi level lies within the gap. An intrinsic semiconducting
CNT can be doped with the environment, such as contact metals, as discussed
later. P-type carbon nanotubes are made under typical experimental conditions.
They are doped with an excess of positive charge. Otherwise, the Fermi level

position along the axis of a semiconducting nanotube can be tuned capacitive by a
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nearby electrode. This is analogous to the gate electrode of a metal-oxide-
semiconductor field-effect transistor (MOSFET). Positive potential attraction
results in negative charge builds up in the nanotube. The additional charge bends
the valence and conduction bands relative to the Fermi level in the nanotube. This

change the conductivity along the whole carbon nanotube [22].

ed

Metal semi CNT

Figure 2.8 Fermi level of CNT lines up with the Fermi level of electrode before
contact.

Figure 2.8 shows how the Fermi level of CNT lines up with the Fermi level of the
electrode before contact. For an intrinsic semiconductor, the Fermi level of CNT
is midway between the valence band and conducting band energies. The work

function @, is the difference between the Fermi energy of metal and the vacuum

energy. In the same way, @ is defined as the work function of the carbon
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nanotube. The typical CNT work function is 4.5¢V. When a CNT makes contact
with electrodes regularly, if the work function of metal is larger than the work
function of CNT (®, > ®,), such as Pd (5.1eV), Au (5.1eV), Pt (5.7eV), the
Fermi level of electrode tends to line up with the valence band of the CNT and
form a p-channel for hole transport through the CNT. In contrast, if the work
function of metal is smaller than the work function of CNT (@, <® ), such as
Scandium (Sc) (3.5¢V), the Fermi level of electrode tends to line up with the
conduction band of the CNT and form an n-channel for electron injection from the

metal electrode into the CNT.
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Figure 2.9 the I4-V,s for a real ambipolar device. (a) is the basic structure of
carbon nanotube field effect transistor (CNT-FET) (b) For I4 curve, the p-
type, band gap and n-type regions are indicated.

Under typical experimental conditions, we use gold (Au) as electrodes, so the

CNTs are doped with positive charge by electron injection into the metal,

resulting in a p-type channel. Transport in semiconducting nanotubes happens

primarily due to holes. Generally the Fermi level is within the valence band when

gate voltage is zero. Sweeping the gate voltage, however, can deplete the
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semiconducting nanotube and turn it off. See Figure 2.9 for an example of a
semiconducting nanotube. Figure 2.9a shows the typical structure of the carbon
nanotube field effect transistor (CNT-FET). Two electrodes directly contact with
the carbon nanotube, called the source and the drain electrode. A source-drain
bias (Vgs) is applied to the source and drain electrode, directly contact with CNT,
while the source-drain current (I4) is recorded. The dielectric silicon dioxide and
the heavily doped p-type silicon substrate functions as a back gate electrode. A
gate bias V, is applied here with respect to the source. Figure 2.9b shows a p-type
behavior at lower gate voltage. When V,<0V, the source-drain current is
relatively stable (~1nA). With larger positive gate voltage, I,q decrease rapidly,
similar to the creation of an inversion layer in a MOSFET. Between a region
7V~10V, the source-drain current is almost zero (as low as 0.001nA compared
with InA at negative gate voltage). This shows the band gap for a specific carbon
nanotube. Given enough positive gate voltage, I rises back, corresponding to n-
type behavior. The conductance of the p-type region is 4~5 times larger than the
n-type region. There is typically an intrinsic built-in barrier to n-type conduction.
This results in a higher resistance for n-type transport relative to p-type transport
[23]. Figure 2.9 illustrates the experimental results for an ambipolar device; the
band model for p and n-type transport is discussed in Figure 2.10 for a similar

device.
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Figure 2.10 Energy vs. distance diagrams along the length of the carbon nanotube
for a typical CNT-FET. (a) V=0, the Fermi level align with the valance
band (b) negative gate voltage bend upward the bands, gives p-type
behavior. (¢) positive gate voltage bend downward the bands, turn off the
FET. (d) When positive voltage is large enough, the bottom of the
conduction band can be pulled below the Fermi level in the nanotube,
gives n-type behavior.

Figure 2.10 shows the band diagrams along the length of a carbon nanotube

attached to electrode contacts at both ends. E, is the conduction band edge, E| is
the valence band edge. E, is the Fermi level of metal contacts. S and D are the

source and drain contacts. Typical metals make ohmic p-type contacts to carbon
nanotubes. In this case Figure 2.10a represents zero gate voltage. Thermally
excited carriers may aid transport. The band gap slightly bends downward
because of injection of electrons to the metals, leaving holes in carbon nanotube
as the carriers. There are no voltage drops either at the contact regions or in the
gate dielectric (for V,=0). Any small bias applied between source and drain will
make carriers flow across the device. A negative gate voltage pulls the above the
Fermi level, see Figure 2.10b, the Fermi level falls within the valence band,

giving a high current. The CNT-FET is turned on. A positive gate voltage pulls
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the bands below the Fermi level, and the nanotube is depleted of carriers in the
bulk, as shown in Figure 2.10c. The CNT-FET is turned off. This gives extremely
low or no current; the on-off ratio can be as high as five orders of magnitude. A
more positive gate voltage pulls the conduction band edge below the Fermi level,
shown in Figure 2.10d. This gives n-type operation; the current is several orders
higher than Figure 2.10c but still lower than p-type operation. The carriers go
through the band gap by tunneling from valence band states to conduction band
states (horizontal arrow) and thermal activation of electrons over the band gap
barrier (vertical arrow). Since the band gap is inversely proportional to diameter,
both mechanisms become more relevant in larger diameter nanotubes[6]. The
barrier for n-type conduction can be interpreted as a series contact resistance,
explaining why experimentally observed p-type conduction is larger than n-type
conduction (for p-type contacted nanotubes shown in Figures 2.9 and 2.10).

Carbon nanotubes with comparable p- and n-type conductance are called

ambipolar [24].
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Figure 2.11 Typical behavior for a p-type CNT-FET. (a) The IV curve modified
by the back gate, inset is the schematic of FET structure, and (b) a typical
22



I-V, curve, turned on by negative gate voltage, and turned off by positive
gate voltage.

Under the typical experimental condition, a p-type CNT-FET is constructed. The
most common measurements are current versus voltage (IV) as a function of
different back gate voltages. Sweep IV at step gate (Figure 2.11a) gives the
conductivity as well as the band gap changing by the back gate. The I,-V, curve
(figure 2.11b) is similar to that of a MOSFET ; it turns on at negative gate

voltage, and turns off at positive gate voltage [24].

2.4 Calculation of carbon nanotube electrical elements

The capacitance per unit length C; of the SWCNT is given by:

r_r,. b
¢ ¢ G (2.16)
C4 1s quantum capacitance. C, is the gate capacitance. The classical C, is the
result of electrical field between conductors, depends on the geometry and
dielectric materials. The quantum part Cg is the result of the constrains created by
the discrete electronic states and related to the DOS and independent of
electrostatics. For a back gate configuration, C;, <<C, so C~C,.
Ct=Cg=2n880/Cosh'l(h/r)= 2meey/In(2h/r). For a liquid gate, Ca>>Cqy, C~Cq.[5, 24]

Assuming diffusive transport, the conductance, G, of a semiconducting SWCNT

can be approximated by [24],

G=enu. (2.17)
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Another way of looking at the number of available carriers is using equation
Q=CV. Here we take the charge emas CAV. The relevant capacitance is the
capacitance per unit length, which determines Fermi level of CNT. The AV is the

voltage difference between the gate voltage ¥, and the threshold voltage ¥, we
have AV =V, -V, . This gives the equation,

c |y, -7,

L ﬂ. (2.18)

We can deduce mobility g from this equation by assuming that  is constant.

Mobilites in the range of 1000-4000 cnm” |V s are routinely obtained.

Transconductance can be calculated by,

g =00

The slope of [, —V,reflects the capacitance/mobility —change. The

_ GtV p
va L (2.19)

transconductance is often used to calibrate the sensitivity of FET for chemical and
bio-sensor.

The number of charges trapped per unit length is:

Q=ne=C, \VO—Vg\~chO_ (2.20)

The change of charge AQ = C,AV; supposing C, will not change. The shift of ¥

represents the change of charge.
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Chapter 3

DEVICE FABRICATION AND EXPERIMENTAL SETUPS

This chapter describes key steps in the fabrication of the nanostructure used in
thesis. In this thesis, several experiments use a similar design, with small changes
for specific purposes. In the DNA translocation experiment (Chapter 4), we use
CNT as a nanofludic channel, in which one SWCNT spans a barrier between two
fluid reservoirs, enabling direct electrical measurement of ion and small ssDNA
transport through the tube [1]. In the study of wetting and filling effect in CNT-
FET (Chapter 5 and 6), we use a similar design to DNA translocation experiment,
but embedded a field-effect transistor (FET) into the CNT nanofludic device, in
which the interior of a CNT-FET acts as a nanofluidic channel that connects two
fluid reservoirs, permitting measurement of the electronic properties of the
SWCNT as it is wetted by an analyte [25]. The electrical measurement for DNA
translocation and CNT-FET wetting used two different systems. DNA
translocation experiments measured ionic current as a function of time using a
sensitive current/voltage meter (Axon, Molecular Devices, Inc., CA); and the
CNT-FET wetting experiment measured source-drain current versus gate. The
measurements were taken place in a probe station use with a 2 channels low-noise

Keithley current meter.
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3.1 Growth of carbon nanotube

3.1.1 Long single-wall carbon nanotubes (SWCNTSs) growth by chemical
vapor deposition (CVD)

We used Co nanoparticles as catalysts and ethanol as the carbon source. This
method shows great performance in SWCNT growth with control over
orientation, length, and diameter[26]. The growth mechanism of ethanol CVD for
SWCNTs involves the dissociation of ethanol molecules catalyzed by the
transition metal, and dissolution and saturation of carbon atoms in the metal
nanoparticles[26, 27]. The precipitation of carbon from the saturated metal
particle leads to the formation of tubular carbon solids with sp” structure. Tubule
formation is favored over other forms of carbon such as graphitic sheet with open
edges. This is because a tube contains no dangling bonds and therefore is lower in
energy[7]. At high temperature, carbon has finite solubility in this metal, which
leads to the formation of metal-carbon solution and therefore forms the SWCNTs

once the metal is saturated. The SWCNTSs grown in this way can be 1 ~ 2nm in

diameter. The longest SWCNT we have grown was 1.05 cm.

3.1.2 Experiment setup

Figure 3.1 shows the experiment set up. Hydrogen (H,) and Argon (Ar) were used
for the growth of SWCNTs by CVD. The two gases first pass through drying
units (DRIERITE) and filters (Swagelok), which remove the water vapor and
other impurities. A mass-flow controller (MKS type 1179) was used to control the
flow and pressure of the two gases in this growth system. After passing the mass-
flow controller, there are two paths for gas flow, as shown in Figure 3.1a top

view. The lower part is for warming up the tube furnaces and removing the
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polymer on silicon substrate; the upper part is used to deliver the ethanol,[26] kept
in an ice/water bath (0 "C), into the tube furnace (Lindberg/Blue, mini-mite 1100C
Tube furnace, single zone), where the SWCNT growth take place. The tube
furnace is schematically shown in Figure 3.1b.

(@) System setup =
@) Plate:

Unit: cmn

|

(b)

OO0 OO0 000000

-,] \
7, |
Gas outlet \  / / 47 / Gasinlet

0O0CQCO00000C0O0O0C000000O0

Furnace

Temperature controller

Figure 3.1. (a) Experiment setup: side- view and top-view; (b) schematic diagram
of the ethanol chemical vapor deposition (CVD) in the tube furnace (one
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inch diameter quartz tube, 15 inch heating zone), where the CVD for
growing SWCNTs is performed over a Co catalyst.

3.1.3 CNT Growth procedure

Catalyst preparation: We used the block copolymer method[28] to synthesize
transition metal Co nanoparticles with uniform size and distance between the
nanoparticles, which can offer promise for the diameter- and position-controlled
growth of carbon nanotubes. The polymer is Poly (styrene-b-4-vinyl pyridine)
(PS-P4VP) (Mn-PS-b-4VP: 10400-b-19200; PDI: 1.27), received from Polymer
Source, Inc. The transition metal Co is from Cobalt (II) acetate (CH3CO,),Co
(Sigma-Aldrich Inc.). 0.05 g of PS-P4VP di-block copolymer was added into 12.5
ml toluene and stirred at 70°'C for 4-5 hours. Subsequently, 1.1 mg of
(CH3C0O;),Co powder was added to the block copolymer solution and stirred for
24 hours at 30°C. With this process, the Co nanoparticles will be homodispersed
in the polymer. The size of metal Co particle, of the order of nanometers, will
determine diameters of newly grown SWCNTs. Therefore to synthesize SWCNTs
of comparable diameters, a uniform nano-structure of the Co catalyst has to be
prepared very carefully. The PS-P4VP block copolymer forms micelles in toluene
which are capable of self-organizing into ordered structures on substrates.
Interactions between the transition metal Co ions and the pyridine group were
utilized to sequester metal ions in the spherical domains (nanoreactors) to form
monodisperse metal nanoclusters. Coordinated covalent bonds are formed as a
result of the interaction between the lone pair of electrons associated with the

nitrogen atom in the pyridine group and Co with partially filled 3d orbital.
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Catalyst Oxidation: A silicon substrate (15mm X% 30mm) with 1.0 um thick SiO,
was cleaned by piranha solution (concentrated sulfuric acid to 30% hydrogen
peroxide solution at 3:1 ratio) (caution: Piranha solution should be handled with
extreme caution as it can be explosive upon contact with organic materials) and
then rinsed by de-ionized water. After dipping the edge of silicon substrate into
polymer Co catalyst solution, the substrate was put on a quartz sample boat
(15mm x 50mm) with the catalyst side facing the gas flow entrance and sent into
the center of the 1 inch diameter quartz tube, shown in Figure 3.1b. The substrate
with a metal-salt-polymer strip was heated in the air at 750°C for about 15 min in
order to oxidize the catalyst and to remove the polymer from the micelles. Please
also note that other methods may be used to introduce catalyst onto the substrate
such as PDMS stamping. The importance thing is to control the amount of
catalyst. Instead of using a tube oven, oxygen plasma can also be used for catalyst
oxidation.

Catalyst reduction: The substrate was taken out of the tube oven after oxidation.
It is suggested that the CNT growth can be improved if the substrate is tilted by
slightly increasing the height of the catalyst side of the substrate. As shown in
Figure 3.1b, the substrate is tilted about 5 degree by inserting a small piece of
silicon block under the substrate at the catalyst side. The substrate is reloaded into
the tube furnace. With Ar flow at 300 sccm (standard cubic centimeter) and H, at
110 sccm, the temperature of the furnace is ramped up to pre-set 900°C with ramp
rate of 18°C /min. The reduction time is about 15 minutes. The temperature

distribution in the tube furnace is not uniform. It is important to keep the catalyst

29



edge aligned with the center of the tube furnace each time when loading sample to
avoid yield fluctuation.

CNT growth: The furnace is kept at 900°C and the hydrogen gas flow rate reduced
(H, at ~30 sccm and Ar at ~300 sccm). The nanotube growth is started by
switching valves to allow ethanol vapor to get into the furnace (close lower path
and open upper path in Figure 3.1a top view). The growth is normally carried out
for 1.5 hour.

Finish growth: After growth, the hydrogen is closed. The quartz tube is allowed
to cool down in Ar flow (~300sccm). The substrate is removed and cleaned with
Acetone, IPA and DI water. The substrate is kept in water to avoid contamination

prior to SEM imaging.

3.2 CNT nanofludic device fabrication

Cobalt catalyst particles were synthesized using the block copolymer method[29]
and were introduced by a brush (or PDMS stamp) to the edge of a silicon chip that
has 300 nm or 1000nm of thermally grown SiO; on the surface. Individual
SWCNTs of low defect density (Figure 3.2) were grown by a chemical vapor
deposition (CVD) process from cobalt catalyst particles using ethanol as the
carbon source.[30] After growth, the chip was investigated by SEM and the chip
with long SWCNTs was rinsed with organic solvent (IPA or acetone) and
immediately covered with a thin PMMA layer (no baking) to keep for future use.

The diameter of the SWCNTs was determined to be around 1.5-2nm. A
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representative distribution is shown in Figure 3.2c. Other properties such as

diameter and chirality can be determined by Raman spectra [31].
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Figure 3.2 SEM (a) and AFM (b) images of SWCNTs as produced. c)
Distribution of CNT diameter as determined by the AFM height
measurement

3.2.1 Position of SWCNT with alignment marker

After CNT was grown on the silicon chip, the position of CNT must be found. We
grew a layer of gold alignment markers on the chip. The gold alignment marker is
divided into several blocks with coordinates marked with letters and numbers, see
Figure 3.3. The position of CNT can be specified with the coordinate letter and
number. The gold alignment marker was fabricated by optical lithography process
or Electron beam Lithography (EBL) process. Optical lithography is fast and can
be mass produced, but the resolution is low, around 2um. Electron beam

lithography is slow but has much higher resolution, ~10nm [32].
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Figure 3.3 Gold alignment marker design for (a) photolithograph (b) EBL

For the optical lithography process, we used the cleanroom in the Center for Solid
State Electronics Research (CSSER) in Arizona State University. An EVG620
aligner is used for exposure. First, we spin-coated the chip with photo resist AZ
5214 IR at 4000 rpm for 30 sec, which gave an expected thickness of 1.2~1.4um.
(Image reversal was used here to facilitate liftoff [33]) Then the chip is soft baked
at 100°C for 90 sec. Then the EVG620 aligner was used to expose at dose
35mJ/cm’ with the mask shown in figure 3.3. After exposure, the wafer was post-
baked on hot plate 115°C for 120sec. After post bake, the wafer was taken back to
EVG620 aligner for flood exposure at dose 110mJ/cm®. No mask was needed at
this step. For the wafer development, the chip was immersed in AZ 300 MIF to
develop for Imin. The patterns were checked under optical microscope. An
adhesion promoter, HMDS, was not used here so that we can remove the

photoresist.
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The image reversal process reverses the action of positive photoresist so that
negative images can be formed with the same resolution. After development, the

photoresist in pattern area is gone, ready for metal deposition, see Figure 3.4b.
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Figure 3.4 Photolithograph process (a) exposure (b) develop (c) metal deposition
(d) liftoff

We use an evaporator (Edward 2) for metal deposition (Figure 3.4c), first adding
liquid nitrogen; the vacuum is pumped below 3x10° torr. A large current was
used to melt the metal, then Snm chrome is deposited at current of 3.8~4.4amp
and rate of 0.1nm/s. Then 30nm gold was deposited at current of 3.4amp and rate
of 0.2nm/s. Chrome was used here to increase attachment between silicon dioxide

and gold marker [32].
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The photoresist was easy to liftoff by dipping the chip in acetone. The acetone can
be heated up to 70°C and the solvent can be stirred to speed up the lift-off
process. The metal pattern should appear after lift-off, see Figure 3.4d.

The Electron Beam Lithography (EBL) process procedure is very similar to
photolithography with some operation differences. One big difference is that
photolithography needs pre-designed mask, while EBL does not need a mask and
only needs the pattern to be drawn on the computer, leaving much freedom for
modification. We use the EBL process because the photolithography often leaves
residues on the substrate which are hard to be cleaned. However, the EBL is much
slower than photolithography.

We used the JEOL JBX-6000FS EBL system. Before proceeding, the alignment
marker pattern was drawn on autoCAD, and saved as dxf 2000. We used
linkCAD to convert the file to GDSII format. The GDSII files were sent to the
EBL computer. Units used were micrometers. On the EBL computer, GDSII was
converted to j51 file, then the .pchk file was used to check patterns, and finally the
.ptd and .ptn files were created.

For the sample preparation we used E-beam resist PMMA A 8 or ZEP. The
process is the same for these two kinds of resist. Chips were spin coated for 30sec
at 3000rpm, and then pre-baked on the hotplate at 170°C for 15min.

After the sample was loaded in the chamber, before further operation, the
parameters of the lithography were written into .jdf and .sdf file, including the

dose and the position of pattern we want to expose. The mgn file for was created
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for the exposure. The sample jdf and sdf files are in the Appendix A. Exposure
and development of E-beam resist are discussed in Sections 3.2.3 and 3.2.4.

Metal deposition is the same as photolithography. For PMMA lift off, the chip is
immersed in dichloromethane (CH,Cl,) for 10 to 20min, flushed with acetone.
For ZEP lift off, immersed in ZDMAC (remover made by Zeon Chemicals L. P.)
with small amount acetone heated to 80°C for half an hour (maybe even longer),
flushed with acetone.

After liftoff, the alignment marker was complete. The alignment marker was
designed by several blocks array in row and columns. The row was marked by
number and the column is marked by letters. The location of particular block was
fixed if we find out the number and letters. The block corners were placed on
squares, used for more precise positions. Figure 3.5 shows the alignment marker

after fabrication.

Figure 3.5 the gold alignment marker done by photolithograph. The row is
marked by number and the column is marked by letters.
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3.2.2 Determine the location of CNT by SEM

After gold alignment marker is done, the CNT is located by SEM imaging. Using
FESEM (CSSER) or FIB (CSSS), with the measurement condition of voltage
1kV, current 0.46nA (FIB). The catalyst area was found first, and then the sample
was moved a little bit below the catalyst area, and swept from the left end to the
right end. The whole rectangular grid is imaged with CNT in it. An example was

shown in Figure 3.6.

Figure 3.6 SEM image of gold alignment markers. The circle is where we want
to put reservoirs, X and y are the coordinate relative to the center

After the SEM was taken, next step was to find CNT coordinates in this grid using
the SEM image, See Figure 3.5. Graphics software ImageJ was used; first the
center point of the rectangular grid was set. Then we found the coordinate
position (X, y) of the position where we want to put reservoirs relative to the

center. Then the row and column number of this rectangular grid was recorded.
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The EBL exposing pattern file was updated using the coordinates of the CNT.
This file was written as jdf file; please see Appendix A for sample files. In the
file, the reservoir type was chosen from pre-defined patterns. Also some grid
positions were chosen for control devices (No CNT). Six to eight reservoirs were
opened on one chip at one time. A record was made for chip and positions where
the reservoirs are opened.

After SEM imaging, the chip was cleaned for next step use. This was very critical
for successful CNT opening for subsequent measurements. For the cleaning, the
chip was rinsed with organic solvent (acetone and IPA). It was blown to dry in
nitrogen gas flow. The chip was cleaned by heating in a furnace at 400°C in Ar
and H; flow for at least one hour. The chip was spin-coated with PMMA A8 resist

immediately.

3.2.3 Making reservoirs by EBL

Both PMMA and ZEP can be used for reservoir patterning. For the same
condition, ZEP gives thinner layer and need less dose for exposure.

For PMMA, we chose PMMA A 8, the chip was spin-coated at 3000rpm for
30sec with the thickness of 900nm. The chip was prebaked on hotplate at 170°C
for 15min, or oven at 160°C for more than 4 hours. The Exposure dose was
chosen 540uC/cm’. (using the command “EOS 7,'U50 100pA' SHOT A4
RESIST 540,4”.) The expose time was around 30 to 40min.

For ZEP, we use ZEP520A. ZEP was stored in the refrigerator at 4°C, and taken
out to spin immediately. The chip was spin coated at 3000rpm for 30sec, with the

thickness of 400nm. Then it was pre-baked on hotplate at 170°C for 15min. The
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exposure dose is 100uC/cm2. (using the command “EOS 7,'U50 100pA' SHOT
A, 4 RESIST 100, 4”.) The expose time was about 5 to 10min.

Before loading the sample, gold marker was found with an optical microscope;
two crosses on the gold marker are chosen for alignment. For alignment, cross
coordinates were found from the autoCAD file. Then the whole chip was divided
into several rows and columns for fine alignment. The up-left corner of the whole
marker was set as the beginning of row and column number. The CNT
coordinates were determined by the row, column, and the shift relative to the grid
center (x,y from SEM images). This information was put in to jdf files, while we

include in the Appendix A.

3.2.4 Development of the EBL pattern.
This step was performed right before the measurement. The optical image of the

device after development is shown in Figure 3.7.

Figure 3.7 (a) Optical image of the CNT nanofluidic device after development.
‘AM’ means alignment marker. (b) SEM image of reservoirs after
development. The CNT can be seen to pass the barrier between the two
reservoirs.
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For PMMA, the chip was immersed in developer (MIBK:IPA=1:3) for 90sec (or
longer if needed) and stopped in IPA for 30sec, then blown dry with nitrogen.

A high contrast developer was also used by mixing solutions as the ratio
MIBK’:CS:MEK=11:10:1. (MIBK’=MIBK:IPA=1:3 used in ERCI38) This
recipe is patented by CSSER in Arizona State University. The regular developer
is a simpler method (MIBK:IPA=1:3 use in lab).

For ZEP, the chip was immersed in ZED-N50 (room temperature) for 1min and
stopped in MIBK (room temp) for 30sec, then blown dry with nitrogen. Post bake
was optional; the chip was put on hotplate 120°C for 2min.

After resist development, the chip will be treated by oxygen plasma (0.6 Torr,
7.3W, 20sec) around 30sec to cut and open the ends of CNT for nanofluidic

measurement.

3.2.5 MWCNT device fabrication

The MWCNT was purchased from Sigma-Aldrich Inc, with outer diameter 10-
30nm and inner diameter 5-10nm. The nanotube was dispersed inside PMMA A5
solutions by mild stirring over 24 hours. The concentration was around 0.1mg/ml.
After the suspension was well dispersed, the nanotube/PMMA mixture was
applied on substrate with a small brush. Then the substrate was baked at 180°C for
10min and transferred into the tube furnace immediately for PMMA removal.
PMMA was removed by heating the substrate to 400°C under 300 sccm Ar flow
for at least 1 hour. The SEM and AFM image of the MWCNT chip is shown in

Figure 3.7.
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The rest of the fabrication procedure was the same as the SWCNT. The MWCNT

was more difficult to be opened by oxygen plasma treatment.

Figure 3.8 SEM (a) and AFM (b) images of well-dispersed MWCNT on silicon
oxide substrate.

3.3 Fabrication of the PDMS microfluidic delivery device

The PDMS microfluidic delivery device, which can be easily integrated with the
carbon nanotubes based nanofluidic device, is a significant part for the
measurement of the ion current[34]. The chemical structure of PDMS, with

chemical formula is (CH3)3Si10[Si1(CH3),0],Si(CH3)s, is shown in Figure 3.9.

.
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Figure 3.9 The schematic diagram of the PDMS structure.
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The PDMS delivery device was prepared before measurement. It connects the
macrostructure with the CNT nanofludic structure.

First, the PDMS base was mixed (Sylgard 184 Silicone Elastomer kit) with its
curing agent at a ratio of 10.75:1 and stirred about 2 minutes in order to obtain the
uniform solution. The mixture was degassed at low pressures (35 Torr) for 30
minutes or more until all bubbles in the solution are removed. Then the mixture
was poured into two petri dishes which contain the top pattern and bottom pattern
in Figure 3.10. The two PDMS stamps which form the delivery device were

placed for 48 hours at the room temperature to become hard.
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Figure 3.10 a) The pattern of the top PDMS stamp. b) The Pattern of the bottom
PDMS stamp

We use the stainless steel tubes to make the holes of the PDMS stamps in order to
make ion current transport through the device. The two layers were placed in
oxygen plasma cleaner to be treated at high level (550~600 mTorr, 19.8 W) for 40

sec. We aligned the two layers under optical microscope as shown in Figure 3.11.
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Figure 3.11 a) Alignment of two PDMS layers. b) Photo after the alignment.

The PDMS device was heated for 60 sec at 70 °C to make sure the two layers
stick together. Stainless steel tubes were inserted into the top PDMS stamp, and
silicone tubes are used to connect the syringe. See Figure 3.12 for the PDMS

microfluidic delivery device.

Figure 3.12 PDMS microfluidic delivery device.
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We preformed leakage test to make sure that the PDMS device was good for the
ion current transport experiment. We first filled the PDMS device channel with 2
mol/L potassium chloride (KCL). Then we applied a bias 500 mV between two
channels and measured the leakage current, making sure it is less than 0.01 nA. It
was concluded that the PDMS microfluidic delivery device is excellent and well
sealed.

After confirming the PDMS microfluidic delivery device was good, the final step
was to combine the PDMS microfluidic delivery device with the CNT nanofludic
device. Under a microscope, the PDMS device was covered on the CNT chip,
aligning the micro-channel with the position of reservoirs. See Figure 3.13 for
details. The PDMS and the PMMA surface are both hydrophobic, after PDMS is
sealed with PMMA, the microfludic channels were built. Finally, the solution was
induced by the syringe, lead by PDMS microfludic channel to the PMMA

reservoir, and finally filling the CNT between the two reservoirs.

PDMS
device

o camrank lan current

FPPMA 700 nm

Figure 3.13 Cover PDMS device to the CNT nanofludic device (a,b) align the
PDMS microfludic device with the PMMA chip surface. (¢) Optical image
under microscope show the channel of PDMS align with the reservoirs.
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3.4 Building CNT-FET into a nanofludic device

In our CVD method growth of carbon nanotube, almost 90% of super long carbon
nanotubes were semiconducting CNT[35]. This gives a broad application of using
CNT as a semiconducting material in the transistors. In our experiments, the
CNT-FET was embedded into nanofludic device by adding source-drain electrode
in the barrier area between two reservoirs[23]. This step was added after SEM
imaging, before making reservoirs. After locating CNT, the first electrodes were
drawn by autoCAD, and then EBL and metal deposition was used to grow gold
electrodes on the CNT. The CNT chip was soft baked before deposition to
decrease the water molecules bonds on the surface of silicon dioxide, in order to
decrease the hysteresis of the finally current versus gate-voltage curve[36]. We
usually used electrodes of widths around 1 to Sum, and the distance between the
source and drain electrodes was lum to 20um. This scale was good for use of a
CNT as a FET. If nanometer spatial control is needed, the electrodes should also
be in nanometer scale. The EBL can give tens of nanometers electrode with good
metal liftoff. Dekker et al. reported a silica nanopore method to fabricate gold
electrode with nanometer precision[37].

The next step was to open reservoir at exactly the same position as the electrodes,
leaving the electrodes between the two reservoirs, Figure 3.14a, fabricating the

electrodes right between the two reservoirs.
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Figure 3.14 (a)Schematic of electrodes on nanotube nanofludic device fabrication
(b) SEM image of carbon nanotube with gold electrode and alignment
marks. (c) Optical image of developed patterned reservoirs covered by
PDMS microfluidic channels.

The source-drain electrodes were connected with an electrical meter that could
apply a bias and measure the current at the same time. Another gate electrode was
added at the back of the chip, Figure 3.15, directly in contact with the silicon
substrate. A voltage was added to the gate electrode relative to the source
electrode. The gate electrode controls the potential of CNT, which will control the
carriers along the tube. Compared with metal-oxide-semiconductor field-effect
transistor (MOSFET), a bias was added to the source-drain electrode, while the

gate electrode turned on and off the conducting channel between them. Thus the
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carbon nanotube based field effect transistor (CNT-FET) was constructed. When
the CNT was opened and added solution in the resevoirs, the interior of the CNT-
FET acted as a nanofluidic channel that connects two fluid reservoirs, permitting
measurement of the electronic properties of the SWCNT as it was wetted by an
analyte. Measurement toke place in the Faraday cage with probe station. A
Keithley SourceMeter 2636A, a Keithley low noise current meter 6514 and a
function generator (DS 345, Stanford research system) were used and controlled

by custom labview programs.

Figure 3.15 FET was built into CNT nanofludic device.
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Chapter 4

TRANSOLCATION EVENTS THROUGH SINGLE-WALL CARBON

NANOTUBES

We report the fabrication of devices in which one single-walled carbon nanotube
(SWCNT) spans a barrier between two fluid reservoirs, enabling direct electrical
measurement of ion and DNA transport through the tube. DNA translocation
events are accompanied by giant current pulses, the origin of which remains
obscure. Here, we show that introduction of a nucleotide alone, guanosine
triphosphate into the input reservoir of a carbon nanotube nanofluidic also gives
giant current pulses. Taken together with data on oligomer translocation, theses
new results suggest that pulse width has a non-linear, power-law dependence on
the number of nucleotides in a DNA molecule. Translocation of small single
stranded DNA oligomers is marked by large transient increases in current through
the tube and confirmed by a PCR analysis. Each current pulse contains about 10’
e, an enormous amplification of the translocated charge. We have also measured
the time for the onset of DNA translocation pulses after bias reversal, finding that
the time for the onset of translocation is directly proportional to the period of bias
reversal. Carbon nanotubes simplify the construction of nanopores, permit new
types of electrical measurement and open new avenues for control of DNA
translocation.

This chapter is based on the papers “Translocation events in a single-walled

carbon nanotube” published in Journal of Physics: Condensed Matter, 2010 [2]
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and “Translocation of single-stranded DNA through single-walled carbon
nanotubes” published in Science, 2010 [1]. My contribution is construction the
procedure of the carbon nanotube nanofluidic device fabrication and taking some

of the carbon nanotube ionic current and translocation measurements.

4.1 Introduction

Nanopores are orifices of molecular diameter that connect two fluid reservoirs
[38]. Kasianowicz et al first demonstrated translocation of DNA through a a-
hemolysin (aHL) protein nanopore under external electrical field in 1996 [39].
Since then, there have been growing interests in applying nanopores as single
molecule sensors and biophysics tools for studying biomolecules (DNA, RNA,
protein, etc) [40, 41]. Single molecule DNA sequencing is one of the exciting
applications proposed for nanopore [42]. The principle underlying nanopores is
straightforward: nanopores can act as Coulter counters. When a single molecule
carrying net charges is driven through the molecular size pore by an applied
electric potential, it can physically block the pore during the translocation, which
produces measurable and distinctive changes in ionic current.

There are mainly two types of nanopores: biological nanopores (e.g., aHL)
and synthetic nanopores (also known as solid state nanopores). Recently, the
carbon nanotube (CNT) emerged as a new type of synthetic nanopore. CNTs are
remarkable materials [4, 6]. They are perfect seamless cylinders, formed by
rolling up a graphene sheet (figure 4.1(a)) and capping each ends with half of a

fullerene molecule. Depending on the number of layers, the CNT can be divided
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into single-walled carbon nanotube (SWCNT), double-walled carbon nanotube
(DWCNT), and multi-walled carbon nanotube (MWCNT). Carbon Nanotube
based nanofluidic is a burgeoning field [43-46]. From a biological point of view,
the CNT is an ideal model to help understand the biological membrane channels
that work in aqueous environments with hydrophobic inner walls and nanometer
channel sizes. From a fundamental research point of view, it’s an exciting system
to test classical theories of fluid flow at the nanoscale. From an application point
of view, CNTs are perfect candidates for nanopores or nanochannels in
nanofluidic devices. (1) They require no special nanofabrication to achieve a pore
size of less than 5 nm. They have an atomically smooth surface and perfect
uniformity over large distances. (2) For high quality CNTs, the chemistry and
structures of the interior surface are well-defined, which simplifies theoretical
simulations. (3) The excellent electrical properties of CNT provide new routes to
electrical detection, trapping and manipulation of charged biomolecules and
nanoparticles. (4) Well-defined sites are available for chemical functionalization
at the ends of the tubes. Such modifications will be extremely useful for ion and
molecule selection, gating or separation.

To utilize CNT as a nanopore or nanochannel, it’s important to first
understand the transport of water through CNT. It seems counter intuitive that
water will enter and transport through hydrophobic and nanometer-sized CNT.
However, Hummer et al. have used large scale molecular dynamics (MD)
simulations to observe the spontaneous wetting and filling of a (6,6) CNT (1.34
nm in length) with water molecules [47]. The nanoscale confinement and the
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interactions between water and CNT surface are found critical. The water
molecules form ordered structures inside CNT, which makes confined water
within the CNT more stable than bulk water. The lower free energy of confined
water drives water molecules into the CNT automatically. Very fast water
transport through CNT was predicted because of the friction-less motion.
Following the pioneering work of water molecule transport, the translocations of
more complicated molecules, such as long chain polymer molecules [48], DNA
[49] and RNA [50] through CNT were simulated as well. Simulations revealed
that DNA molecules enter CNT spontaneously with the aid of van der Waals and
hydrophobic interaction forces [51] and the translocation events can be driven by
electric field [49].

So far, experimental studies by nuclear magnetic resonance (NMR) [52],
X-ray diffraction (XRD) [53], IR spectroscopy [54], transmission electron
microscope (TEM) [55] and scanning electron microscope (SEM) [56] have
confirmed that water could enter and form ordered structures in SWCNTs or
MWCNTs. More direct transport measurements are finished by using CNT
membrane, which consists of millions of carbon nanotubes in parallel [46]. Hinds’
group has pioneered a MWCNT membrane fabrication strategy [57]. They cast a
polystyrene polymer layer on a vertical aligned MWCNT forest to fill the gaps
between MWCNTs and form an impenetrable membrane. Then both ends of the
MWCNT were opened by oxygen plasma. Holt et al followed the work by
replacing the polymer with low-stress silicon nitride and using smaller sized
DWCNT [58]. Both groups found that the mobility of gas, water and ions can be

50



indeed greatly enhanced inside the tube. The transport of small redox and
fluorescent molecules through CNTs has also been measured [59, 60]. The CNT
membrane is relatively easy to fabricate and is perfect for applications such as
molecular separation and sea water desalination [60, 61].

Inspired by these experiments and theories, we set out to fabricate single
carbon nanotube based nanofluidic device. There are several reasons to pursue
individual CNT based nanofluidic device. First, the CNTs are heterogeneous in
physical properties. The single CNT approach allows us to carefully study the
properties of individual CNT nanopores, facilitating development of a
fundamental understanding of the mechanisms. Second, the single CNT approach
provides great potential for detecting and controlling the translocation of water,
ion and small organic/bio molecules through CNT. The excellent electrical
properties of individual CNTs are readily utilized. We have shown that the
semiconducting CNTs were permanently switched on after filling CNT with pure
water [1]. The transition of CNT electrical properties during water filling and
conduction will provide a valuable probe for studying CNT based nanofluidic
phenomena. Crook’s group did some preliminary experiments in the single CNT
direction by fabricating devices containing only one carbon nanofiber (about 150
nm in diamter) in epoxy membrane [62]. Shashank et al also reported the
fabrication and fluid flow measurements of devices based on individual carbon
nanopipe (about 300 nm in diameter) [63]. We have successfully fabricated
molecular size CNT (about 2 nm in diameter) based nanofluidic device with only
one SWCNT bridging two fluid reservoirs. The translocation of short single-
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stranded DNA through SWCNT (mainly metallic) was studied, as marked by
unusual electrical signals and confirmed by polymerase chain reaction (PCR) [1].
Interestingly, the ionic current signatures during DNA translocation in SWCNT
are quite different from those in silicon based nanopore/nanochannel [64-66]. The
origin is not clear yet. One reason may stem from the unique geometrical and
electrical property of CNT. In addition, experimental and theoretical studies have
revealed the complicated interactions between DNA oligomers and the graphitic
surface [67-71], which should also affect the translocation dynamics of DNA and
hence the electrical signal structures in ionic current. It’s still a challenging task to
understand the DNA translocation events in CNT, which requires numerous
experiments and simulations.

In this chapter, we will first briefly explain the device fabrication and
ionic current measurement. High ionic current was measured in a fraction of the
devices, and was attributed to the rapid electro-osmotic flow in the tube according
to the multi-scale simulations. It appears that small molecules will enter the tube
much more readily than long polymers, so we have studied the signals obtained
from guanosine triphosphate (GTP) as a model of an N=1 molecule (or N=3 based
on charges). We cannot use PCR to confirm translocation (cf. section 3), but the
similarity in signals suggests that translocation of GTP does occur. We also
present data for translocation of small single stranded DNA oligomers and on the
onset time for DNA translocation signals as a function of the time for which bias

was previously reversed.
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4.2 Device fabrication and ionic current measurement

Device fabrication has described in detail in previous chapters [1]. In brief, well
separated and high quality SWCNT was grown on silicon oxide surface by the
chemical vapor deposition (CVD) method using ethanol as carbon source and
Cobalt nanoparticles as catalyst [28]. The average outer diameter of SWCNT is
about 1.6 nm as determined by atomic force microscope (AFM). After the growth,
gold alignment marks were patterned on the substrate to register the location of
the CNTs (figure 4.1(b)). Then the substrate was coated with a 800 nm thick poly
(methyl methacrylate) (PMMA) layer and the reservoir patterns were generated
by electron beam lithography (EBL). An optical image of the device is shown in
figure 4.1(c). The SEM image of the barrier area (figure 4.1(d)) shows that only
one CNT is buried under the 2 um wide barrier and bridges the two reservoirs.
Oxygen plasma was used to remove the exposed CNT in the reservoirs and open
the ends. The intensity of oxygen plasma needs to be carefully controlled to avoid
damaging the PMMA surface. Control devices without CNT are always fabricated

in the same chip to monitor the leakage current.
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Figure 4.1. (a) The atomic structure of a (10, 10) armchair SWCNT (~1.4 nm in
diameter). (b) SEM of SWCNTs on silicon oxide surface. The gold
markers are fabricated after SWCNT growth and are used to locate the
CNT. (c) Optical image of a fabricated device after EBL step. Gold
alignment markers and reservoirs are clearly seen. The white dashed
square labeled the barrier area. (d) SEM of the barrier area (~2 pm in
width). One SWCNT passes the barrier and bridges two reservoirs. The
SWCNT in the reservoirs will disappear after oxygen plasma.

As shown in figure 4.2 (a) and (b), a polydimethylsiloxane (PDMS) stamp with
embedded microfluidic channels seals the top surface of the device. Buffered KCI
solution (1mM PBS buffer, pH=7) is injected into both reservoirs and reaches the
CNT openings. Silver/silver chloride electrodes (BASI MF-2078) are immersed in
the salt solution. A voltage is applied between the two reservoirs and the ionic

current is recorded (figure 4.2 (b)) using an Axopatch 200B (Molecular Devices,

Inc., CA).
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Figure 4.2. (a) Optical image of an assembled device with one pair of silicon
tubes for flushing the input channel (green pathway) and a second set for
flushing the output channel (pink pathway). (b) Schematics of the cross-
section of the assembled device and the ionic current measurement setup.

Each device was accompanied by a control device lacking the bridging CNT to

check the quality of the seal to the PDMS cover and the integrity of the PMMA

barrier. The fluid reservoirs were filled with 1M KCl, and Ag/AgCl electrodes

(BASI MF-2078) were used to measure the conductance across the reservoirs

connected by the SWCNT. After measurements, chips were stripped of PMMA

so that we could use AFM to measure the diameter of each CNT (Figure 3.2).

The current-voltage characteristics are linear (Fig. 4.3A). The measured tube

conductance is plotted vs. tube diameter in Figure 4.3B and it is consistent with

the expected quadratic dependence (though significant uncertainties in the
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diameters mean that we cannot rule out a linear dependence such as that observed
in channels with one nanoscale dimension [72]). This correlation between
conductance and measured diameter is strong evidence that ion transport is

through the tubes and not via a leakage path.
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Figure 4.3 Ton transport through SWCNTS: A. Typical current-voltage curves as
a function of salt are linear over the entire bias range used. B.
Conductance vs. tube diameter. Tube diameters were determined by AFM
after stripping off the PMMA resist and are subject to uncertainties caused
by residual resist. Uncertainties in conductance represent day-to-day

changes in a given tube. C. Conductance vs. log of salt concentration for
1

three tubes. The lines are fits to G oc 3.

The large magnitude of the conductance is unexpected. The bulk

expression for the ionic conductance of a tube is
G=u . +u, WeerD AL (4.1)
where p . = 7.62 x 10° m% Vs, t, =791 x 10° m% Vs, n,is the KCI

number concentration per m’, e the electronic charge, D the tube diameter and L
the tube length. With D = 2nm, L = 2um and 1M salt, equation 4.1 leads to an
estimate of G ~0.02 nS, about 250x lower than the conductances measured here.
Possible explanations for this discrepancy are (a) enhanced ion mobility within

the tube, (b) enhanced ion concentration in the tube, and (c) an important
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influence of the end regions of the tubes in the reservoirs, not described in the
simple formula above. Estimating the contributions of these factors to the
enhanced conductance requires challenging multiscale simulations. We can,
however, address a fourth option, that electrochemical currents owing to reduction
and oxidation reactions at the end of the tube contribute a direct electronic
component to the observed transport. It might appear that this possibility can be
eliminated trivially because such a current would be absent in the subset of tubes
that are semiconducting. However, direct measurement of the electronic
properties of a semiconducting tube shows that it is turned “on” once its interior is
wetted (see Chapter 5). A conducting tube suspended in a potential gradient in an
electrolyte acts as a bipolar electrode [73] but enormous fields are required to
drive electrochemical processes at the ends of a bipolar carbon nanotube
electrode. [74] We made measurements with an electrode contacting the SWCNT
directly, finding that electrochemical currents are negligible for the potentials
used here.

We have measured the dependence of the current on KCI concentration,
and data for three tubes are shown in Figure 4.3C (the horizontal axis is

logarithmic). The solid lines are fits to the empirically determined relation

1
G o« n?. This result disagrees with the linear dependence predicted by equation

4.1 and also has the opposite shape to the salt dependence observed in
conventional nanopores, where surface charges contribute a nearly constant
current at low concentrations. [75] A non-linear salt dependence could arise from

charge accumulation/depletion at the ends of tubes, such as has been both
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observed [76] and predicted [77] for electro-osmotic flow in charged
nanochannels. While carbon nanotubes are, in principle, neutral, electro-osmotic
flow could arise from the orientated water dipoles on the interior surface of the

tube [78].

Current(nA)
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Figure 4.4: Typical current-voltage curves for a SWCNT as a function of the pH

of 0.1M KCI with ImM PBS. The measured conductance is 2.98 nS at

pH9 (black squares), 2.25 nS at pH7 (red circles) and 0.51 nS at pH3.2
(blue triangles).

The pH of KCI solutions was adjusted by adding HCl or KOH and conductance
measured for a number of tubes. A typical data set is shown in Figure 4.4.
Reducing the pH of the KCI solution resulted in a substantial reduction of the
current through the tube as shown in Figure 4.4. This presumably reflects
protonation of the carboxylic acid residues at the end of the tube (pKa = 4.5 [79])
showing that the charge distribution at the end of the tube plays a significant role

in determining the current through the tube.
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Figure 4.5: (a) Current in 1M KCI between the CNT and input reservoir as a
function of bias applied to the Ag/AgCl electrode with the CNT grounded
(arrows show sweep direction). (b) Current between the CNT and output
reservoir. (c) Ionic current through the tube in 1M KCI plotted as a
function of the potential difference applied to the two Ag/AgCl electrodes
(black line) with the maximum electrochemical current (plotted as a
function of the potential difference between the CNT and one Ag/AgCl
electrode) shown on the same scale in red.

A device was fabricated with a 3 um wide Au electrode (30 nm Au on 3 nm Cr)
contacting an SWCNT under a 10 um wide PMMA barrier. The electrochemical
current was measured with the tube grounded and a bias sweep between 0 and
+0.2V with respect to the Ag/AgCl electrodes (which are at a resting potential of
0.22V vs. NHE in 1M KCl). If the potential drop across the floating SWCNT is
symmetrical and all concentrated at the ends of the tube, this would correspond to
a total applied potential difference of 0.8V, much higher than any of the biases
used in this work (even more so if there is any significant potential drop across
the tube itself). The results are summarized in Figure 4.5. Electrochemical
current through the grounded tube is shown for current into the input reservoir in
(a), and into the output reservoir in (b). For the CNT biased > -0.1V with respect
to the Ag/AgCl electrode, a reduction current is observed, and the linear rise in
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current suggests that it is diffusion limited. The Au-Cr contact will generate a
Schottky barrier [80] but the symmetry of the curves suggests that this is not a
significant effect. The currents observed here are higher than those reported for a
CNT electrode without exposed ends, [81] suggesting that the electrode kinetics
are enhanced at the ends of the tube.

These currents represent an upper limit to the electrochemical current because the
potential drops in the bipolar configuration will be much smaller. Figure 4.5¢
shows a plot of the ionic current through the tube as a function of the potential
applied between the two Ag/AgCl electrodes plotted together with the
electrochemical current plotted as a function of the potential difference between
the tube and one Ag/AgCl electrode. This shows that the maximum possible
contribution of electrochemical current is minimal. The CNT remains stable after
repeated electrochemical cycling as show by SEM examination of the CNT after
stripping the PMMA.

We found [1] an enormous range of ion currents through these devices, apparently
uncorrelated with SWCNT diameter. We also made field effect transistors (FETs)
out of the tubes used for translocation and measured their electronic properties.
On doing this, we found that the ion transport fell into two categories. The low
current group (where currents correlated well with classical models) was mainly
made up by the semiconducting tubes. The high current group was mainly
composed by the metallic tubes. Theoretical multiscale modeling suggests that

electro-osmosis dominates over electrophoresis in the metallic tubes that show
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large ionic conductivity. We focus on devices made with these tubes in what

follows.

4.3. GTP Translocation

Short ssDNA oligomers were chosen for the CNT translocation experiments.
Quantitative PCR (Q-PCR) was used to verify DNA translocation. PCR is a
fascinating molecular biology technique that a few or even single copies of DNA
can be quickly and exponentially amplified to millions of copies. Therefore PCR
is an ideal tool to detect trace amount of DNA with known sequence. However,
the minimum length of DNA that can be amplified is about 20 nt. We have
measured the translocation of 60nt, 120nt and 180nt long oligomers. In all the
experiments, large transient increases (“spikes”) in ionic current were observed.
Those spikes signal the molecular translocation events, as confirmed by Q-PCR
for the 60 and 120 nt oligomers. In general, the shorter oligomers show shorter
spike width, but these widths are large compared to the translocation times
observed with conventional nanopores [82]. This raises the question of whether a

single nucleoside-triphosphate can generate a measureable signal.
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Figure 4.6. (a) An example of ionic current versus time at an applied voltage of
700 mV in 1M buffered KCI solution (1mM PBS, pH 7). (b) Upward
spikes appear in the ionic current versus time at an applied voltage of 700
mV after the addition of SuM guanosine triphosphate (GTP) GTP (1M
KCl, ImM PBS, pH 7) into the input reservoir. (¢c) A zoom-in of one
typical current spike in (b) (inside the dot lines). (d) The histogram of the
spike width. The average duration of the spike is 0.86 = 0.15 ms.

To test for this possibility, we used a guanosine 5’-triphosphate (Sigma
Aldrich, HPLC grade) molecule. The device has a SWCNT bridging 2 um barrier.
Two control devices were fabricated on the same chip to test the leakage current.
Before the introduction of 5 uM GTP into the input reservoir, the ionic current of

the device at 1M buffered KCIl (ImM PBS buffer, pH=7) solution was measured
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by applying a 700 mV bias at the output reservoir (input reservoir is grounded) for
several minutes. An example of the ionic current time trace is shown in figure 4.6
(a). The ionic current was about 1.2 nS. No spikes or other fluctuations were
observed in the ionic current. After the introduction a solution of 5 pM GTP in
IM buffered KCI solution, the ionic current gradually increased to 2.9 nS and
large transient increases in ionic current were observed at 700 mV. These
“spikes” were accompanied by fluctuations in the background current (figure 4.6
(b) and (c)). No spikes were observed, at smaller or negative biases. These spikes
must be induced by GTP and are most likely due to the translocation of GTP
molecules, although this cannot be tested by PCR. The average spike duration is

about 0.86 + 0.15 ms (figure 4.6 (d)).
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Figure 4.7. Semi-log plot of the average pulse width versus the number of
nucleotide in the ssDNA oligomers. The solid line is a non-linear, power-
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law fitting (~0.08 N'%) to the experimental data. The bias is 500 mV for

oligomers and 700 mV for GTP.

Figure 4.7 shows a plot of the log of the average pulse width for 120 and
60 nt DNA (both at 500 mV). The pulse widths are widely distributed, but plotted
together with the datum for GTP (at 700 mV), they suggest a non-linear, power-
law relationship (~ 0.08 N'?) between the number of nucleotides and
translocation time. For the purposes of this plot, GTP has been shown as N=1. If
the backbone charge is the important physical parameter, then the GTP data point
should be moved to N=3. The errors in the data are such that this would not alter
the important implication of a power-law relationship between pulse width and
polymer length. Certainly, this relation needs to be further verified on much

longer ssDNA.

4.4 Translocation of small single stranded DNA oligomers

In order to test for DNA translocation, we used 60 nt and 120 nt DNA oligomers
with sequences that were predicted to be relatively free of secondary structure,
with forward and reverse primers chosen to have high melting temperatures to
minimize primer dimers and false priming. Devices were first characterized by
measuring current flow with 1 or 2 M KClI alone, and then a DNA solution (1 or 2
M KCIl, 1mM phosphate buffer, pH7) was flowed into the input reservoir side. A
control aliquot was collected from the output reservoir to test for DNA
contamination, and a positive bias then applied to the output side of the device.

We first observed a slow increase in the background current (Figures 4.8A and
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B). After a time, which depended on DNA concentration in the input reservoir,
large transient increases in current were observed. These “spikes” were
accompanied by large fluctuations in the background current (Figure 4.8C). The
spikes disappeared when the polarity of the bias across the tube was reversed, and
re-appeared when the original bias (positive on the output side) was restored.
Quantitative polymerase chain reaction (q-PCR) showed that DNA was
translocated in devices manifesting these large spikes. These were generally
tubes with conductances (prior to DNA addition) of > 2 nS (diameters > 2nm).
Some devices that showed similar instabilities in the background but no large
current spikes (Figure 4.8F) gave negative PCR results. We also tested for
translocation in “failed” control devices (i.e., lacking the CNT) that displayed
leakage current. Some, with large leakage current showed evidence of DNA in
the output well, but none displayed spikes, regardless of the magnitude of the
leakage current. Thus, the spikes signal translocation of DNA through the

SWCNTs.
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Figure 4.8: Signals of DNA translocation: A. Current (2M KCI, 1mM PBS pH 7)
prior to DNA addition. B. After DNA addition, current slowly increases.
C. 5 minutes after addition of 0.1 nM 60 nt DNA, large positive current
spikes appear. These are followed by a drop in baseline over a period of a
second or so, and then by a gradual rise leading to the next spike. D.
Representative data from another tube (also 60 nt DNA) with the
distribution of currents shown in E. The DNA causes large changes in
baseline in addition to the spikes. F. Data from a tube that showed both a
current increase on DNA addition and baseline fluctuations but no spikes.
No translocation was detected by PCR. The insets in C and F show the
fluorescence signal from dsDNA dye labels as a function of the PCR cycle
number for samples collected from these particular runs.

Quantitative PCR also provides a measure of the number of molecules
collected. We collected small aliquots of fluid from the output reservoir by
flushing the system through with water, and concentrating the solution using a
Microcon YM-10 centrifugal filter so that we could redilute with PCR buffer.
The filter losses were found to be highly variable, more so at low DNA

concentrations, and this accounts for much of the stated uncertainty in our results.
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We calibrated the PCR reaction with known amounts of DNA and, for one data
point, calibrated filter losses by mixing a known amount of a second sequence
(with orthogonal primers) and carrying out a PCR analysis of both the target and
calibration samples. The final molecule count was corrected for filter losses and
dilution during the sample collection. The various errors in these steps tend to
underestimate the amount of DNA that translocated (but contamination has the
opposite effect) so the final results are probably lower limits. PCR was limited to
the first use of a device and we rejected samples from chips that showed
contamination in the control samples collected. We were able to carry out PCR
on samples collected from 11 devices that had a conductance > 2 nS (about 20%
of the total working devices). Of these, four had DNA contamination in control
samples, leaving the seven tubes listed in Table 4.1. Two of these showed no
spikes and yielded no PCR signal. The remaining five all appeared to pass more
than one molecule per spike. In particular, tube HL-4-1-36, for which the filter
recovery was directly measured with a control sample, passed at least 30
molecules for each spike. If these numbers are lower limits, then it is possible
that the tube fills entirely with DNA, the spike signaling the cooperative emptying
(or possibly filling) of the tube. The uncertainties in the PCR measurement are
too large to reveal any significant difference between the number of molecules per
spike for the 60 nt sample (23, 13, 34) and the 120 nt sample (88, 16) though the
spike frequency was much lower in the two 120 nt runs, and the spike duration

significantly longer.
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Tube Tube DNA Number of Number of Molecules
Conductance | Sample Spikes Molecules per spike
nS (IM KCl) (nt)

ADI1 9.7 60 350+50 80002000 22.9+5.7
AD2 9.5 60 30+£10 4004200 13.3+6.6
AA Newl 19.6 120 64+10 8500+3100 88+48
AA New?2 2.7 120 15004200 24400+5700 16.3+3.8
HL-4-1-36 9.6 60 364 1224+774* 34+21.5
HL-4-1-41 4.8 60 0 0 -
HL-4-1-40 O8 2.7 60 0 0 -

Table 4.1 Results of g-PCR for tubes with conductance > 2 nS that gave
uncontaminated control signals. Errors in spike count reflect the
consequences of different cut-off criteria for selecting spikes. Errors in
the molecule count were dominated by uncertainties in the filter recovery
efficiency, except for the datum labeled * which was calibrated with a
second oligomer.
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Figure 4.9: Characteristics of the translocation signals for 60 nt DNA: A. Spike
rate increases with bias after a threshold that depend upon the particular
CNT - the two devices here show spike signals above 0.1 and 0.4 V. The
rates were not dependent on the initial DNA concentration, but longer wait
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times were required at lower DNA concentrations. B. Spike amplitude

(red points) increases linearly with bias, being about 5% of the

background current (blue points). C. Histogram of spike events (count is

color-scaled) as a function of the log of spike durations and amplitude.

Spike duration was around 10ms and spike amplitude varied from 100 pA

to 1 nA. For comparison, we also plot amplitude and duration data for

negative-going current spikes (current-blockades) observed in a

multiwalled tube (“MWCNT”). D. Distribution of the charge in each

spike for the SWCNT in units of e. The larger peak corresponds to the
spikes shown in Figure 4.8, though a number of devices also showed an
additional set of smaller spikes at the highest bias, and these give rise to
the smaller charge transfer peak.

Figure 4.9A shows data for the spiking-rate as a function of bias for two
different tubes passing 60 nt DNA. The spike rate increased with applied bias,
and the two tubes showed different threshold biases for the onset of spikes (and
hence translocation). The spike frequency did not depend on DNA
concentration, probably because DNA is concentrated at the input side of the tube
during the initial application of bias prior to the appearance of spikes (Fig. 4.8B).
Evidence for this pre-concentration is found in the wait time (the period for which
background current increases prior to the onset of translocation spikes) which
increases with decreasing DNA concentration.

For the 60 nt DNA, the spike amplitudes are about 5% of the baseline
current (Figure 4.9B) and their duration is between 10 and 20 ms, independent of
spike amplitude (Figure 4.9C). The product of the spike duration and amplitude
yields the charge contained in each spike (Fig. 4.9D). This is remarkably large, at
about a pC or 10 electrons. Fan et al. explained positive charge spikes observed
in nanochannels as a consequence of additional mobile ions brought into the

channel by DNA molecules. [83] If our tubes (2 um long) were entirely filled
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with one hundred (20 nm long) 60 nt DNA oligomers, each carrying 60 mobile
charges, the spikes would represent > 1000 fold amplification of the charge
carried by the DNA. Even packed solid with ions (the hydrated radius of K" and
CI is about 0.33 nm) the tube could only hold about 107 of the charge released
in each spike. Two possible explanations for this are (a) that the presence of
DNA inside the tube enhances the (already anomalously large) ionic conductance
yet further or (b) that the spikes originate in changes in a region of polarization in
the reservoirs outside the tube, much as has been observed in junctions between
micro- and nano-channels. [84] The observed pH dependence of the ionic current
through the tubes shows that surface charges at the entrance to the tube play a
role, suggesting that polarization at the ends of the tubes is important. Changes in
this polarization as DNA translocates might provide the large charge signals, but
multi-scale modeling is required to clarify the origin of these features.

Then we turn to investigate in more detail the timescale associated with DNA
accumulation at the input to the SWCNT. The reference electrode in the DNA
input reservoir is grounded as shown in figure 4.10 (a). 0.1 nM 60 nt ssDNA is
injected into the input reservoir. Both reservoirs contain 1M KCI solution with
ImM PBS buffer (pH 7). Translocation requires that the output reservoir is biased
positive with respect to the input reservoir. After the onset of tranlocation signals,

we investigated the effects of reversing the polarity applied to the device.
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Figure 4.10. (a) The schematic of a DNA translocation measurement setup. The
electrode at input reservoir is always grounded. 0.1nM 60 nt DNA 1is
injected in the input reservoir. (b) The time trace of ionic current when
switching the polarity of bias at output reservoir. (c) Re-organized ionic
current data by aligning ionic current at voltage transition position. (d) The
zoom-in of one typical data. The current magnitude always increases at
positive bias and decreases at negative bias. Spikes appear after a wait
time at positive bias and no spikes at negative bias. (e) The relationship
between the wait time and the applied negative bias. The solid line is a
linear fit to the experimental data.

We switch the bias between -0.4 V and 0.4 V back and forth frequently and
recorded the ionic current through the device. A typical time trace of the current is
shown in the lower panel of figure 4.10 (b). The applied voltage versus time is
shown in the upper panel of figure 4.10 (b). The ionic current data in figure 4.10
(b) can be reorganized by aligning ionic current at the negative to positive voltage

transition position. The re-plotted data is shown in figure 4.10 (c) — lines to the

left of 10s (arbitrarily set to the transition time) represent current versus time as
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the output reservoir sat at -0.4V (time stopping at 10s), while those to the right
represent current versus time as the output reservoir sat at +0.4V (time starting at
10s). Note that translocation spikes are only observed when the output reservoir
is positive, as previously reported [1].

One recording through a bias reversal is expanded in Figure 4.10 (d) to show
the wait time for the onset of translocation spikes more clearly. The wait time is
plotted vs. the period for which bias was reversed in Figure 4.10 (e). Clearly,
DNA is swept away from the entrance to the device when the input reservoir is
biased positive. The recovery time for the onset of signals is very close (slope =
1.2) to the time for which the bias was reversed. This suggests that the wait time
reflects the time needed to acquire an adequate concentration of DNA on the input
side of the tube. Such a pre-concentration process has been demonstrated in other
microfluidc to nanofluidic interfaces [85, 86]. So the existence of a wait time may
suggest that the DNA translocation can only start when the local DNA
concentration at the entrance achieves a critical level. This might imply a
collective DNA translocation (i.e. more than one molecule translocating at a
time), consistent with the measured relationship between the number of

translocation spikes and amount of DNA translocated [1].

4.5. Conclusions

In conclusion, we have successfully fabricated individual CNT based nanofluidic
devices and demonstrated the translocation of ion and DNA through individual

SWCNTs. The device fabrication methods are straightforward and can be
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generally applied to SWCNTs, MWCNTs, carbon nanofibers and etc. The new
data for the translocation times of GTP are suggestive of a power-law relationship
between translocation time and polymer length. If this turns out to be a generally
valid result, it is important because it predicts a very slow translocation speed of
very long DNA through devices. More data is needed on the relationship between
translocation time, applied bias, polymer length, tube diameter and tube length.
The correct choice of tube dimensions might permit translocation of long DNA
while also slowing it to a speed that matches sequence readout. This is a critical
missing component of current nanopore devices where translocation is generally
much too rapid [42]. Our study of the wait times points to the pre-concentration of
DNA at the entrance to the device. This is clearly important because it suggests
that very small amounts of DNA could be handled simply by increasing the wait
time for translocation.

Individual CNT based nanofluidic devices may open new avenues for
fundamental research, such as molecular confinement and mass transport at
nanoscale, and practical applications, such as new schemes for DNA sequencing
and new type of single molecule sensor. To achieve these goals, significant efforts
in experiment and theory are needed. We will continue to improve the device
fabrication methods, carried out detailed and systematic experiments, and also use
large multi-scale simulations to understand the considerable number of new

physical and chemical phenomena appeared in these devices.
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Chapter 5

ELECTRONIC SENSITIVITY OF CARBON NANOTUBES TO

INTERNAL WATER WETTING

We have constructed devices in which the interior of a single-walled carbon
nanotube (SWCNT) field-effect transistor acts as a nanofluidic channel that
connects two fluid reservoirs, permitting measurement of the electronic properties
of the SWCNT as it is wetted by an analyte. Wetting of the inside of the SWCNT
by water turns the transistor on, while wetting of the outside has little effect.
These observations are consistent with theoretical simulations that show that
internal water both generates a large dipole electric field, causing charge
polarization of the tube and metal electrodes, and shifts the valance band of the
SWCNT, while external water has little effect. This finding may provide a new
method to investigate water behavior at nanoscale. This also opens a new avenue
for building sensors in which the SWCNT simultaneously functions as a
concentrator, nanopore and extremely sensitive electronic detector, exploiting the
enhanced sensitivity of the interior surface.

This chapter is based on the paper "Electronic sensitivity of carbon nanotubes to
internal water wetting" published in ACS Nano, 2011 [25]. 1 list as the first author
and finish 80% of the device fabrication, experiment setup and all kinds of

measurements.

74



5.1 Introduction

The excellent electronic properties, small pore size and large surface to
volume ratio of single-walled carbon nanotube, SWCNT, form the basis of a large
number of new types of electronic sensors[87-89] in which analytes generate a
signal by binding to the outside of a SWCNT. However, the interior of SWCNT
is unexplored territory for chemical and biological sensor applications. Here, we
address the question of how internal water wetting affects the electronic
properties of the SWCNT (and the properties of the contacts to it).

Counter intuitively, the hydrophobic interior of SWCNTs is readily wetted
because the surface tension of water is much lower than the threshold value.[90,
91] Microscopically the chemical potential of water is lower inside the SWCNT
than in the bulk,[47] and water can be transported at many thousand times the
speed possible with classical Poiseulle flow.[47, 57, 58, 92] Internal wetting of
CNTs has been verified by transmission electron microscopy (TEM)[93] and a
number of spectroscopy methods,[94-98] showing that water is ordered inside a
CNT. The transport of water, ions and small molecules through CNTs has also
been studied experimentally using membranes consisting of billions of carbon
nanotubes in parallel.[57, 58, 99] Recently, we reported studies of ion and DNA
translocation through individual SWCNTs[ 1] by making devices in which just one
SWCNT connects two fluid reservoirs. Ionic currents were found to be much
larger than predicted by a standard electrophoresis model and DNA translocation

was accompanied by electrical signals that differed drastically from what is
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observed in other inorganic nanopores.[100-102] A very recent study showed yet
another (proton dominated) mode of transport in very long SWCNTSs.[103]
SWCNT field effect transistors (FETs), show that the electronic properties
of SWCNTs are sensitive to their diameter, chirality, defects, doping,[104]
adsorbates[105, 106] and environment[88], though these effects can be masked by
the dominant role of Schottky barriers at the metal-SWCNT junction.[107, 108]
Wetting of the outside of SWCNT-FETs by water changes their hysteresis and
shifts their threshold gate voltage (Vi,).[109-112] The resistivity of SWCNT mats
falls when they are wetted (possibly both inside and outside)[96, 113] but these
results are difficult to interpret in terms of the response of individual SWCNTs.
Thus, we have used our new devices, in which just one SWCNT connects two
fluid reservoirs to compare the effects of external and internal wetting on SWCNT

FETs.

5.2 Exepriment setup

We first grew well-separated single-walled carbon nanotubes (SWCNTSs)
on phosphorus-doped silicon wafers (used as a back-gate) with a 1000 nm of
thermal oxide. Cobalt nanoparticles were used as catalyst and the carbon source
was ethanol vapor. Conditions were chosen to produce high quality SWCNTs
with an outside diameter of 1 to 2 nm. Gold markers and large electrical pads
were fabricated using optical lithography. SEM images were used to locate the
SWCNTs position relative to the markers. After SEM imaging, the chips were

heated at 400 °C in Argon for 1 hour to remove resist residue. Immediately after
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cleaning, the Au/Cr metal electrodes for contacting the SWCNTSs (normally 5 pm
in width and 40nm/5 nm in thickness) were fabricated using electron beam
lithography (EBL) and the electrical properties of SWCNT were measured in
ambient air. SWCNTs with good electrical properties were selected for the next
step. We then spun-on a 900 nm thick layer of polymethylmethacrylate (PMMA,
AS8) over the entire device structure, and wells were formed along the path of a
SWCNT using EBL aligned relative to the markers. The electrical measurements
were carried out in a home-built probe station inside a faraday cage. A Keithley
SourceMeter 2636A, a Keithley low noise current meter 6514 and a function
generator (DS 345, Stanford research system) were used and controlled by custom

labview programs.
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Figure 5.1. Measurement of a SWCNT nanofluidic channel integrated with a
SWCNT field effect transistor. (a) Schematic of the device structure and
electrical measurement configuration. The inset shows an optical image of
a device. The two blue squares (i.e., 60 pm x 60 um) are the fluid
reservoirs cut into the PMMA (yellow). Areas contacted by the PDMS
cover are shown in green. Fluid flow in the PDMS channels is indicated
by the red and blue arrows. The distance between source (S) and drain (D)
electrodes (red) is 15um. (b) Scanning electron microscopy (SEM) image
of a single reservoir device after stripping off the PMMA layer to show
the SWCNT lying under the electrodes. The areas labeled by the gray
dashed squares indicate the position of the reservoirs. (c) Optical image of
a device assembled with a PDMS cover for solution delivery. The read
and blue lines show the fluid paths.
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The combined nanofluidic-CNT-FET is shown in Figure 5.1. It consists
of a single SWCNT that connects two fluid reservoirs formed in a PMMA resist
using e-beam lithography. Source and drain electrodes are evaporated onto the
SWCNT under the barrier[114, 115] and a heavily doped p-type silicon substrate
acts as a backgate. Only the SWCNT under the barrier remains after the exposed
SWCNT in the reservoirs has been etched with an oxygen plasma.[1] The fluidic
path is completed by attaching a PDMS cover containing microfluidic channels.

Further details of the fabrication are given in the methods.

5.3 CNT-FET water wetting phenomenon

We first characterized individual p-type semiconducting CNT-FETs prior
to open the SWCNT, both dry and with the exposed SWCNT wetted. We then
opened the SWCNTs and recorded FET characteristics with the tube dry and wet.
Only internal wetting had a significant effect on the characteristics of the device.
Furthermore, vacuum drying of the SWOCNT restored the pre-wetting
characteristics. For controls, we (a) exposed the SWCNT between source and
drain electrodes and wetted the tube externally in this region; (b) Connected an
electrode to the fluid reservoir and altered its potential (the extent possible with
pure water) (c) Varied the degree of plasma treatment of the reservoirs to alter
surface charge in the reservoirs. (See water gate and control parts shown later)
None of these controls altered the response of the SWCNT significantly. Thus, we
conclude that water on the inside of the tube affects the contacts (and probably the

band structure) of the tube in a way that water on the outside of the tube does not.
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Representative data for one tube before opening are shown in Figure 5.2a.
The source-drain current (Ipg) versus backgate voltage (Vgs) curves are for the
dry tube in air (black curves) and for the tube externally-wetted in the reservoir
area (red curves). We observe an increase of hysteresis and a shift of the threshold
gate voltage (V) as reported earlier for external wetting.[109-112] Immediately
after a gentle (~30sec, 7.2 W) oxygen plasma treatment to open the SWCNT
(Figure 5.2b), we find that Ips decreases a little in the saturation current region
and Vy, shifts slightly (black curve, Figure 5.2b). The characteristics change
dramatically a few minutes after injection of water into the reservoir to wet the
interior surface of the tubes (red curve, Figure 5.2b). The backgate bias no longer
has any effect over the range of bias we can apply without breakdown. The
transition is independent of drain-source bias as shown in heat maps (Figure
5.2c,d) of Ips as a function of both Vpg and Vgs. Transistor action in the dry
device (Figure 5.2¢) is abolished over the entire range of Vps and Vgs when it is
wetted internally (Figure 5.2d).  Furthermore, the effect is quite reversible:
vacuum drying restores the function of the backgate (grey curve). Note that the
“on” conductance of the tube does not change dramatically when the tube is

internally wetted, the main effect being abolition of the action of the backgate.
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Figure 5.2. Effects of wetting on electronic transport in a SWCNT. (a) External
wetting: Ips-Vgs semilog curves for an unopened p-type SWCNT device
before (black) and after (red) filling the reservoirs with water at
Vps=0.5V. The blue arrows indicate the direction of the Vs sweep. (b)
Internal wetting: Ips-Vgs curves (Vps=0.5V) before opening (grey), after
opening with an oxygen plasma (black), after water is added to the
reservoirs (red) and after the tube is subsequently dried in vacuum (green).
(c) Heat map of Ipg (green = zero current) as a function of Vgs and Vpg for
an unopened p-type SWCNT-FET. (d), as in ¢ but internally wetted. The
SWCNT is now ohmic over the entire range of Vgs and Vps.

When a p-type SWCNT-FET (keeping the electrodes protected) is
externally wetted, its threshold moves towards more negative gate bias and

hysteresis increases. [109-112] Internal wetting produces exactly the opposite
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result (Figure 5.3): the threshold moves to more positive gate bias and the
hysteresis decreases.

Transport characteristics of a device measured at different times during water
filling process is shown in figure 5.3. I4- Vg curve usually flatten out quickly after
water addition. For some devices, the semi-metallic type transition is slow and
transport curves can be recorded as wetting proceeds. An I4-V curve taken right
after exposure to water (orange) captures a transient state with the threshold

shifted positive and the hysteresis significantly decreased.
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Figure 5.3. I4-Vg curve of a device (layout of the device is the same as Fig. 5.1a
inset) measured at different times during water filling process.

Internal wetting abolished gating reversibly in 11 out of 18 measured
semiconducting CNT devices, and diminished it in 3 of the remaining 7 devices
(Figure 5.4). Three of the 18 semiconducting devices did not show a full

transition to metallic-like behavior on wetting, perhaps because they did not wet
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fully. We show representative data here (Fig. 5.4). These devices still showed

some hysteresis and a small amount of gating after wetting internally.
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Figure 5.4. An example of 145~V curves for a (black) dry and (red) internally
wetted CNT-FET which did not show a full transition to metallic behavior.
In this case only one end of the tube was opened so the partial transition
may reflect partial wetting.
Thus, the observation is not a result for a specific chirality or diameter, but a
rather general property of single-walled semiconducting carbon nanotubes. We
also measured 3 metallic CNT devices and all showed decreased conductance
after water filling (Figure 5.5). Typical results for a metallic tube are shown in
Fig. 5.5. Before opening the tube by oxygen plasma, the device showed negligible
response to water (Fig. 5.5a). After the tube ends were opened by oxygen plasma,
I4s decreased. Iy decreased further after water was added to the reservoirs and

recovered after vacuum dried as shown in Fig. 5.5b. The decrease of conductance

during filling is shown in Fig. 5.5c.
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Figure 5.5. a. 14V, curves of a device with unopened metallic SWCNT before
(black) and after adding water (red) into the reservoirs. b. The same device
was measured after opening with an oxygen plasma (black), after water
was added to the reservoirs (red) and after the tube was subsequently dried
in vacuum (green). Unopened CNT data (gray) measured in air are shown
here as reference. V4= 0.8V for both (a) and (b). c. I3 time traces during

adding water into the reservoirs for both unopened and opened tubes at V4
=0.8 Vand Vg =10 V.

5.4 Results discussion and water gating test

We have ruled out some trivial causes for this effect. It is not a consequence of a
short circuit between drain and source caused by external wetting. No amount of
exposure to water alters the p-type FET response unless the SWCNTSs are opened.
We can also rule out the possibility that oxygen plasma treatment alters the tube
in some way. Freshly opened tubes that are not exposed to water show p-type
transistor action with characteristics only a little different from those measured
prior to opening the tubes (black curves, Figure 5.2b). Another possibility is that
the surface charges in the water reservoirs generated by oxygen plasma treatment
may “pin” the potential of the CNT (through the poorly conducting medium of the
water) out of the range of the backgate potential. We therefore measured the
effect of sweeping the potential of a quasi-reference electrode (Pt wire) in contact

with the water (water-gate, “Vy,” in Figure 5.6). This reference electrode plays
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the role of introducing a strongly-charged surface into the reservoir. The
electronic transport characteristics of the CNT-FET device (with both unopened
and opened CNT) were not sensitive (Figure 5.6) to the potential applied to the
“water-gate” potential over a range of three volts, a potential change much larger
than could be produced by any reasonable change in surface charge. Thus we can
conclude that surface charges in contact with the water reservoir do not play an
important role in our device. The most likely explanation for this is the high
resistivity of (reasonably) pure water. Thus the potential of water inside the tube
will be dictated by interactions with the tube, unless salt is added to the
reservoirs.[116]

We have used a reference electrode to “gate” the water potential in the
reservoirs. The experiment setup is illustrated in Figure 5.6a. A hydrogen-flame
cleaned platinum wire was used as qausi-reference electrode, which controls the
water potential to the extent that it influences the concentration of the small
number of ions in DI water. A true reference electrode cannot be used because, as
we point out before, the presence of salt in the solution washes out the water
gating.

We measured the effect of sweeping the potential of the reference
electrode (“Vy,~ in Figure 5.6a) in contact with the water. The range of water gate
bias is set to avoid the onset of large electrochemical current (EC current in figure
5.6¢). Two devices with both unopened and opened CNT were measured. The

results are shown in Figure 5.6b-d. Transistor action of the CNT device was not
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sensitive to the potential applied to the “water gate”. Only a slight decrease in 4

was observed at positive V.
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Figure 5.6. a. The illustration of the water gating experiment for an unopened

CNT. Pt wire is used as the water gate electrode. Pure water filled the
reservoirs. Both water gate bias (V) and back gate bias (V) are applied
to gate the CNT FET device in the measurements. b. The source drain
current (Igs) of device 1 with unopened CNT as a function of Vy, at
different V. The V4=0.1V. c. The Iy as a function of V,,, of device 2
both for unopened CNT (black) and opened CNT (red). The V4=1V. The
electrochemical (EC) current between Pt wire and the source electrode
was measured and the value was negligibly small. d. The I4 as a function
of Vi, for device 2 with opened CNT. The p-type transistor behavior was
observed in air (gray) but disappeared after been wetted. There different
Ve were applied to the device but they could not restore the p-type
transistor.
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5.5 External wetting for control experiment

Studies of external wetting[109-112] have been carried out using a
window opened in dielectric material that covers the metallic contacts (Figure
5.7). The difference between internal and external wetting may just reflect the fact
that the tube is not wetted all the way up to the contact in the external wetting
process. To check for this, we opened a window that exposed the electrodes as
well, having first established that current flow through the water in contact with
the electrodes is negligible (Figure 5.8a). External wetting of the tube all the way
up to the contacts did move the threshold to more positive gate bias but did not
result in abolition of gating (Figure 5.8b). So this difference between external and
internal wetting does not account for the effects of internal wetting.

Effects of external wetting are shown below. Data from two devices are plotted
here to illustrate device-to-device variation on external wetting. The structures of
the two devices are illustrated in the insets of Fig. 5.7a and c respectively: only a
short section of the SWCNT between the two electrodes is exposed to water. The
source (S) and drain (D) electrodes are protected by a PMMA layer. In both
devices hysteresis increases and the device remains p-type. A trace of I4 vs. time
is shown in Fig. 5.7c. No change was observed after adding water into the

reservoir, opposite to the result shown in Fig. 5.3 for internal wetting.
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Figure 5.7. External wetting: a. I~V curves for one control device with a
section of CNT between source and drain electrodes in air (black curve) or
in water (red curve). As shown in the inset, the reservoir opened along the
CNT path is about 60 um in length and the distance between D and S is
about 140 pm. b. I4-V,s curves of another control device. c. 14 time trace
of the same device as (b) when exposing the outside of CNT to a water
bath at V=20V and V4= 0.5V. The optical image of the device
structure was shown in the inset.

The results of External wetting with exposed electrodes are presented here. The

device structure is shown in the inset of Fig. 5.8a. The reservoir size is 60 pm x

60 pum, the Au electrodes are 5 um in width and the distance between the two Au

electrodes (edge to edge) is 5 um. We first checked the leakage current between

two gold electrodes. When the electrodes are completely covered with PMMA,
the current between two electrodes is negligibly small. When the electrodes are
exposed to air, some leakage current appears. After adding water to the reservoir,

the leakage current increased only slightly.

88



We then measured the device with a SWCNT between two electrodes.
After adding water, the transistor action still remains. However, the threshold
voltage Vy, shifted significantly to the positive direction and the current at
subthreshold region increased. (Fig. 5.8b) These changes may due to the
modification of gold work function and the Schottky barrier at contacts during

external wetting.
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Figure 5.8. I4-V,s curves of control devices without (a) and with (b) a CNT. The
devices were measured before opening reservoir (gray), before (black) and
after (red) exposing the metal electrodes to water. For both devices, the
reservoir size is 60pm x 60pum and the Au electrode is 5 um in width and
45 nm in thickness (as shown in the inset of (a)).

Finally, we considered the possibility that the gate field is modified by the
dielectric properties of confined water[117] which will alter the capacitance of the
tube, and hence its potential at a given gate bias, but estimates of this effect show
that it is very small. Thus, we conclude that internal wetting must alter the

electronic properties of the SWCNT and/or the Schottky barriers[ 108] at the

contacts in a way that external wetting does not.
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5.6 Water wetting theory and principle discussion

In order to investigate these effects further, we carried out molecular
dynamics and electronic structure calculations for water confined inside a
SWCNT. Turning first to water structures inside the tube, we filled a 2.84 nm
long semiconducting (10, 0) tube (0.78 nm diameter) with water and equilibrated
the structure (see the theory for details). The resulting water structure is a single-
file hydrogen-bonded “wire” (Figure 5.9). The dipole orientation of such water
structure and the importance of the dipole orientation to the water transport
through CNT have been studied before.[118, 119] According to our estimates, the
dipole field of this water structure is in magnitude competitive or even stronger
than the electrical field of the backgate in both axial and radial components. This
dipole field causes redistribution of the charges at the CNT and contact electrodes
which cancel the dipole field but also influences the electronic characteristics of
the tube, including Schottky barriers. The water dipole will flip frequently[120]
but the flipping can be suppressed by the drain-source field. In contrast, external
water generates essentially no dipole field. Thus internal water may generate an
electric field and polarizes the tube and metal electrodes that modify the Schottky
barrier at the contacts. These effects are not seen at external wetting.

Secondly, internal water may also modify the electronic structure of CNT,
as suggested by the IR spectroscopy.[97] We have carried out DFT electronic
structure calculations using the same CNT (10,0) tube. The CNT was filled with
optimized and thermally equilibrated (300K) water structure (Figure 5.13), using

molecular dynamics simulations as discussed in the previous paragraph. A
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decrease in the bandgap was observed when water molecules fully fill the CNT
(red curve in Figure 5.13¢). The CNT bandgap decreases with the number of
water molecules (Figure 5.14). The bandgap is also reduced when water
molecules are placed outside the tube. However, the decrease is much smaller
(~15%) even when a large number (115) of external water molecules were used.
The reduction in the bandgap of CNT originated from the enhanced interaction
between ordered structure of water molecules and the carbon atoms. Significantly
stronger interaction is observed when water molecules are confined inside the
tube (insets in Fig. 5.13c), leading to a penetration of the occupied levels of
oxygen into the CNT band gap. No shift in the CNT Fermi level was observed
and there was no charge transfer between internal water molecules and carbons.
The CNT bandgap reduction will lower the Schottky barriers and push Vg, to a
larger positive value.
Theory details

To understand the change of the electronic structure of a semiconducting
SWCNT upon filling it with water, we have performed the Density Functional
Theory (DFT) calculations on a number of various configurations of a
semiconducting nanotube with water, with Molecular Dynamics (MD)
simulations used to optimize the distribution of water molecules. The hydration
geometries for the DFT calculations of the water-filling for nanotubes was
obtained by MD simulation, connecting two reservoirs by the CNT, of which one
was filled with water, and recording the system state after approximately filling
of 1/4, Y4, %, and the full tube length. This resulted in a partially ordered “chain”
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structure of the water molecules,[121] oriented around the tube axis, as shown in

Fig. 5.9.

\Lxr(k’\'. \ 4

Figure 5.9 a) Partially ordered nanosutructure of the waters, filling the narrow
CNT, connecting with H-bonds b) Ordering of the water dipoles; an arrow
tip in the direction of a dipole, which is by convention from negative
toward positive charge.

Prior to the DFT calculation, we have also calculated the potential surface
induced by the water dipole field at the virtual surface overlapping with the CNT
surface, as shown in Figure 5.10. The structure of ordered water inside CNT of
Fig. 59(a) is shown in the inset. The average potential difference between
opposite ends of the surface in z-direction is 0.9V on the 2.84 nm CNT, that
corresponds to the electric field of 0.32 V/nm The dispersion in potential
corresponds to various positions around the circumference of the CNT (at a fixed
z) and is due to the angular/radial (deviations from axis) fluctuations of the
organized water structure. This causes spatial irregularities of the field, but is
close or even higher in magnitude than the back gate field. We note that the CNT
used in previous experiments was of larger diameter (1.3 nm), and, as shown by

Kolesnikov[121], besides the ordered structure close to the axis, the water filling

in this case also creates a water cylinder, the coaxial structure. We were able to

92



reproduce such structure by filling a 1.3 nm CNT with water. However, the
distorted dipole-like electric field from the axial ordered structure was not
completely screened by the water cylinder. Therefore, as long as the CNT
diameter is small enough the in-filling water organization certainly increases the

coupling of the waters with the CNT, as reflected in the DFT calculation.
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Figure 5.10 The potential distribution of CNT induced by water wire. The
structure of water wire (including 11 water molecules) inside a (10, 0)
SWCNT of length 2.84 nm is obtained by MD and showed in the inset and
in Fig. 5.9.

Prior the DFT calculation, the ends of the CNT in Fig. 5.12(a) were
terminated with 30 hydrogen atoms each (not shown in figures), whose positions
were optimized prior the water filling. The electronic structure calculation was
done with such a terminated “empty” CNT as well as partially (Illustrated in Fig.
5.11, for the half-filling), and fully filled. As the end effects, the terminal layers of

CNT with terminating hydrogen were charged upon DFT calculation, in both
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cases of “empty” CNT and water filling, and these end charges were almost
completely neutralized by the opposite charges induced in terminating hydrogens.
To see the possible effect of the CNT charging under influence of the water
filling, we have subtracted, upon the converged DFT calculations explained
above, the Lowden charges at the CNT of the water filled and “empty” CNT.
This, would represent the charging of CNT dues to the dipole filed of the ordered
water-filling structure. In Fig. 5.12 we show the integral over the CNT axis of the
so obtained charge distribution. It is not zero, but is asymmetric to the CNT
center, negative at the side of the CNT where is the positive “end” of the water
dipoles (see figure 5.9). Thus, one can expect that the induced charges at the DFT
position itself to completely cancel the external water dipole filed. In the process
of the water filling the carriers in the CNT redistribute until the water field is

cancelled.

Figure 5.11 A snapshot of the water-filling process: A half-filled CNT.
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Figure 5.12 The integral of the distribution of charges displaced by the electric
field from water potential in (a). The right half of the tube is charged
negatively (with excess of about 0.5 e) to null the dipole electric field in
axial direction.

The density of states (DOS) of the dry CNT, as well as the full filled
systems are shown in Fig. 5.13c, showing a drop of the HOMO-LUMO gap. The
DOS was projected at the middle section of the tube. Identical results were
obtained by studying the energy of the molecular orbitals of the CNT-water
system as function of the electron occupancy, in the vicinity of the Fermi energy,
as shown in Figure 5.10a, illustrating also changes in the gap due to the partial
water fillings. Interestingly, the Fermi energy is not changing with the water
filling and stays about 3 eV in all cases. Since the DFT smearing, needed for
convergence of “empty” CNT and internally wetted DFT was 0.13 eV, the density

of states of both of these cases is consistently shown for this smearing. However,

the smearing needed for externally wetted CNT was 0.54 eV, and the
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corresponding density of states was shown here for comparison, though not fully

compatible with the shown “empty” CNT calculation.
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Figure 5.13 Calculated HOMO-LUMO gap for wetted SWCNT: a. Structure of a
(10, 0) SWCNT of length 2.84 nm, filled with 11 water molecules (0.13
eV smearing). b. Structure of a (10, 0) SWCNT with 115 water molecules
surrounding at the outside of the CNT (0.54 eV smearing). c. Density of
States (DOS) for the pristine (black), fully water-filled (red) and externally
wetted CNT (green). The arrows indicate the HOMO (H) and LUMO
(L).The insets are the cut-plane visualization of the electron density of
occupied states at the middle length region of the CNT.
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Figure 5.14 a. Energy of the CNT-water molecular orbitals as function of the
orbital occupancy. The orbitals in the gap, around the Fermi energy
(shifted to 0) are localized at the end of the CNT and are consequence of

96



the finite-cluster calculation. b. The HOMO-LUMO gap of the CNT-water

system in function of the fraction of the water filling (longer tube, solid

line). The gap in the shorter (10,0) CNT (length of 15.62 A), with ordered
water molecules

The dependence of the HOMO-LUMO gap in function of the water filling
of the The HOMO-LUMO gap as function of the water filling of the tube is
shown in Fig. 5.14b for both long (28.4 A) and short (10, 0) CNT (15.62 A). In
the latter case, the water molecules were ordered parallel to each other, and that
ordering as well as the length effects of the tubes caused difference in the curve
shapes on the filling fractions at Fig. 5.14b. As seen in Fig. 5.14b, the longer tube
showed slightly bigger reduction in HOMO-LUMO gap when fully filled. The
effect is expected to be stronger with increase of the CNT length and its diameter,
to the dimensions used in the present experiments.[122] It is also interesting that
for the longer tube, the significant change of the HOMO-LUMO gap happens
only when filling almost half of the tube with water. Finally, the gap was
changing dominantly by shifting up the top of the valence band Figs. 5.13¢c and
5.14a): The bottom of the conduction band was almost unchanged.

We have also studied change of the HOMO-LUMO gap in cases of the
external wetting of the (10,0) CNT tube. The obtained results were almost
identical for longer and shorter CNT’s. Although the number of the water
molecules included in the external wetting was 115, obtained by MD simulation
(see Fig. 5.13Db), the change of the gap was significantly smaller than in the case

of internal wetting. As can be seen in Fig. 5.15b, the gap was decreased to ~1.2

eV (from 1.4 eV of the CNT), which is less than 15% change. However, in case of
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external wetting this small reduction of the gap is happening in combination of
the shift down of the bottom of the conductive band and a slight shift up of the top
of the valence band (red curve, Fig. 5.15b). Since the convergence of the
calculations with external wetting was reached with the DFT smearing of 0.54 eV,
for consistency we have also solved the electronic structure problem and density
of states for the “empty” CNT (Fig. 5.15b). We also studied the cases of both
internal filling and external wetting of the tube (also with 0.54 eV smearing). The
geometry was obtained by MD simulation (Fig. 5.15a). As shown in Fig. 5.15b,
the HOMO-LUMO gap is almost identical to the external wetting result, the main

difference being in absence of the shift of the conducting band.
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40 | — CNT (0.54 eV)
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Figure 5.15 a Structure of a (10, 0) SWCNT of length 2.84 nm, filled with 11
water molecules and surrounded by 115 water molecules at the outside of
the CNT. b. DOS of externally wetted (red solid line), both externally
wetted and internally water filled (blue solid line), comparing with the
case of only internal water filling (dashed cyan line). The DOS of dry
CNT was shown here as reference, for two DFT Gaussian smearing.
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5.7 Water wetting time dependence investigation

Based on these simulations, it is clear that internal wetting can modify the
electronic property of device either through dipole electric-field and induced
polarizations mediated modification of the Schottky barriers and/or via the shift of
the valence band owing to the bandgap reduction. We devised an experiment to
separate the effects of internal wetting on the contacts from the effects on the
electronic properties of the tube itself. To do this, we opened the SWCNT at one
end only, so that the internal wetting would proceed slowly, passing first one
contact, then the interior of the device, and finally the second contact, measuring
the current through the device as the wetting proceeded. Figure 5.16a shows a
typical current vs. time trace for a device gated partially “on” initially.
Interestingly, the current first drops and then rises to the saturated “on” value
(note the current scale is logarithmic). Since, as revealed by Figure 5.14a and
quantum calculations, the internal wetting has a minimal effect to the valence
band when the wetting is less than 25 % of one side, and becomes really
significant at more than 75% of the tube filling, this result implies that wetting
increases the Schottky barrier at the first contact, an effect that is eventually
counteracted by the upward movement of the valence band. It was shown
previously that asymmetric Schottky barriers (generated by different metal
contacts,[123] or an extra gate near one contact[124]) will produce rectifying
behavior. We slowed down the wetting process by using a tube with a 100 um
separation between the source and drain electrodes so that we could record Ipg as

a function of Vpg as wetting proceeded (the backgate was set to turn the device
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“on” initially). Initially (1 in Figure 5.16b) the Ips-Vps curve was symmetric.
However, at intermediate times (2, and 3 in Figure 5.16b) the device showed
rectification, returning to a symmetric response (4 in Figure 5.16b) as both

contacts became wetted.
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Figure 5.16. Change of electronic properties during wetting. (a) Ips vs. time for
Vgs=20V and Vps=2V. The red arrow marks the point of water
addition, with current initially falling before rising to the equilibrium
value. The optical microscopy image of the single reservoir device used
for this measurement is shown in the inset. (b) Ips-Vps curves (Vgs=0 V)
for a slow-filling device (inset top right) showing a transition from
symmetric behavior (1) to rectification (2,3) and back to symmetric
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behavior (4) as the internal water propagates into the structure (inset down
right).

We can qualitatively account for our observations by assuming (a) that the
Schottky barriers is first increased due to the water dipole induced polarizations of
the CNT and metal electrodes in particular, as predicted by the molecular
dynamics simulations and (b) that the valence band is then shifted upward
(narrowing the Schottky barriers) as predicted by the DFT calculations. Figure
5.17a shows the device switched “on” (blue dashed lines) at Vgs=0 and “off”
(orange dashed lines) at Vgs>0 when the tube is dry. When water wets the inside
of the CNT under the first contact, an increase of the Schottky barrier height
(Figure 5.17b) leads to a current (Ips) drop. With the further wetting of the CNT
interior, the upward shift of valence band (Ev) (Figure 5.17¢), lowers the Schottky
barrier height, turning the device on. A significant shift in Ey and /or a large local
polarization field at contacts (due to the induced image charges at electrodes from
the polarized CNT) will overcome the ability of the backgate to modulate the
conductance (indicated schematically by the smaller difference between the
dashed orange and blue lines in Figure 5.17c and also turns the device “on” at
Vgs>0. We often observed a similar or slightly smaller “on” conductance of the
devices after water wetting, which implies a similar SB, or a large metal-CNT

contact resistance.
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Figure 5.17 Sequential change of the energy band diagrams of a CNT-FET
device during water wetting process at a fixed positive Vpg and different
Vs (orange-positive, black-zero, and blue-negative). (a) The initial
diagram before wetting. (b) The increase of SB at contacts. (¢) The up
shift of valence band (Ey) while the CNT Fermi level is fixed. The red
lines indicate the heights of Schottky barriers. S and D are source and
drain electrodes respectively. In the diagrams, the contact resistance is
neglected and the Fermi level between metal contact and CNT is always in
alignment.

5.8 Further discussion and Methods

Internal wetting with a salt solutions (0.1 mM KCI) immediately restored
p-type transistor action in tubes that had been rendered insensitive to gating by
pure water (Figure 5.18). The change may be due to the disruption of the ordered

water structure and the water-CNT interaction inside the CNT by the hydrated salt
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ions. At 0.1 mM salt, a 15 um long SWCNT contains approximately 3 K™ and 3
CI ions and 10° water molecules, so water ordering would have to be extremely
sensitive to the presence of just a few ions. A second possibility is that the carbon
nanotube potential needs to float with respect to the reservoirs for the abolition of
gating to be observed. The addition of salt will add the capacitance of all of the
electrolyte in the reservoir to that of the tube, effectively pinning the tube
potential.

The effect of salt addition is shown in Figure 5.18. We studied the effect of
electrolytes using tubes that had previously shown a semiconducting-to-metallic
transition on wetting. When 0.1 mM KCI solution was injected into the reservoir,
p-type transistor characteristics were restored with increased hysteresis.
Subsequent rinsing with distilled water restored the semiconducting-to-metallic

transition immediately

1Opened 2. Wetted
1 / 4. Water rinsed

2 (3. 1n 0.1mM KClI

40 -5 0
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Figure 5.18. I4-Vgs curves of a device before (black) and after adding water
(red) and 0.1 mM KCI (blue), and after flushing with water (wine).
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In summary, we have studied electronic transport in individual SWCNTs
as they are filled by water. The tubes are extremely sensitive to internal wetting,
which affects the CNT potential and bandgap structure, owing to the
nanoconfinement of water. Thus this work provides a new method to investigate
water at nanoscale. Furthermore, SWCNTs are likely to be even more sensitive to
internal analytes than they are to external analytes. Using the inside of the tube as
the sensing surface will also permit the SWCNT to be used as a nanopore (for
analyzing single molecules[1]) and as a nanoscale sample concentrator because of
the ion-selectivity of SWCNTs [125, 126] and the enhanced water flow inside
them.[57, 58] Analytes dissolved in water that enter the CNT slowly will
accumulate owing to the several-thousand fold enhancement of water flux through
the tube.

METHODS

Device fabrication. We first grew well-separated single-walled carbon nanotubes
(SWCNTs) on boron-doped silicon wafers (used as a back-gate) with a 1000 nm
of thermal oxide. Cobalt nanoparticles were used as catalyst and the carbon
source was ethanol vapor. Conditions were chosen to produce high quality
SWCNTs with an outside diameter of 1 to 2 nm.[1] Gold markers and large
electrical pads were fabricated using optical lithography. SEM images were used
to locate the SWCNTSs position relative to the markers. After SEM imaging, the
chips were heated at 400 °C in air for 1 hour to remove resist residue.
Immediately after cleaning, the Au/Cr metal electrodes for contacting the
SWCNTs (normally 5 um in width and 40nm/5 nm in thickness) were fabricated
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using electron beam lithography (EBL) and the electrical properties of SWCNT
were measured in ambient air. SWCNTSs with good electrical properties were
selected for the next step. We then spun-on a 900 nm thick layer of
polymethylmethacrylate (PMMA, AS8) over the entire device structure, and wells
were formed along the path of a SWCNT using EBL aligned relative to the
markers.

Electrical measurements. The electrical measurements were carried out in a
home-built probe station inside a faraday cage. A Keithley SourceMeter 2636A, a
low noise current meter 6514 and a function generator (DS 345, Stanford research
system) were used and controlled by custom labview programs.

Theory. The Density Functional Theory (DFT) calculations were performed with
the Computational chemistry package NWChem[127] using 12000 processors at
the Cray XTS5 computer (Jaguar) of the National Center of Computer Sciences
(NCCS), ORNL. The molecule dynamics (MD) calculations were performed at
the Cray XTS5 computer (Kraken) of National Institute of Computational Sciences
(NICS), UT Knoxville, using computer package GROMACS.[128] Hydration
geometries were determined using MD simulations on a (10, 0) carbon nanotube
of various lengths (2.84 nm, 280 C-atoms, and 1.56 nm, 160 atoms), of 7.8 A
diameter, partially and fully filled with water, as well as wetted outside. Eleven
water molecules filled the longer nanotube, forming a chain, while 115 water
atoms wetted the CNT externally. We performed the all-electron calculations,
using the 3-21g (3s2p) basis, and the GGA, nonlocal hybrid DFT exchange-
correlation functional, with Gaussian smearing of 0.13 eV in case of the water
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filling and of 0.54 eV for the external wetting. Full details are given in the water

wetting theory section.
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Chapter 6

ELECTRICAL SENSITIVITY OF SINGLE-WALLED CARBON

NANOTUBE INNER SURFACE TO IONIC SOLUTIONS

Carbon nanotube (CNT) is well-known as a superb nanoelectronics material and
show great potential to be used as the sensing element in chemical and biological
sensors. Recently, the CNT has been demonstrated as an effective fluid conduit
and the transport of substances through small diameter CNTs is intrinsically fast,
selective and at single molecule level. It has been shown that the transport
characteristics of semiconducting single-walled CNT (SWCNT) field effect
transistor (FET) are sensitive to the internal water wetting. We report here that the
characteristics of semiconducting SWCNT FET are also sensitive to the
concentration, pH and ion type of ionic solution when the electrolytes are inside
the CNT. Such sensitivity is not observed at the outside surface of a
semiconducting SWCNT. This opens a new avenue for building new type of CNT
sensor devices in which the SWCNT concurrently functions as a nanochannel and
an electronic detector.

This chapter is based on paper “Electronic sensitivity of single-walled carbon
nanotube to internal electrolyte” which is ready to submit to Nanotechnology. 1

list as the first author and finish most of the work independently.

6.1 Introduction and experiment setup

CNTs are excellent one-dimensional electronic materials with a large

surface-to-volume ratio. It has been demonstrated that the electronic properties of
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SWCNTs and the Schottky barriers between SWCNTs and metal contacts are
very sensitive to adsorbates[129, 130] and environment,[116, 131, 132] which is
the basis of many CNT field effect transistor (FET) chemical and biological
sensors. In recent years, carbon nanotubes (CNT) have also been employed as
nanopores or nanochannels to rapidly transport a variety of ions and molecules,
both in gas and liquid phases.[1, 2, 57, 58, 103] [133] It is appealing to integrate
the nanoelectronic and nanofluidic advantages of SWCNT into one device. Such
integration will enable electrical probing of the activities confined in extremely
samll space in sifu and in real time. The high electronic sensitivity of CNT to
charged ions and molecules in proximity can be readily utilized to study the
dynamics of ion and molecule translocation process in sub 2nm channels, which
has not been studied experimentally. In addition, this investigation may lead to a
new type of CNT sensor with ultrasensitivity. We have built a combined CNT-
nanopore- FET device. The internal wetting of the semiconducting SWCNT by
pure water significantly modifies the FET characteristics.[1, 25] In contrast, the
external wetting has little effect. Theoretical simulations revealed that internal
water both generates a large dipole electric field, causing charge polarization of
the tube and contacting metal electrodes, and shifts the valance band of the
SWCNT. External water has little effect because external water molecules are
random oriented and the interactions between external water molecules and CNT
outside surface are weaker. Recent experimental work has used such sensitivity to
probe the average speed of water molecules when moving inside a

semiconducting SWCNT.[133] In this report, we examined the electrical response
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of SWCNT when its interior was exposed to aqueous solution with various ion
concentrations, pH and ion species. High sensitivity was observed for
semiconducting SWCNT FET only when the internal surface of SWCNT was
exposed to electrolytes. This is a continuation of previous water wetting work and
one step closer to the goal of a functional nano-electrofluidic device. There is a
recent trend to develop conductive synthetic nanopores, which are capable in
controlling the electrostatic environment of the pore for biomolecule manipulation
and enriching electrical sensing methods.[134] The conductive nanopores have
been made by either metallization of insulating pore[135, 136] or directly using
conductive materials, such as graphene.[137-139] The current work on

conductive CNT nanopore will contribute significantly to the research in this area.

Au == PMMA solution

d

Figure 6.1. (a) Schematic of the device structure of a combined SWCNT field
effect transistor and nanopore device. The -electrical measurement
configuration for both electronic current and ionic current measurement is
also shown. The distances between source (S) and drain (D) electrodes is
15pum and the barrier width is 30um. (b) Scanning electron microscope
(SEM) image of a used device after stripping off the covered PMMA
layer. The two rectangles enclosed by white dash lines indicate the
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location of reservoirs. In the barrier region, one SWCNT bridges two

reservoirs and is also contacted by both the source and drain electrodes.

(c) Optical microscope image of a working device during measurement.

The device is covered by a PDMS stamp with microfluidic channels and

aqueous solution fills the reservoirs.

The device structure and experiment setup are illustrated in Figure 6.1.
The device fabrication has been described in details in previous chapters.[1, 25]
Briefly, long SWCNTs with average outer diameter of 1.7nm were grown by
chemical vapor deposition method on a highly doped silicon substrate with 1pum
thick SiO; top layer. Source and drain electrodes (gold) were fabricated by
electron-beam lithography (EBL) to directly contact one SWCNT under the
PMMA barrier (20-40um in width) and the heavily doped silicon substrate acting
as a back gate. SWCNTSs were determined as semiconducting or metallic based on
measurements of source-drain current (/;) versus backgate voltage (V,), which
were measured by a Keithley 2636A (Keithley Instruments, Inc., Ohio). A clean
PDMS stamp with imbedded microfluidic channels sealed the surface of the CNT
chip to deliver electrolytes (Figure 6.1a and c¢) into CNT. An Axon 200B
(Molecular Devices, Inc., CA) in voltage clamp mode was used to measure the
ionic current between two reservoirs (bridging by only one SWCNT) using

Ag/AgCl electrodes (MF-2078, BAS, 2M KCI). All the electrical measurements

were carried out on a home-built probe station inside a Faraday cage.

6.2 The KCI concentration dependence of electronic and ionic current

We have fabricated 11 functional devices, in which 8 have

semiconducting SWCNTs and 3 have metallic SWCNTSs. All the devices made
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from metallic SWCNTSs display negligible changes in -V, curves compared
with the devices with semiconducting SWCNT (see section 6.5). For controls, we
always examine the working devices prior to open the CNT by oxygen plasma;
we also prepare control devices with a section of SWCNT between source and
drain electrodes exposing to various electrolytes (Figure 6.8&6.9). None of these
controls alter the transport characteristics of the SWCNT FET significantly. After
removing the exposed CNT in the reservoirs (see Figure 6.1b) and opening the
ends of CNT by oxygen plasma, 6 devices made with semiconducting SWCNTs
showed the same trend of variation in Vs curves when exposing to electrolytes
with various concentration, pH and ion species. In the following paragraphs, we

mainly discuss the results from these devices.
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Figure 6.2. The dependence of electronic and ionic current on KCI concentration.
(a) Typical Igs-Vgs semilog curves of a working device with opened
semiconducting-SWCNT before (gray) and after adding DI water (green),
1x10° M KCl (blue), 1x10°M KCI (red) and 0.1M KCI (orange).The Vg
is 1V. (b) Gate efficiency Al/I- vs. KCI concentration (black). The ionic
current (gray) at Vipnic=0.5V and at different KCl concentration is also
shown here for comparison.

We first measured 1V, curves of SWCNT FET devices in KCI solution

with different concentrations and typical results are shown in Figure 6.2a. The
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curves have hysteresis and only sweep down curves are shown. The electronic
transport measurement in air (grey curve) suggested the FET was p-type, which is
“on” at negative gate voltage and “off” at positive gate voltage. After adding DI-
water, gating is almost abolished and SWCNT becomes insensitive to the back
gate, keeping constant for the entire range of V,, (green curve also see chapter
5).[25] We then studied the response of the SWCNT FET when KCI solutions
with different concentrations were injected into the reservoirs sequentially in an
order from low to high concentration. The 7V, curves changed correspondingly
with KCI concentration but the change was not monotonic. With the increase of
KCl concentration from 1x10°M to 1M, the I at positive gate bias (e.g., at 10V)
initially decreases, restoring the p-type behavior, and then increases again. The
current at negative gate bias (saturation current) didn’t change much for all the
KClI solutions. To better display the results, we defined gating efficiency, which is
AU/L. Here, Al= L, - I-, where I, is the maximum current at positive gate voltage
and I- is the maximum current at negative gate voltage. The plot of Al/I- vs. KCl
concentration is shown in Figure 6.2b. The gating efficiency ratio is the biggest at
around 0.ImM. However, the “off” current is still higher than the data in air at
this point. When the KClI concentration is further increased, the gating efficiency
decreases. Corresponding controls did not show this level of sensitivity. These
results confirmed that the inner surface of semiconducting-SWCNT is electrically
sensitive to ions. At low salt concentration, the presence of ions likely disrupted
the ordered structure of water inside the CNT and suppressed the interaction

between water and the inner surface of SWCNT. So we observed the increase of
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gating efficiency until reaching a higher ionic concentration, such as10™*M. At
high salt concentration, the gate voltage possibly was strongly screened by the
ionic solution inside the CNT and thus the gating efficiency was significantly

reduced.

6.3 The pH dependence of electronic and ionic current
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Figure 6.3. pH dependence of the working device containing open ends
semiconducting-SWCNT. (a) Typical I4-Ves semilog curves for a device
filling sequentially with pH=3 (red), pH=5 (green), pH=7 (blue) and pH=9
(magenta) 1mM KCI solution at Vds=0.5V. The inset shows an optical
image of a device sealed with a PDMS cover with microfluidc channels
(green). The two blue squares (i.e., 60 um x 60 pum) are the fluid
reservoirs cut into the PMMA (yellow). (b) Gate efficiency Al/I- for
different pH (black solid squares). The measured ionic current at different
pH was shown (gray open circles). The concentration of the KCI solution
1s ImM and Vignic= 0.5V.

We further studied the response of the electrical transport characteristics
of the SWCNT FET when exposing to ionic solutions with different pH values.
Figure 6.3a shows IV, curves for a semiconducting SWCNT FET when the
reservoirs were filled with 1mM KCI solutions at various pH values from 3 to 9.

The 1, at positive gate voltage (i.e., 10V) increases significantly at low pH while

the Igs at negative gate voltage is relatively constant. KCl solution at higher

113



concentration such as 1M was also tested and the pH sensitivity was much lower.
The pH dependence of the electrical transport characteristics is also reflected in
the gating efficiency Al/I- vs. pH plots (Figure 6.3b). The biggest gating
efficiency appears at pH 9, where I4q+ 1s the lowest. No conclusive conclusions are
drawn in literatures for the pH sensitivity of CNT exterior surface, implying the
pH response is sensitive to the variation of CNT, device geometry and
environment. Recent studies report an obvious sensitivity to solution pH with the
SWCNT conductance increasing steadily with pH (when pH>7) using a liquid-
gated FET configuration.[140, 141] This response is opposite to that of the
opened SWCNT FET, suggesting different mechanisms for pH sensitivity
between opened and unopened SWCNT FET. The pH sensitivity for unopened
SWCNT is attributed to the adsorption of hydroxyl groups to the external surface
of SWCNT or the ionization of silanol groups on SiO; surface near the SWCNT.
In our control experiments (section 6.5), the exterior surface of CNT didn’t show
any sensitivity, differing significantly from the opened CNT. In order to better
understand the pH sensitivity of opened SWCNT, we also measured the ionic
current through CNT in ImM KCI solution at different pH (Figure 6.3b). The
ionic current increases with the increase of pH, which is consistent with previous
results and is attributed to the ion selection of carboxyl groups at CNT ends.[1]
Considering both the /; and ionic conductance data, we propose one possible
explanation. At low KCI concentration, proton and potassium ions are the major
ions inside the CNT at pH 3 and 9 respectively. At pH 3, proton conduction can
happen following a “hop-and-turn” Grottuss mechanism along the well-ordered
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water chain inside CNT. In this scenario, the FET gating efficiency is suppressed

by internal water chain due to water-CNT interior interaction.[25] At pH 9, the

excess potassium ions likely disrupt the water-CNT interaction mor
and restore the gating efficiency. This hypothesis is supported by the

pH sensitivity almost disappeared at high KCI concentration (e.g., IM

e frequently
fact that the

Figure 6.4),

prohibiting proton conduction. It is also worth to note that the opposite trend

between /;; and ionic current excludes the possibilities of a short circuit between

drain and source electrodes caused by interior conductive ionic solution.
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Figure 6.4. (a) pH chage at high KCI concentration (1M), Typical I4-V,s semilog
curves for a device filling sequentially with pH=3 (red), pH=5 (green),
pH=7 (blue) and pH=9 (magenta), the sensitivity is lower, the structure is
the same as main text (b) Gate efficiency Al/I- for different pH (black
solid squares). The concentration of the KCl solution is 1M and V4= 0.1V.

Previously we demonstrated the change of I4-Vg by pH

at low KCl

concentration (0.1mM KCI). The changes at high KCI concentration were also

measured. From Fig. 6.4 we can see almost the same trend, but

much lower

sensitivity. This is combined responds of pH with KCI concentration curve. At
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high concentration, the Gate efficiency is much lower. This is also exhibited in

the pH measurement.

6.4 Dependence of electronic and ionic current on cation
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Figure 6.5. The electrical response of open ends semiconducting-SWCNT to
different cations. (a) Typical L4 vs. Vg curves when the opened SWCNT
was exposed to ImM KClI (red), NaCl (green) and LiCl (black) solutions
respectively at Vy=1V. (b) Gate efficiency Al/I- (black square) and ionic
conductance ratio (normalized with Ggcy) (blue solid circle) in three
different 1mM ionic solutions for the same SWCNT device are shown.
The ionic conductance ratios in PDMS micron size channels are also
displayed for comparison (blue open circles).

We also studied the electrical sensitivity of the opened semiconducting-
SWCNT to chloride electrolytes with three different cations, K", Na" and Li". The
typical concentration of the solution is ImM for better sensitivity. The electrolytes
are freshly prepared and no buffer is added to make the electrolytes as simple as
possible. As shown in Figure 6.5a, the highest I4 is observed for the electrolyte
containing K', which has the largest atomic size but the smallest hydration shell
out of the three cations. The gating efficiencies Al /I- in various 1mM chloride

electrolytes are also illustrated in Figure 6.5b. The biggest gating efficiency is in

KCI solution. These results may confirm that the interaction between water
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molecules and CNT inner surface is more critical in determining ;. Potassium
ion likely has bigger impact on disturbing the water-CNT interaction due to
bigger atomic size. We also measured the ionic current through the opened
SWCNT. For comparison, the ionic current only through the PDMS microfluidic
channels (minimum width > 10um) was measured and the conductance values
were close to the bulk solution data. As shown in Figure 6.5b, the ionic
conductance in both SWCNT nano channel and PDMS micron channel varied in
the sequence Gkc>Gnac>Grici. However, the ionic conductance of LiCl solution
is about 0.8 of KCl solution in micro channels and drops to about 0.3 in SWCNT
nano channels. The difference suggests the potassium ions are more readily
translocated through the SWCNT, attributing to its smaller hydration size. The
ratio of Gp;c/Gkel varied from 0.3 to 0.6 for different SWCNT devices. The
variation presumably rises from the fluctuation of SWCNT diameters. Our results
are also consistent with the observation of substantial ion selection in sub 2nm
CNT.[60] The origin of ion selection has been confirmed as the steric exclusion
by the small CNT diameter and the electrostatic rejection by the carboxyl groups

at CNT ends.[60]

6.5 Metallic CNT, time dependence and control experiment

The electrical response of metallic SWCNT to electrolytes is shown in
Fig. 6.6. The experiment structure and the procedure is the same as the
semiconducting CNT, change for KCI concentration and pH, almost no change of
L4s-Vgs was detected (the source-drain conductance (gray) in Fig. 6.6 b and d).

There are some small changes based on solutions but no larger than 2%.
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Figure 6.6. KCI concentration and pH dependence of the device containing
opened metallic-SWCNT. (a) Typical I4-Vg curves with metallic CNT
device for 0.1mM KCI (blue), ImM KCI (red), 10mM KCI (cyan), 0.1M
KCI (orange), and 1M KCI (magenta). (b) Gate efficiency Al/I- vs. KCIl
concentration semilog curve (black). The source-drain conductance (gray),
G(Vg =5V) vs. KCI concentration semilog curve is also shown here for
comparison (c¢) Typical I4-Vgs curves with metallic CNT device for with
pH=3 (red), pH=5 (green), pH=7 (blue) and pH=9 (magenta) 0.1mMKCI
solution (d) Gate efficiency AI/I- vs. pH semilog curve (black). The
source-drain conductance (gray), G(Vgs =5V) vs. pH semilog curve is also
shown here for comparison, the structure is the same as main text, all
V4s=0.5V
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Figure 6.7. The electrical response of an open ends semiconducting-SWCNT to
different concentration and pH KCI solutions. (a) and (b) Ig vs. t traces
when the opened SWCNT was exposed to 100 mM and 1mM KCI
solutions sequentially at V4,=0.5V and V=5V. The pH is always 7. (c)
and (d) Iy vs. t traces when the opened SWCNT was exposed to pH=3 and
pH=9 solutions sequentially at V4=0.5V and Vg=5V. The KCI
concentration is fixed at 100mM. The arrows indicate the starting points of
solution exchange by syringes.

Finally, we studied the electrical response with time. As shown in Figure

6.7, the device can response to the in situ exchange of concentration (Fig. 6.7 a

and b) and pH (Fig.6.7 ¢ and d) of the KCI solutions in the reservoirs. The

response is reversible. Due to the microfluidic channel design, it normally takes
several seconds to exchange the solution in the reservoirs. During the solution

exchange, the electrical current Iy is often affected by mechanical vibrations.

Therefore, we cannot acquire the accurate response time of the device. However,
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we consistently observe that the device responses quicker when the conductivity

of SWCNT is changed from high to low, for both concentration and pH.

The control device structure is shown in the optical image. The first reservoir
is opened as the structure in the main text that takes measurement (Fig 6.8). The
second reservoir is opened between source and drain electrodes, and the heart part
of SWCNT-FET is exposed to electrolytes (Fig 6.9). The device is not treated
with oxygen plasma, so CNT between source-drain is unopened. After adding
different KCI concentration, pH, different cation solution, none of them change

the electrical response of CNT-FET, compared to the results of opened CNT.
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Figure 6.8. (a) Optical images for control experiment, the structure is the same as
main text (b) KCI concentration for unopened CNT, typical I4-Vgs curves
of a device for after adding DI water (green), 0.1mM KCI (blue), ImM
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KClI (red), 10mM KCI (cyan), 0.1M KCl (orange), and 1M KCI (magenta).
(c) pH for unopened CNT, Typical I4-Vgs curves for a device adding
sequentially with pH=3 (red), pH=5 (green), pH=7 (blue) and pH=9
(magenta) 0.1mMKCI solution (d) Typical g vs. Vs curves when adding
ImM KCI (red), NaCl (green) and LiCl (black), all the Vg5 is 50mV, no
obvious changes detected for the control.
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Figure 6.9. (a) Optical images for control experiment, structure is reservoir
opened between electrodes (b) KCI concentration for unopened CNT,
typical Igs-Vgs curves of a device for after adding DI water (green), 0.1mM
KCI (blue), ImM KCI (red), 10mM KCl (cyan), 0.1M KCI (orange), and
IM KCl (magenta). (c) pH for unopened CNT, Typical I4-V,s curves for a
device adding sequentially with pH=3 (red), pH=5 (green), pH=7 (blue)
and pH=9 (magenta) 0.ImMKCI solution (d) Typical Igs vs. Vg curves
when adding 1mM KCI (red), NaCl (green) and LiCl (black), all the V45 is
0.5V, no obvious changes detected for the control.

Our experiments demonstrated that the electronic properties of

semiconducting SWCNTs are highly sensitive to the variations of ionic flow
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inside the SWCNT. This will be important for developing a fundamental
understand of the dynamics of ion and molecule tansport through sub-2nm
conductive nanopore and nanochannel and the induced polarization effect inside
the conductive nanopore. In addition, the results reported here is one step further
towards building new type of nano-electrofluidic devices and platforms for
biomolecule manipulation and detection. Using the same device structure, the
electronic sensitivity to small charged (bio) molecules will be studied in the next

step. Single molecule sensitivity is expected.

6.6 The detail of fabrication and device structure

The single-walled carbon nanotube (SWCNT) field effect transistor (FET)
was fabricated on the heavily doped p-type silicon substrate with 1000nm of
thermal oxide. SWCNT were grown by chemical vapor deposition method with
cobalt nanoparticles as catalyst; then 10:1 argon to hydrogen gases bubbled from
ethanol bring vapor though the furnace. The temperature of the furnace is
950°C~1000°C adjust result to long SWCNTs with outside diameter around
1.7nm. Gold markers and large pads were fabricated by photolithograph to locate
a single SWCNT and SEM images show the actual position. Then chip was
cleaned in the furnace 400°C with argon for around 1 hour. Source-drain
electrodes (Snm Cr and then 40nm Au with width 2~5um) were fabricated by
electron beam lithography (EBL) directly contacts the SWCNT. The back gate
electrode was added to the silicon substrate and the FET electrical properties were

measured. Then a 900 nm thick layer of polymethylmethacrylate (PMMA, AS)
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was span on the chip and 2 reservoirs were opened on the located CNT using EBL
with alignment, leaving source drain electrode between them. The electrolyte is
diluted from standard solution which is 1M KCIl with ImM PBS buffer, so 0.1M
solution is 1:9 volume ratio of standard solution to water, etc. The measurement
was performed in faraday cage. A Keithley SourceMeter 2636A, a Keithley low
noise current meter 6514 and self-brought software are used to collect the
electrical current. The ionic current was measured by Ag/AgCl electrodes in the
solution. Data was collected by Axon CNS Axopatch 200B with noise filter

Digidata 1440A.
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Chapter 7

SNS QUANTUM RIBBON FIELD-EFFECT TRANSISTORS

From Chapter 2 to Chapter 6, we discuss the measurement based on carbon
nanotube devices. In this chapter, I present other nanostructures. Quantum ribbon
project is to construct FET with tin sulfide (SnS) quantum ribbon. Properties of
this new semiconducting material are measured. This project is collaborating with
Hao Yan’s group in Biodesign Institute.

In this part we report orthorhombic single crystalline SnS nanoribbons grown
from zinc-blende SnS nanospheres, achieved by nanoscale control of the
metastable-to-stable phase transition. Novel, dual phase SnS intermediate
heterostructures with nanosphere-heads and nanoribbon-tails were observed.
Field-effect transistors (FET) fabricated using the SnS nanoribbons exhibit a
typical p-type semiconductor behavior. This work demonstrates a new approach
to control the growth of single crystalline nanostructures.

This chapter is based on the paper “Colloidal IV-VI SnS Nanoribbons Formed via
Phase Transitions and Exchanged with Inorganic Ligands to Improve the
Performance of Single Nanoribbon Based Field Effect Transistors” which is
submitted to Angewandte Chemie-International Edition. 1 list as the coauthor and
finish field-effect transistor fabrication and electrical properties related

measurements and calculations.
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7.1 Synthesis of SnS nanoribbons

Main-group IV-VI (IV = Ge, Sn, Pb; VI = S, Se, Te) nanomaterial compounds
have received significant attention recently due to their narrow band gap, strong
quantum size effects, and rich electronic, optical, and photonic properties.[142-
144] Among these, tin sulfide (SnS) is inexpensive, naturally abundant,
environmentally-benign, and heavy-metal-free (i.e., free from Cd, Pb, and Hg).
Bulk orthorhombic-phase SnS crystals have been reported to have a narrow
bandgap in the near infrared region.[145-147] Theoretical calculations indicate
that SnS possesses all the qualities required for efficient absorption of solar
energy, suitable for incorporation into clean energy conversion cells and a variety
of other optoelectronic devices.[145, 148] Their useful properties, e.g.,
photovoltaic, photoconducting, photocatalytic and Peltier effect, make them
promising candidates for diverse applications such as solar energy conversion,
thermoelectric cooling, thermoelectric power generation, and near-infrared photo-
electronics.[146]

Transitions from the metastable to stable phase are important in the field of
crystal growth and engineering, which encourages the discovery of novel and
practical reactions to synthesize new semiconductor materials.[149, 150]
Recently, synthesis of either metastable[145] zinc-blende phase or stable[151-
153] orthorhombic SnS nanostructures has been performed. However, the exact
mechanism of the zinc-blende phase to orthorhombic phase transition is still

largely unknown. As a result, the development of novel phase-transition based
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techniques to control the growth of single crystalline nanostructures has been
hampered.

Herein, we demonstrate that by tuning the metastable-to-stable phase transition
process, orthorhombic single crystalline SnS nanoribbons can be synthesized from
zinc-blende SnS nanospheres. Novel, dual phase intermediate SnS
heterostructures with nanosphere-heads and nanoribbon-tails were observed and
thoroughly characterized. The first field-effect transistors (FET) based on
individual single crystalline SnS nanoribbons were fabricated by taking advantage
of the highly-controlled large scale synthesis of one-dimensional nanoribbon
structures, which are relatively easy to access, control, and process.

The synthetic scheme employed here is based on our previously reported
phosphine-free colloidal method for synthesizing II-VI quantum rods and
wires.[154] The resulting single-crystalline SnS nanoribbons are ~ 2-5 um long
and ~150-500 nm wide, with thicknesses of ~10 nm. Their formation occurs by a
simple colloidal process, initiated by the injection of a sulfur-oleylamine
precursor into a hot tin-oleylamine solution in the presence of
hexamethyldisilazane (HMDS). During the synthesis, sequential aliquots of the
reaction mixture were removed and purified to monitor the kinetics of nanoribbon
formation. As shown in figure 7.1, single crystalline SnS nanoribbons formed
through a unique transition from the metastable zinc-blende phase to the stable

orthorhombic phase.
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Metastable-to-Stable Phase-Transition

.

SnS nanospheres SnS nanoribbons
metastable zinc blende phase ~ SnS Heterostructures stable orthorhombic phase

Figure 7.1. Schematic illustration of the growth of a single crystalline SnS
nanoribbon via a unique metastable to stable phase transition.

15 minutes after initial injection of the sulfur-oleylamine precursor into the 250
°C tin solution, a black SnS product was observed. The solid product was purified
and imaged by transmission electron microscopy (TEM). Nanospheres with an
average diameter of ~ 280 nm were obtained (Figure 7.2A). High resolution TEM
(HRTEM) images of the edge of the nanospheres reveal a two dimensional lattice
with typical spacing of 0.21 nm, which corresponds to the distance between
{220} facets of the cubic zinc blende SnS (with a crystal constant of a=0.5845
nm).[145] The X-ray diffraction (XRD) pattern (Figure 7.3A, black trace)
indicates that the SnS nanospheres are zinc-blende phase with trace amounts
(<5%) of orthorhombic phase present.

After 10 additional minutes at an elevated reaction temperature (330 °C), the zinc
blende nanospheres are spontaneously converted to the orthorhombic phase.
Intermediate SnS heterostructures with nanosphere-heads and nanoribbon-tails
were observed (Figure 7.2B-D). High resolution TEM (HRTEM) images (Figure
7.2E) reveal that the “head” area of the heterostructure consists of a two-
dimensional (2D) lattice with a typical spacing of 0.21 nm, which corresponds to

the distance between {220} facets of zinc-blende SnS (with a crystal constant of
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a=0.5845 nm). The indexed fast Fourier transform (FFT) of a HRTEM image
(inset in Figure 7.2E) reveals a typical hexagonal pattern, indicating the SnS
nanosphere “head” is single-crystalline zinc blende phase projected along the
<111> direction. In contrast, a HRTEM image of the “tail” section of the
heterostructure (Figure 7.2F) shows a 2D lattice with typical spacing of 0.29 nm,
which corresponds to the distance between {101} facets of the orthorhombic
phase of SnS (with a crystal constant of ¢=0.4329 nm, »=1.1192 nm, ¢=0.3894
nm, JCPDS Card No. 39-0354). The indexed FFT of this HRTEM image (inset in
Figure 7.2F) reveals a typical rhombic pattern, indicating that the SnS nanoribbon
is single-crystalline orthorhombic phase projected along the <010> direction.
These results clearly indentify the unique, dual-phase property of the intermediate
heterostructures. Further characterization of the intermediate product by XRD
(Figure 7.3A, red trace) confirms a mixture of zinc-blende and orthorhombic SnS

phases with a ~ 4:6 ratio.
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Figure 7.2. (A) TEM image of the initial zinc blende SnS nanospheres; (B-D)
TEM images of the intermediate product, dual-phase heterostructures,
each containing a nanosphere head and a nanoribbon tail; (E, F) HRTEM
images of the head and tail sections corresponding to the boxes marked
“1” and “2” in (D); (Inset in E&F) The indexed FFTs of the images in
E&F; (G). TEM image of the final orthorhombic SnS nanoribbons; (Inset
in G, H & I) SEM images of the final SnS nanoribbons; (J, K) Bright
field and dark field TEM images of a typical nanoribbon; (L, M) HRTEM
images of the end and long edge corresponding to the boxes marked “3”
and “4” in J, respectively; (Inset M) indexed FFT of image M.

After 30 minutes at 330 °C, all the metastable zinc-blende SnS nanospheres are
transformed to stable orthorhombic SnS nanoribbons, as shown in the TEM and
scanning electron microscopy (SEM) images in Figures 7.2G-K. The XRD pattern
of the final product (Figure 7.3A, blue trace), reveals highly pure orthorhombic
phase SnS with no zinc-blende phase detected. The elemental composition of the
nanoribbons was established using energy-dispersive X-ray spectroscopy (EDS).

Only Sn and S peaks, with a 1:1 atomic ratio, were observed, indicating the
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formation of pure SnS product. Typical nanoribbons are 2~5 um long, 150 to 500
nm wide and ~10 nm thick. A simple mass calculation was executed to follow the
transition from zinc-blende nanospheres to orthorhombic nanoribbons. The mass
of a single SnS nanosphere (initial stage of the reaction) and a single SnS
nanoribbon (final product) are nearly identical, which also supports the proposed

transformation of a single SnS nanosphere to a single SnS nanoribbon.
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Figure 7.3. (A) Powder XRD pattern of the initial SnS nanospheres (black trace),
the intermediate SnS heterostructures (red trace), and the final SnS
nanoribbons (blue trace). The red vertical bars along the top are indexes of
the orthorhombic phase of SnS crystals according to JCPDS card No. 39-
0354. The black vertical bars along the bottom are the indexes of the cubic
phase of SnS crystals according to literature[145]; (B) UV—Vis-NIR
absorption spectra and (inset B) plots of (aAv)* versus photon energy (/v)
of the initial SnS nanospheres (black trace), the intermediate SnS
heterostructures (red trace), and the final SnS nanoribbons (blue trace).
The spectra were recorded from powder samples drop cast at room
temperature on a glass slide using an integrating sphere.

Bright field and corresponding dark field TEM images of a typical nanoribbon
(Figure 7.2J&K) reveal that the nanoribbons are single crystalline. HRTEM
analysis (Figure 7.2L&M) of both the end and edge of the nanoribbon showed the
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same 2D lattice composition with a spacing of 0.29 nm, which corresponds to the
distance between {101} facets of the orthorhombic phase of SnS. The indexed
FFT of the HRTEM image (inset in Figure 7.2M) reveals a rhombic pattern,
confirming that the SnS nanoribbon is single-crystalline in the orthorhombic
phase. These analysis reveal that the long edge of the nanoribbon is in the [001]

direction with the terminating facets {001} at the ends, {100} along the sides and

{010} on the faces.

7.2 Electrical transport properties of SnS nanoribbons
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Figure 7.4. (A) Schematic illustration the structure and dimensions of a SnS
single nanoribbon based field effect transistor device; (B) SEM image of a
typical device. The distance between two electrodes is 1.5 pum and the
width of the ribbon is about 200 nm; (C) I4s vs. Vg curve of a typical SnS
single nanoribbon FET device (see image B) measured at V= 0V. Inset
shows the derivative of the I-V curve and the band gap energy is measured
to be 1.3 eV; (D) lgs vs. Vg at Vg = 2.0 V, exhibiting typical p-type
semiconductor behavior.
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The electrical transport properties of individual SnS nanoribbons were also
studied in ambient conditions using a back- gated field-effect transistor (FET)
configuration as shown in Figure 7.4A. Single nanoribbons were positioned on
top of a highly doped n-type Si chip with a 300 nm thick SiO, dielectric layer
between the chip and nanostructure. The details of device fabrication are given
later. An SEM image of a typical nanodevice is shown in Figure 7.4B. The
electrodes are composed of Cr (30 nm) and Au (120 nm), where Cr has a work
function of 4.50 eV, close to that of orthorhombic SnS (4.2 eV). Curves of
source—drain current (/) vs. source—drain voltage (V) at different gate voltages
(Vgs) were measured, and a typical 1V, curve at Vg = 0 is shown in Figure 7.4C.
A zero current region is visible at low voltage bias, suggesting the existence of an
energy gap. The band gap of the SnS nanoribbon was determined to be 1.3 eV
from the dl;/dVys vs. Vg curve (inset in Fig. 7.4C), which matches the value

obtained from the optical absorption study.
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Figure 7.5 Electron transport characteristics of single SnS quantum ribbon. Ig4-
Vs plots at different Vgs from -80V to 80V. The insert plots of SEM
image and Iy, vs. Vs at Vg =2V.

Figure 7.4D and Figure 7.5 contains plots of I vs. Vg at Vg = 2V for two

devices. The SnS nanoribbon based FETs behave as p-type semiconductors. A

small hysteresis was observed, likely originating from the water present in air or

contaminations that were incorporated during the fabrication process. The trans-
conductance gm(=dlu/dV,s) was acquired by fitting the linear region of the ZyV
curve. With knowledge of the backgate area capacitance and geometry of
nanoribbons (Figures 7.4A, B), the hole mobility was calculated to be 0.3 cm’
V's™" and the hole carrier concentration was estimated to be 6 x 10" cm™ (see
calculation details later). FET measurements were repeated on more than 10

devices fabricated with the as-synthesized nanoribbons. Reproducible results were

obtained, and the derived carrier mobilities were all in the range of 0.3 to 1.1 cm®
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Vs, It should be noted the hole mobility of our SnS nanoribbon FET device is
comparable to the best known solution-processed organic and nanocrystal devices
so far.[155, 156] Also, it is comparable to other IV-VI PbS and PbTe nanowire
FET devices, where the nanowires are synthesized by the chemical vapor
transport (CVT) method.[157] In addition, as suggested by Talapin et al.,[158]
when an organic ligand is exchanged with an inorganic chalcogenide ligand, the
electron transport in arrays of colloidal nanocrystals will increase by an order of
magnitude. It is reasonable to expect that the carrier mobility of our SnS

nanoribbon device could be further improved through a similar process.
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Figure 7.6 photocurrent response of the same single nanoribbon based field effect
transistor device shown as (a),(b) with 532 nm laser intensity on the
channel of the field effect transistor device calculated to be 0.07 nW.
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To assess the suitability of the SnS nanoribbons as optically active centers for
their incorporation into optoelectronic devices, we also measured the opto-
electronic response of the FET device shown in Figure 7.6d, under conditions of
illumination using a green laser (A = 532 nm or 2.33 eV; 1.3 mW), which is
greater than the calculated bandgap from optical and electronic measurements. As
can be seen from Figure 7.6, upon illumination of the channel of the SnS FET
device with laser intensity of 0.07 nW, the current is observed to quickly increase
during the illumination and upon switching off the laser the current returns to its
preillumination value. This photocurrent response profile is reproducible over
many cycles, suggesting the potential application of the single SnS nanoribbon as
highly sensitive photodetectors, as well as the widely used PbS based

photodetectors in industry.
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7.3 FET device fabrication and mobility calculation

Figure7.7 FET device fabrication, including SEM images before and after adding
electrodes, schematic and optical image of the electrodes.

FET device fabrication and mobility calculation: Metal (Au) markers for position
registration were first fabricated by electron beam lithography (EBL) on n-type
silicon substrates with 300nm thermal dioxide. The SnS nanoribbons were
dispersed in DI-water and transferred to the substrates by a pipette. The
nanoribbons remained on the SiO, surface after water evaporation. After
determining the position of each nanoribbon by SEM with the aid of metal

markers, source-drain electrodes (30nm Cr and 120nm Au) were fabricated by
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EBL. The electrical measurements were conducted with a Keithley 2636A in a
faraday cage. We followed a common method in literature to extract the carrier
mobility from the electrical transport measurement. The transconductance

(gm=dla4y/dVy) was obtained from the slope by fitting the linear region of the Z;,Vgq

L
curve (Figure 7.4d). The mobility was calculated by i = Em

, where C, is the
g’ ds

backgate capacitance per unit channel area, W and L is the width and length of the

channel (nanoribbion) as determined from the SEM images.

-12
Cox = Fofn _B85XA0 X33 _ 45 65,100 Fime
T 03x10" (7.1)

slopexL ~ 1.23x107 x1.5x10°

p= = - - =0.382cm’ / Vs
CoxxV, xW 115.05x10” x2x0.21x10"

(7.2)

Here C, is mainly from the 300nm SiO, layer and therefore Cy=1.15x10*F/m’.
The obtained mobility ranged from 0.256 to 1.1em’/VS over 6 devices. The carrier

concentration is calculated by n, = o /eu, at the current saturation region of the

145V curve for a p-type semiconductor.

o 0.357Q'em™
ew, 1.6x107"°Cx0.382cm® / Vs

n, =

=5.8x10%cm™

(7.3)
We estimated the hole concentration to be 5.8x10"cm™ using the conductivity
value at Vg=-80V in Figure 7.4d.

In summary, we present the synthesis of the single crystalline SnS
nanoribbons through a unique metastable zinc blende phase to stable

orthorhombic phase transition. This phase transition process from meta-stable to
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stable crystal is important in the field of crystal growth and engineering, which
can be extended to other crystal growth system. Field effect transport properties
of single SnS nanoribbons FET devices demonstrate p-type semiconductor
characteristics with good gating dependence at small bias voltages. Much awaits
to be explored on the applicability of solution processed IV-VI semiconductor

nanostructures as nanoscale devices.
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Chapter 8

FUTURE DIRECTIONS FOR NANOFABRICATION

This thesis comprised several experiments using CNT nanofludic devices. After
presenting the significant applications in our project, there are still lots of
limitation in this kind of field. The major uncontrollable part is the properties of
the carbon nanotube when in growth, especially the diameter and the chirality.
Under current conditions, the parameters to determine the diameter and the
chirality are still unclear. But there is a hint to control the diameter in the near
future. (see Ref. [159]) The inner diameter is the key factor when a carbon
nanotube is used as a nanofludic channel. Precision control will pave the way for
mass production of carbon nanotube devices. While the chirality can be selected
from Raman spectra [31], the electrical prosperities, such as semiconducting or
metallic is expected to be distinguished by a much simpler method. In addition to
its extraordinary thermal and mechanical properties, carbon nanotube has great
potential in application in the future.

In Chapter 4, we present the translocation of DNA through single wall nanotube.
The next step is the sequencing of the DNA by embedded the base-reader into the
CNT nanofludic device. Shuai Chang in Lindsay’s group reported that single
molecules in a tunnel junction can be interrogated reliably using chemically-
functionalized electrodes. Functionalizing a pair of electrodes with recognition
reagents can generate a distinct tunneling signal when an analyte molecule is

trapped in the gap [160]. This gives the possibility for applying carbon nanotube
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nanofludic device for rapid sequencing of single DNA molecules. The next
generation DNA sequencing is possible to realize that sequence a diploid
mammalian genome for around $1000 in 24 hours.

In a wide variety of industry, the whole “nanoscience” is promoted faster and
faster. In the late 1980s, the term microsystems become common referring to the
integration of sensors, actuators and signal-processing electronic on a common
substrate.[161] This field is summarized as Micro-Electro-Mechanical systems
(MEMS), combines knowledge from many disciplines and give rise to a new type
of engineer described as miniaturization engineering. Chapter 5 & 6 give the
basis for building sensors in CNT nanofludic devices. This application will
extends micromachining into the submicron range, redefined as nanomachining,
also Nano-Electro-Mechanical systems (NEMS) [32]. The nanotechnology will
push the advanced IC fabrication methods into extreme and give impetus to new
techniques such as nanochemistry. It’s also expected that Biomimetics will go to
nanometers and inspired us more by nature itself.

The CNT-FET changes the transistors from traditional two dimensions to one
dimensional material. A similar change, from two dimensional surface
micromachining to vertical, three dimensional, is going to happen. Intel just
announced one of its most significant technology improvements that using 3D
Tri-Gate transistors in its 22nm processors in 2011.[162] All these changes
diversify the options of new transistor technology, which help to sustain the
Moore’s law —double the number of transistors in the same area in two years —

continue effective in this decade.
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Furthermore, in the modeling of microstructure, the Finite Element Analysis
(FEA) software such as ABAQUS and COMSOL become mature. These
programs integrated principles of materials, mechanics, electromagnetic and
fluidic so that people could understand and predict the actual behavior in design.
The fabrication techniques and modeling analysis method assist each other to
make the design simpler and faster.

In general, there will still be remarkable progresses in nanoscience. As the
physicist Richard Feynman described in proposing Microsystem forty years ago,

'9’

“there is plenty of room at the bottom!”[163] It will continue give us impression

in the future.
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Sample jdf and sdf file for EBL exposure

A: jdf file for PMMA making gold alignment marker

JOB 'CNT_MARKER',2.0

PATH WEIOL1 ;Initial Check (INIMSH,PDEF)

ARRAY (0,1,0)/(0,1,0) ;only one pattern, 1 row and 1 column
ASSIGN P(1)->(*,*)

AEND

PEND

LAYER 1

P(1) 'CNT_marker_small' ;choose pattern

EOS 7,"'U50_500pA' ;choose mode
SHOT  A,4

RESIST 540,4 ; Area(uC/cm2) , Line(nC/cm) for PMMA

END

B: jdf file for PMMA making reservoirs

JOB 'SINGLE_RESERVIOR', 2.0

GLMPOS P=(-4955,-370), Q=(4845,-370) ;coordinate of P&Q alignment marker
GLMP 8.0,30,1,0 ; P Mark width = 8um Length = 30um

GLMQRS 8.0,30,1,0 ; Q Mark width = 8um Length = 30um

PATH WEIQ1 ;Auto CALIB Menu File Initial Check (INIMSH,PDEF)

ARRAY  (-4919,71,140)/(4849.5,43,230) ;use up left corner as start point,
define 71 rows and 43 columns

ASSIGN P(1) -> (56,9) ;put the row and column number here

ASSIGN P(2) -> (56,5)

ASSIGN P(3) -> (56,2)

ASSIGN P(4) -> (57,4)

ASSIGN P(5) -> (58,6)

ASSIGN P(6) -> (60,8)

ASSIGN P(7) -> (61,11)

ASSIGN P(8) -> (61,7)

;define control reservoirs

ASSIGN P(13) -> (40,9)

ASSIGN P(14) -> (40,10)

ASSIGN P(15) -> (40,11)

AEND

PEND

LAYER 1

P(1) 'SINGLE_RESERVOIR_2UM'(33,-22.8) ;define reservoir pattern, put the

coordinate x,y here

P(2)  'SINGLE_RESERVOIR 2UM'(56.2,-31.5)
P(3)  'SINGLE_RESERVOIR_5UM'(42.5,20.8)
P(4)  'SINGLE_RESERVOIR_2UM'(18,-17.5)
P(5)  'SINGLE_RESERVOIR_2UM'(5.7,-61.9)
P(6) 'SINGLE_RESERVOIR_2UM'(11.8,-31.76)
P(7) 'SINGLE_RESERVOIR_2UM'(59.8,-18.75)
P(8)  'SINGLE_RESERVOIR 2UM'(19.5,14)
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;control

P(13)  'SINGLE_RESERVOIR_5UM'
P(14) 'SINGLE_RESERVOIR_2UM'
P(15) 'SINGLE_RESERVOIR_2UM'

EOS 7,"'U50_100pA* ; Mode, Condition Name for 50kv 5th LENS
SHOT A,4 ; Shot Time (Auto) , Np (Point)

RESIST 550,4 ; Area(uC/cm2) , Line(nC/cm) for PMMA
END

END

C: sdf file, making alignment marker and open reservoirs are similar

MAGAZIN ' '
#1

%2C

JDF 'SINGLE_RESERVIOR',1 ;choose the job file
EOS 7,'U50_100pA’

GLMDET M s;use manual alignment

OFFSET (0,0)

END 1

Note: For EBL equipment initialization, first choose EOSSET, use ‘50U_500pA’
mode 7. Second, set current to S00pA. Then focus on mesh mark, burn a dot on
chip surface (SEI rapid scan mode, MAG: 87, SPD: 00, brightness: 540, contrast:
720, wait for 3min for PMMA, half time for ZEP), fine focus on the dot. When
ready for expose, apply INIMSH, PDEF, DISTOR. Finally load mgn file to
expose. The exposure time is usually overnight, higher current is encouraged to

use to short the time.
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