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ABSTRACT OF THE DISSERTATION

Modeling Coiled Carbon Nanotube Inductors and the Resistivity of Focused lon Beam
Deposited Metals and Insulators

by

Hasan Mohammad Faraby

Doctor of Philosophy in Electrical Engineering (Nanoscale Devices and Systems)

University of California, San Diego, 2014

Professor Prabhakar Bandaru, Chair

The superior inductive properties of coiled carbon nanotubes (CCNTs) have been
demonstrated through numerical computations. It is shown, through computations, that a
range of inductance values (in the pH to pH range) operational at THz frequencies could
be obtained through a variation of CCNT geometric parameters, which can be

accomplished through rational synthesis. A comparison of the proposed inductor material
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to conventional inductor material e.g. copper (Cu), in terms of both component footprint
and material volume, indicated a greater quality factor (Q) through the use of the CCNTs.
Experimental characterization of these CCNT inductors require high quality ohmic
contacts. Focused ion beam based metal deposition is one of the easiest ways to create

contacts on those nanostructures.

Metal deposition with focused ion beam (FIB) systems result in material
composed of carbon, oxygen, gallium and the primary metal from the metallo-organic
precursor. Four point probe measurements to determine the material resistivity and
energy dispersive spectroscopy (EDS) to determine the relative chemical composition
were conducted on a wide range of FIB deposited platinum (Pt) and tungsten (W) lines.
It has been shown that the gallium (Ga) percentage in the metal line plays a significant

role in reducing the electrical resistivity of the material.

Effective media theory (EMT), specifically using Mc Lachlan’s general effective
medium (GEM) equation is used to describe the relationship between the chemical
compositions of the FIB deposited metal lines and the corresponding electrical resistivity.
The relation between the chemical elements and the resistivity of the FIB deposited metal
lines will make possible the accurate estimation of their resistance without using

conventional probe stations.

Like metals insulators can also be deposited using the FIB system. Insulator
deposition by FIB systems results in Si0, layers with impurities from gallium (Ga) and
carbon (C). The electrical capacitance of focused ion beam (FIB) deposited SiO, is

shown to be sensitive to the specific composition of the ion beam. The effect of Ga

xvii



contamination can be identified by comparing the electrical properties of similar
depositions by plasma FIB. In the plasma FIB xenon (Xe) ion plasma is used as the ion
source instead of Ga. The presence of carbon, inevitably found as the product of the
hydrocarbon precursor decomposition has been isolated as a major cause for an observed
decrease in the capacitance/effective dielectric constant of the SiO,. Our study has
implications to the deposition of high quality insulator films through FIB based

methodologies.

In this way detailed investigation of the origin of the resistivity of FIB deposited
metals and insulators provided significant insights on the contact resistance of the FIB
contacts to the CCNTs , which was prohibiting the true experimental characterization of

the inductive properties of CCNTs inductors.
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Chapter 1 Introduction

This chapter describes the background information about inductors and focused
ion beam based depositions. It discusses the current challenges of inductor design, the

impact of focused ion beam deposition and describes the process.

1.1 Inductors

Inductors are one of the three fundamental components in any electrical circuit. It
is a passive two-terminal electrical component which resists changes in electric current
passing through it. It consists of a conductor such as a wire, usually wound into a coil.
When a current flows through it, energy is stored temporarily in a magnetic field in the
coil. When the current flowing through an inductor changes, the time-varying magnetic
field induces a voltage in the conductor, according to Faraday’s law of electromagnetic
induction, which opposes the change in current that created it. Inductors are a
fundamental element in high frequency circuits for wireless applications such as power
amplifiers, low noise amplifiers, matching networks, on-die antennas, LC tank circuits,
and many others'*(Figure 1.1). However, it has been often discussed that there has been

essentially no change in inductor design over the past 40 years’.
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Figure 1.1: Various devices using inductors™

1.2 Important Figure of Merits & Definitions

There are three parameters that characterize an inductor at a given frequency

(f= w/2r). They are:

¢ Inductance (L) :

It determines the amount of energy that can be stored in the inductor. It is

measured in units of Henry(H). Current inductor for electronics applications can have

inductance from InH to 10uH.

e Quality factor (Q=wL/R):

The quality factor is the ratio of L to R times angular frequency and is an

important performance metric in inductor design. Parasitic resistance determines the QO
factor, basically Q is inversely proportional to the power loss or resistance. The parasitic
resistance can be further broken down into the direct current (DC) resistance of the
inductor, the resistance due to the skin effect which is the tendency of an alternating

electric current (AC) to become distributed within a conductor such that the current



density is largest near the surface of the conductor, and decreases with greater depths in
the conductor. The electric current flows mainly at the "skin" of the conductor, between
the outer surface and a level called the skin depth, the resistance due to eddy current
excitation, which are electric currents induced within conductors by a changing magnetic
field in the conductor, these circulating eddies of current have inductance and thus induce
magnetic fields. These fields can cause repulsion, attraction, propulsion, drag, and
heating effects, and dielectric loss which is the leakage current that flows through the
dielectric material, in the substrate. The DC resistance increases as the size of the
interconnect decreases. Such effects are so large that on chip inductors utilize a thick
metal layer to decrease the resistance, but at a cost of a substantially increased device foot
print®. Traditional inductor materials have increased resistance at high frequencies (e.g.
10s of GHz) due to the skin effect. This results in lower Q factor and limited frequency
ranges for presently used inductors. As a result, a miniaturized inductor with a high Q

factor and operating frequency is very desirable.
e Self resonant frequency (f;,=1/2nVLC):

The self resonant frequency is the highest operating frequency of the inductor.
Parasitic capacitances determine the self resonant frequency because the capacitive
reactance decreases with increasing frequency and the inductive reactance increases with
increasing frequency, so at high frequencies the more current tends to flow through the

low reactance path making the circuit less inductive. Currently f, is limited to ~ 40GHz.

1.3 Current Challenges in Inductor Design in Wireless
Applications
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Figure 1.2: Comparison of inductor wire and device size

There are four main design challenges, these include:

e Size and Cost:

Inductor development in integrated circuits constantly lags behind development of
other circuit elements. The first challenge is to reduce the size and the cost. Figure 1.2 is
an image of a semi-conductor device with an integrated inductor on the top side. The
image is a cross-section of the device showing interconnects and location of the
transistors (device) in the silicon substrate. As seen from Figure 1.2 that the device size
has reduced drastically compared to the inductor wire, so when both of them are
integrated on the same chip, the size and cost of the chip is affected by the size of the
inductor. We can also see from Figure 1.1 that inductors take up a significant amount of
space on various microelectronic devices. So inductor design needs to be scaled down to

reduce the cost and the size of the chip.



e 100 GHz applications:

The second challenge is regarding the magnitude of inductance, generally copper
inductors are available in the range of few nano Henries to few hundreds of nano Henries,
but for MEMS and 100GHz applications, we need inductors in the range of few pico
Henries to hundreds of pico Henries. Copper technology adequately makes nano Henry
inductors, but has struggled at making inductances at the pico Henry values desired by

industry.
e High Quality factor:

Power consumption and device efficiency are extremely important design
parameters, particularly in battery powered devices. High quality factor relates to
increased efficiency, and thus improvements to the quality factor are necessary as users

and consumers demand lighter, less power hungry devices.
e THz Operating frequency:

The last challenge is to achieve THz operating frequency. The higher the
operating frequency is, the faster the data transfer rates and overall computational speeds
are. As a result, higher operating frequencies are preferred. However, copper based
technology has a maximum operating frequency in the 10s of gigahertz, and the
performance and efficiency degrade well before the maximum operating frequency. As a

result, new technology is required for the next generation of high frequency electronics.

1.4 Current Challenges in Inductor Design for Power
Electronics Applications



The design of inductors in power electronic circuits, has remained essentially
unchanged for 40 years. Inductors in these applications require high inductance values
and high current carrying capacities. This results in large inductors, whose size,
particularly in comparison to the rest of the device makes them the heaviest and most
expensive part of the device. Thus, as seen in Figure 1.3, you can either get high
inductance, with a large resulting footprint and poor high frequency efficiency, or you
can decrease the footprint of the device, and improve the high frequency efficiency, while
decreasing the inductance. However, even with these compromises, the high inductances
are not particularly high for power applications, and the small footprints and small

inductances are not small enough for many integrated circuit applications.

Discrete Inductors
Large L
Large volume
Poor AC performance

10uH -

1uH

100nH
10nH —
Spiral Inductors
Small area
nH S Small L
Low power

100pH - Source: Shan Wang, Stanford
T I I I 1 T

100kHz 1MHz 10MHz 100MHz 1GHz 10GHz

Figure 1.3: Inductance vs frequency



Copper based technology thus struggles both at making very low inductance
inductors and high inductance inductors at practical or useful sizes. This lack of
development has made it difficult to improve things such as overall size, and weight of
the device without improvements to the inductor technology, which copper has thus far

been unable to provide.

1.5 Solution to Current Challenges

To overcome these challenges we would like to propose coiled carbon nanotubes
rather than copper as inductor elements. CCNTs are multi walled carbon nanotubes
coiled in a spring or solenoid like shape. Each of the shells of the multiwall CNT is one

atom thick and they are separated from each other by 0.34nm (atomic level spacing).

The unique feature of these nanotubes is their kinetic inductance, which is due to

the nanoscale properties of the nanotubes. When current flows through a 1D conductor

E\ E.

. . . e
. . . &

S P ‘\-“ ',-““A/ eAp

> k > k
Current, /=0 Current, />0

Figure 1.4: Energy vs wave vector diagram of a 1D conductor with and without current
flow



such as the individual shells of a multi wall carbon nanotube, the current carrying
electrons contain high kinetic energy. This is due to the quantum confinement effect
which makes the available energy states in the 1D conductor discrete and higher than the
bulk conductors, during current conduction the electron occupy those high energy states
and we get additional energy storage capacity in the form of kinetic energy(Figure 1.4).
That kinetic energy is equated to the inductive energy to give us kinetic inductance. This
effect is only observed at nano-scale dimensions. In bulk conductors available electron
energy levels are not discrete so we cannot get significant kinetic inductance from bulk
conductors. Due to their coiled shape they also have magnetic inductance like that of
typical solenoids. The basic difference between kinetic inductance and magnetic
inductance lies in the form of energy storage, i.e. in kinetic inductance the energy is
stored in the form of kinetic energy and in magnetic inductance the energy is stored in the

magnetic field.

Another key feature of CCNTs are that the inductance value can be tuned based

on four key parameters. They are:

o Coil radius(7,),
o Tube radius(c),
o Pitch(P) and

o Number of turns (V).

The total inductance of the CCNTs is expressed as the sum of their magnetic
inductance and kinetic inductance. The synthesis process of the CCNTs are described in

Chapter 2.



1.6 Creating Contacts to CCNT Inductors

In order to accurately characterize and verify the properties of CCNT inductors,
we need to establish excellent ohmic contacts to those nanostructures. But creating ohmic
contacts of carbon nanotubes is not straight forward. The biggest issue in determining the
inductive properties of CCNTs is contact resistance. Numerous efforts are still underway
to establish the perfect ohmic contact to nanostructures. One of them is using focused ion
beam based material deposition. We created contacts to the CCNT using this method and
analyzed multiple devices but all the measurement results showed very high contact

resistance which was dominating the behavior of the CCNTs.
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Figure 1.5: Analyzed CCNT devices contacted with FIB
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Figure 1.6: Series resistance vs. frequency

Figure 1.5 shows SEM images of the analyzed devices with FIB contacts. It also
shows the measured tube radius (7,,). Figure 1.6 illustrates the series resistance with
respect to the voltage source frequency of the analyzed devices. We see that all the
devices show very high resistance which is dominating their behavior instead of

inductance.

In order to understand the origin of this high resistance we investigated the
resistivity of FIB deposited metals. The following section will describe FIB based metal

deposition process, its impact to semiconductor industry and various aspects of it.

1.7 Focused Ion Beam (FIB) Based Deposition
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Figure 1.7: FEI Helios Nanolab FIB System

A focused ion beam tool is a scientific tool similar in concept to the more widely
known scanning electron microscope (SEM). With a FIB system the charged particle is
an ion, often gallium instead of electron, a high voltage accelerates the ion, which allows
them to sputter away material when they are accelerated towards the surface. FIBs are
powerful tools (Figure 1.7) because they can deposit and remove metal with high
precision. Some of the FIB tools are equipped with two beams, one composed of
electrons which is primarily used for imaging and energy dispersive spectroscopy, and
the other is composed of ions, which is used to cut and connect circuitry with in a chip, as
well as to create probe points for electrical test. The basic principle here is to decompose
an organo-metallic precursor using the energy of the ion beam to deposit metal on the
substrate. Depending on the precursor gas various metals or insulators can be deposited
such as Pt, W, Mo, Cu, or SiO; or if the precursor gas is an etchant, such as I, Cl,, Xe,
XeF,, etc we can perform etching operation. For our experiments we used two types of

FIB tools, one of them uses gallium as the ion beam which is generated from the liquid
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metal ion source (LIMS)(Figure 1.9) where the ion beam is generated from a point source
and the other one uses xenon (Xe) as the ion beam which is generated from an
inductively coupled plasma ion source(Figure 1.8). One of the main advantages of Xe
based plasma FIB is that it allows us to separate the impact of Ga contamination in our
depositions. Since Xe is gaseous at room temperature it cannot be present as an impurity
in the depositions. By comparing electrical properties of the depositions from Ga and Xe
base FIB, we can understand the effect of Ga. Another advantage is of Xe based plasma
FIB that they can have beam current in the range of pAs where as the Ga FIB can go up

to nAs. This gives a speed advantage, during high volume milling operation to the Xe

plasma FIB.
Gas supply Inductively
| coupled plasma
I (ICP) ion source
RF Generator - Plasma cell

E— = . Helcal antenna
Source aperfure
J Pe
— = Extraction optics

Xe* ions

Figure 1.8: Schematic of ICP ion source used in Xe based Plasma FIB®
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Figure 1.9: Schematic of Liquid Metal ion source used in Ga based FIB’

Due to the fundamental difference in ion beam generation mechanism we get

much higher beam current in the Xe based plasma FIB tools.

1.8 Impact of FIB Circuit Edit (CE)

As semiconductor device scaling advances according to Moore’s Law, focused
ion beam (FIB) nano-deposition capabilities are critical to the debug and repair of
complex circuitry. FIB based machining and metal deposition enable a variety of circuit
and interconnect rewiring operations in the prototyping stage of integrated circuit (IC)
design and manufacturing, thus reducing product development cycle time. One of key
capabilities behind FIB involves using the energy from an ion beam to decompose an

organo-metallic precursor to selectively deposit metal on a substrate.
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Figure 1.10: Impact of FIB based circuit edit

Figure 1.10 shows the benefit of using FIB circuit edit during product
development. Generally the development cycle goes like this: First the chip is designed
then masks are made, and silicon is fabricated after that the part is tested for the first
time. Once a problem is found and a fix is determined, it must be validated before
becoming part of the final design. This means that the design must be modified and new
chips manufactured. This process can take weeks to months to find out whether the fix is
correct. With FIB CE, the fix can be implemented within a day right on the chip and then
tested, providing immediate feedback. Several fixes can be collected before committing
to new silicon. In this way FIB based CE can save the cost of mask and reduce the time to
market, now as the device sizes are scaled down day by day the cost of mask is increasing
so FIB based CE is becoming more important but the resistivity of FIB deposited metals
are ~100 times higher than the bulk metal consequently, the relationship of the chemical

composition and structure to the electrical resistivity of FIB deposited metals needs to be
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quantified, to drive further improvements in the debug of ICs where lower resistance

values of interconnects, with concomitantly reduced power, are necessary.

1.9 FIB based material deposition process

FIB Gun

Precursor ~ PUmp

Figure 1.11: FIB Deposition Mechanism
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Figure 1.11 is a simplified block diagram of FIB based metal deposition. The ion
beam is generated from a point source in the FIB gun which is guided by computer
controlled electrostatic lenses that focus and raster it on the substrate surface according to
a desired pattern. The beam path and raster area are obtained from user inputs to a
computer, connected to the beam controlling coils/lenses. The FIB gun is mounted on a
vacuum chamber coupled to the motion controlled sample stage and precursor gas
injection system (GIS). Generally the GIS includes a pressure controlled reservoir that
can be heated or cooled which is connected to a fine nozzle with diameter around 0.5
mm. The open end of the nozzle can be brought into close proximity to the substrate
surface on which the ion beam is focused. During metal deposition, metal containing
precursor gases are adsorbed by substrate atoms, then high energy ion beam dissociates
the metal atom and deposit them on the substrate and residual gases leave the deposition

chamber.

A significant amount of impurity atoms such as carbon and gallium also get
deposited during this process. We would like to see the influence of those impurities on

the resistivity of the deposited metals.

1.10 Preliminary Experiment
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Figure 1.13: Schematic of the measurement setup
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Figure 1.14: Series resistance (R;) vs freq. of the Pt metal line
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For preliminary experimentation, Pt metal lines (Figure 1.12 using FIB (Ga") with
standard used deposition parameters on a SiO,/Si substrate between Ti/Au contact fingers
was deposited and the series resistance (R;) (Figure 1.14) of the structure was measured.
The calculated resistivity of Pt, assuming ideal contacts, form the experiment was indeed
two orders of magnitude larger than the published bulk values, which warrant detailed

investigation of FIB deposited metal lines to improve its resistivity.



Chapter 2 Coil Carbon Nanotube Inductors

This chapter will describe how to estimate the inductance of CCNT inductors and

compare it with conventional Copper inductors with respect to different figures of merit.

2.1 Introduction

We discuss the inductance, using quantum mechanical characteristics of rationally
synthesized coiled carbon nanotubes (CCNTs) to harness high inductor performance,

with small device footprint.

We will show the potential of CCNTs to drastically reduce limitations of
conventional inductors, extending fsz up to 10 THz. The foundation is their superior
current carrying capacity (of the order of 10°A/cm?, two orders of magnitude larger than
copper) with low electrical resistance and negligible parasitic due to coiled geometry,
along with the harness of the kinetic inductance (L;), in addition to electromagnetic
inductance (L.,). Moreover, an individual atomic layer thick CNT/Graphene sheets

would not be susceptible to the skin effect.

20
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2.2 Computational Details

Figure 2.1: SEM image of a CCNT denoting width(w), outer tube radius(,,,),
pitch(P),coil radius(c), projected length(/,) and number of turns(V;))

Figure 2.2: The CCNT structure used in finite element simulation with r,,~10nm, ¢=100
nm, P=30 nm, and N; =10
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Figure 2.3: Magnetic flux density in units of nT of the CCNT structure

We modeled the CCNT as a metallic multiwall CNT with the following four

geometric parameters defined in Figure 2.1, i.e.,

(1) tube radius, 7,
(i1) coil radius, c,
(iii))  pitch, P, and

(iv)  number of turns, N,.

When electrical current (/) is passed, the electromagnetic inductance (L.,) would
comprise contributions from flux linkage interior and exterior to the CCNT, i.e., Lain
and Ly ., respectively. The CCNT was modeled as a tube with an inner and outer radius

(7w =5 nm and r,,, = 10 nm) as in Figure 2.2, with an extended/total length, /; and an
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coiled/projected length, /,, and the inductances/unit length were estimated (assuming the

CCNT to be akin to a long solenoid', as l, is typically greater than three times c)

through:
_ 14 VZM;-V;(,, Yout
Lagin= (M - ’2)> [ (12, ) I (2] (2.1)
T C2 2
Lyg o= 222)

by

The results obtained by (2.2.1) and (2.2.2) were confirmed by numerical simulations
using COMSOL® Multiphysics; where Maxwell’s equations were solved using finite
element method in a quasi-static approximation as the dimensions of the CCNT are
significantly smaller than the wave length of the EM wave (Figure 2.3). The simulated
inductance of a CCNT with typical length scales of r,,~10nm, c=100 nm, P=30 nm, and
N; =10 was 10pH and the EM inductance estimated from equations (2.2.1) and (2.2.2)
above was ~11pH. A substantially additional contribution, to the net inductance, would
be from the constituent one-dimensional single wall nanotubes (SWNTs) through their

kinetic inductance (Ly)'""'*"

which arises through a consideration that electrons can
circulate in loops internal to the wire. The resultant current (/) flow depends on the excess
number of electrons moving in one direction compared to the other. For example, at the

nano-scale(say, < 5nm), the energies of electrons are quantized and only the excess

electrons occupying the high energy states contribute to the current flow, the kinetic

. . 1 o .
energy is then equivalent to ELkIZ . Considering that each electronic channel of



24

conduction would contribute to L, we enumerate the total number of channels (N4, for
a given CCNT diameter. This may be done through counting the number of occupied
modes (M) for a single constituent SWNT and then summing over the multiple SWNTs

(m) that comprise the CCNT through:
Nchanzz;n Z]]Wf]‘ (223)

where f; (=1/(1+exp(|E-Ef|/kzT))) is the Fermi-Dirac function. The m would be

proportional to the r,,, and consequently a relationship of the form:
N pan=a""T o b (2.2.4)

with ¢ =0.1224 nm™ and 5=0.425 was assumed'®. The L per unit length can then be
derived to be: h/4vre’N,,,, , where h is the Planck constant, v is the Fermi velocity,
and e the elementary electronic charge. Such a relation for L; was experimentally shown
to be correct for SWCNTs for frequencies above 10GHz'' and indeed, previous
simulations® have shown L independent of frequency above 200GHz. So the net
inductance, L, (incorporating both classical and quantum effects) was expressed

through:

Lnet:lt'LM,int+1p 'LM,ext+lt'Lk (225)
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Figure 2.5: The ratio of Ly and L., vs. 7oy at ¢ = 100nm and 1000nm
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We plotted L, as a function of r,, and ¢ in Figure 2.4. It was then seen that the
L, may be tuned by orders of magnitude through varying r,, and c. A thinner tube
(smaller 7,,,) is more effective in enhancing the inductance in that the effective flux loop
area would be increased (for an equivalent /). However, the component footprint area, 4
(product of /, (=P-N,) and width, w (=2(r,utc)), Figure 2.1) is still diminished. The
variation of L, with P was found to be less significant. An enhanced Ly, .., is particularly
relevant for the proposed CCNT structure. While it has been previously found'? that for
SWNTSs, Ljyer could be orders of magnitude lower than L; , for CCNTs the range of
variation could be smaller (Figure 2.5) due to the enhanced contribution from the coiled

structure. In our computations, Ly ;,» was found to be a small fraction (~ 1%) of the Ly ey

Lyers Rpes CQ3J'Y:}(;5-
I
cT

P

Figure 2.6: Equivalent circuit of a CCNT with all the capacitances

Figure 2.7: Proposed equivalent circuit of a CCNT with 7 shells for fsz calculation
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I

Figure 2.9: The CCNT bundle structure used in HFSS simulation with r,,,=22nm, ¢ = 50
nm, P =100 nm, and N;=5
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freq.(GHz)

Figure 2.10: EM inductance vs freq. of the structure with the CCNT bundle indicating fsz

Figure 2.11: Geometry of a 5 CCNT bundle and equivalent copper block, each of the
CCNT has r,,~10nm, c=100 nm, P=30 nm, and N, =10, spacing between adjacent CCNT
is 20nm. The direction of current flow is shown with the arrow

In addition to tunability of L,, and reduced A, we have also seen that other

important attributes such as fsg and Q could be enhanced over conventional inductors.
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Presently, fsz of inductors is limited to around 40 GHz'® due to large parasitic
capacitance brought about by component overlap and interaction with substrate.
However, through the use of coils, fsz values of the order of 10 THz may be achieved due

to substantially reduced:

(1) projected/overlap area and

(i1) substrate interactions.

The equivalent circuit for obtaining fsg using L, and C is represented in Figure

2.7, where each shell of the CCNT was modeled as series combination of L,., and

Rpc(incorporating resistance due to both quantum effects, Rq(=2 d ) and scattering,

e’N, chan

hl
Ri(= :
s( 262 Nopani

) where A (~2000 r,,)1s the electron mean free path'®). While the

individual shells of the CCNT may couple capacitively through quantum capacitance
(C,) as well as electrostatically (Cy) arising from varying voltage distributions in the
shells, such capacitances do not contribute to fsz due to shielding from the outer most
shell (Figure 2.6). Additionally, C, (which is in series with and typically smaller'” than
C,) from the outer shell can be ignored due to the small projected area (Figure 2.6). The
capacitance which does contribute to fsz arises due to the interaction between adjacent
turns of the coil, i.e., Cy. We calculated'” the equivalent Cy as 1.8 aF and Rpc ~ 1.2 kQ
(with 744,= 10 nm, ¢ =100 nm, P = 30 nm, and N, = 10) along with L,,,, which yields fsz
values in the order of 1 THz or greater (Figure 2.8). We also performed a full wave
electromagnetic (EM) field simulation using high frequency structure simulator (HFSS)

form Ansoft for a bundle of 5 CCNT coils (Figure 2.9) (each of which has r,,~22nm,
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¢=50 nm, P=100 nm, and N, =5) to check the self resonant frequency (f,). The
simulation results show that f, is around 25THz (Figure 2.10) when there is no parasitic

capacitance from the substrate.

We compared the Q of the CCNT based inductor ensembles (Figure 2.11) (each
constituent of which had a r,,~10nm, ¢ =100 nm, P=30 nm, and N, =10, with a 20 nm

separation between adjacent CCNTs) with those of conventional inductors, of equivalent
(a) component footprint volume, as well as
(b) actual material volume.

Since, we propose to use parallel arrays of the CCNTs (due to a reduced
resistance), five CCNTs were considered representative for comparison with prevalent
inductors (which typically have widths in the range of 1-10 pm’). We considered both
L, and their mutual inductance (Mj)(due to the interaction of magnetic flux among
neighboring CCNTs) for each CCNT in the bundle. For obtaining M;; we modeled the
CCNTs as solenoids with parallel axes'®. So the overall impedance of each CCNT in the
bundle will contain self impedance, Z,,(=RpctjwL,,.; ) and 4 mutual impedance terms
for its 4 neighbors. Applying Ohm’s law for all the CCNTs in the bundle we get a system

of 5 linear equations:

[V1] [Z11 M, M;; My M15] [11]
Vol | Mo Zoy My My, Mys||L
Vi|=[M3; Mz, Zzz My Mss||I; (2.2.6)
Vil My My My Zyy Myl
Vs 51 Msy; Msz Msy Zss1Us
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here the mutual inductance terms obtained from Grover'® is expressed as
Mj(=jol,,; ,ij=1,2...5) and V,;=V,=V;=V,=V;=V, since all the CCNTs in the bundle
are identical. We solved (2.2.6) for a wide range of currents (InA to 1mA) to get V.

Using V' and total current, Iy (=1;+I,+I3+1,+I5) through the CCNT bundle we can

compute the equivalent impedance (Z,) of the bundle, the imaginary part of
Zeﬁ(Zg =R gtjowL.y) will give us the effective inductance (L,4) of the bundle. This L4

of the CCNT bundle was used in Table 2.1 and compared with the inductance of above

described section of conventional inductor material.

Table 2.1: Comparison of L/RDC of CCNT bundle(MATLAB) and equivalent Cu

block(FastHenry?2)
Bundle of CCNT Equiv. footprint(Cu) Equiv. material(Cu)
L ~ 680pH L ~0.03pH L ~0.081pH
Rpc ~240Q Rpc~0.02Q Rpc~0.21Q
L/ Rpc~3pH/Q L/ Rpc~1.5pH/Q L/ Rpc~0.39pH/Q

o Effect of Pitch on the Inductance of CCNTs
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Figure 2.12: Total Inductance (L, ) vs Tube radius (r,,,) with varying pitch (P). Here P
is expressed as a function of 7,

Figure 2.12 shows the variation of L, vs tube radius, r,, , for different P using
the proposed analysis. Here we can see that L,,, does not change significantly when we

vary P, so squeezing and unsqueezing the CCNTs will have negligible effect on L,,,,.

2.3 Experimental Details

e Synthesis Procedure
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Figure 2.13: Simplified block diagram of CCNT synthesis

A two-stage CVD reactor comprising of liquid and gas injectors was used for

preparing CCNTs on bare quartz substrates (Figure 2.13). Xylene and acetylene served as
the carbon source. Indium isopropoxide was dissolved in the xylene-ferrocene mixture
which was continuously injected into the CVD reaction tube (~700 °C) at the rate of
Iml/hr. The atomic concentration of Fe in the xylene-ferrocene mixture was held between
0.75 -1 atomic %, and the relative concentration of Indium isopropoxide was varied
systematically to yield -catalyst particles with varying catalysts compositions
R=In/(In+Fe). Acetylene at the flow rate of 50 sccm and argon at the flow rate of 800
sccm were fed into the system during the synthesis. After 1 hour reaction, the syringe
pump and acetylene injection were shut off and the CVD reactor was allowed to cool to
room temperature under flowing argon atmosphere. Various parameters, such as the
reactor temperature, gas flow rate, concentration of iron, and indium were adjusted to
optimize the synthesis condition. Scanning electron microscopy (SEM) (Haitachi S-4700,
20 KV) and transmission electron microscopy (TEM) (Hitachi HD-2000, 200 KV) were

employed to explore the structure and morphology of the as-grown HCNTs.
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Figure 2.14: SEM images of CCNTs

We find that the growth of CCNTs is favored when R is ~65%. Figure 2.14 shows
a typical SEM image of an as-grown CCNTs film that was peeled from the quartz
substrate. High purity CCNTs are densely packed and oriented normal to the surface of
substrate. The high degree of orientation can be appreciated from the middle section of

the CCNTs array as seen in Figure 2.14.

e Sample Preparation
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Figure 2.15: Fabrication steps for sample preparation

After fabricating CCNTs we need to create contacts on them for characterization.
To create contact pads we start with a Si substrate and deposit an insulating layer on them
and then pattern and deposit Ti/Pd contact pads, then we disperse the CCNT containing
liquid on the substrate, after this the SEM image looks like this, then we connect the
CCNT with the contact fingers with FIB based Pt deposition. In this way we package our

CCNTs for characterization. All the fabrication steps are illustrated in Figure 2.15.

e Measurements

After preparing the samples (Figure 2.16), they were measured using Agilent
B1500A semiconductor parameter analyzer coupled to a commercial probe station. Four

terminal pair (4TP) configuration connection method was used to reduce the parasitic
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(Figure 2.17). In order to estimate the contact resistance, a FIB deposited Pt metal line
was also measured. As we can see from Figure 2.18 that the measured CCNT has a
resistance of ~10KCQ, where as the theoretical computation suggest only ~4€Q. Also the
resistance of the Pt line is ~1KCQ, where the computation predicts ~9Q. Also the phase

shift indicates purely resistive behavior.

o r

= 3 . &
p_,(bulk)=8uQcm - ' L et(theo.) = 24pH
Rpy(theo.) ~9Q 0 Rs(theo.) = 4Q

Parameter o0ee |

Analyzer o0ee

(B1500A) o0ee
o0eee

Probe Station Stage

Figure 2.17: Measurement setup used for CCNTs and Pt metal line
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This experimental measurement suggested that the impedance of the CCNTs are
dominated by their orders of magnitude higher contact resistance. Also the FIB deposited
metal lines, which were used as the contacts, have at least 100 times higher resistance
than their bulk counterpart which is a major source of the high contact resistance. So in
order to truly characterize the impedance of the CCNTs we need to significantly reduce
their contact resistance which warrants a detailed investigation of the resistivity of the

FIB deposited metal lines.

2.4 Conclusion

In summary, we have suggested, based on computations of the constituent
electrical characteristics, that rationally synthesized CCNTs could be used as inductor
elements. FIB deposited metal deposition process needs to be optimized for reducing the
contact resistance of the CCNTs. Low contact resistance(~few Qs) are extremely critical
for the experimental verification of the simulated inductance.

This chapter, in part, is a reprint of material as it appears in the following
publications: H M Faraby, A M Rao, and P R Bandaru, “Modeling high energy density
electrical inductors operating at Thz frequencies based on coiled carbon nanotubes”,
IEEE-Electron Device Letters, Vol. 34, Issue 6.H Faraby and P R Bandaru, “High Energy
Density, High Operating Frequency and Energy Efficient On-Chip Inductors based on
Coiled Carbon Nanotubes (CCNTSs).” MRS Online Proc Libr. 2013,1551. The dissertation

author was the primary investigator and author of this material.



Chapter 3 Focused Ion Beam Deposited Metals

This chapter will discuss the effect of elemental concentration on the resistivity of
FIB deposited Pt and W metal lines. It will also report how the resistivity and the Ga
concentration varies with different beam parameters. Finally it will provide a
mathematical model to estimate the resistivity of the metal lines from the Ga

concentration only.

3.1 Introduction

FIB based techniques are of wide use in the semiconductor industry, and play a
critical role in applications including, e.g., metal deposition induced repair of integrated
circuits'®, cross section imaging of micro-fabricated devices®’, electron microscopy (EM)
sample preparation®’, ezc. FIB induced metal deposition has also been extensively used
in electrical connection and concomitant measurements of nanostructures such as nano-

222324 quantum dots®, and related devices*®. Typically, for metal deposition

tubes/-wires
Ga' constituted ion beams serve to decompose the metallo-organic (MO) precursors —

which serve as the source for the metal.

However, a major issue in FIB induced metal deposition is the sub-optimal
electrical resistance of the deposited metals (e.g., in the case of platinum®***°, gold™,
coppper’', cobalt®?, and tungsten®®), where electrical resistivity values have been reported
to be orders of magnitude higher than that of the bulk metal. While it has been widely

27-29,33
d s

perceive that contamination from the carbon of the precursors decreases the

39
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resistivity, we will show, based on extensive experimental investigations, that the
resistance seems to be controlled by the implanted Ga” - with the metal from the MOs

playing a negligible role.

The FIB metal deposition process involves heating (typically to ~ 50 °C) the
relevant MO precursor in a gas reservoir adjacent to the EM chamber, subsequent to
which MO vapor is controllably passed, through a gas nozzle, into the vacuum chamber.
It is thought®® that the vapor molecules adsorb onto the substrate, and are then
decomposed through interaction with the ion beam. The decomposition of the MO
precursors should result in metal deposition, the thickness of which should be
proportional to the MO-ion beam interaction time, while the residual volatile organics are
concomitantly removed through vacuum pumping. A few prior reports®® have
investigated the relationship of different beam parameters on the growth rate and
resistivity of deposited metal lines. It was found® that the resistivity can be varied by
orders of magnitude by varying the deposition parameters and the presence of Ga' has an
positive®® impact in reducing the resistivity of electron beam deposited Pt metal lines.
While it was also indicated® that a metal-insulator transition as a function of nanowire
diameter occurs in FIB deposited Pt-C nanowires (with diameters in the range of 70-150
nm), the relationship of the resistivity variation with Ga' concentration was not

mentioned.
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3.2 Experimental Details

We focus, on the electrical resistance of tungsten (W) and platinum (Pt) metal
lines  deposited in  commercial FIB/SEM  systems using  Trimethyl
(methylcycopentadienyl) platinum: CoH,6Pt, and tungsten hexacarbonyl: W(CO)g, as the
respective MO precursor gases. During the deposition, the ion beam accelerating voltage
was fixed at 30 kV, e.g., to minimize the contribution of the secondary electrons®’. Four

commonly used metal deposition parameters were investigated, viz.,
(1) beam current - which defines the total Ga' charge/unit time (in the

range of 80 pA to 2.5 nA for Pt and 80 pA to 9.3 nA for W)
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Figure 3.1: Avg. p and Ga% vs beam current for Pt
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Figure 3.2: Avg. p and Ga% vs beam current for W

In Figure 3.land Figure 3.2 we plotted the average p and average Ga
concentration with respect to beam current for Pt and W respectively. We can see that for
both Pt and W whenever there is an increase or decrease is Ga concentration there is a
corresponding decrease or increase in resistivity (p) which indicates a direct dependence
of Ga concentration with resistivity. Since the resistivity variation is from 100 pQ-cm to
400 pQ-cm we should get similar dependence with respect to C and W concentrations

also.
(11) percentage of overlap between adjacent beam spots (in the range of 0%

to -150%), illustrated in Figure 3.3. The percentage overlap is based on the theoretical

spot size of the ion beam based on the aperture selected. A negative overlap number
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positions the beam spot locations such that there are a gap in between the dwell points of
the ion beam. A positive overlap number indicates that the spot locations will have
intersecting areas during the patterning activity. Figure 3.3 shows a simple example of
the beam spacing for the range and midpoint of the beam overlap conditions. The image
on the left shows an overlap of 0%, meaning no gap between adjacent beam spots the
right one shows an overlap of -150%. The experimental range investigated was purposely
skewed toward negative values because gas enhanced recipes such as deposition are
known to depend upon other effects such as beam tails and secondary electrons (SE) to

drive the subsequent chemical reactions.

Overlap

Q000
-150% overlap

0% overlap

Figure 3.3: Illustration of the concept of overlap%
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Figure 3.4: Avg. p and Ga% vs overlap% for Pt
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Figure 3.5: Avg. p and Ga% vs overlap% for W

In Figure 3.4 and Figure 3.5 we plot how the resistivity (p) and the Ga
concentration changes with overlap % for Pt and W respectively. Here we also see the
same relation of p and Ga concentration as we have seen for beam current. We also

notice that similar to beam current the p and Ga concentration of W doesn’t change much

with overlap%.

(111) defocus — a measure of the ion beam spread (in the range of 0 pm to

150 pm), with respect to the sample surface as a reference, this value offsets the
final focus position during patterning and results in larger beam spot size parameter by
automatically controlling the lens 2 voltage (focus) on the ion column. This results in

spreading the ion beam current across a larger area and less collimated beam during the
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depositions. The defocus value is only active during patterning and returns the lens value
to optimal focus when the pattern recipe is complete. The concept of defocus is illustrated
in Figure 3.6.

Defocus

defocus = Qum i :

defocus = Sum

Figure 3.6: Illustration of the parameter defocus
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Figure 3.7: Avg. p and Ga% vs defocus for Pt
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Figure 3.8: Avg. p and Ga% vs defocus for W

In Figure 3.7 and Figure 3.8 the resistivity p and Ga concentration is plotted with
respect to defocus. We see the same trend and we have seen for beam current and

overlap.
(1v) temperature of the gas injection system (GIS), which regulates the MO

gas pressure (in the range of 42 °C to 54 °C for Pt and 41 °C to 62 °C for W) in the
vacuum chamber. The GIS temperature controls the flow of the precursor gas in the
vacuum chamber. By controlling the GIS temperature we regulate the volume of gas
available for interaction with the high energy ion beam. The volume of gas available for
ion beam interaction can greatly control the chemical composition of the deposited

material as if the gas volume is too much compared to Ga ion then there will a significant
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amount of un-decomposed precursor gas elements present in the deposition which will
result in a higher resistivity deposition and if the gas volume is too little then a lot of Ga
ions will be deposited which will make the resistivity relatively lower as we can see from
Figure 3.9 and Figure 3.10, also there is the risk of running in a gas depleted regime,
where there isn’t enough precursor gas available to deposit and the Ga ion beam sputters

the substrate.
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Figure 3.9: Avg. p and Ga% vs GIS Temp. for Pt
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From the previous plots we can predict a clear relation of decreasing resistivity
with increasing Ga concentration for both Pt and W. The plots also indicate that the
resistivity does not depend on either beam controlling parameters or gas flow controlling

parameters; rather it depends on the elements that are present in the deposition.

Now we would like to discuss how we obtained the concentrations of the
constituent elements which were present in the deposition and used in the above

mentioned plots.

Subsequent to depositing the W and Pt metal lines, the chemical composition of
all the constituent elements was quantitatively analyzed through the standard practices of

energy dispersive spectroscopy’’ (EDS). When a sample is scanned with a beam of high
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energy electrons, characteristics X ray photons are generated along with Bremsstrahlung.
The energy of those characteristic X-rays belong to the emission energies of the chemical
elements contained in the sample, those energies are independent of the chemical
bonding state of the affected atoms. In the resulting energy dispersive spectrum the
characteristic X-rays correspond to visible peaks. Identifying these peaks yields
information about the elements that are present in the sample. Bremsstrahlung
(deceleration radiation) is generated by deceleration of high-energy electrons in the
electric field of an atomic nucleus. Thereby the electron looses a substantial amount of
energy which was supposed to be released in form of an X-ray. Since any value of energy
loss - from zero to the full electron energy — is possible, the Bremsstrahlung quanta
statistically form a continuous spectrum background. Using those background and peak
intensities, quantitative data about the sample composition is derived by an extensive
mathematical process often referred as P/B ZAF matrix correction. Here P/B is the ratio
of peak to background intensities of the generated X rays and Z, A and F represents

atomic number factor, absorption factor and fluorescence factor respectively.

The Z-factor accounts for the ratio of total counts to the number of incident
electrons; the A-factor is the effect of self-absorption of the characteristics X rays by the
elements in the sample and the F-factor accounts for the fluorescence enhancement, all
these are non-ideal effects which needs to be corrected for accurate quantitative analysis.
This method is considered as a true standard less and self calibrating method as it does
not require measured intensities of characteristic X rays of standard materials for

quantitative analysis. The detailed mathematical process is published elsewhere®®. In this
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way the chemical elements and their respective atomic percentage of the FIB deposited

metal lines were obtained.

cps/eV
" iy [
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Platinum 15.48
Carbon 74 60
Oxygen 0.82
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Figure 3.11: Example of an measured EDS Spectrum

Figure 3.11 shows an measured EDS spectrum. The diagram on the inset is the
SEM image of the deposited metal and the black box indicates the area on which EDS
analysis was performed, and the table on the inset shows the atomic concentration of the

elements calculated from the spectrum.
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Figure 3.13: Scanning Electron Microscopy (SEM) images of the (a) length (), along
with the (b) width (w) and height () of FIB deposited metal lines. (c) Optical image of
the four-probe measurement of the electrical resistance on the FIB metal lines

The deposited metal lines were contacted through Ti/Pd pads (patterned on

plasma-enhanced chemical vapor deposited SiO, coated Si substrate) for electrical
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measurements (Figure 3.12). The electrical resistivity (p) of the material was determined
through four-probe measurements: Figure 3.13(c), of the resistance (R) of the deposited
metal lines (using a HP 34401A multimeter and a commercial probe station). The length
(I) — Figure 3.13(a), along with the width (w) and the height (%) — Figure 3.13(b), of the

metal lines were estimated from EM imaging and FIB cross sectioning.
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Figure 3.14: The variation of the electrical resistivity (p) with metal (M)(Pt or W)
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Figure 3.15: The variation of the electrical resistivity (p) with gallium (Ga),
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Figure 3.16: The variation of the electrical resistivity (p) with conductors (M+Ga)
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Figure 3.17: The variation of the electrical resistivity (p) with carbon (C)

We plot the estimated resistivity, p(=Rwh/[) with respect to M (i.e., W or Pt) and
Ga atomic % in Figure 3.14 and Figure 3.15 respectively. Generally, the p relates to the
decomposition product of the MO precursor while EDS (used for determining the atomic
%) identifies elements independent of their chemical bonding state. Figure 3.14 does not
seem to indicate any clear correlation () of p with atomic % of M. For Pt (with bulk
resistivity ~10.6 pQ-cm) metal lines, the p was noted to be in the range of 10> -10° pQ-
cm, with a metal concentration (as determined through EDS) in the range of 20% to 40%.
For W metal (with concentrations between 30-40%) lines, the p was found to be

29,39

smaller - in the range of 100-400 pQ-cm , while still larger than that of the bulk W

(~5.5 pQ-cm). However, a clear correlation of decreasing p, indicating increasingly



56

metallic characteristics, with increasing Ga concentration was observed and is shown in
Figure 3.15. The Ga content was kept adequately low to avoid sputtering effects
associated with larger fluences* at higher atomic % Ga. The variation of the p with
(M+Ga) atomic % is indicated in Figure 3.16, showing trends similar to Figure 3.15 . In
Figure 3.16 , previously published*' data have been superposed. While there seem to be
some deviatory data in Figure 3.16, their corresponding Ga concentrations — as in Figure
3.15 - still conform to the trend of decreasing resistivity, indicating that Ga is the
dominant factor in determining the electrical resistivity of the FIB deposited metal lines.
In Figure 3.17 we plot the variation of p with C atomic %. Here we see as the C atomic %
increases, p decreases indication carbon role as an insulating material, the spread in

resistivity was wider than the metal(M) and gallium(Ga).

3.3 Theoretical Modeling

In order to understand the percolative behavior of the electrical resistivity of the
FIB deposited metal,, we theoretically calculated their electrical resistivity using the
concept of effective medium theory (EMT). It relates to methodical modeling that
outlines the macroscopic properties of composite materials. They are derived from
averaging the pristine values of the properties of the constituents that directly make up

the composite material.
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Figure 3.18: An intuitive explanation of the Effective Media Theory (EMT)

Many theories have been developed which can describe useful properties of the
composite material as a whole. In this case, the theoretical resistivity of the MO deposited

42,43,44 .
gt general effective

metal-Ga-C composite was estimated through McLachlan
medium (GEM) based formulations®, developed as a generalization and expansion of

Bruggeman’s symmetric and asymmetric media theories for binary mixtures. We
assumed that the mixture was constituted from two components - a low resistivity (p, )
component (mainly from Ga with a resistivity of 27 pQ-cm™) and a high resistivity (p i)
component from C, un-decomposed MO precursor, etc. and that the variation observed in
Figure 3.15 corresponded to a percolative transition, where increasing Ga through the
FIB deposited metal line increased the overall electrical conductivity. While the
symmetric theory was based on a random mixture of distinct spherical constituents,
which completely fill the composite media (of resistivity: p, ), the asymmetric theory
assumes concentrically coated constituents. The following form of the GEM equation

was employed:
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1 z I I
(o[(pm)t‘(plo)t] (I‘w)[(pm)t'(phi)t]

= 3.3.1
(pm)§+[%] (plo)é (pm)§+[%] (Phi)é ( :

In Eqn. (3.3.1), @is the atomic percentage of the low resistivity component (with
@.being a critical atomic percentage of Ga at which a percolation path is formed through
the medium) and ¢ is a critical exponent. Eqn. (3.3.1) reduces to Bruggeman’s symmetric
and asymmetric media equations in the appropriate limits of the resistivity and shape of
the components **, and can also be viewed as an electrical conductivity/resistivity

percolation equation®. For example, when p » 2 0, Eqn. (3.3.1) reduces to:

t
%
Pm = Phi (1-(/)—) (3.3.2)

c

Alternately, with p, = oo, Eqn. (3.3.1) yields:

-+
(122
o =p0 (1-12) (333)

Eqn. (3.3.1) can be considered as a matched asymptotic expression*’ between Eqns.
(3.3.2) and (3.3.3) with ¢, being the matching asymptote. The p;,was chosen as 27uQ-
cm which is the resistivity of liquid metal Ga*’. The p,; Was chosen to be 10° pQ-cm
which is obtained by extrapolating the experimental data (Figure 3.15) to 0% Ga
concentration. Other two fitting parameters ¢ and ¢ are fitted to 1.3 and 0.05

respectively. In order to verify the range of ¢, it was calculated using both Eqn. (3.3.2)
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(¢,,)and Eqn. (3.3.3) (¢, ) where p,, and ¢ was obtained from the experimental data of
Figure 3.15 and aforementioned values of 7, p;, and p,, were used. It was observed that
the matching ¢ _(=¢_,=¢_ ) resides between 0.048 and 0.07 as Agp (= |g0c 2= 0. 3|) was

minimum (~0.02). Using these parameters Eqn. (3.3.1) was solved numerically with

MATLAB for p,, and plotted with the experimental data in Figure 3.19.
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Figure 3.19: The red solid line in represents the fit from the GEM based model to the
experimental data (black solid circles). The inset shows the experimental measurements
from our report as well as those from literature.
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Figure 3.20: The sensitivity (S,) of the FIB deposited metal resistivity, p,, to the fitting
parameters, a (=py;, P, ¢, and ?), as a function of the volume fraction, ¢

The sensitivity of p,, to those fitting parameters are defined*’ by

S,= (dp'f) / (%“) (3.3.4)

which is the ratio of per unit change in the resistivity of the medium to per unit change in
the fitting parameters, here a is the fitting parameter and S, is the sensitivity of p,, to a,
so S, = 0.1 implies one unit change in o will result in 0.1 unit change in p,,. Equation
(5) was evaluated and plotted with respect to ¢ in Figure 3.20. Here it is observed that we
can determine ¢ from S, and S; , as they are highest at ¢, which is expected, since ¢,
determines the atomic % where the transition from the high to low resistivity behavior of

the medium occurs, so there will be an abrupt change in p,, at ¢ which is reflected in
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both S, and S, . The dependence of p,, on p;; is expressed by §

0, » below 9. the

medium behaves as a high resistivity material, as there are no percolation paths formed,

due to smaller atomic % of the low resistivity element, so S, ~1, so there is a one to one
correspondence between p, and pj; . Above ¢_, p, approaches toward p,, due to the
formation of percolating paths and S, = drops orders of magnitude below 1. Similarly, the
dependence of p, on p, is expressed by S,, , above ¢ , S, ~1, so there is a one to one

correspondence between p,, and p,, and below ¢ _, S, abruptly drops below 1, at ¢ , S,

and S, intersect each other (S,,, = S,, ), which is another way to determine ¢, from S, .

and Sp o

3.4 Conclusion

In summary, we have shown that the concentration of Ga (the constituent in the
ion beam) seems to be the dominant factor in determining the electrical resistance of FIB
deposited lines. Extensive analysis has enabled us to also conclude that it is the chemical
composition of the deposited material that determines the electrical resistivity and not the
FIB beam parameters per se. The beam parameters and other effects such as sputtering
are all reflected through the chemical composition of the deposition which has been

carefully determined through EDS.

The surprising aspect was that the intended metal from the decomposition of the
MO precursor does not seem to strongly contribute, presumably due to incomplete
precursor decomposition. It may be suggested that, given the limitations with precursor

volatility and system stability, the deposition parameters that directly controls Ga"



62

concentration should only be considered for tuning the resistivity of FIB metal

depositions.

This chapter, in part, is a reprint of material as it appears in the following
publications: H Faraby, Michael DiBattista and P R Bandaru, “Percolation of gallium
dominates the electrical resistance of focused ion beam deposited metals”, Applied
Physics Letters, Vol.104, Issue 17.The dissertation author was the primary investigator

and author of this material.



Chapter 4 Focused Ion Beam Deposited Insulators

This chapter will discuss the electrical properties of FIB deposited insulators with
respect to their elemental composition. It will examine the electrical resistivity and also
compare the capacitance per unit area between Ga and Xe based FIB deposited metal-
insulator-metal (MIM) structures. Finally it will provide a mathematical model for

resistivity variation with Ga concentration of those MIM structures.

4.1 Introduction

Focused Ion Beam (FIB) based depositions are widely used in the semiconductor
industry, especially in applications involving repair of integrated circuits (ICs)*™" and
photo masks, electrical connection and measurement of nanostructures’>>>**> cross

. e1qe . . . . 20 . .
section milling and imaging of fabricated devices™ and transmission electron microscopy

(TEM) sample preparation”'.

The ability to deposit insulator material is critical to the modification and repair of
ICs as the FIB deposited contact has to be insulated from adjacent wires. However, it is

L 14934
perceived

that the quality of the insulating layers are effected by implantation of the
Ga ion and incorporation of carbon (C). Few prior 1rep0rts48’50’51 have investigated
different precursors® and the relationship of various beam parameters on the growth rate

of deposited insulator but the relationship of resistivity variation with material

composition was not mentioned.

63
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Here we will present, with experimental evidence, how Ga concentration influences the

impedance of FIB deposited insulators.

4.2 Experimental Details

The FIB insulator deposition process involves heating (typically to ~ 50 °C) the
relevant precursor in a gas reservoir attached to the vacuum chamber, after that it is
controllably passed, through a gas nozzle, into the chamber. It is thought®* that the vapor
molecules adsorb onto the substrate, and are then decomposed through interaction with
the ion beam. Additional oxygen (O,) gas>*(Figure 4.1) is also supplied along with the
precursor to improve film quality while the residual volatile organics are concomitantly

removed through vacuum pumping.



65

FIB Gun

1k 2
Pum

Precursor p Oxygen

. Beam

| Beam control lenses

Precursor gas

Substrate

. Oxygen gas
€ Control valve

Figure 4.1: FIB based insulator deposition

We focus, on the electrical resistance and capacitance of SiO; layers deposited by
commercial FIB systems using 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS):
(HSiCH30)4 as the precursor gas. During the deposition, the ion beam accelerating
voltage was fixed at 50 kV, e.g, to minimize the contribution of the secondary
electrons’’. The beam current (total Ga+ charge/unit time) was fixed at 15nA, the X and
Y axis pitch (overlap), which is the separation between the center of adjacent beam spots
in X and Y direction respectively, was maintained at 0.24um for both X and Y directions.
The lens 2 voltage, which controls the ion beam spread with respect to the sample surface
as a reference (defocus), was held constant at 27376 V. The dwell time, which indicates

how long the ion beam resides on a particular spot, was fixed at 0.4us and refresh time —
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time interval between two consecutive scan was 3ms for all the depositions. Two
different precursor gas vapor pressure, i.e. 0.55 Torr and 0.95 Torr was used for our

experiment. The O, gas vapor pressure was varied from 0 Torr to 3.5 Torr.
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Figure 4.2: Ga% and p vs O, vapor pressure

Figure 4.2 depicts how the resistivity and Ga concentration varies with the O, gas
vapor pressure. It indicated that we can control both the resistivity and Ga concentration
by changing the O, gas vapor pressure. The chemical composition of all the constituent
elements in the deposited SiO, layers was quantitatively analyzed by energy dispersive
spectroscopy37 (EDS) following all the standard practices. The ratio of EDS peak
intensities of the Si, Ga, C and O peaks, to the background intensity, were used to
determine the elemental concentrations in the deposited insulator layers using ZAF (Z:

atomic number, A; absorption factor, F: fluorescence factor) based matrix corrections.
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Ebeam evaporated Ti/Cu

Figure 4.3: Schematic of the device structure

Figure 4.4: SEM image of a metal-insulator-metal (MIM) structure after (a) insulator
layer deposition, (b) top contact (Ti/Au) sputtering, (¢) milling top contact on the edges
of the deposition to isolate the top contact from the bottom contact and to measure w and
/ and (d) milling a cross-section to measure 4.

The insulator layers (Figure 4.4(a)) were deposited on a Ti/Cu coated SiO,/Si
wafer, the Ti/Cu layer was used as the bottom electrode. The top electrode (Figure 4.4(b))
was obtained by sputtering Ti/Au (50nm/150nm) on the insulator layer. Finally the metal

— insulator — metal (MIM) (Figure 4.3) structures were fabricated by milling the top
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electrode layer (Figure 4.4(c)) along the edges of the deposited insulator. An AC voltage
of 100mV with frequency (f) varying from 100kHz to 1MHz was applied across the MIM
structures. Agilent BISO0OA Semiconductor Parameter Analyzer and a commercial probe
station was used to measure their impedance and phase shift. The length (/), along with
the width (w) (Figure 4.4(c)) and the height (#) (Figure 4.4(d)), of the MIM structures

were estimated from scanning electron microscopy (SEM) imaging and FIB cross

sectioning.
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Figure 4.5: The variation of the electrical resistivity (p) of the MIM structures with
Gallium (Ga)
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Figure 4.6: The variation of the electrical resistivity (p) of the MIM structures (both Xe
and Ga FIB) with Silicon (Si)
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Figure 4.7: The variation of the electrical resistivity (p) of the MIM structures (both Xe
and Ga FIB) with Carbon (C)
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Figure 4.8: The variation of the electrical resistivity (p) of the MIM structures (both Xe
and Ga FIB) with Oxygen (O)

We plot the estimated resistivity p (=Rwh/I, the resistance, R, is derived from the
real part of the impedance) with respect to Ga, Si, C and O atomic % in Figure 4.5,Figure
4.6,Figure 4.7 and Figure 4.8 respectively for Ga and Xe FIB deposited insulators. The p
relates to the insulating property of the deposition while EDS (used for determining the
atomic %) identifies elements independent of their chemical bonding state. For Ga FIB
deposited insulators a clear correlation of decreasing p, indicating increasingly metallic
characteristics, with increasing Ga C and Si was observed, (Figure 4.5, Figure 4.6 and
Figure 4.7) indicating a percolative transition to metallic behavior. Among them, Ga has

46,52,53

the lowest resistivity and requires the lowest concentration to tune the resistivity of

the deposition.
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Figure 4.9: Resistivity vs O/Si ratio
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Figure 4.10: Resistivity vs Ga/C
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We also plotted p with respect to O/Si ratio in Figure 4.9. Ideally for pure SiO,,
O/Si ratio is 2, here we see that when the O/Si ratio is close to 2, p is maximum and as
ratio moves away from 2(indicating impure SiO,), p decreases abruptly. This suggests
that the decrease in resistivity is caused by the impurities present in the SiO, layer and not
by Si, for Ga based FIB, Ga and C are the impurities. We also plotted p versus Ga/C ratio
to find out the relative influence of those impurities in Figure 4.10. We see that there is
no correlation between the impurities, indicating they are independently affecting the p of
the SiO; layer. In order to find out which element between Ga and C dominates (needs
less concentration) to vary the resistivity we performed a sensitivity analysis using the
trend of the experimental data (Figure 4.5 and Figure 4.7,Ga only). The sensitivity of p
with respect to atomic concentration, « is defined through a ratio (S, ) of the unit change

in resistivity to unit change in «, i.e.,

here, Ap = |pf —pi| and Aa = |af — a:l-| where pr and p; is the p at af and «;
respectively, subscript / and i denote two consecutive quantities, / representing the

higher concentration.



73

100

Figure 4.11: S, vs a,,, for Ga(red line) and C(black line) concentration

We plot S, with respect to @y (= (ar + @;)/2) in Figure 4.11, it is evident that
Ga requires less concentration to achieve maximum sensitivity compared to C. The
maximum sensitivity represents the maximum change in p with a unit change in
concentration (which is likely to occur during the transition from insulating to metallic
behavior). So we conclude that Ga is the most dominating element for controlling p. In
order to find the Ga % at which the transition to metallic behavior begins we plot the
phase shift, 6 (= tan™ (X./R)) of Ga FIB SiO, based MIM structures with respect to Ga
atomic % (Figure 4.12). It was observed that at low Ga concentration, 6 ~ -90° indicating
capacitive behavior and after a certain Ga concentration (~6%) 6 approaches resistive

behavior.
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Figure 4.12: Variation of the phase shift (0) with Gallium (Ga) concentration for Ga
based depositions. The inset in shows the experimental measurements from our report

To understand whether Ga would also be a critical parameter to tune the
capacitance, we chose to use a FIB system where the influence of Ga could be
eliminated. For this purpose, MIM structures with SiO, deposited by a Xe based FIB
system (FEI Vion PFIB) using 2.,4,6,8,10,12-hexamethylcyclohexasiloxane (HMCHS) :
CsH2406S16 as the precursor gas was used.  The FIB accelerating voltage was kept
constant at 30 kV (maximum achievable by PFIB, to be similar with the Ga ion based
FIB)), the pitch fixed to Oum (for ensuring a uniform rectangular SiO, layer of the
deposition) and the beam current was varied in the range of 0.2 nA to 15 nA(similar in

range with the Ga based FIB). As Xe ions are gaseous at room temperature, this would
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preclude their presence in the deposited SiO, leaving only C as the major impurity

element, whereas in Ga based depositions, both Ga and C are the impurity elements.

yo |
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Figure 4.13: C% and p vs Beam Current

In Figure 4.13 we plot the resistivity and C% with respect to p. We see that the
resistivity of Xe FIB based MIMs are relatively constant (Figure 4.6 and Figure 4.13),

which helps us understand the effect of Ga.
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Figure 4.14: The variation of the capacitance per unit area (Cj,s) of the MIM structures
with Carbon(C) concentration for both Ga and Xe ion based depositions

We compared the electrical capacitance (per unit area) Cy,; (=C/wl), derived from
the imaginary part ( X.=1/joC, w=2xf ) of the impedance of both (Xe and Ga based) type
of MIM structures with respect to C atomic %(Figure 4.14). We observed that while for
Ga FIB based SiO, deposition, the C;,; was relatively constant with increasing C atomic
%, for Xe FIB based SiO, deposition, there was an overall C;,; decrease. A tentative
explanation for the capacitance decrease, could be based on a reduced ionic polarization™
in the SiO,. It is thought/hypothesized®* that C replaces some of the Si-O bonds in the
Si0, with Si-C bonds, as the latter has a reduced bond energy (~ 76 kCal/mol compared
to 110 kCal/mole for the Si-O bonds) and reduces the effective dielectric permittivity>”.

Such a conclusion is drawn from the relative electronegativity (EN) values of the Si, C
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and O values of 1.9, 2.55 and 3.44 respectively, per the Pauling scale™. As the
polar/ionic nature of a bond depends on the difference in the EN of the constituent atoms
, we deduce that Si-C would be less polar than Si-O with a consequent reduced ionic
polarization and Cj,; . On the other hand, for Ga FIB based SiO; deposition, the Ga+ ion

might introduce additional capacitance, as it was previously reported>®>"*

that presence
of ion in a dielectric layer can introduce capacitive effect in the form of electric double

layer capacitance or oxygen-ion binding.

4.3 Theoretical Calculation

In order to understand the percolative behavior of the real part of the impedance
of the MIM structures, we theoretically calculated their electrical resistivity using the
concept of effective medium theory (EMT). It relates to methodical modeling that
outlines the macroscopic properties of composite materials. They are derived from
averaging the pristine values of the properties of the constituents that directly make up
the composite material. Many theories have been developed which can describe useful

properties of the composite material as a whole. In this case, McLachlan’s*>*

general
effective medium (GEM) based formulations®’, were used to estimate the theoretical
resistivity of the Ga based insulators. This theory was developed as a generalization and
expansion of Bruggeman’s symmetric (symmetrical spherical constituents fill the
composite media) and asymmetric (concentrically coated constituents fill the composite
media) media theories for binary composites. We predicted that the composite has two

components - a low resistivity (p;,) component and a high resistivity (py;) component

and that the variation observed in Figure 4.5 corresponded to a percolative transition,
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where increasing Ga in the FIB deposited insulators decreased the overall electrical

resistivity. The following form of the GEM equation was employed:

1 z I I
(o[(pm)t‘(plo)t] (I‘w)[(pm)t'(phi)t

] =0 4.2.1)
T 1. 7 T 1. 1
(p,,,>?+[%] (o) (p@h[%] (on)T

In Eqn. (4.2.1), ¢ is the atomic percentage of the low resistivity component (with
@. being a critical atomic percentage of pj, at which a percolation path is formed through
the medium) and ¢ is a critical exponent. Eqn. (4.2.1) reduces to Bruggeman’s symmetric
and asymmetric media equations in the appropriate limits of the resistivity of the
components®, and can also be viewed as an electrical conductivity/resistivity percolation
equation®. In this model, we fitted @,= 6.5% Ga, as from Figure 4.12 it is seen that the
transition from capacitive behavior to resistive behavior begins between 6% to 7% Ga
concentration, the value of the exponent ¢ was fitted to 2 corresponding to the standard
percolation exponent™. The other two parameters p 5 and p, was fitted to be 5X10* Q-cm
and 20 Q-cm respectively. Using these parameters Eqn. (4.2.1) was solved numerically

with MATLAB for p,, and plotted with the experimental data in Figure 4.15.
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Figure 4.15: The red solid line in represents the fit from the GEM based model to the
experimental data (black solid circles). The percolation threshold volume fraction, ¢, is
~ 6.5 atomic % Ga. The inset in shows the experimental measurements from our report

4.4 Conclusion

In summary, we have shown that the concentration of Ga (the constituent in the
ion beam) seems to be the dominant factor in determining the electrical resistance of FIB
deposited insulators. Also, comparison with Xe based insulators has enabled us to also
conclude that it significantly affects their capacitive properties. The beam parameters and
other effects such as sputtering are all reflected through the chemical composition of the

deposition which has been carefully determined through EDS.
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It may be suggested that, Ga" concentration should be kept below 6% for optimal
capacitive behavior of FIB deposited insulators. The range of beam parameter to achieve

Ga concentration below 6% is given in Table 4.1.

Table 4.1: Beam Parameter to achieve Ga concentration below 6%

Beam Refre
Energy(kV Beam Pitch Lens 2 Gas 1 Gas 2 Dwell Retrace sh

¢ %y Current(nA) | (um) | voltage(V) | (TMCTS)(Torr) | (O,)(Torr) | Time(um) | Time(um) | Time

(um)

50 0.9-15 %25 21k-27 4k 0.95 1535 0.4 10 3000

Portions of Chapter 4 are a reprint of material as it is under preparation for
publication: Faraby H, DiBattista M, Bandaru PR. “Comparison of the electrical
capacitance characteristics of SiO, deposited through gallium and xenon based focused
ion beam systems.” The dissertation author was the primary investigator and author of

this material.



Chapter 5 Conclusions

This chapter will summarize the material presented in this dissertation and discuss

future directions.

5.1 Summary

The dissertation presented here investigated the inductive properties of CCNTs.
The quantum mechanical properties of the CCNTs, due to their nano-scale dimensions,
greatly contributed to the total inductance. It was found, through numerical computation,
that most of the current challenges in inductor design can be successfully addressed if
CCNTs are used as inductor elements. The experimental demonstration of the inductive
property is currently limited by poor contacts to the CCNTs during characterization. In
order to find a way to create ohmic contacts on CCNTs, FIB based deposition method
was extensively analyzed and investigated. A new way to estimate and control the
resistivity of FIB deposited metals has been demonstrated and their resistive behavior
was described by a mathematical model. We also compared the capacitive properties of

Ga and Xe based FIB deposited insulators.

The results and insights obtained from these investigations will greatly enable us
to promote CCNTs as a fundamental electrical element such as inductor and to control
and estimate the resistive and capacitive properties of FIB deposited metals and insulators

which have significant impact on the debug and development of integrated circuits.
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5.2 Future Work

For CCNTs, the concept of introducing a core material through the CCNTSs could
an interesting field of investigation. In conventional inductors introduction of a core
material greatly enhance the magnetic inductance. In that regard, whether CCNTs can be
synthesized around magnetic material nanowires could be one future are of study, e.g. is

it possible to grow a CCNT around a Au nanowires.

The biggest question regarding FIB based metals is whether metal (Pt or W)
atoms contribute in the resistivity of the FIB deposited metal lines. One of the future
experiments to determine this is to study the effect of rapid thermal annealing (RTA) of
the FIB deposited metals, because at high temperature the Ga ions should get leave the
deposition by vaporization. So the resistivity measured after RTA should be contributed

by either from the carbon or the metal atoms present in the deposition.

Another interesting direction of future experiment is to find whether the resistivity
of FIB based depositions is precursor independent. From this work, it might seem that Ga
is the dominating element, so there is a certain possibility that the resistivity of FIB based
depositions (both metal and insulator) might be precursor independent. Of course a very

significant amount of experimental verification is required to prove this fact.
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