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Chapter 1

Chapter 1 Introduction

1.1 Plasma Processing in Manufacturing

Approximately 40% steps in the microelectronics fabrication have used plasma
processes. Applications in the micro-machining, the flat panel displays, the surface
modification, the cleaning, the sterilization, the sputter coating, and many other areas
have been rapidly growing based on the developments of microelectronics processing
technology. The plasma-based processing development has been advanced the
microelectronics industry over the past 30 years. Consistent annual doubling of the
circuits complexity has been proceeded (table 1.1). Such development was proceeded to
provide functionality and cost reduction. Thus, the understanding of fundamental
reactions in plasma processes is important because plasma models are being applied as
tools for the development of new plasma equipment and processes. These days, plasma
diagnostics are also being applied as process monitors to control and improve the

flexibility and reliability of the processes.

Table 1.1 Transistor count (based on Intel microprocessors).

Production year 1971 1982 1989 2000 2004 2008 2012
(MPU name) (4004) (80286) (80486) (Pentium4) | (Itanium2) (Corei7) (Poulson)
Number of 2,300 134000 | 1,180,235 | 21 million | 112 million | 731 million | 3100 million
transistor
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1.1.1 Trend and Challenge in Future Scale Integrated Circuits

In modern society, all fields including electric communication are supported by
Ultra-large scale integrated circuits (ULSI). In the future of ULSI devices, the
high-speed operation to manipulate huge information will be demanded as well as the
complex function. Responding to these demands, ULSI has been improved by the
miniaturization high integration of device elements. For example, dynamic random
access memory (DRAM) was developed in 1970 with 1 Kbit in capacity, it was
improved to 1 Gbit in 1998. A microprocessor (MPU) consisted of about 2,300
transistors was developed in Intel Corporation in 1971, and its clock frequency was 108
kHz. Pentium(R) 4 processor™ consisted of 55 million transistors developed in 2001,
and its clock frequency was 2.2 GHz. Intel Corporation commercialized the 45 nm
Intel® Core™ {7 Processor consisted of transistors of 731 million in 2008. This system
is a chip including four cores with multiple functional units and interfaces, and its clock
frequency was higher than 3.6 GHz [1].

Table 1.2 shows the integration trend of MPU, DRAM and technology node [2].
The device components number on MPU and DRAM chips follows Moore low. In 2014,
DRAM with 1 Tbit and MPU with 3.6 billion transistors/chip will be expected. For this
purpose, the technology for interconnecting is getting more complicated.

Almost all of microelectronic devices are fabricated on the inorganic materials,
i.e. Si and glass substrates. But as a recent issue, in the past a few years, it has been an
huge interest in devices fabricating on organic materials for device applications such as
mechanically flexible computers and displays. In future, even for the individual
transistor will be made of organic materials [3-4]. These flexible electronics are
beginning to make significant inroads into the commercial world.

Organic semiconductors on flexible films have been known recently [5].

However, achieving electronic properties equals to those on inorganic ones requires

2
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high-quality crystals [6]. These cannot be easily made in the thin-film form by
conventional vapor-deposition and etching technologies typically used in present
microelectronics fabrication. In other words, advance in flexible electronics is derived
from the ability of deposit and etching films on low-cost substrates such as plastic. Thus,
the developments of new deposition and etching technologies are indispensible for

large-scale circuit fabrication on flexible substrates.

Table 1.2 Integration trend and technology node of microprocessor and DRAM

Year 1997 | 1999 | 2003 | 2006 | 2009 | 2012
DRAM
Bits/Chip 256 M| 1G 4G 16G | 64G | 256G
Microprocessor { e k51w | 76 M | 200 M| 520 M| 1.40 B
Transistor/chip
Technology

250 nm| 180 nm| 130 nm| 100 nm| 70 nm | 50 nm

node (DRAM)
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1.1.2 Needs of Sophisticated Deposition and Etching Technologies for ICs

Manufacturing

The integrated circuits (ICs) fabrication involves a basic stepwise manufacturing. The
film is patterned with a light-sensitive polymer material coating known as photoresist.
The photoresist is exposed to the radiation through a mask. Exposed areas of the
photoresist undergo a change in chemical structure, and wash away (for a positive-tone
resist). The patterned resist on the wafer protects the underlying film material. This
process is well known as lithography. After patterning, the unprotected areas by
photoresist are etched by a plasma etching process. After the etching process, the
remaining resist is stripped with leaving features remaining in the film. These
subsequent steps (film deposition, lithography, and etch) are repeated many times with
different imaging masks to build many layers that make up a completed integrated
circuit. Recently, the most typical type of integrated circuits (ICs) for MPU and memory
has the complementary metal-oxide-semiconductor (CMOS) structure [7]. Up to 2000s,
traditional CMOS devices have been used aluminum (Al) conductor and silicon oxide
(Si0y) dielectric interlayer of insulating film. However, traditional Al/SiO;
interconnects have been replaced to Cu/low-k interconnects due to the RC delay in
Al/Si0, system resulting from the scale-down less than 100 nm. Moreover, Intel
reported that metal gate electrodes are applied as a replacement for polycrystalline
Silicon (poly-Si), such as TaSiyNy, because scaling down of CMOS requires thin gate
dielectric for high performance [8, 9]. The refractory metals are superior candidates to
solve the problems associated with poly-Si gates. Recently, sputtering deposition of the
electrode is more favorable than conventional chemical vapor deposition (CVD) for the
CMOS process. This is because the impurity metal contained in the CVD degrades the
dielectric reliability, especially at high-temperature. It also realize good uniformity with

thinnest film of a few nanometers.
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1.2 Plasma Processing for Low-k Materials

1.2.1 Plasma Processing System

Plasma processing such as etching and ashing are essential components for the
fabrication of semiconductor device. The plasma process can be chemically selective
and removing one type of material while leaving other materials. In addition, it also can
be anisotropic and removing material at the trench bottom while leaving the same
material on the sidewalls. The primary goal of etch process is to minimize the sidewall
fluctuation and realize the vertical etching. The ashing process should be achieved
without severe damage on the target film. These processes also should be performed
with the control of the etching feature properties and the degree of undercutting. In
addition, the plasma processes require selectivity to the mask and underlying substrate
for the controllability of shape of target film and prohibiting damage on the target film
[27]. Plasma etching is proceeded by the atoms generation, ions and accelerated ions to
target film. Once the accelerated ions reach to the target, the ions can physically and
chemically remove atoms from the target film [28,29]. Since they are electrically neutral,
the atoms diffuse thermally onto the wafer. The ions reaches the wafer surface because
it accelerated perpendicularly by a sheath field, and then they bombard the wafer
surface. In the case of the plasma etching, bombardment of the ion is enhanced by an
RF bias power. The atoms and ions react with the surface [30]. Those etching reactions
proceed by reactions between a target film and gas species add by-products to the
plasma. Therefore, internal plasma parameters such as electron density and temperature,
substrate temperature, atom and ion density etc. are connected with the process
performance [31,32]. It has been pointed out that the effect of light radiation in the
wavelength region of vacuum ultra-violet (VUV) and ultra-violet (UV) during the

etching process.
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1.2.2 Fine Pattern Profile of Low-k Materials

Feature profile control is extremely difficult in etching process of organic
material, because organic materials is instable mechanically and chemically compared
with inorganic. The semiconductor industry trend has demanded to fabricate integrated
circuits (ICs) with more transistors on a smaller area, a precise etching process of low-k
material with a few nm order will be demanded soon. Plasma process controls are
conducted by adjusting the external parameters such as gas mixture ratio. However, it is
very difficult to etch the material with ideal etching features reproducibly by different
etching equipment, since plasma characteristics widely vary depending on the
equipment mechanical variations such as reactor size and structure. The etching process
should be carried out with setting the internal parameters at specific values via the
control of the external parameters. The knowledge of etching properties based on the
external parameters pressure is not coherent with other apparatus. Conversely, the
information based on the internal plasma parameters is uniquely and independently
among the variety types of apparatus. Thus, I focused on etch features based on the
internal parameters, and investigated an etching mechanism for realizing highly precise

profile control of etching features in low-k organic films.



Chapter 1

1.3 Demand for Development of New Etching Process

The size of the semiconductor device was estimated to be 24 billion dollars in
2006. Technology innovations were realized along Moore’s law [24] aiming at
increasing the components on a chip. These technology innovations are proceeded by
technology node scaling-down for realizing higher integration. Plasma processes such
as plasma etching, PECVD and magnetron sputtering technologies are essential for
production of all semiconductor devices . Among them, technologies of plasma etching
such as reactive ion etching (RIE) are the currently used for characteristics
improvement of silicon devices based on the scaling law. According to scaling down of
device elements, a lot of requirements have been needed for solving the problems and
acquiring good device characteristics. For example, the basic requirements for RIE,
which are widely used as an etching process, can be classified as follows: (1) high
microfabrication capability (high anisotropy, high selectivity, accurately controlled
profile, high uniformity over the wafer, and low damage) and (2) high productivity
(high and stable reproducibility and high throughput). In addition, the following critical

conditions are required for manufacturing high density devices.

A) Low RIE-lag effect and minimal microloading effect [25].

B) Low electrical damage such as charging-induced gate breakdown and no device
degradation due to heavy metal impurity contamination [26].

C) Some new requirements to enable the introduction of unique material such as low-k

and high-k materials [27, 28].

As scaling down proceeded, nanometer-leveled precise control of etching
feature has been indispensable for the process requirements. However, numerous

trials-and-errors processes have been proceeded in the plasma etching processes
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development. As a result, the operation performances were characterized by external
parameters, since there has never been the any scientific principle. These requirements
above are strongly dependent on the capabilities of etching reactors and the related
etching reaction mechanisms. It means that a lot of cost, time and human resource have
been spent for applying new technologies to mass production system, because there is
no reproducibility between the results from the reactor and those from the mass
production reactor.

In order to develop the sophisticated and economically efficient plasma
processing, the new concept of plasma process has to be introduced, which is applicable
to the process developments for various reactors. As a result, based on those advanced
plasma process technology, it could be expected to meet the fast technology

development and apply those to mass production with the least cost in a short period.
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1.3.1 Need of Plasma Nano-Science for Next Generation Nano-Etching Process

In the reactor, low-temperature plasma generated by a electric discharge has
many parameters to be controlled to achieve the process requirement. There are two
aspects of the plasma which are important in processes: physical and chemical. The
number of the positive and negative charges densities contained in plasma is equal.
Because of the higher mobility of the electrons, the surface in contact with the plasma
has a negative potential. This electric field induced by the potential reduces the electron
current density until the electrical neutrality is maintained by ion current.

The electrical field accelerates the ions to the surface. Many physical effects
are induced by the arrival of photons, electrons and ions from the plasma. They may
induce sputtering or stress generation on the surface if the energy of the charged
particles is sufficient, and the electric field will be normal. Therefore, ions reach the
target sample at normal incidence. The chemical effect of plasmas are induced by the
chemical active species generated in the plasma. Both the physical and chemical effects
are important and should be considered carefully. Their combined effects contribute to
the etching process.

When these two effects of plasmas in mind, I may consider their application in
microelectronics processing. Basically, the process characteristics are determined by
these parameters. In other words, the control of external parameters, such as input
power, gas ratio and working pressure, results in the change of internal parameters such
as electron density, electron temperature and energy of particles. However, practical
process characteristics must be controlled by internal parameters, which have an
influence on the process directly. After all, how to control the internal parameters
sophisticatedly is a key issue to acquire the advanced properties and the developments

of plasma process technologies.
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1.3.2 Advanced Process Control (APC)

Advanced process control (APC) has been suggested to improve
wafer-to-wafer or lot-to-lot processing quality, because the APC techniques reduce
process variability, which is a function of process variability. The APC improves
process accuracy utilizing pre- and post-process measurement, modeling of process and
equipment trends, and suggesting subsequent process parameter adjustments (i.e.
feedback control). Process variability is generally reduced through preprocess
measurements and subsequent process parameter adjustment (i.e. feedforward control).
Run-to-run process control (R2R) could address to improve within-wafer and within-die
variability. In general, process engineers are unwilling to allow dynamic changes in the
process recipe [29]. Furthermore, it is necessary that processes are controlled at real
time in order to minimize any fluctuations in etching characteristics to suppress any
perturbation such as modification of chamber—wall conditions [30].

The APC for plasma processes was previously reviewed by Edgar et al [31].
For instance, Shadmehr et al. reported the fault detection of CHF3/O, plasmas by
utilizing an optical emission spectroscopy and a residual gas analysis [32]. Greve et al.
demonstrated the real-time feedback control in SiH4/ NH; plasmas by using quadrupole
mass spectrometry [33]. Fukasawa et al. reported that the fluctuation in etch rates
caused by changes in chamber conditions [34].

Condition of reactor wall surface influences the plasma chemistry in the reactor
and it has been a great concern for the precise control of plasma etching processing
[35-37]. The prior process and/or the exposure of ambient air during the maintenance of
reactors could modify the wall surface condition of the wall considerably and then
influence the following etching process indirectly via the wall surface memory [38].
Indeed, there are several reports of the reactor-wall’s surface loss probabilities of

species such as molecular atoms [39—41] and atoms [42—46] by using various diagnostic

10
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techniques such as absorption spectroscopy and appearance mass spectroscopy [47,48].
In our previous study, Nagai et al. reported that the behaviors of H and N atom
densities influenced much on etching feature [49-53]. Yamamoto et al. demonstrated
that the control of H and N atom density to improve the plasma etching characteristics
of low-k organic films [54]. Takahashi et al. monitored the absolute densities of H and
N atoms in Hy/N, plasmas at real-time. They also controlled the atom densities to
intended values by a feedback controller [55]. However, they could not control with
their feedback system the circumstance perturbation caused by unintentional influences.
Namely, in actual plasma processes, the temporal change of plasma conditions caused
by memory effect, whose the etching product or reactor surface influenced the gaseous
species densities [30]. Thus, it required a real time process control in feature profiles but

it has not been realized so far.
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1.4 Objective and composition of this dissociation

The findings of the section of introduction, with regard to advanced plasma
processing for etching and deposition technologies, indicate the necessity of a new
plasma process technology development. The fabrication of microelectronic devices is
becoming more mature, resulting from tightening of process specifications. In recent
years, there has been tremendous interest in flexible electronics due to a variety of
merits such as lightweight, abundance and cost-effectiveness of organic materials.
Besides the obvious applications of flexible electronics in flat panel displays, flexible
circuits are also promising for use in such applications as radio frequency identification
(RFID) tags and other disposable electronic devices. In other to fabricate the devices on
flexible substrates, it is necessary to obtain highly stabilized film properties needed for
designing the circuit and realize the sophisticated etching performance with the
reproducibility as scaling-down and high integration. However, advanced process
development for deposition and etching technologies has been slowly incorporated into
the industry due to very low reproducibility, and is now becoming a necessity for
processes which are operating at or near their limits. Deposition and etching processes
are indispensible for the fabrication of microelectronics, which has been innovatively

developed to improve the process capability.
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Chapter 2 Plasma Diagnostic Techniques for Evaluating the

Internal Parameters and Film Analysis Methods

2.1 Introduction

In the microelectronic industry, plasma processing is widely used as thin films
deposition process and etching process. Those plasma process applications extend
surface modification, display fabrication, solar sell fabrication, and many other areas.
To understand the plasma surface reactions, diagnostic analysis tools have been
developed to analyze the concentrations of reactive species and particles in the plasma.
In this chapter, evaluation techniques of plasma diagnostic are discussed such as
vacuum ultra-violet absorption spectroscopy (VUVAS), optical emission spectroscopy
(OES). On the basis of these diagnostic analyses, the development of plasma

nano-technology could be expected to realize for the next generation process.
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2.2 Vacuum Ultraviolet Absorption Spectroscopy (VUVAS)

2.2.1 Theory of Absorption Spectroscopy

If a beam of the light passes through a plasma, the intensity of the light

transmitted the plasma is given as follows [1],

1(0v) = I,(v)exp[-k(V)L]. @1
where v is the frequency of the light, /(v) and I)(v) are the transmitting light intensity
and the incident light intensity, respectively. k(v) is the absorption, and L is the length
of the absorption.

The broadening of the absorption line-profile is induced by the broadening of
the absorption coefficient. These broadening are caused by the natural broadening,
Doppler effect broadening, Lorentz broadening, Holtsmark broadening, and Stark effect
broadening. Natural broadening is induced by the finite lifetime of the exited state.
Doppler effect broadening is induced by the motions of the atoms. Lorentz broadening
is induced by collisions with foreign gases. Holtsmark broadening is induced by
collisions with other absorption atoms of the same kind. Stark effect broadening is
induced by collisions with electrons and ions.

When a beam of the light passing through an atoms layer at the length of dL,
there are N, normal atoms per cm’. At the the frequency range between v and v+dv, dN,
are capable of absorbing and N, excited atoms of which dN, are capable of emitting. At
the point of view that spontaneous re-emission takes place in all direction, the effect of

it is negligible. Thus, the decrease of the light intensity is given by

—-[{(v)]dv =dN,dLp(v)B,,hv —dN ,dLp(v)B, hv, (2.2)
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where p(v) is the radiation energy density given by I(v)=cp(v), (c: light velocity). B,
and B, are Einstein B coefficient from ground state / to excited state u and from / to u,

respectively. 4 is Planck’s constant. Rewriting Eq. (2-2), we obtain

1 d[Iv)] hv
-————>=dv=—-2(B,dN, - B dN .
[(V) dL v c ( lu 1 ul u)7 (2 3)

The left-hand term can be recognized as k(v)dv defined by Eq. (2-1), Eq. (2-3). The

equation can be calculated as follows
hv
k(v)dv == (B,dN, - B,dN,) (2.4)
c
And integrating over the range of whole absorption line,
hv,
fk(V)dV = (BluNl _BulNu)a (25)
&

where v; is the frequency at the center of the line. With applying Einstein A coefficient,

the equation can be calculated as follows

2
kv = ¢ 2&AN,(1-g1Nu
87vy g

)

u” 'l

2

=<5 yN, (N, <<N),  (.6)
8vy &,
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where g; and g, are the statical weights of the lower and upper level, respectively.
Therefore, density V; can be estimated by measuring /y(v) and 1(v).
When incoherent light is used as the light source, the intensity of a beam of the

light is the integrated over the frequency as following
I, = feo f,(v)dv, (2.7)
1, = fe,fo @) {1 -exp[—k, f,(V)L]}dv, (2.8)

where /) and I, are the intensities of the incident light and the absorption, respectively.
fo(v) is the emission line-profile function for the light source. ey is the emission intensity
of the light source at a center frequency of fy(v). f.(v) is the absorption line-profile
function. And &y is the absorption coefficient at the center frequency of f,(v). Thus, the

absorption intensity A(kyL) is given by the following formula

A(k,L) = 1___ff0(v){1 exp[-k, f,(V)L]}dv
fo [f)v

(2.9)

From A(koL) obtained by measurement, ky is determined by assuming the line-profile
function fy(v) and f;(v). Then, the number density of state /, V, is estimated by using Eq.
(2.2-6) as

8m/0 &

N, = k f f.(w)dv. (2.10)
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2.2.2 Measurements of Absolute Densities of H and N Atoms with

Micro-Discharge Hollow Cathode Lamp (MHCL)

Recently, the measurement system using the VUVAS with micro-discharge
hollow cathode lamp (MHCL) as a light source has developed to measure the absolute
densities such as H [2] and N [3] atoms in the ground state. Transition lines used for
measurement of the absolute densities of H and N atoms are Lyman o at 121.6 nm,
*Psn-"S%, *P3n-*S%n and *Pip-*S%;, at 120.0 nm and *S°-2p* °P, at 130.217 nm,
respectively. Each emission of these transition lines can be obtained by the H, and N,
plasma, respectively. However, these light emissions are induced by two major
processes [4-6]. One is the direct excitation of atoms in the ground state by the electron

impact.

XtesX+eoX+hvte (2.11)

, where X is the atom in the ground state, X" is X atoms in the excited state. This
reaction is responsible for the production of slow excited X" atoms. The other is the

dissociative excitation of molecules in the ground state by the electron impact.

XotesX +X+tes>X+X+hvte (2.12)

, where X is the molecule in the ground state. This reaction can produce fast excited X
atoms that produce a large Doppler broadening. Therefore, the line profile of the atom
emission consists of two different components of velocity distribution induced by these
two different excitation processes. Thus, it is difficult to estimate the line profile of the
atom emission. To solve this problem for the absolute atom density measurement, a

high pressure MHCL was developed as a light source for VUVAS in our research group.
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The merits of the MHCL are expected (i) light emission with minimizing the Doppler
shift, (ii) pure atom emission and (iii) point-source-like light emission. (i) Since the fast
excited atom arising from dissociative excitation of molecules should be thermalized
before they emit light, the line profile of the atom emission does not involve a large
Doppler shift. (ii) The hollow cathode has a high current density because of its small
size as 0.1 mm diameter. This high current density is favorable for attaining a high
molecules dissociation and obtaining pure atom emission spectrum. (iii) A
point-source-like emission can be attained using an appropriate lens system, and
efficiently coupled to the entrance slit of a monochromator. In addition, the size of the
lamp is compact, and the lamp is operated by a dc power source with inexpensive cost.

The cathode consists of a plate made of cupper with 0.5 mm thickness and a
through-hole hollow of 0.1 mm in diameter. The anode is wire made of tungsten, and is
located near the hollow. Helium (250 sccm) and a small amount of H, or N, mixed

helium gas (5 sccm) were used, at a total gas pressure of 0.1 MPa.
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2.3 Optical Emission Spectroscopy (OES)

In the plasma, many optical emissions are observed from excited species (e.g.
atoms and molecules) generated by electron collision, dissociation, impact of other
excited species, photon absorption, etc. Those species can be identified by the photon
energy of the optical emission. Generally, electron impact excitation of the ground state

frequently occurs in the plasma, and it is given by
et X—X +e, (2.13)

where X is the species of interest. Subsequently after the excitation, de-excitation is

followed by the photon emission as,
X 5> X+hv. (2.14)

The optical emission intensity induced by the transition from the excited state to the

ground state can be calculated as following

I neanOX(g)v(e)fe(g)dg =k, nn,, (2.15)

where 7, is the electron density, ny is the concentration of X, ax(¢) is the collision cross
section for the electron impact excitation of X as a function of electron energy &, v(¢) is
the electron velocity and f.(¢) is the electron energy distribution function (EEDF). k.X(¢)
is the excitation rate coefficient for X* by the electron impact on X. On the assumption
that k.x and n, are constant, the intensity of the light emission is proportional to the
species concentration. However, both of them are generally difficult to be constant

because they are easily affected by the experimental conditions, and varied in the
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plasma processing. Thus, optical emission spectroscopy (OES) is widely used to
compare the emission intensities and the species concentration. To assume that
emissions from exited states, it is necessary that the emissions are proportional to the
same species concentration in the ground state. Therefore, actinometric optical emission
spectroscopy (AOES) technique is widely applied to estimate relative species
concentration in the ground state [7-13].

Optical emission spectra are measured by a monochromator with a
photomultiplier tube (PMT). In a monochromator, the light intensity is detected through
the exit slit by PMT.

A measured spectral line has a certain width. The full width at half maximum
(FWHM) of the measured spectral line is determined by various factors such as (i)
natural broadening, (ii) Doppler broadening, (iii) pressure broadening, (iv) Stark

broadening, and (v) instrumental broadening (instrumental function).

(1) The natural broadening gives a Lorentzian line shape. But it is
generally negligible because it is very small.
(i1) Doppler broadening gives a Gaussian line shape, and it depends on

the temperature of the species. Doppler broadening is calculated as

following,
(v-v)|
£, (v)=exp —{2«/1n2 V=Y } ] (2.16)
VYp
with
Av, =2 —2R§;n2, 2.17)
C
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Where Avp is the FWHM of the Doppler broadening, vy is the
center frequency, c is the velocity of light, R is the gas constant, T
is the gas temperature, M is the mass number.

Pressure broadening gibes Lorentzian function, and it depends on

pressure around the species. It is calculated as following,

)= Avp , (2.18)

2{4(1/—1/0)2 +(A2VP )2}

with

Av, =

1,1, [8RT (2.19)
T U

where vp is the FWHM of the pressure broadening, z is the collision
frequency, n is the concentration of the species, o is the collision
cross section, u is the reduced mass.

Stark broadening is induced by charged particles such as electrons
and ions, and it depends on the electric field. Therefore, it derives
the electron density.

The instrumental broadening is induced by difference of the
spectrometer performance used in the experiment, and it depends
on the performance itself. To determine the instrumental function,
a light source with enough sharp spectral lines such as a

low-pressure mercury lamp is generally used. The spectrum gives
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the convolution of Gaussian and Lorentzian functions, and it

results in a Voigt profile. Voigt function is calculated as following,

2
a exXp(—
=2 21’(—y)dy, (2.20)
JaY a +(6()+y)2
with
0=V fin2 . 2.21)
1/G
and
o= 2(1/ -1/0) In2 ’ (2.22)
Av,

where Av; is the FWHM of the Lorentz broadening, 4vg is the

FWHM of the Gaussian broadening.
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2.4 Methods for Evaluating Films Deposited and Etched

2.4.1 Spectroscopic Ellipsometry

Ellipsometry measures a polarization change of light reflects and transmits
from a material structure, and it is represented as amplitude ratio ¥, and phase
difference A. The measured result depends on thickness and optical properties of the
target materials. In addition, the other material property such as composition,
crystallinity, roughness, doping concentration associate with a change in optical
response Thus, ellipsometry is widely used as the measurement method of these
characteristics. Discussion of the waves's electric field behavior, also known as
polarization, in space and time is adequate for the measurement. A wave propagating
along the z-direction can be described with its x- and y- components, because a wave of
the electric field and the propagation direction are always orthogonal, Polarized light is
known that electric field follows the specific path and traces out the distinct shape at
any point. The light will be linearly polarized when the two waves of orthogonal light
are in-phase. The orientation is determined by relative amplitudes. The light is circularly
polarized when the orthogonal light are 90° out-of-phase and equal amplitude. The
light is elliptically polarized when orthogonal waves of arbitrary amplitude and phase
are combined.

Maxwell’s equations should be satisfied when the light interacts with a material.
The equations lead the boundary conditions at the interface. The light will reflect and
refract at the interface with the equal angle between the incident angle (fi) and the

reflected angle (f#). Incident light is refracted at an angle (f7) calculated as following:

n, sin(®,) = . sin(P,) (2.27)
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The same occurs at each interface, and the boundary conditions provide the
other solutions for electric fields between parallel and perpendicular to the target sample
surface. Thus, the light can be separated into two orthogonal components with relation
of the plane. Electric fields that are parallel and perpendicular to the plane can be
considered as p- and s- polarized components, respectively. Each of the two
components is independent and can be separated for the calculation. Thus the amount of
reflected light and transmitted light at an interface between materials can be calculated

as following:

E, n;cos(®;) —n, cos(P,)
v, = = (2.28)
E, )~ ncos(®;)+n, cos(P,)
E n,cos(®P.) —n. cos(P
rp = or = _1 ( l) i ( t) (229)
Ey ), n,cos(®,) +n, cos(P,)
E, 2n;cos(D;)
t, = = (2.30)
E, | ncos(®,)+n, cos(P,)
E, 2n,cos(P;)
t,=| =% = (2.31)
Ey ), n,cos(®,) + n, cos(P,)

Tracking the relative phase of each component determines the overall reflected or

transmitted light. For this purpose, the film phase thickness can be defined as following:

B = 27r(%)n1 cos(d,) (2.32)
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Ellipsometry is interested in the change of p- and s- components relationships
upon reflection or transmission. In this manner, the reference light is introduced into the
experiment. A known light of polarization reflected or transmitted at the interaction of
the sample is measured. The change of the light polarization is commonly written as

following:

0 =tan(y)e™ (2.33)

The incident light is linear to the p- and s- components. The ellipsometry measures
those change of reflected light undergone amplitude and phase changes.

The thickness of the film is determined by interaction between reflecting light
at the surface and traveling light through the film. Amplitude and phase information can
be measured by the interference of the rejoining light. The phase information A is
sensitive to films thickness down to sub-monolayer, ranges from sub-nanometers to a
few micrometers. If the films is thicker than tens of microns, interference oscillations
become difficult to resolve, except longer infrared wavelengths. In this case, Other

measurement techniques are preferred.
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2.4.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) provides compositional information
and chemical information. It is the most widely used as surface-analytical technique
because it is easy to operate, and available the commercial equipment. The surface is
analyzed by irradiation with soft X-ray photons. When a X-ray photon energy hv
interacts with an electron at the surface of target material in a level X with the binding
energy Eg, the entire energy of photon is transferred to the electron. The kinetic energy

of a photoelectron ejected with is calculated as following

Ekin (hv, X) = hv — EB — @S (234)

where @ is work function term. And it is a small and almost constant. #v must be larger
than Ep. The ejected electron term come from not only a core level but also the valence
band. However, most attention in XPS is focused on electrons in the core levels. The
measurement of the kinetic energies enables elemental analysis because of the reason
that there are no two elements sharing the same electronic binding energy set. The
changes of Ep indicate the chemical environment of an atom, and it can be followed by
monitoring changes of Eyi, from the Eq. (2.34). Thus, the measurement of photoelectron
kinetic energy leads the chemical information, and XPS can be used for all elements
analysis except hydrogen and helium in the periodic table.

Although XPS is concerned the electron ejection by other processes such as
photoelectron leaves behind a core hole. In the creation of the hole, the hole created in
the K-shell gives a photoelectron with kinetic energy (Av-Ex). The hole is filled by an
electronic transition that comes from the unresolved L3 shell. The energy (Ex-Ei23)
associated with the transition can be dissipated as a X-ray photon, an electron in the

same shell or that in a higher shell.

30



Chapter 2

The second process is called the Auger process [15], and the ejected electron is

called an Auger electron. The kinetic energy can be calculated as following:

Exin(KL1L23) = Ex — EL1 — Er23 — Einter (L1L23) + Er — @ (2.35)

Where Eyin(KL;L23) is the interaction energy between the holes in the L; and L,3 shell.

Er is the sum of the intra-atomic relaxation energies.
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Chapter 3 Realization of Nano-features by Nano-etch process

3.1 Introduction

In ULSI processing, the number of device integrations is growing
exponentially in accordance with Moore’s law and the feature size is scaled down
dramatically [1,2]. In the technology generation of 10-nm half-pitch and beyond,
fluctuation of feature size and shape at subnanometer-scale become an essential factor
to determine the device performance. To achieve accurate nanoscale patterning for
sub-10-nm devices, some paper discussed etching feature of inorganic material with a
few nm mask [3,4]. However, there is no report of the organic material etching with
those scale patterning. This is because mechanical strength of organic material used as
an interlayer dielectric is generally low [6~8]. In previous studies, the correlation among
the behaviors of H and N atom densities and the etching characteristics of the organic
films was investigated [17-22]. From the results, it was found that the chemical reaction
with by H atoms resulting in HCN and CH, of by-products and the bombardment of
ions, such as N;H" and NH,", enhanced the etching rate of organic films, while the CN
layer produced by N atoms protected the pattern sidewall from spontaneous chemical
etching [10, 11,16, 23-25]. Moreover, it was clarified that etching characteristics of
organic film depend not only H and N atom densities but also the substrate temperature.

In this chapter, characteristics of the organic films etching deposited nm 10 nm
Pt particles employing a 100-MHz excited capacitively coupled plasmas (CCP) reactor
with a 2-MHz biasing employing H, and N, mixture gases were investigated. In
addition, I proposed a scheme to control a fine pattern profile of organic films precisely
by the Pt particles deposition. I believe this technique can be applied for etching process

of general organic materials also.
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3.2 Experimental Details

3.2.1 Metalorganic Supercritical Chemical Fluid Deposition (MOCFD)

The apparatus for the supercritical chemical fluid deposition consists of two
reactors, and was developed in house. The deposition procedure used is as follows. Both
the upper and lower reactors were evacuated until a pressure of approximately 10 Pa
was attained. Then, 5 ml of a precursor of trimethyl(methylcyclopentadienyl)Pt(IV)
(CsH4CH;3Pt(CH3)3, Sigma-Aldrich, CAS 94442-22-5) with a concentration of 1 wt. %
diluted in hexane (Sigma-Aldrich, CAS 110-54-3) was introduced into the upper reactor,
where it was mixed with supercritical CO; by the rotation of a propeller under 10 MPa
and 70°C. The wafer was placed on a stage in the lower reactor, and supercritical CO,
was filled at 10 MPa and 130°C. The stage was heated to the deposition temperature,
ranging typically from 120°C to 230°C. After the precursor was mixed for 10 min, the
gate valve in the apparatus was opened to transfer the precursor from the upper to the
lower reactor; this represents the beginning of the deposition. Usually the deposition

process took 30 min.
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Figure 3.1 Metalorganic supercritical chemical fluid deposition (MOCFD) system.
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3.2.2 Dual-Frequency Capacitively Coupled Plasma Etcher

The samples covered with Pt particles were processed by plasma etching in an
in-house reactor of a dual-frequency coupled plasma etcher. 100-MHz power at 400 W
was applied to the top electrode and 2-MHz power at 200 W was applied to the bottom
electrode. The sample wafer set on the bottom electrode that was maintained at 60°C by
the circulating coolant (in order to obtain appropriate feature shapes, but at 20°C as a
standard for processes with an SiO, mask). Hydrogen with a flow rate of 75 sccm and
nitrogen of 25 sccm were introduced into the chamber and maintained at a pressure of 2
Pa. The etch rate of the organic film was 102 nm/min and the etching time was typically
120 s.

Organic low dielectric films (Dow Chemical, SiLK™) [3] with the thickness of
200 nm on Si substrate were etched. The film thickness was measured in real time by
spectroscopic ellipsometer (M-200F™, J.A. Woollam Inc.). All spectra were recorded
from A=300 to 800 nm. The wavelength dependence of the refractive index was
approximated by a Cauchy model. H and N atom densities (transitions are Lyman o at
121.6 nm for H atoms and 4P5/2-4803/2, *Ps, -*S%,, and 4P1/2-4SO3/2 at 120.0 nm for N
atoms) were measured by a vacuum ultraviolet absorption spectroscopy (VUVAS)

system with a high pressure micro-discharge hollow cathode lamp (MHCL) [4, 5].
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Fig 3.2 Dual-frequency coupled plasma etcher.
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3.3 Results and Discussion

3.3.1 Fabrication of Organic Rods Armored by Pt Nanoparticles

In nanoscale fabrication, photolithographic mask patterning followed by
etching is currently used but there are associated issues for forming sub-nanoscale
pattern masks. To overcome this, other new approaches, such as molding, printing, and
template self-assembly, are required. Recently, by combining the use of
photolithography along with block copolymers, it has become possible to produce
patterns on the tens-of-nm scale [3]. However, no photolithographic patterning
technique with true nm-scale ability has not been reported so far.

Bottom-up approaches are well-established to realize true nm-scale, for
example in carbon nano-materials such as carbon nanotubes (CNTs) [5]. In recent
progress, material compositions and structures obtained through the bottom-up
approach have suggested device and fabrication strategies that are not possible with
top-down methods [6]. These have been proposed to be used as field emission sources,
on the basis of their high aspect ratios, small radii and curvatures, and high chemical
stability [7-11]. Conventional fabrication methods of CNTs include arc discharge [12],
laser ablation [13], and chemical vapor deposition (CVD) [14-18]. CVD growth
generally necessitate temperatures higher than 500°C, therefore such growth methods
cannot be applied for device fabrication on organic substrates.

In contrast, the top-down approach provides the ability to fabricate
nano-structured materials at room temperature or at temperatures less than the melting
point of organics, typically around 200°C. In addition, organic materials show
characteristics of mechanical weakness for realization of sub-nanometer-features. Here,
I propose the use of nanoscale metallic particles as a resist mask for plasma-etching as a

top-down approach for fabricating devices on organic substrates.
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Our group has reported that metalorganic supercritical chemical fluid
deposition (MOCFD) of platinum particles with a size of 2 nm could be deposited on
graphitic carbon materials [19-21]. I applied Pt nanoparticles as the etching mask for
fabricating nano-pillars (rods).

Figure 3.3 (a) shows scanning electron microscope (SEM) images of organic
film with Pt particles formed by MOCFD with the substrate temperature of 150°C. The
size distribution of Pt particles is also shown in Fig. 3.3 (b) for different substrate
temperatures of (i) 150°C, (ii) 170°C, (iii) 190°C. As the substrate temperature was
increased, the mean diameters of the Pt particles shifted slightly to a higher value, from
2.97 to 3.85 nm. This indicated that the substrate temperature of MOCFD affects the
diameter of the organic rods.

Figure 3.4 (a) shows cross-sectional SEM images of organic films after they
were etched for 120 s with Pt particles subsequently deposited by MOCFD with a
substrate temperature of 190°C, similar to Figure 1(b). The organic film with a
thickness of 200 nm was etched off entirely and the substrate was exposed. Organic
rods were observed with a typical diameter of 10.2 nm (aspect ratio 18.7). Vertically
aligned organic-pillars forming under a vacuum environment; [ speculate that
deformation takes places during air exposure since the organic materials are
mechanically weak. Surprisingly, under plasma etching, lateral etching was prevented
and the sidewall of the organic rods was not eroded. Organic rods with nanoscale
diameter were thus successfully formed by the top-down approach. However, there
remains the question of why the sidewall was protected from erosion.

I speculated that the Pt particles should play a role of the mask, with resistance
to not only vertical ion bombardment on the top but also spontaneous chemical etching
on the sidewall of the rods. As described later, the Pt particles probably decomposed
into nanoparticles and were deposited on the sidewalls of the organic rods during

plasma etching. After the plasma etching, the organic rods were separately removed
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from the substrate using a scriber. This collected sample was dispersed on other
substrate, and TEM sample preparation was then performed. This method allows
cross-sectional observations of the rods. Figure 3.5 (b) shows a TEM image of the rods
collected from the sample, indicating that they are identical to those shown in Figure 3.5
(c). Interestingly, the organic rods had a mean diameter of 10.2 nm and were armored

with Pt nanoparticles.
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Figure 3.3 (a) SEM images of organic films before etching, Pt particles were deposited
by MOCFD at 150°C. (b) The size distribution of diameter of Pt particles on the

samples for the deposition temperature at (i) 150°C, (ii) 170°C and (iii) 190°C.
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Figure 3.4 (a) Cross-sectional SEM images of organic films after the etching for 120 s
after Pt particles deposition by the MOCFD with substrate temperature of 190°C. (b)
Typical TEM image of the organic rods armored by Pt nanoparticles collected from the

sample as identical as shown in (a). (¢) The size distribution of width of organic rods on

the sample as shown in (a).
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3.3.2 Pt Nanoparticles Diameter Dependence on the Deposition Condition

Figure 3.5 (a)-(e) shows cross-sectional scanning electron microscope (SEM)
images of organic films with Pt particles by MOCFD with different substrate
temperatures of (a) 150°C, (b) 170°C (c) 190°C, (d) 210°C and (e) 230°C. Plasma
etching conditions were a mixture ratio of 25 for N, and 75 for H,, and the substrate
temperature at 60°C for 30 s. As the substrate temperature was increased, the mean
diameters of the Pt particles shifted to a higher value, from 2.97 to 12.85 nm. This
indicated that the substrate temperature of MOCFD affects the diameter of the organic
rods.

Figure 3.6 (a)-(c) shows cross-sectional SEM images of organic films etched
after Pt particles deposition by MOCFD with different depositing times of (a) 10 min,
(b) 20 min and (c) 30 min. Those size distribution of Pt particles is also shown in Figure
3.6 (d). As the deposition time was increased, the mean diameters of the Pt particles
shifted slightly to a higher value, from 2.97 to 3.85 nm. This indicated that the substrate
temperature of MOCFD affects the diameter of the organic rods. Figure 3.7 shows
cross-sectional SEM images of organic films after etched subsequently deposited Pt
particles by MOCFD with different Pt nanoparticle amount of (a) 2.5 ml and (b) 5 ml.
Plasma etching conditions were a mixture ratio of 25 for N, and 75 for H,, and the
substrate temperature at 60°C for 30 s. Figure 3.7 (c) The size distribution of diameter
of Pt particles on the samples as shown in (a) and (b). There were no increase of Pt
diameter as increasing deposition time or Pt nanoparticle density. These results
indicated that the substrate temperature of MOCFD affects the diameter of the

nanoparticles.
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Figure 3.5 Cross-sectional SEM images of organic films after Pt particles deposition by
MOCFD with different substrate temperatures of (a) 150°C, (b) 170°C (c) 190°C, (d)
210°C and (e) 230°C. Plasma etching conditions were a mixture ratio of 25 for N, and
75 for H,, and the substrate temperature at 60°C for 30 s. (f) The size distribution of

diameter of Pt particles on the samples as shown in (a), (b), (c), (d) and (e).
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Figure 3.6 Cross-sectional SEM images of organic films after Pt particles deposition by
MOCFD with different depositing times of (a) 10 min, (b) 20 min and (c¢) 30 min.
Plasma etching conditions were a mixture ratio of 25 for N, and 75 for H,, and the
substrate temperature at 60°C for 30 s. (f) The size distribution of diameter of Pt

particles on the samples as shown in (a), (b) and (¢).
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Figure 3.7 Cross-sectional SEM images of organic films after Pt particles deposition by
MOCFD with different Pt complex amount of (a) 2.5 ml and (b) 5 ml. Plasma etching
conditions were a mixture ratio of 25 for N, and 75 for H,, and the substrate
temperature at 60°C for 30 s. (¢) The size distribution of diameter of Pt particles on the

samples as shown in (a) and (b).
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3.3.3 Dependence of Plasma Etching Conditions on Feature-Shapes

To assess etching shape, a dependence on substrate temperature and mixture
gas flow ratio was investigated. Figure 3.5 (a)-(c) shows cross-sectional scanning
electron microscope (SEM) images of organic films after being partially etched for 30 s
with different N, mixture gas flow ratio of (a) 75%, (b) 50% and (c) 25%. And the films
with with different substrate temperatures of (d) 0°C, (e) 30°C and (f) 60°C with N,
mixture gas flow ratio of 75% after subsequently deposited with Pt particles by
MOCEFD. As the substrate temperature or the H, gas ratio increased, feature shapes
exhibit tapered shapes. These tapering are parameterized by taking a ratio of top and
bottom parts of rods. Mean taper amounts of the organic rods decreased drastically from
10.51 nm for (a) 75% to 2.44 nm for (c) 25 %, and 9.94 nm for (d) 0°C to 2.44 nm for
(f) 60°C after partially etched for 30 s. And they also decreased drastically from 3.96
nm for (i) 75% to 0.18 nm for (k) 25 %, and 4.96 nm for (1) 0°C to 0.18 nm for (n) 60°C
after completely etched for 120s. Namely, the feature profile became the most vertical —
like rod having same thickness from the top to the bottom — while the etching conditions
were of 75% mixture of N, gas at the substrate temperature of 60°C.

Notably, the etching conditions were different from the tendency obtained for
the blanket organic films. If the blanket film without covering Pt particles is etched, the
feature shapes became the bowing shape — like stick having thinning at middle level.
This indicated that the blanket organic films were etched spontaneously. On contrary, in
cases with Pr nanoparticles, it is noteworthy that the taper shapes were always exhibited,

since the spontaneous etching prevented.
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Figure 3.8 Cross-sectional SEM images of organic films after etching, subsequent to Pt
particle deposition by MOCFD, at different N, mixture gas flow ratio of (a) 75% (b)
50% and (c) 25% with the substrate temperature of 60°C after partially etched for 30 s.
Additionally, images shows dependence of the substrate temperatures at (d) 0°C, (e)
30°C and (f) 60°C with mixture ratios of 25 for N, and 75 for H, after partially etched
for 30 s. And lower part of images in (1), (m) & (n) shows after completely etched for
120s. The organic rods tended to taper-shape with increasing (g) the mixture ratio of N,

gas or (h) the substrate temperature after partially etched for 30 s.
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Figure 3.8 Cross-sectional SEM images of organic films after etching, subsequent to Pt

particle deposition by MOCFD, at different N, mixture gas flow ratio of (i) 75% (j)
50% and (k) 25% with the substrate temperature of 60°C after completely etched for
120s. Additionally, images shows dependence of the substrate temperatures at (d) 0°C,
(e) 30°C and (f) 60°C with mixture ratios of 25 for N, and 75 for H, after partially
etched for 30 s. The organic rods tended to taper-shape with increasing (o) the mixture
ratio of N, gas or (p) the substrate temperature after completely etched for 120s. The

shape parameter is defined a ratio of diameters at top and bottom parts of the rods.
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3.3.4 Temporal Variations of Feature Shapes in Plasma Etching

Figure 3.9 shows cross-sectional SEM images of organic films after etching,
subsequent to Pt particle deposition by MOCFD as a function of the etching time for (a)
30 s to 180 s at 60°C. The time- dependent height of the organic rods and etched
organic film are shown in (f) as the with Pt cover and without Pt cover.

The organic rods formation is confirmed. Pt nanoparticle covered organic rods
also etched with the plasma exposure. However, the etching amount was almost half
compared to the etching amount at uncovered area. Lateral etching of the organic rod
was not observed. This tendency and value back up the result of Fig. 3.4.

Figure 3.10 shows the increase of the intensity of Pt 4f spectrum during etching
process and the decrease during over etching. This result indicates that the increase of
the Pt nanoparticle density during plasma etching process and decrease during over
etching process. This result also back up the decomposition of the small sputtered Pt

particle into nanoparticles on the sidewalls of the organic rods during plasma etching.
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Figure 3.9 Cross-sectional SEM images of organic films after etching, subsequent to Pt
particle deposition by MOCFD, as increasing etching time of (a) 30 s (b) 60 s and (c)
120 s (d) 180 s and (e) 300 s with the substrate temperature of 60°C.
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Figure 3.10 XPS Pt 4f spectrums for the surface of organic film as increasing etching
time of (a) 30 s (b) 60 s and (c) 120 s (d) 180 s and (¢) 300 s with the substrate

temperature of 60°C.
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3.3.5 Comparison of Methods for Pt Particle Mask deposition

I made comparison the methods of Pt particle mask deposition between the
supercritical chemical fluid deposition (SCFD) and the arc-plasma sputter gun. The
SCFD method has been described above the section 3.2.1. The arc-plasma sputter gun
was operated with Ar gas flow rate of 100 sccm and power of 200 W.

Figure 3.11 shows the cross-sectional SEM images of organic films with Pt
mask deposited by SCFD after being etched for (a) 30 s and completely etched for (b)
120 s, and organic films with Pt mask deposited arc plasma sputter gun after being
etched for (c) 30 s and completely etched for (d) 120 s.

Both etching features with Pt mask deposition by SCFD and arc plasma gun
were almost the same after being etched for 30 s. However, organic rods after 120 s
etching could be only seen at the condition of Pt mask deposition and couldn’t be seen
at the condition of Pt deposition. The difference between the Pt particle deposited by
SCFD and arc plasma gun is assumed to be the size of the sputtered particle since Pt
particle deposit by SCFD is constructed by Pt complex and bonding of the each
complex is weak compared to the Pt particle deposited by the ark plasma gun. And the
small sputtered Pt particle decomposed into nanoparticles and deposited on the
sidewalls of the organic rods during plasma etching, and could play a role in the
masking, with resistance to not only vertical ion bombardment but also chemically
spontaneous etching. Thus the organic rod fabricated only under the Pt mask deposited

by SCFD.
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Figure 3.11 Cross-sectional SEM images of organic films with Pt mask deposited

MOCEFD after being etched for (a) 30 s and (b) completely etched for 120 s.
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3.3.6 Sidewalls Protection Effect of Pt Nanoparticle against Etching of H Atoms

To confirm the effect of Pt nanoparticles on sidewall, 65-nm line and space
(L&S) mask patterned organic film was etched with and without Pt particle deposition
by MOCFD. Figure 3.12 shows Cross-sectional SEM images of the L&S patterned
organic films after the etching of 90 s (a) and, L&S patterned Pt particle deposited
organic film after the 120 s etching (b).

As seen in Figs, the lateral etching amount decreased from 9.2 nm to 4.1 nm.
And the undercut decreased from 7.2 nm to almost 0 nm. It is well known that lateral
etching is conducted during the etching because the sidewall is exposed to atom and
angled ion bounced from the mask. On the other hand the film just under the mask is
exposed to only atom. So this result indicate that with the Pt particle deposition,
sidewall is protected from ion assist atom etching and etching amount decreased half. It
also protect the sidewall just under the mask from the atom etching and etching amount

decreased to almost zero. The result is reasonable to the result of Figure 3.4.
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Figure 3.12 Cross-sectional SEM images L&S patterned organic films after being

completely etched for 90 s (a) and, L&S patterned Pt particle deposited organic film (b).
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3.3.7 Analysis of Protection Effect of Pt Nanoparticle

To examine why the sidewalls of the organic rods were prevented from erosion,
I conducted the following experiment in order to clarify the protective ability of Pt
nanoparticles existing at the sidewalls during etching. Our hypothesis, based on
experimental results of the organic rod formation, is schematically illustrated in Figure
3.15. Atoms and ions in the H,/N» plasma reacted with the organic materials and played
two different roles: ion-assisted etching of organic material and ion sputtering of the Pt
mask. The following are envisaged: (a) Pt particles were deposited on the organic films;
(b) the Pt particles were deposited with clustering on the sidewalls during the etching
process; (c) the sidewall of organic rods were covered and protected from etching by H
atoms.

Figure 3.16 (a) shows a comparison of the etching characteristics of samples
with and without Pt particle deposition on the organics films. At the sidewalls, the effect
of ion bombardment is almost negligible since the ions impinge laterally. Neutral atom
species and plasma emission light are irradiated directly from the plasma. In order to
clarify the etching process at the sidewall, our group has developed a technique called
Pallets for Plasma Evaluation (PAPE) [26-29]. As the Pt particles covered the organics,
the etching amount for the rest of Pt deposited area in direct exposure to the plasma
decreased to almost half compared with the case without Pt nanoparticle deposition.
Figure 3.16 (b) shows a comparison of etching characteristics of the samples regarded
as sidewalls with and without Pt particles on organics. Transport of atoms inside the gap
between sample surface and MgF, window was estimated to 1-2% of the actual fluxes
of open area. Thus I carried out a treatment for hundred larger duration time for
comparison. The etching amounts drastically decreased to less than 10% with the Pt
nanoparticles. Namely, the Pt nanoparticles prevented lateral etching within a thickness

of less than 1 nm. The Pt nanoparticles thus had a protective effect from etching on the

59



Chapter 3

sidewalls, especially for etching by atoms but not ions.

Here, I used plasma chemistry comprising H and N gases. In our previous
studies, the organic films were chemically etched by exposure to H atoms [30]. N atom
has a role for creation of a protective layer comprising from C-N bonds, which could
inhibit to spontaneously etch of H atom [30,33,34]. Basically, the C-N layer acts in part
as sidewall protection but not perfectly. The H atoms recombine on the Pt surface with a
large recombination coefficient. As the results, the number of reactive H atoms
decreases and it decrease chemical etching of the organic films by exposure to H atoms
[31]. I proved that the etching amounts caused by H atoms were drastically decreased to
less than one tenth in the cases of the surface with Pt nanoparticles. The Pt nanoparticles
have a protective effect against chemical etching by H atoms and this minimizes
sidewall etching. Organic nanorods were thus realized with Pt nanoparticles acting as
sidewall protection film. As a result, outstanding high aspect ratio etching was
successfully obtained. This is a novel and useful method employing supercritical
chemical fluid deposition of nanoparticles and plasma etching. The method enables
fabrication of 10-nm-scale organic rods with the protective effect of Pt nanoparticles

under a specific organic-film-etching condition.
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Figure 3.15 Schematic illustration of formation of organic rods armored by Pt
nanoparticles. (a) The deposited Pt nanoparticles cluster were suputtered by ion
sputtering effects. (b) During etching process, the the sidewall of rods were eroded by
chemical reaction with atom. (¢) The armored organic rods were etched to be short and
thin. (d) The deposited Pt nanoparticles cluster decomposed into nanoparticles by ion
sputtering effects. (e) During etching process, the decomposed particles covered on the
sidewall of rods. (f) The armored organic rods protected at the sidewall from etch of H

atom.
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without deposition of Pt particles. (a) by direct plasma exposure and (b) by irradiating
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3.3.8 Application in Field Emission Device

The organic rod electrical characteristics were also changed from insulator to
conductor. Figure 3.17 shows field emission properties of the armored organic rods.
Electron field emission properties of the rods were clearly obtained. The electric field
threshold was decreased from 13.1 to 8.2 V/um as the N and H atom density ratio in the
plasma etching was changed. According to the Fowler-Nordheim (FN) theory [32], the

electrical current, I, at the applied voltage, V, is given by [32] (I = VZexp (_71))), where

1
- 9%z _
b= %104)2, the slope of the linear part of the FN plot of anI—2 = Vb, B3 is the field

enhancement factor, and ¢ is the work function.

It was estimated that the shapes of the top part of the rods were possibly
unchanged among each etching condition. If the surface reacted with N atoms, then it
was modified by the formation of a layer of sps -bonded C-N to protect from
spontaneous chemical etching [30,33,34]. During plasma etching, surface nitridation on
carbon materials worked to protect more effectively the lateral etching of the sidewalls.
Consequently, lower the work function was obtained on the samples of Pt/C
composites.

Namely, the compositional ratio of H, and N, had a strong impact on the
electro-conductive properties of the organic rods armored with Pt nanoparticles. It has
been reported recently that self-assembled graphitic carbon materials such as carbon
nanotubes (CNT), carbon nanowalls (CNW). have lower threshold of a few V/um in
electric field than the experimental result of 8.2 V/um." As consequence the emission
properties of organic rods synthesized were inferior to that of other conductive
materials.

However, there is a strong emphasis on electron emission of the organic rods,

as originally insulator. In general no emission is found from insulator or under high
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fields at least as high as 100 V/um. I believe the modified sps;-bonded C-N layer
responsible for enhancing electro-conductivity and field emissions. The novel approach
utilizing the organic/inorganic composites described here may fill a gap opening
top-down and bottom-up synthesis at nanometer and atomic scales. I anticipate this to
be a solution for fabricating flexible electronics on polymeric materials. In future, the
composite materials may open novel applications for displays and provide on cloths

with the ability for solar-cell-driven sterilization.
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Figure 3.17 (a) The current-voltage plot of the electron field emission properties for the

organic rods (b) Fowler-Nordheim plot of (a).
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3.4 Conclusion

In conclusion, I have demonstrated the fabrication of 10-nm-scale organic rods
covered on the sidewalls with Pt nanoparticles that acted as a resist mask. Supercritical
chemical fluid-deposited Pt particles were deposited on the sidewall to inhibit the
spontaneous chemical etching reactions of H atoms with organics. The Pt nanoparticles
prevented lateral etching within a thickness of less than 1 nm. Accordingly, precise
shape control was achieved by this approach of the sidewall protective effect with the Pt
nanoparticle coverage. These armored organic rods changed from dielectric to
conductive demonstrating field emission properties. It is noteworthy that the super-fine
plasma etching of organic materials is a suitable fabrication process at low temperatures

for flexible materials.
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Chapter 4 Temporal Changes of Absolute Densities of
Atoms in H, and N, Mixture Gas Plasmas
by Surface Modifications of Reactor Wall

4.1 Introduction

Plasma etching technologies are indispensable for the nanostructures
fabrication by engraving patterns, trenches or holes along the etching masks in the
underlying material [1,2]. Plasma deposition and surface modification processes are
also important to synthesis thin films with high functionality and surface modifications
of materials at a low temperature. It is widely known that behaviors of densities of
chemical reactive species influenced much on plasma processes [3,4]. Recently, reactive
plasmas employing the chemistry of H,/N, mixture gas plasmas have been used in
various kinds of material processes such etching of organic resists [5-12], chemical
vapor deposition of nitrides [13], and so on. In the etching processes of low-dielectric
constant (low-k) organic films using H»/N, plasmas in the ultralarge scale integrated
circuits (ULSIs), absolute densities of hydrogen (H) and nitrogen (N) atom and their
relative ratio of H/ (H+N) affect considerably etched feature profiles [5-7]. In the
processing, N atom is known to form a protective layer on the sidewall of the patterns
against the etching species of H atom [14—19]. Nagai et al. reported that the etching
profile of 65-nm line and space (L&S) mask-patterned low-k organics with Hy/N,
mixture plasma was affected by just several percent of variation in the atom density
ratio [14].

It has been a great concern for the precise control of plasma etching processing
to discuss the condition of reactor wall surface influences the plasma chemistry in the
reactor [20-22]. Particularly, it has become problems that the prior process and/or the

exposure the ambient air for the maintenance of reactors could modify the surface
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condition of the wall considerably and then influence the present etching process
indirectly via the wall surface memory [23]. Recently, some papers have reported the
reactor-wall’s surface loss probabilities of species such as molecular atoms [24-26] and
atoms [27-31] by using various diagnostic techniques such as absorption spectroscopy
and appearance mass spectroscopy. However, many of the details of the interaction of
plasma particles, such as ion, neutral, involving atom, metastable and so on, with the
reactor wall and substrate are not clear because of complexity of the plasma processes.

In our previous study, Moon et al. indicated that the change of surface loss
probability of H and N atoms was from 0.03 to 0.16 for the variety of wall materials and
gas mixture ratio [18]. These changes of loss probability could affect the atom density
near the wall.

In this chapter, we have focused on the study of influence of the modified
surface by the various kinds of plasma exposures in the etching plasma processing on H
and N atom densities in the Hy/N, mixture gas plasma. Based on the quantitatively
measurement using vacuum ultraviolet absorption spectroscopy (VUVAS), the temporal
changes of absolute densities of H and N atoms in the H»/N, mixture plasma after each
processes of the H, plasma, the N, plasma and the O, plasma as a cleaning were studied
on the wall surface memory effects, i.e. influences of prior processes on the atom

densities qualitatively and systematically in the H2/N; plasma.
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4.2 Experimental Details

The Hy/N, plasma was generated in a capacitively coupled plasma (CCP)
reactor whose inner wall material was anodically-oxidized aluminum, which is similar
to industrially commercialized etching tools. Gases of H, with a flow rate of 75 sccm
and N, with a flow rate of 25 sccm were introduced to the chamber through the
showerhead as a top electrode. The total gas pressure was kept at 2.0 Pa. A 100-MHz
very high frequency (VHF) power of 400 W was supplied to the top electrode, and
2-MHz medium frequency (MF) of 200 W was supplied to the bottom electrode as a
substrate bias. A self-bias voltage was -480 V for this condition. Substrate was fixed by
an electrical-static chunk on a stage whose temperature was controlled with coolant
circulation. Wafer temperature was -20°C before the plasma exposure, and 19.6°C at
maximum at steady-state from plasma discharge after 30 s of ignition. Temperature of
the chamber walls was room temperature without control. This condition is typically
used for the etching of low-k organic materials [32,33].

Figure 4.1 shows a schematic diagram of the etch reactor and the setup for
measuring the absolute density of H and N atoms near the reactor wall. A compact atom
monitoring system consists of a micro-discharge hollow cathode lamp (MHCL), a VUV
monochromator and optical component parts such as reflection mirror and MgF,
windows [34-38]. The VUV light from MHCL was reflected by the aluminum (Al)
mirror with the direction of 45 degrees and passed through the MgF, window and was
absorbed in the plasma region. The VUV light passed through another MgF, window
and reflected at Al mirror to a VUV monochromator with a photomultiplier tube. The
absorption length was 40 mm. Its configurations in details are shown in elesewhere.*”
The transition lines for the absolute atom density measurement were the Lyman o at
121.6 nm for H atom, and “Psp-*S%, “P32-*8%, and *P1-*S°%); at 119.96, 120.02 and

120.07 nm for N atom [34-38]. All errors estimated by averaging over repeatable
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measurements in three times are indicated in text.

Figure 4.2 shows the approach of this experiment. Before each experiment,
chamber was exposed to several different plasmas (Step 1) for 3 min, (i) seasoning
condition of H,/N, plasma (seasoning), (ii)) H, plasma, (iii) N, plasma, and (iv) O,
plasma to intentionally change the chamber wall condition. Before each plasma
exposures, the reactor wall was exposed to the O, plasma as cleaning for 3 min. In
addition, a small piece of Al,O; (anodized Al) was placed on the reactor wall and
exposed to the plasmas with sequences as similar as the circumstance (e.g. the samples
were prepared by exposing the different plasma conditions after the O, plasma cleaning
for 3 min and the H,/N, seasoning plasma for 3 min) and analyzed by X-ray
photoelectron spectroscopy (XPS) to investigate the surface chemical composition after
the wall modification by each process that could cause the variation of atom density in
the following Ha/N, plasma. The results of XPS analysis will be discussed in section
4.3.4.

Subsequently after several plasma exposures, temporal change of H and N
atom densities in Hy/N, plasma were analyzed for 2 min (Step 2). The results of radical

density changes will be discussed in section 4.3.2.
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Figure 4.1 Schematics diagram of the experimental apparatus used for measuring the

density of hydrogen and nitrogen atoms near the reactor wall employing a VUVAS

system.
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Figure 4.2 Schematics diagram of the experimental approach.
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4.3 Results and Discussion
4.3.1 Generation and Loss of H and N atoms

The behavior of the H or N atom density can be described by the following rate
equation: [30]

dN(HorN)

Fra (ov)n,N(H,orN,) —

~ED — ko, N?(HorN)N(X) (4.1)

where N(H or N) and N(X) represent the atom density of H or N, the density of other
species, X, reacting with the H or N atoms, respectively. ¢ is the generation
cross-section of H or N atoms by one electron impact on H, or N, v is the velocity of
electron, n. is electron density, 74 is the decay time constant of H or N atoms and &, is
the rate constant for the gas-phase recombination reaction among two H or N atoms and
other species. The contribution of the gas phase reaction to the loss of H and N atom is
small, since these reactions constant are too small to account for the observed decay
time. Therefore, the term k,N?(H or N)N(X) in the right hand side of Eq. (4.1) can
be negligible.

The atoms reach the surface and some are reflected while others migrate
along the surface, resulting in loss of atoms through chemisorption and recombination.
Thus, the atom loss reaction caused by recombination on the wall can be represented by
the product of the incident flux (I') and the surface loss probability («). The surface loss

of atoms is given by following equation: [30]

aN(HorN) ,Tl’m
Hoeross = Od-‘HovaHorN = 4 8kpT (42)

where v is the thermal velocity, N is the density of atom, k3 is the Boltzmann constant,

T is the temperature and m is the mass of the atom. The flux is a function of the atom

N(HorN)

temperature and density. This loss is equal to the term in Eq. (1). Therefore,
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the decay time constant is represented by

4 mm
g == /8RBT . 4.3)

From Eq. (1) and (3), the balance between generation and loss of H and N atom in the

plasma at the steady state is represented by following equation

N(HorN)

(ov)n,N(H,orN,) = . 4.4)
d
Applying ideal gas law, the equation can be converted to
N(H) _ 4(ovingpv | mm (4 5)

aRT 8kgT '

As shown by this equation, the difference in surface loss provability, a, is directly
related to the density of atom. Moon et al. indicated that the change of surface loss
probability for H and N atom was between 0.03 - 0.16, depended on the wall material
and gas mixture ratio. [30] This variation of loss probability might cause this five times

increase of the atom density value at maximum.
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4.3.2 Influence of Preceding Process on Atom Densities

Figure 4.2 shows temporal changes for N and H atom densities in the Hy/N;
plasma in the reactor after (i) seasoning plasma, (ii) H, plasma, (iii) N, plasma and (iv)
O, plasma. Temporal changes of the cases of (i) seasoning and (ii) H, plasma, the N
atom density was stabilized just after the plasma ignition to be 1.0+0.1x10"' cm™ and
the H atom density were stabilized just after the plasma ignition to be 1.2+0.2x10"
cm”.

Only at the process of (i) seasoning, densities were stabilized almost the same
value after the plasma treatment time of 30 s. In other case of the process of (ii) H,
plasma, the stabilization needed 120 s.

In contrast, at the beginning of H,/N, plasma after (iii) N, plasma and (iv) O,
plasma, the N atom density was varied to be increase to 1.8£0.1x10'" cm™ for (iii) and
4.040.2x10" cm™ for (iv). The H atom density was also increased 1.7+0.2x10"" cm™
after (iii) N, plasma and 2.0£0.3x10'' cm™ after (iv) O, plasma. After the plasma
ignition, the N and H atom density decreased gradually in both cases of after (iii) N, and
(iv) O, plasmas. The increase of atom density in the case of (iii) N, and (iv) O, plasmas
are assumed to be induced by the surface modification of the reactor wall during the
prior plasma exposure.

Figure 4.3 shows temporal changes for the atom density ratio, N/(H+N),
calculated by the data represented in Fig. 4.2. It was reported that the atom density ratio
of H/(H+N) has an important meaning to decide the etching rate and pattern profile of
low-k organics in the Hy/N, plasma etching processing [14,15,32]. Therefore, the
behavior of atom density ratio was evaluated after the various kinds of prior processes.
The atom density ratio indicated 46% just after the ignition at (i) seasoning, 48% at (ii)
H, plasma, as well as 50% at (iii) N, plasma. Although the temporal changes in atom

densities as shown in Fig. 4.2 were significant in particular of (iii) N, plasma, the ratio
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of atom densities was always stabilized.

On the other hand, the atom density ratio at the ignition was shown a low value
of 30% in the case of (iv) O, plasma, subsequently gradual increase reached to a stable
value of 48% after the discharge for 120 s. Those values in the ratios of atom densities
were stabilized and reached a constant value with variations of approximately 10%,
subsequently as the N,/H, plasma discharge elapsed. It is noteworthy that the seasoning
process needs at least for 120 s, prior to perform the etching process of low-k organics
with the stabilization of the atom densities after the O, exposure as a cleaning of reactor

walls.
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Figure 4.2 Temporal changes for nitrogen atom (N) atom density in the H/N, plasma

subsequently, after the various plasma exposures after (i) H»/N, plasma, (ii) H, plasma,

(ii1) N; plasma and (iv) O plasma.
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Figure 4.3 Temporal change for atom density ratio, H/(H+N), calculated by data

represented in Fig. 2 (a)-(d).
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4.3.3 Decay of Atom Density in O, plasma after H,/N, Plasmas

The temporal changes for the densities of H and N atoms in O, plasma after the
H,/N» plasma are shown in Fig. 4.4. Absolute densities just after the ignition of the
Ha/N, plasma were values of 8.2+0.3x10'" cm™ for H atom and 6.1+0.2x10"" cm™ for N
atom. Upon elapsing periods of 50 s for H atom and 10 s for N atom, those atom
densities were disappeared to reach values less than the detection limit. This result
suggests that H and N atoms were generated by emissions of certain absorbates from the
reactor wall into the plasma, while the absorbates emission under the O, plasma

exposure.
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Figure 4.4 Temporal changes for hydrogen (H) and nitrogen (N) atom density in the O,

plasma after Ho/N, plasma.
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4.3.4 XPS Analyses on Al,O; Film as a Reactor Wall Material

To investigate surface conditions after each plasma exposure, XPS analyses
were performed on Al,O; film set on the reactor wall as a reactor wall material exposed
to the plasma. Figure 4.5 (a) shows XPS spectra for Al 2p on the Al,O; piece. Spectral
changes exhibited clearly upon different kinds of pre-treatment of plasmas. The peak
was decomposed into two Gaussian peak components by fitting the spectra. A
component (#1) at 73.5 eV can be assigned to be aluminum bound to nitrogen™” and
called hereafter “AIN”. Another component (#2) at 76.7 eV can be assigned to be
aluminum bound to oxygen in wurtzite Al,O; [40] and called hereafter “AlO”.
Apparently the AIN component (#1) was exhibited in the spectra of Al 2p on the surface
exposed to the (i) H, and N, mixture plasma and (iii) N, plasma. Intensities of the AIN
component (#1) on the surface exposed to the (ii) H, and (iv) O, plasmas were exhibited
negligibly low. Intensities of the AIO component (#2) for all samples exposed to plasma
processes remained almost a constant. This result indicates that the plasma exposure
without N, gas such as the (ii) H, mixture plasma and (iv) O, plasma resulted in
reducing Al-N bonds on the surface.

Figure 4.5 (b) shows N 1s spectra of the Al,O3 exposed to each plasma process.
The spectra of N 1s of the samples exposed to the (i) H»/N, plasma and (iii) N, plasma
shows an asymmetric shape. As referred from previous publications with respect to the
peak assignment [40-42], the peak was decomposed into three Gaussian peak
components; the 1st component (#1) at 395.0 eV, the 2nd component (#2) in at 397.0
eV, and the 3rd component (#3) at 399.6 eV. On the basis of electron-transferring
environment of nitrogen bound to other atoms. The lowest component (#1) can be
assigned to the nitrogen adsorbed physically on the sample surface. The component (#2)
in N s is assigned to the nitrogen bound to aluminum in AIN. The component (#3) in N

Ls is assigned to the nitrogen, in which electron transfers to aluminum bound to oxygen,
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e.g. in alumina (ALLO3), “N-Al-O” [40].

Intensities of three peak components in N 1s decreased on the surface exposed
to the (ii)) H, and (iv) O, plasmas. The AIN peaks in both Al 2p and N ls were
corresponded with each other. Namely, the plasma exposure including N, gas resulted
in reducing Al-O bonds and forming Al-N bonds covered on the surface. The amount of
N atoms on the surface in the N, plasma was higher than those in other plasmas. The
surface N rich layer may induce unintentional desorption of the N atom from the surface
during the Hy/N, mixture plasma exposure and the primitive increase of N radical as
discussed before.

In the analysis of XPS, chemical structures of hydride surfaces exposed to H,
and H,/N, plasmas and their effects to the interaction with radicals have not been yet
made clear that and the furthermore study is necessary.

Figure 4.5 (c) shows O 1s spectra of the Al,O; exposed to each plasma process.
The spectra of O 1s on the surface exhibited peak at 531.6 eV, and it is assigned to
oxygen bound to aluminum in a-Al,O; [40]. Spectral intensity increased only case of the
(iv) O, plasma. This indicates that an amount of the Al-O bonds exposed was increased

after the (iv) O, plasma by oxidation of the covered Al-N bonds on the surface.
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Figure 4.5 XPS spectra of (a) Al 2p, (b) N 1s and (¢) O ls on Al,O; plate exposed to (1)
H,/N,, (ii) Ha, (iii) N; and (iv) O, plasma after (i) H»/N, seasoning plasma after (iv) O,

cleaning plasma.
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4.3.5 Importance of Loss Process on Reactor Wall

In the discussion on the mechanism of these behaviors of H or N atom densities,
the atom density can be usually described by a balance between the generation by the
electron impact dissociation and the loss of recombination and surface sticking at both
the gas phase and the reactor wall surface. The contribution of the gas phase reactions
with respect to the loss of H and N atom might be regarded to be negligible small, since
these reactions hardly occur at low pressures in this experimental condition. This was
also supported by observation of decay time of atom density in afterglow plasma [43].
Therefore, the atom loss reaction will be caused dominantly by the loss on the reactor
wall surface.

The surface loss can be represented by a product of the incident flux (I') and
the surface loss probability () [43], and then the atom density N is given by g Thus,
in this condition, the surface loss probability a is directly related to the density of atom.
In fact Moon et al. indicated that the surface loss probabilities for H and N atom ranged
between 0.03 and 0.16, depending on the wall materials and gas mixture ratio [18,19].
This variation of loss probability will cause the influence on the atom densities in the
range of 5 factors at maximum.

In addition, except for the condition of (iv) O3, densities of H and N atom in
H,/N, mixture plasmas after (iii) N, plasma were higher than those after (i) H»/N, and
(ii) H, plasmas. The surfaces exposed to the hydrogen-containing plasma indicated no
difference in loss properties of atoms on the surface, unlikely it was observed that both
N and H atom densities were increased with maintaining the ratio of densities on the
surface after (iii) N, plasma. Accordingly, it should be taken into a consideration of
hydrogenation of the wall-surface.

The effect of hydrogen into a N, plasma on the iron plate was reported to be

increased in the sticking coefficient on the reactor wall surface. This was interpreted
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that the work function of iron decreased in the presence of coadsorbed hydrogen.*” The
experiment results observed in (i) H,/N, and (ii) H, plasmas can be interpreted by the
similar hydrogenation mechanism that lowering the work function, which led to an
increase of chemisorption on the surface and to enhance the surface loss probability.
Further considerations with respect to the hydrogenation are needed in the future.
Lastly, the values of H and N atom densities in H,/N, mixture plasmas after
(iv) O, plasma was significantly higher than those after (i) Ho/N,, (ii) H, and (iii) N,
plasmas. The atom density of N atom differed significantly in the H,/N, mixture
plasmas after (iv) O, plasma than the other processes. This is probably due to the
changes in the surface loss of the reactor wall. The surface loss of H and N atoms in the
H,/N, mixture plasma on the surface of Al,O; covered with nitrogen or oxygen in the
H,/N; plasma was lower than that covered with hydrogen atom. Consequently the
experiments results of the (iii) N, and (iv) O, plasmas indicate clearly that both the
nitridation and the oxidation on the chamber wall surface decrease the sticking
coefficients, as resulted from the change of the surface coverage of elements on the

reactor wall of the anodized aluminum as the surface material.
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4.4 Conclusion

Temporal changes of absolute densities of H and N atoms in the H»/N; plasma
after several plasma exposures in the reactor were clarified. The densities of both H and
N atoms in the H»/N; plasma just after O, plasma were significantly influenced by the
reactor wall surface comparing with plasmas of H»/N,, H, and N,. The N atom density
increased 290% and the H atom density increased 70% compared to the stable value
after the seasoning process of O, plasma due to the interaction between the plasma and
the reactor wall surface.

Dramatic changes in atom densities indicate that the chemical modifications
such as oxidation and nitridation of reactor wall surface affected the surface loss of
atom species. As the results, it was revealed that the reactor-wall conditions have the
memory effect which affected on the temporal behavior of atom densities. The
quantitative measurements of absolute atom density proved the correlations of the
plasma condition with the reactor wall condition. Thus the control of the wall surface
condition was crucially important in achievement of stabilizing in the atom densities. In
establishing highly reliable plasma processes, the interactions between the surface and
the plasma need to understand throughout determining mechanisms. In addition, the real
time stabilization process of atom densities on the basis of the real time monitoring of
atom densities hopes to enable steady controls in the absolute atom densities and their

relative ratio for realizing the high performance of plasma processing.
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Chapter 5 Reactor Wall Loss Properties Influenced by

the Preceding Process

5.1 Introduction

Plasma-surface interaction is one of the most important research areas in the
development of plasma processes. Plasma parameter changes temporally affected by the
condition of chamber wall (inner wall), which is in contact with the plasma. However
many of the details of the interaction of plasma particles, such as ion, atom and neutral
with solid surfaces such as a substrate and walls are not clear because of complexity of
the plasma process. Recently, a number of papers have reported chamber-wall’s surface
loss probabilities of species such as molecular atoms [1-3] and atoms [4—6] by using
various diagnostic techniques such as absorption spectroscopy and appearance mass
spectroscopy. Moon et al. indicated the change of surface loss probability of H and N
atom from 0.03 to 0.16 as a function of different wall materials and gas mixture ratio
[7].

In this chapter, I focused on the influence of preciding processes on the loss
probabirity on the reactor wall in Hy/N, plasmas. Temporal changes of hydrogen (H)
and nitrogen (N) atoms’ loss probabilities were about investigated quantitatively in the
H,/N> mixture plasma subsequently after a different kind of plasmas by employing
vacuum ultraviolet absorption spectroscopy (VUVAS) The influence of the process

history was evaluated in various sequences of different kinds of plasma.
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5.2 Experimental Details

Figure 5.1 shows a schematic diagram of the experimental arrangement for
measuring surface loss probabilities of H, N atoms in H»/N, afterglow plasma
employing vacuum ultra-violet absorption spectroscopy (VUVAS) system with an
atmospheric pressure microdischarge hollow cathode lamp (MHCL) as a light source.
The dimensions of the process apparatus are 146 mm in diameter and 200 mm in height.
The process input power with radio frequency (rf) of 13.56 MHz was supplied to the
inner antenna coated by Al,Os to prevent contaminations. To survey the decay curve of
atom density in the afterglow plasma, a dc pulsed voltage with a repetition of frequency
of 10 Hz (on:25 ms, off:75 ms) was applied to generate the plasma and continuous wave
(cw) power was supplied to sustain the discharge of MHCL. The process chamber and
VUVAS system were differentially pumped by two capillary plates since VUV
transparent widows were located at each end of port of VUV monochromator and
MHCL [11]. The transition lines for the measurements of absolute atom densities were
Lyman o at 121.6 nm for H atom and 4P5/2-4803/2, 4P3/2 48%, and 4P1/2-4SO3/2 at 120.0 nm
for N atom. Surface loss probabilities of H, N atoms were investigated as a function of
gas mixture ratio and kinds of wall materials. Especially, in order to examine the
dependence of surface loss probabilities on the wall materials, all walls in the chamber
were covered with each material. The detailed process conditions were shown in Table

5.1
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Figure 5.1 Schematic diagrams of (a) top view and (b) side view of reactor for
measuring surface loss probabilities of H, N atoms in the afterglow plasma employing

VUVAS system.
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5.3 Results and Discussion
5.3.1 Importance of Sticking and Loss Probabilities of Atoms [16]

In plasma processing, the primary reaction in the plasma is caused by collisions
between fast electrons and feed gases which are selected depending on the processes.
The decomposition products consist of positive and negative ionic species and neutral
species such as molecular species and neutral atoms. For example, for H, molecules,

most H atoms are produced by electron impact dissociation of Hy:
Hyte—->H+H+e (5.1)

In the case of removal pumping, the residence time under the conditions employed was
estimated to be 470 ms, which was sufficiently longer than the observed decay times
(0.4 ~ 2.0 ms). Therefore, the pumping action is considered to be negligible as a
possible loss mechanism. On the other hand, the removal processes of H atoms are due
to three-body recombinations with other species including H atoms and diffusion to the
surface. Accordingly, the behavior of the H atom density can be described by the

following rate equation:

D _ oy - v v (52)

where N(H), N(H,) and N(X) represent the H atom density, the H, density and the
density of other species (X) reacting with the H atoms, respectively, ¢ the generation
cross-section of H atoms by one electron impact on H», v the thermal velocity of the

electron, n. the electron density, t the decay time constant of H atoms and £, is the rate
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constant for the three-body reaction among two H atoms and other species. Collision

frequency ( v ) with an electron is determined by the following equation:

(5.3)

The incident flux (I') of neutral atoms on the surface is given by following equation:

(5.4)

where 7 is the atom density, kp the Boltzmann constant, 7" the temperature of the atom
and m is the mass of the atom. The flux is a function of the atom temperature and
density. Next, the atoms reach the surface and some of atoms are reflected while others
diffuse on the surface resulting in sticking and re-desorption through recombination.
Figure 5.2 illustrates the surface reaction scheme. The (1-f) is the reflection
factor, y is the recombination desorption and the desorption factor and s is the surface
reaction factor (sticking probability). Generally, the surface loss probability means f =y
+ 5. Therefore, the flux (I'), the sticking coefficient (s) and surface loss probability (5)
are the most important parameters to characterize plasma processes. In this chapter, £
for H, N atoms were estimated for various kinds of wall material and plasma conditions

such as gas mixture ratio.
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5.3.2 Loss Kinetics of H and N Atoms in Afterglow of H,/N,; Mixture Plasma

Before the measuring, the loss mechanisms of H, N atoms in the afterglow
plasma have to be discussed. The possible loss mechanisms for H, N atoms could be
considered by three kinds of loss ways such as the removal by pump action, the
gas-phase recombination, and the diffusion followed by wall recombination.

In first case of the removal by pumping, the residence time under our
conditions was 470 ms, and it was sufficiently longer than the observed decay times (H
atom: 0.5 ~ 1.8 ms, N atom: 0.9 ~ 3 ms). Therefore, the pump action can be dismissed
as a possible loss mechanism.

Second, the relevant gas-phase reactions were taken into consideration [13].

@D N+N+M—N,+ M, k= 8.3x107exp(500/T) cm’s™
() H+H+M—H,+ M, k=88<107°300/T) cm’s™
() H+N+M—NH+M, k=107 cm’s”’

(IV) N+ NH;+M— NH; + M, k= 5.5x107" ecm’s

Since these reaction constants are too small to account for the observed decay times, the
loss of atom by the gas-phase recombination could be negligible. After all, diffusion
followed by wall recombination would be main loss mechanisms of atoms. These could
include a lot of reactions such as physical adsorption and desorption, chemical
adsorption and desorption, reaction of chemisorbed atoms, the surface diffusion of
physisorbed atoms and so on.

In order to clarify the loss kinetics of the H, N atoms in H,/N, plasma, the
decay curves of N and H atom densities in the afterglow plasma were measured as a
function of working pressure. Surface loss probabilities of H, N atoms on stainless-steel

and Ni walls were estimated. Figure 5.3 shows typical decay curves of H and N atom
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densities in the afterglow plasma generated from on-off modulated H,/N, mixture
discharge at a pulsed rf power of 200W (on period: 25 ms, off-period: 75 ms), pressures
of 3.3 to 13.3 Pa, and gas mixture ratio, Hy/(H2+N3), of 0.2. As shown in Fig. 5.3, the
decay curves of N atom densities measured at various pressures were well fitted with
exponential functions, and the slope of decay curve was steeper for the lower gas

pressure.
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The extinctions of H, N atoms in the afterglow are given by

dN(H,N)  N(H,N)
dt 7,

kN, (H,N)N(x). (5.5)

where N(H ,, N) is H or N atom density, N(x) is the density of the main reaction species
with H or N atom, 7, is the decay time constant of atom, and &, is the reaction rate
constant between atom and reaction species. As shown in Fig. 5.4, the decay time
constant of N atom increases with increase of working pressure. The contribution of gas
phase reaction to the loss reaction of N atom is small as described above. Therefore, the
term k.Nn(H or N)N(x) in Eq. (5.5) could be negligible. Solving this rate equation, I
have obtained a single exponential function for the decay of atom concentration in the

afterglow plasma

N(H, N) = N,(H, N)exp(~t/t,), (5.6)

where Ny(H or N) is the initial atom density. Therefore, the measured decay time
constant corresponds to the decay time constant t4. This single exponential equation is
very well fitted with experimental results as shown in Fig. 5.3.

Figure 5.4 shows the decay time constant of N atom as a function of working
pressure and gas mixture ratio in the afterglow plasma. The decay time constants were
increased as the working pressure and hydrogen gas ratio were increased in the process
chamber covered with stainless steel. Since the atom in the afterglow plasma could be
mainly extinct by the reaction with wall, more collisions in a higher working pressure
resulted in a longer decay time constant. To the contrary, the atom by less collisions at a
lower working pressure could arrive to the wall relatively fast and as a result, the decay

time was decreased due to the reaction with the wall.
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In the first case of removal by pumping, the residence time under the
conditions employed was estimated to be 200 ms, which was sufficiently longer than
the observed decay times (0.4-2.0 ms). Therefore, the pumping action is considered to
be negligible as a possible loss mechanism. The measured decay time constant,
corresponds to losses by diffusion followed by reactions on the wall surface and

reaction with H»:

1
T= .
1/14+kN(Hz)

(5.7)

From the equation the effective diffusion lifetime taking into account the surface loss

probability according to the model of Chantry [30] is represented by:

1

Ta

Therefore, T4 is calculated using T, the reaction rate constant k;=8.8x107>(300/T)"°
cm®™ and the density of H,. The density of H, is estimated form the pressure of H.
The dissociation ratio of H, in the plasma afterglow is not significantly influence on
results shown here, because the term of 1/ is one or two order higher in magnitude

compared with the term of AN(H;). The diffusion lifetime 7, is represented by

pA?
Ty =" (5.9)

where p is pressure, A is an effective diffusion length, Ay and D is the diffusion
coefficient for H radicals. A simple approximation of A? was proposed by Chantry
A% = A3 + lyA, where and [, are the geometric diffusion length and the volume to area

ratio of the chamber, and is determined by a surface boundary condition and expressed

by

1=22 (1_“/2), (5.10)

v (44

1/2

where v is the velocity of H radicals given by (8kT/aM) “, T and M are the temperature
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and mass, respectively, and k is the Boltzmann constant, and a is the surface loss

probability on the chamber wall. For a cylinder of radius R and height H, A3 and [,

are
i = (%) + (2'205)2. (5.11)
RH
[, = 2RI (5.12)

These expressions of A? are actually rigorous in two limiting cases: (i) high pressure
and/or . — 1 where A?=A3, and (ii) low pressure and/or a — 1 where A? =
ly4D /va, and accounts for intermediate cases within a 10% error. From these equations,

T4 1is represented by the following equation

_ pA3 n 21,(2—a)

T
d D va

(5.13)
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Figure 5.3 Decay time constants of N atom densities as a function of working pressure

on stainless steel wall.
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This lifetime (decay time constant, t4) from those results above is well represented by

the following equation [14]:

__PA 2,2-a)

d

D va (5.14)
where p is pressure, D is the diffusion coefficient for H or N atoms. Ay is the
geometrical diffusion length determined by the chamber structure [A¢”> =
(7/L)*+(2.405/R)* : in the present study, height L is 20 cm and radius R is 5.3 cm], /o
=V/S with the volume (V) band surface area (S) of the chamber and v is the velocity of
H or N atoms given by (8KT/nM)"* [T and M are temperature (400K) and mass of H, N
atoms, respectively, and k is Boltzmann constant]. « is the surface loss probability on
the chamber wall. The diffusion coefficient D was determined from the slope shown in
Figure 5.4. D of N atom (at 400 K) in H»/N, mixture plasma was estimated to be
1.1x10° cm*Pa/s. This value was well similar to 1.0x10° cm*-Pa/s reported in Reference
[15], which was acceptable compared to theoretical calculation for binary gas systems at
low pressure (D = 1.2x10° cm*Pa/s at 400K) by the Chapman-Enskog theory with the
Lennard-Jones intermolecular potential [16, 17]. From this result, the surface loss

probability on the chamber wall was estimated.
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5.3.3 Dependence of Surface Loss Probabilities of H and N Atoms for Different

Preceding Processes

As calculated in 5.3.2, surface loss probabilities of H, N atoms on different
wall materials were investigated with changing the preceding process. Figure 5.5 shows
the dependence of surface loss probabilities of H, N atoms as a function of different
preciding processes. Surface loss probabilities of H, N atoms in H, and N, mixture
plasma after H,/N, plasma (seasoning), (a) H, plasma, (b) N, plasma and (c) air
exposure were significantly higher than those in Hy/N, mixture plasma. This is probably
due to the modification of the wall surface by the preceding plasma process, and it
resulted in the difference of surface loss probability in each process condition.

It was reported that the effect of hydrogen into nitrogen plasma on iron
contributed to the increase of sticking coefficient on the surface. The decrease of the
work function of iron has been observed in the presence of co-adsorbed hydrogen [21].
This decrease of work function may lead to an increase in sticking and hence the
chemisorptions at the surface. Moreover, for transition metals with high densities of 3d
electrons, adsorption of even small amounts of hydrogen in the presence of a large
concentration of vacancies at the surface caused the formation of hydrogen-vacancy
surface states. These are acceptor-like levels with large correlation lengths which can
assist in the capture of nitrogen species from the gas phase into an adsorbed state [13].
From these reports, as compared with our results on stainless steel, it is significantly
agreeable. The surface loss probability of H atom after preceding process after the
plasma including H, gas was lower than any other processes.

Figure 5.6 indicate the temporal change of surface loss probability of H and N
atom in Hy/ N, plasma dependence on preceding plasma process H,/Na, (a) Ha, (b) N
and (c) air. From this result, each loss probability increase after (b) N, and (c) air

exposure is saturated to the same value after seasoning in 300 s.
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Figure 5.4 Dependence of preceding plasma process Ho/N,, (a) Hp, (b) N, and (c) air

exposure on H and N atom surface loss probability in H»/N, mixture plasma.
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5.4 Conclusion

I have investigated surface loss probabilities of H, N atoms in the afterglow
plasma on different preceding processes such as H/N, plasma, H,, N, and air exposure
employing VUVAS system.

It was confirmed that surface loss probabilities of H, N atoms in H,/N; plasma
after (b) N, plamsa and (c) air exposure were higher in H,/N, mixture plasma than those
in pure H, or N, plasma with an exception on stainless steel in H, plasma.

By understanding of the surface loss probability which is necessary for the
precise process control, it is possible to realize more precise interpretation of the process
characteristics by internal parameters. Moreover, based on a well-established Plasma
Nano-Science including sufficient information about internal parameters, the

development for next generation etching process would be accelerated.
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Chapter 6 Real Time Process Control of Plasma
Etching Based on Atom Densities

Measurements

6.1 Introduction

Plasma etching technologies are indispensable for manufacturing ultralarge
scale integrated (ULSI) circuits by engraving patterns, trenches or holes along the
etching masks in the underlying material [1,2]. Recently, ULSI circuits have been
rapidly decreasing in size in accordance with Moore’s law. As the design rules of ULSI
circuits are reduced, etching processes become more complex. Thus, it is important to
realize ultraprecise control with few fluctuations on a subnanometer scale. For the
precise plasma etching, it is widely known that behaviors of atom densities influenced
much on etching feature [3-7]. However, condition of reactor wall surface influences the
plasma chemistry in the reactor and it has been a great concern for the precise control of
plasma etching processing [8-10]. Particularly, it has become problems that the prior
process and/or the exposure the ambient air for the maintenance of reactors could
modify the surface condition of the wall considerably and then influence the present
etching process indirectly via the wall surface memory [11] Recently, some papers have
reported the reactor-wall’s surface loss probabilities of species such as molecular atoms
[12—-14] and atoms [15-19] by using various diagnostic techniques such as absorption
spectroscopy and appearance mass spectroscopy. However, many of the details of the
interaction of plasma particles, such as ion, atom and neutral with the reactor wall and
substrate are not clear because of complexity of the plasma processes.

Based on these backgrounds, one strategy for realizing precise etching process
is to control the atom densities directly with monitoring and feedback the results to the

processing. In our previous study, Takahashi et al. investigate the plasma etching of
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low-k organic films by focusing on real-time monitoring of absolute atom densities for
many internal parameters, which affect the plasma etching characteristics of low-k
organic films [20]. Several researchers have investigated real-time control of plasma
processes [21]. Shadmehr ef al. used optical emission spectroscopy in conjunction with
residual gas analysis for fault detection and control of a CHF3/O; plasma [22]. Greve et
al. demonstrated real-time feedback control of a SiH4/NH3 plasma by using quadrupole
mass spectrometry [23].

In this chapter, I report an autonomously controlled plasma etching process for
the realization of the nm-scale super fine etching process. For the realization of the
process fluctuation of the radical density ratio during process has to be control to the
ideal value under the fluctuation of a few %. For the first step of the experiment, the
changes of absolute densities of H and N atoms in the H,/N, mixture plasma on the
modified surface by air exposure was controlled to the intended value, based on the
quantitatively measurement by absolute measurements using vacuum ultra-violet
absorption spectroscopy (VUVAS). The organic films used in this study were
SiLK™(Dow Chemical), having a good thermal stability (420°C), and good adhesion.
Gases of H, with a flow rate of 75 sccm and N, with a flow rate of 25 sccm were
introduced to the chamber through the showerhead as a top electrode. The total gas
pressure was kept at 2.0 Pa. A 100-MHz very high frequency (VHF) power of 400 W
was supplied to the top electrode, and 2-MHz medium frequency (MF) of 200 W was
supplied to the bottom electrode as a substrate bias. This condition is typically used for
etching of the low-k organic materials. [24,25].

This radical feedback control system is expected to realize not noly nm-scale
super fine etching process but also greatly improve wafer-to-wafer or lot-to-lot
processing quality, because the feedback control system reduce process variability, and
more specifically capability, which is a function of process variability and process

accuracy. The feedback control system improves process accuracy utilizing pre- and
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post-process measurement, modeling of process and equipment trends, and suggesting
subsequent process parameter adjustments (i.e. feedback control). Process variability is
generally reduced through preprocess measurements and subsequent process parameter
adjustment (i.e. feedforward control). Run-to-run process control (R2R) could address
to improve within-wafer and within-die variability. In general, process engineers are
unwilling to allow dynamic changes in the process recipe in order to achievements [1].
Furthermore, it is necessary that processes are controlled at real time in order to
minimize any fluctuations in etching characteristics to suppress any perturbation such as

modification of chamber—wall conditions [2].
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6.2 Experimental Details

Samples were prepared by the photolithographic patterning of the line/space
(65/65 nm) of a SiO, hard mask on an organic film, SiLK"(Dow Chemical), covered
by a spin-on coating and cured thermally at 400°C. After etching the hard mask, the
photoresist films were covered because no ash removal process was carried out. The
patterned sample consisted of stacked structure of a Si0(125 nm)/SiLK™(240 nm)/Si.
Plasma etching was performed by the capacitively coupled plasma etcher with the real
time controller. Schematic diagram of the etch reactor and the setup for measuring the
absolute density of H and N atoms near the reactor wall were described
elsewhere.[2,27]

The real-time controller changed autonomously the gas flow rates to satisfy the
ratio of atom densities to the intended values for well-shaped feature profile. At the
beginning, gases of H, with a flow rate of 75 sccm and N, with a flow rate of 25 sccm
as initial values were introduced to the chamber through a showerhead as a top electrode.
The total gas pressure was kept at 2.0 Pa. A 100-MHz very high frequency (VHF)
power of 400 W was supplied to the top electrode, and 2-MHz medium frequency (MF)
of 200 W was supplied to the bottom electrode as a substrate bias. This condition is
typically used for etching of the low-k organic materials.[26,28] Etching time was set at
10% over of the etched time. The etching profiles of the cross section of the
line-and-space pattern were observed using scanning electron microscopy (SEM;
Hitachi S-5200).

A compact atom monitoring system consists of a micro-discharge hollow
cathode lamp (MHCL), a VUV monochromator and optical component parts such as
reflection mirror and MgF, windows was equipped the plasma etcher used in this study.
Details were described elsewhere. [29-34] For the real-time control, densities of both N

and H atoms were simultaneously measured by the two monitors. The atom density
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ratio H/(H+N) was calculated at real time from the measured densities of both N and H
atoms. Only the gas flow rates were changed by controlling the atom density ratio to
maintain a target value, and the rest of process parameters remained a constant. The
system controls the atom density ratio H/(H+N) with two-degrees-of-freedom
controller; target parameter was the atom density ratio and operation parameter was the
gas mixture ratio [35,36]. The details of the control system was described elsewhere

[27]. In this experiment, target H/(H+N) atom density ratio was 50%.

Schematic diagram of the etch reactor and the setup for measuring the absolute
density of H and N atoms near the reactor wall is indicated in the previous paper [20,26].
A compact atom monitoring system consists of a micro-discharge hollow cathode lamp
(MHCL), a VUV monochromator and optical component parts such as reflection mirror
and MgF, windows [27-31]. The VUV light from MHCL was reflected by the
aluminum (Al) mirror with the direction of 45 degrees and passed through the MgF,
window and was absorbed in the plasma region. The VUV light passed through another
MgF, window and reflected at Al mirror to a VUV monochromator with a
photomultiplier tube. The absorption length was 40 mm. Its configurations in details are
shown in elsewhere [32]. The transition lines for the absolute atom density
measurement were the Lyman o at 121.6 nm for H atom, and 4P5/2-4S°3/2, *Pin -4S°3/2 and
*P1p-'8%, at 119.96, 120.02 and 120.07 nm for N atoms.””>" To reduce the
measurement time, two atom density monitors were used to simultaneously measure the
N and H atom densities. The atom density ratio H=(H/N) was calculated from the atom
densities measured by these two atom density monitors. By keeping all the process
parameters besides the gas mixture ratio constant, the atom density ratio could be
controlled by controlling the gas mixture ratio. The target parameter was the atom
density ratio and the operation parameter was the gas mixture ratio. The measured value

(i.e., the output of the controlled system) was the atom density ratio measured by the
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atom monitor. Samples were prepared by the photolithographic patterning of the
line/space (65/65 nm) of a SiO, hard mask on an organic film. After etching the hard
mask, the photoresist films were covered because no ash removal process was carried
out. The patterned sample used in this experiment consisted of a SiO./SiLK™/Si
stacked structure. The thickness of the hard mask using SiO, was 125 nm. A dielectric
film of SiILK™ (Dow Chemicals) resin with a thickness of 240 nm was covered using a
spin coating technique on a bare silicon substrate and thermally cured at 400°C to
provide a high glass transition temperature, good mechanical properties at processing
temperatures, and resistance to the processing chemicals used. The SiLK resin includes
crosslinked polyphenylenes obtained by the reaction of polyfunctional
cyclopentadienone- and acetylene- containing materials. [33,34] Polyphenylenes and a
solution of a partially polymerized oligomer with an average molecular weight of less
than 10,000 and a polymer concentration ranging from 5 to 20 wt % in a high-purity
organic solvent of either c-butyrolactone with cyclohexanone or c-butyrolactone with
mesitylene was used [35,36]. Etching time was set at 10% of the overetched time
estimated from etch rate. The etching profiles of the cross section of the line-and-space

pattern were observed using scanning electron microscopy (SEM; Hitachi S-5200).
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Figure 6.1 Schematics diagram of the experimental apparatus used for measuring the

density of hydrogen and nitrogen atoms near the reactor wall employing a VUVAS

system.
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6.3 Results and Discussion

6.3.1 Autonomous Control System Setup

Figure 6.2 shows the operating system that enables autonomous control
of the plasma etching process. Two-degrees-of-freedom control [37,38] was used
in the system to control the atom density ratio H/(H+N). This system has
feedforward and feedback compensators. The feedforward compensator enhances
the target value response of the atom density ratio H/(H+N). The proportional—
integral—derivative (PID) feedback compensator of this system corrects
deviations between the target and measured values (including disturbance and
white noise). The etching time is generally about three-five minutes, which is
relatively short. Consequently, it is necessary to control the system in as short a
time as possible.

In Fig. 6.2, r is the target value of the atom density ratio H/(H+N) and u
is the operational value of the gas flow rate ratio H,/(N,+H,;). Moreover, f,(u) is
the function of the controlled object and f,,(u) is the model for the controlled
object and indicates the correlation obtained between the atom density ratio
H/(H+N) and the gas flow ratio H,/(N,+H,). fi,(u) is constructed by measuring
the atom density ratio using the atom monitors installed on the plasma equipment
while varying the gas flow rate ratio H,/(H,+N;). When the model of the
controlled object changes owing to disturbances and other factors such as
electrode degradation due to secular distortion, f,,(u) is updated based on the data
accumulated by the system.

Moreover, y indicates the measured atom density ratio H/(H+N). It
includes the values of d and w; y and y, are respectively given by y=y,+w and y=

y.+d. d represents disturbances such as aging variation and contamination of the
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chamber and w is the white noise such as measurement errors. Here, y, expresses
the atom density ratio H/(H+N) after subtracting d and w. It is difficult to
completely eliminate d and w during measurements and so a state is defined
using their initial values.

By determining the target value of r and inputting it to the controller, the
gas flow rate ratio Hy/(H,+N,) corresponding to r can be determined from the
inverse f,,'(u) of the output function fy,(u). This value is defined as u;, and the
difference in y and r gives the output gas flow rate ratio Hy/(H,+N,) from the PID
controller. This value is defined as u,. The final gas flow rate ratio of Hy/(H,+N,)
is determined by summing the two operational values (u=u;+u,). This value is
output from the main server to the programmable logic controller (PLC) as the
setting value of the flow rate ratio of the two gases.

A previous study [20] found that the atom density ratio is not simply
proportional to the gas flow rate ratio. It is not easy to optimize only one gain in
every range because the controlled system is nonlinear. Tuning the control gain is
simplified by selecting the optimum correction gain for the target value r. The
parameters K;; Ky; . . . ; K,, are the correction gains of PID controller. The gain
K, corresponding to r is set and it is switched depending on the range of r by the
switch SW. By switching the gain of K, in the range of r, it is not necessary to
adjust the system for the full range of the gas flow rate ratio (i.e., 0-100%). This
system has the advantage that the model can be changed by readjusting the gain
over a limited range.

The elements of the etching gas in the plasma are deposited on the
chamber wall and the electrode during the etching process. If this deposit peels
off from the chamber wall and the electrode, particles form in the chamber. To
prevent this, the chamber is cleaned. The environment in the chamber generally

changes after cleaning. This affects the control system as turbulence. In this
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study, the control model is always compared with the controlled system. When
the error between the control model and the controlled system increases, the
control model and the correction gain are retuned.

In the previous experiment, Yamamoto et al. Indicated that boing amount
could be minimized under the condition of H/(H+N) = 0.5 to 0.6 [24]. Thus,

target H/(H+N) atom density ratio was set to 50% in this experiment.

Feedforward Compensation

d w
u:

Y u Y, Ybl

+

r PID| f (u) O~
uz
fm (U)
Update y

Feedback Compensation

Figure 6.2 Block diagram of control system for atom density ratio H/(H+N).
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6.3.2 Properties of Organic Low Dielectric Constant Film [3]

In the etching parts of this study, blanket films of organic low-k material, SiLK,
on Si substrate, which has been developed by The Dow Chemical Company, were
etched. SiLK resin is a solution of partially polymerized oligomer in high-purity organic
solvents. The number-average molecular weight of the oligomer is less than 10,000.
Depending on the specific formulation, the polymer concentration ranges from 5 to 20
wt.-% in a solvent mixture of either c-butyrolactone with cyclohexanone or
c-butyrolactone with mesitylene.

Thin films are prepared by conventional spin-coating and thermal curing. The
solutions have viscosity of 5 to 80 cSt at room temperature, yielding films in the range
of 0.2 to 2.0 um. These solutions have handling characteristics very similar to modern
photoresist products. The polymer molecular weight and solution concentration were
tuned to enable precise and convenient deposition by spin-coating, a technique
universally used by the industry for the deposition of photoresist materials.

After deposition on the wafer, the polymer is thermally cured to an insoluble
film that has a high T,, has good mechanical properties at process temperatures, and is
resistant to process chemicals. The properties of SiLK are summarized in Table 6.2.

The approach that was commercially implemented as SiLK dielectric involves
the synthesis of crosslinked polyphenylenes by the reaction of polyfunctional
cyclopentadienone- and acetylene-containing materials (see Fig. 6.3) [6].
Polyphenylenes are known to have excellent thermal stability [7]. Typically, however,
polyphenylenes need to be substantially substituted in order to achieve solubility and
thus processability. By preparing the polyphenylenes from cyclopentadienone- and
acetylene-containing monomers, the initial oligomers formed are soluble without undue
substitution and can thus be processed.

Further reaction on wafer converts the oligomers to crosslinked polymers that

123



Chapter 6

have properties suitable for use as interlayer dielectrics. The cyclopentadienones react
with the acetylenes in a 4+2 cycloaddition reaction followed by the expulsion of CO to
form a new aromatic ring. The multifunctional nature of the monomers leads to
crosslinked polyphenylene systems after full cure. In April 2000, IBM reported the

complete integration of SiLK dielectric and copper wiring, and announced its intent to

commercially fabricated integrated circuits using SiLK resin .

Table 6.1. Summary of SiLK dielectric properties

)

Property Value
Dielectric constant 2.65
Voltage breakdown 4V/cm
Leakage current at IMV/cm 0.33 nA/cm’
Refractive index at 632.8 nm 1.63
Moisture uptake at 20°C, 80%RH 0.24 %
Thermal stability >425C
Weight loss at 450°C 0.7 wt.-%/h
Thermal conductivity at 25°C 0.19 W/mK
Glass transition >490°C
Young’s modulus 2.45 GPa
Strength 90 MPa
Ultimate strain 11.5%
Hardness 0.38 GPa
Toughness 0.62 MPa m'”?
Residual stress at RT 56 MPa
Coefficient of Thermal Expansion (CTE) 66 ppm/C
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Figure 6.3 Formation of crosslinked polyphenylene by the reaction of polyfunctional

cyclopentadienone- and acetylene-substituted monomers.
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6.3.3 Influence of Air Exposure on Atom Density

As mentioned previously, process parameters run frequently into unintentional
fluctuation. To suppress the fluctuation, a real-time process control is supposed to be
realized the precise control in plasma etching. Exampled as a fluctuated situation, we
carried out experiments when the inner wall condition was changed after conditions air
exposure. This introduces intentionally temporal variations of H and N atom densities of
H,/N, plasma, because the reactor wall was modified in their atom loss probabilities by
exposing air exposure after the O, plasma as cleaning for 3 min after Hy/N, plasma as
seasoning for 3 min.

Figure 6.4 (a) and (b) shows temporal changes for H and N atom densities
respectively in the Ho/N, plasma. After air exposure, the H atom density was increased
to be 1.4 x10'"' cm™ just after the plasma ignition, decreased during early 60 s, and
stabilized to reach a constant of 1.1x10" ¢cm™. The N atom density was also increased
to be 3.5x10'" cm™ just after plasma ignition, and remained higher value even after 120
.

Figure 6.5 shows temporal changes for the atom density ratio, N/(H+N)
calculated from the atom densities. Atom density ratio 0.31 just after the plasma ignition,
and stabilized to be 0.24 after fluctuation during early process for 60 s. Based on
previous study, both the etching rate and pattern profile of low-k organics would be
modified in the Hy/N, plasma etching processing [28,37,38]. In this case, the atom
density ratio of H/(H+N) is controlled in the area of 0.5+3.8 after 70 seconds with the
autonomous control. This stabilizing duration have to be minimizing by optimization of

the autonomous feed back control system.
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Figure 6.4 Temporal changes for atom density of (a) Hydrogen and (b) Nitrogen, in the
H,/N» plasma subsequently after air exposure (i) without and (ii) with the autonomous

control.
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6.3.4 Evaluation with Optical Emission Spectroscopy (OES)

On the other hand, conventionally optical emission spectroscopy (OES) was
failed to monitor the change of atom densities for the feature profile control. During the
H,/N» plasma processes, emission intensities were measured for lines at 501.7 and 857.7
nm of Hy, and at 674.91, 670.02, 372.42, 593.64, 761.87 and 790.76 nm of N,. Figure
6.6 shows temporal changes of the emission intensities of representative lines at 501.7
nm for (a) H, lines, and at 674.9 nm for (b) N, lines, during the processes without (i)
and with the autonomous control (ii).

In the visible ranges, no lines could be distinguished enough in atoms and
molecules. Notably no parameter related the ratio of atom densities was obtained by the
OES, and the temporal changes of emission intensities were not corresponded with
those of the atom densities measured by the VUVAS, because the intensities in the OES
do not represent the atom densities. Thus the ratio of atom densities could not permit to

suppress the fluctuation in the H»/N;, plasma subsequently after air exposure.
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Figure 6.6 OES intensity of (a) H, emission (at 501.7 nm) (b) N, emission (at 674.9 nm)
in the Hy/N, plasma subsequently after air exposure (i) without and (ii) with the

autonomous control.
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6.3.5 Impact of Atom Density Control on Etching Feature

The amount of bowing is defined as the difference between the width at the
highest bowing position or the most tapered position ‘‘B’’ and the width at the line at
the top ‘““‘A’’, as shown in Figure 6.7. (Note: To meet the requirements of the etch
process, it is better to reduce the size of the trench bottom, B. Hence, if B is less than A,
I always regard the data as the taper profile.) The amount of bowing slightly increased
with increasing the substrate temperature. This change is important from the viewpoint
of controlling the shape of sidewall. Etched profiles have been investigated on the basis
of the average ratio of H and N atom densities during process.

Black dot in the Figure 6.7 shows the amount of bowing at the sidewall of a in
H,/N, plasma after each seasoning, red dot indicate bowing amount in H,/N, plasma
after (ii) air exposure, and blue dot indicate bowing amount in H,/N; plasma under atom
control after (ii) air exposure.

Figure 6.8 shows cross-sectional SEM images of the etch profile of the 65nm
line-and-space pattern of the organic film. The bowing amount was -13.5 nm at the
reactor condition after (ii) air exposure, and the value decreased to -5 nm under atom
control. These results show that the etching feature can be controlled with the atom
density ratio, without thinking about the reactor wall condition.

Unfortunately the other internal parameter such as electron density, ion
bombardment could not be measured for these experiment. However, pressure and
self-bias voltage (Vg4.) at under electrode were constant at 2.0 Pa and 480 V. These
results indicates that etching shape is deeply depending on the radical density and the
feedback control based on radical density ratio has the potential to realize a super fine
etching with nm-size fluctuation without considering pre-plasma processes.

I intend to improve the accuracy and speed in controlling the atom density ratio

in a future study. In actual etching, atom density changes temporary affected not only by
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the reactor wall initial condition but also etching product and change the reactor wall
condition by the deposition of etching product. However, in this study, I have
demonstrated the control of the atom density in real time by employing an autonomous
control system and minimized the etching feature fluctuation. These results demonstrate
a new concept for realizing high precision control of plasma processing, which will be

required for precise etching in the near future.
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Figure 6.7 SEM image of etched L&S patterned sample (red dot) without atom control

and (blue dot) with atom autonomous control.

(i) W/O radical control (ii) W/ radical control

Figure 6.8 SEM images of the L&S patterned sample etched (i) without and (i1) with the

autonomous control in the chamber after air exposure.
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6.4 Conclusion

The atom densities subsequently after a different kind of plasmas in the Hy/N»
mixture plasmas after air exposure were higher than those in the H,/N, plasma after
seasoning. It is assumed that the temporal behavior can be interpreted as etched
products or process gases were adsorbed on inner wall surface during the previous
process, and then those species were desorbed from the wall into bulk plasmas.
Especially, the ratio continued to be kept low for a long time after the air exposure. It
may suggest water vapor could affect much and/or modify some products deposited on
the inner wall. In this study, I have demonstrated control of atom density in real time by
employing an autonomous control system. The control minimized influence of the
reactor wall condition to the etching feature. These results demonstrate a new concept
for realizing high precision control of plasma processing, which will be required in the

near future.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions of Present Research

Highly precise process control technologies based on the advanced plasma
science are indispensible for the fabrication of microelectronics devices which are
improved with depending on the shrinkage of dimension and the high integration. The
driving force for the rapid development of plasma processing over the past 30 years has
been seen in the microelectronics industry such as display and the fabrication of silicon
integrated circuits (ICs). Especially, the deposition and etching processes are important
necessary keys for advancing the technological developments. Sophisticated and
innovative developments have been also required for the application to flexible
electronics and the scaling down of its devices.

In Chapter 1, the necessity of plasma processing in the fabrication of
microelectronics and attractive interest on the flexible electronics and need of
sophisticated deposition and etching technologies for LSIs manufacturing were
introduced. Moreover, for the first initiative innovation of etching process development,
new approach for next generation nano-etching process was proposed to overcome the
problem induced by conventional process.

In Chapter 2, the diagnostic techniques for sophisticatedly evaluating the
plasma were introduced and the principle of XPS for analysis of surface reaction was
described. VUVAS, OES were used as the measurement tools. XPS, SEM, TEM were
used as the measurement methods for the properties of films deposited and etched.

In Chapter 3, the fabrication of 10-nm-scale organic rods covered with Pt
nanoparticles on the sidewalls was demonstrated. Supercritical chemical fluid-deposited
Pt particles were deposited and they were deposited on the sidewall during etching,

which inhibit the spontaneous chemical etching reactions of H atoms with organics. The
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Pt nanoparticles prevented lateral etching within a thickness of less than 1 nm.
Accordingly, precise shape control was achieved by this approach of the sidewall
protective effect with the Pt nanoparticle coverage. This etching process changed the
dielectric organic rods to conductive. It was confirmed that the nano-rods sonwed field
emission properties. It is noteworthy that the super-fine plasma etching of organic
materials is a suitable fabrication process at low temperatures for flexible materials.

In Chapter 4, temporal changes of absolute densities of H and N atoms in the
H,/N» plasma after several plasma exposures in the reactor were clarified. The densities
of both H and N atoms in the H,/N, plasma just after O, plasma were significantly
influenced by the reactor wall surface. The N atom density increased 290% and the H
atom density increased 70% compared to the stable value after the seasoning process of
O, plasma due to the interaction between the plasma and the reactor wall surface.
Dramatic changes in atom densities indicate that the chemical modifications such as
oxidation and nitridation of reactor wall surface affected the surface loss of atom
species. As the results, it was revealed that the reactor-wall conditions have the memory
effect which affected the temporal behavior of atom densities. The quantitative
measurements of absolute atom density revealed the correlations the plasma condition
with the surface condition of reactor wall. Thus the control of the wall surface condition
was crucially important in achievement of stabilizing in the atom densities. In
establishing highly reliable plasma processes, the interactions between the surface and
the plasma in the material processing need to understand throughout determining
mechanisms. In addition, the real time stabilization process of atoms on the basis of the
real time monitoring of atom densities hopes to enable steady controls in the absolute
atom densities and their relative ratio for realizing the high performance of plasma
processing.

In Chapter 5, I have investigated surface loss probabilities of H, N atoms in the

afterglow plasma on different preceding processes such as H,/N; plasma, H,, N> and air
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exposure employing VUVAS system. It was confirmed that surface loss probabilities of
H, N atoms in H,/N, plasma after N, plamsa and air exposure were higher in Hy/N,
mixture plasma than those in pure H, or N, plasma with an exception on stainless steel
in H; plasma. By understanding of the surface loss probability necessary for the precise
process control, it is possible to realize more precise interpretation of the process
characteristics by internal parameters. Moreover, based on a well-established Plasma
Nano-Science including sufficient information about internal parameters, the
development for next generation etching process would be accelerated.

In Chapter 6, the atom densities subsequently after a different kind of plasmas
in the Hy/N, mixture plasmas after air exposure were higher than those in the Hy/N,
plasma after seasoning. It is assumed that the temporal behavior can be interpreted as
etched products or process gases were adsorbed on inner wall surface during the
previous process, and then those species were desorbed from the wall into bulk plasmas.
Especially, the atoms density ratio continued to be kept low for a long time after the (i)
air exposure. It may suggest water vapor could affect much and/or modify some
products deposited on the inner wall. I have demonstrated control of atom density in
real time by employing an autonomous control system. The control minimized influence
of the reactor wall condition to the etching feature. These results demonstrate a new
concept for realizing high precision control of plasma processing, which will be
required in the near future.

This research was pursued the development of advance plasma processing for
etching in a scientific and technological view. Etching characteristics of organic
materials were investigated employing H»/N, gas chemistries in CCP discharges.
Moreover, as an initiative innovation for the development of plasma processing
technologies, precision and versatile plasma process was first proposed on the basis of
Plasma Nano-Science for next generation technological progress. The autonomous

feedback control etching based on H and N atoms was successfully demonstrated.
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Besides those, plasma-surface interaction could be considered and discussed more
deeply by investigating surface loss probabilities of H and N atom on various wall
materials.

Consequently, advanced plasma processing for precise and versatile etching
and deposition developments could be performed by controlling effective hydrogen
atoms, which influencing film formation in deposition process at low temperature and

etching characteristics of organic materials for flexible material-based applications.
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7.2 Future Research Directions

In this research, the etch performance for organic films could be well
interpreted by internal parameters such as ion flux and H/(H+N) atom flux ratio in
H,/N» plasma. High performance of autonomous feedback control plasma process was
also demonstrated. As a future work, it is necessary to collect sufficient information as a
function of a variety of autonomous feedback plasma process conditions constantly.
Moreover, although the author have mainly considered H, N atoms to interpret the
etching characteristics, actually other internal parameters such as the energies of species,
the temperature and surface reaction coefficient have to be considered for the
sophisticated interpretation with reproducibility. In addition, many of these internal
parameters may be difficult to be associated and implemented but their results would
allow for a greater validation to the development of nano-scaled etching process, as well
as for overcoming the limitation of the technological advancement. Beside only
application to etching process, the development by Plasma Nano-Science could be
expanded to other plasma based process technologies such as the deposition, ashing and
surface modification. In order to apply and improve the autonomous feedback control, it
is necessary to develop a well-established autonomous feedback control program, also.

In near future, the establishment of Plasma Nano-Science with spatio-temporal
control of the plasma would expect the acceleration of development for deposition as

well as etching processes.
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