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Fluorocarbon (FC) plasmas are commonly used for dielectric materials
etching. Our initial work was performed using an inductively coupled plasma (ICP)
system to produce FC discharges. We first examined the effect of CO addition to
C4Fg or C4Fg/Ar plasmas for selective etching of organosilicate glass (OSG), which is
a typical low k (LK) material over etch stop layers. The chemical activity of CO when
added to either C4Fg or C4Fg/80% Ar can be understood in terms of the CO
dissociation energy threshold relative to energies of inelastic electron collision
processes of the dominant feedgas component. We also studied the plasma etching

behavior of 193 nm and 248 nm photoresist in FC discharges used for dielectric



etching. We showed that ion-enhanced selective volatilization of carbonyl groups of
the 193 nm photoresist polymer backbone which is absent for the 248 nm material,
along with modulation of the ion-interaction with the photoresist material by
fluorocarbon surface passivation, may be responsible for the introduction of
pronounced surface roughness of 193 nm photoresists.

Current industrial efforts are aimed primarily at capacitively coupled plasma
(CCP) systems. A home-built dual frequency CCP reactor was used to investigate
additional aspects of dielectric materials plasma etching. We designed a gap structure
to simulate sidewall surface processes occurring during high aspect ratio trench
etching. In particular, we showed that the FC film deposition rates measured using the
gap structure qualitatively correlate with the trench sidewall angles produced in LK
dielectrics in both C4Fg/Ar and CF4+/H, based gas chemistries: The lower the FC
deposition rate on the sidewall, the more vertical the trench sidewall. This approach
was used to study surface chemistry aspects of FC film deposition with and without
ion bombardment. For the gap structure film deposition takes place without ion
bombardment and we observed a novel FC film growth phenomenon in pure C4Fg
plasmas at high pressure: Two distinct chemical surface portions were shown to exist
simultaneously, one consisting primarily of C-F, and C-F; bonding, and the other of
C-C/C-H bonding. An explanation consistent with all of our data is localized CF,

attachment to growing FC chains.
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rates in the completely shadowed region for C4Fg () and C4Fg/90%Ar at both 30
(solid) and 80 (void) mTorr pressure.

Fig. 6.6: C (1s) photoemission spectra of FC layer in the exposed region for C4Fg and
C4F3/90%Ar plasmas at both 30 and 80 mTorr pressure.

Fig. 6.7: C (1s) photoemission spectra of FC layer in the completely shadowed region
for C4Fg and C4F3/90% Ar plasmas at both 30 and 80 mTorr pressure.

Fig. 6.8: AFM images obtained on the surface of FC film deposited in the a)
completely shadowed region and b) exposed region in pure C4Fg plasma at 80 mTorr.
The time scale used for deposition was 5 minutes.

Fig. 6.9: Time dependent (1, 5 and 15 minutes deposition) C (1s) photoemission
spectra of FC layer in the completely shadowed region in pure C4Fg plasma at 80
mTorr.

Fig. 6.10: Time dependent (1 and 5 minutes deposition) C (1s) photoemission spectra

of FC layer in the completely shadowed region in pure C4Fs. The other experimental
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parameters were: 1000 W inductive power, 50 sccm gas flow, 150 mTorr, without
bias.

Fig. 6.11: Schematic of FC film growth (a) in the exposed region and (b) in the
completely shadowed region.

Fig. 6.12: Ar dependent C (1s) photoemission spectra of FC layer in the completely
shadowed region deposited in C4Fg/Ar plasma at 80 mTorr. The time scale used for
deposition was 5 minutes.

Fig. 6.13: Power dependent C (ls) photoemission spectra of FC layer in the
completely shadowed region in pure C4Fg at 80 mTorr. The time scale used for
deposition was 5 minutes.

Fig. 6.14: Power dependent C (ls) photoemission spectra of FC layer in the
completely shadowed region in pure C4Fs. The other experimental parameters were:
inductive power, 50 sccm gas flow, 150 mTorr, without bias.

Fig. 6.15: (a) C (1s) photoemission spectra and (b) corresponding change of C-F, and
C-F; bonding of FC layer deposited in the completely shadowed region using
different height gap structures in pure C4Fs. The other experimental parameters were:
1000 W inductive power, 50 sccm gas flow, 150 mTorr, without bias, 5 minutes
deposition.

Fig. 6.16: Optical microscopic images obtained on the surface of FC film deposited
in the completely shadowed region in pure C4Fs plasma. The experimental parameters

were same as in Fig. 6.15.
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Chapter 1 Introduction

1.1 Plasma Processing of Advanced Electronic Materials
Plasma is a partially ionized gas containing an equal number of positive and
negative ions, as well as non-ionized gas particles. The plasma state can exist over a

L1-12
. It can

broad temperature range (102~109K) and plasma densities (103~1033m-3)
be cool and tenuous like aurora, or very hot and dense like the central core of a star.
This thesis deals with weakly ionized plasma discharges, which are characterized by
Te~1-10 eV, Ti<<T. and n~10%-10"% cm™ 1, The advantage of this kind of plasma
is that plasma and surface chemical reactions can take place under nonequilibrium
conditions and the reactions can occur while the gas or substrates exposed to the

1315 Because of these characteristics, glow

plasma remain at low temperature
discharges are used extensively in the semiconductor industry for thin film processing
applications including plasma enhanced chemical vapor deposition, surface
modifications and pattern transfer by plasma etching' "’

An ongoing trend in the semiconductor industry has been a need to fabricate
integrated circuits with more transistors on a smaller area. Another trend in the
semiconductor industry has been to move away from Al interconnects and a SiO,
interlayer dielectric to Cu metal and low-k dielectric materials. These new materials
lead to the introduction of the “dual damascene” process, which is used to create the
multi-level, high-density metal interconnections'®. Fig. 1.1 shows the schematic of a
completed dual damascene structure. It is clear that a series of difficult process

integration steps must be successfully completed, especially if porous low k materials

are utilized. As an example, achieving high etching selectivity of the low k material



with respect to the mask and the etch stop layer is an important objective.
Furthermore, one must ensure that the plasma etching process does not adversely
affect the dielectric constant of the film. Achieving these objectives required a better
understanding of etch mechanisms of low k materials, photoresists and trench and via
structures. In this thesis, we describe results of our research on etch mechanisms of

these materials.

Hard Mask

Etch Stop
Layer

Cu line

Fig.1.1: schematic of a completedlual damascene structure.

1.2 Introduction to Plasma Sources

Since the 1970s, capacitively coupled plasma sources excited at a frequency
of 13.56 MHz have been commonly used in etch and deposition tools. The relatively
low plasma density, ne~10°-10" cm™, which is typical for this type of source, is one
of the major factors that limited plasma processing of complex structures. Therefore,
several kinds of high-density plasma sources, including inductive sources, electron
cyclotron resonance (ECR), and helicon resonance source have been used for
semiconductor fabrication'> > 10 Of these, the inductive source has achieved

widespread use in the semiconductor industry due to its simplicity.



Low k material and especially porous low k materials are more susceptible to
damage than conventional Si0,. Also, etching selectivity of these materials relative to
photoresist is poor in inductively coupled plasma sources. Therefore, there has been
renewed interest in capacitively coupled plasma sources by the semiconductor
industry. One serious limitation of the conventional capacitively coupled plasma
source is that both ion energy and ion density are controlled by the same power
source. To overcome this limitation, novel capacitively coupled plasma systems using
two power sources operating at different RF frequencies have been introduced: The
source power supply operating at higher frequency is used to control plasma
generation, whereas the bias power supply operating at lower frequency is used to
control ion bombardment energies.

In the following, we briefly review the basic principles of inductively coupled
plasma and dual frequency capacitively coupled plasma sources. These principles will

be illustrated using the reactors employed for this work.

1.2.1. Inductively Coupled Plasma

Inductively coupled plasma (ICP) is the simplest type of high-density plasma
source. Fig. 1.2 shows the schematic layout of the ICP reactor used in this work. A
planar coil, placed on top of a quartz coupling window, is used to generate the
plasma. When an rf current is driven through the coil, this rf current induces an
opposing rf current in the plasma. The plasma currents are concentrated primarily
within a skin depth from the window, which for our conditions is typically a few

centimeters. Therefore, the plasma acts as the secondary of a transformer with the



ICP coil as the primary. This explains the name transformer coupled plasma (TCP),

which is sometimes used.

13.56 MHz

@ rf Source power
< Network )

Laser Detector

Confinement Ring @ rf bias power

3.4 MHz

Fig. 1.2: Schematic diagram of the ICP reactor used in this work.

The rf current in the plasma is carried primarily by the thermal electrons due
to their low mass and high mobility. Low energy electrons in this current cannot
efficiently transfer their kinetic energy to the much heavier neutrals. Hence, electrons
are heated by the electromagnetic fields while their direction is randomized by neutral
collisions. The electron temperature is 3 to 5 eV for typical processing conditions,
much higher than the ion and neutral temperatures, which are of the order of 0.05 eV.
Energetic electrons can transfer their energies to neutrals through inelastic collisions
which leads to ionization, dissociation, excitation, or a combination of these. In
addition, attachment and recombination reactions take place. The electron energies
required for these processes is in the range 1 to 20 eV. The electron temperature is

adjusted so that electron generation through ionization balances the electron losses



from the plasma. Electrons are also lost due to ambipolar diffusion. Since the plasma
is generated just below the window, electrons diffuse towards the quartz window,
chamber walls, and the substrate. As electrons diffuse from the plasma generation
area, an electric field builds up between the electrons and ions that accelerates the
ions but slows down the electrons. This electric field increases the potential of the
plasma generation area and assures that the flux of ions balances the flux of electrons.
The diffusion of electrons is thus enhanced by the relatively high electron
temperature, but is impeded by the ions. Additionally, all floating surfaces in contact
with the plasma charge up negatively while a positive space charge builds up near the
surface. This space charge is referred to as a sheath. The sheath thickness is on the
order of 1 mm and is the only region where charge separation exists. All other areas
can be considered quasi-neutral over a length scale larger than ~15 pum. The potential
across the sheath relative a floating surface (the floating potential) is typically 10-30
V and accelerates ions that enter the sheath towards the floating surface. The fluxes of
ions and electrons are governed by ambipolar diffusion, not by the floating potential
(which is a result of the electron loss to the surface).

The energy of the ions bombarding the substrate can be increased by applying
an rf bias to the substrate, which is achieved by employing an additional capacitive
source. Generally, the flux of electrons and ions to the substrate is not affected by the
rf bias. However, during the first rf cycles electrons are collected faster at the
electrode which charges up more negatively while the positive sheath near the
substrate expands. The repetition of this process increases the sheath voltage and,

consequently, the average energy of impacting ions. The ability to control ion



energies independently from the control of plasma density is an important feature of

high-density plasma systems.

1.2.2. Dual Frequency Capacitively Coupled Plasma

Capacitive sources, especially as implemented in the reactive ion etching
(RIE) configuration, have been the most widely used plasma source for the
semiconductor industry. Capacitively coupled plasmas employ one or more driven
electrodes to produce the plasma. Fig. 1.3 shows the schematic of the dual frequency
capacitively coupled plasma reactor used in this work. It features two internal
electrodes driven at different RF frequencies. The high frequency source power
supplied with a typical power level of 100-2000 W is used for ion generation. The
bias power source operating at lower frequency, is used to control the energies of ions
bombarding the substrate.

For the capacitively coupled plasma (CCP), the rf current and voltage
sustaining the discharge is applied directly to an electrode immersed in the plasma.
Therefore, the rf currents flowing across the sheath and through the bulk plasma lead
to stochastic or collisionless heating in the sheath due to the oscillation of the sheath
and ohmic heating in the bulk due to the collisions between electrons and other
particles. Energetic electrons are also created at the cathode because of secondary
emission from ion bombardment. These electrons are accelerated by the sheath into
the body of the plasma. This secondary electron emission mechanism becomes
important when the electrode is made of a material with high secondary electron

emission coefficient.



For the CCP, an increase in plasma density requires an increase of the rf
power, which increases the voltage on the driven electrode. A high sheath voltage
leads to damage of the substrate and erosion of the electrode due to the strong ion

bombardment. Typically, plasma densities of capacitively coupled plasma are kept

1 -3
cm . The pressure used in

9
relatively low and are mostly in the range of 10 -10
capacitively coupled plasma reactors, typical range is 20-300 mTorr, is usually higher
than used in inductively coupled high-density plasma reactors. The plasma potential

and the floating potential can be very high in capacitively coupled plasma reactors,

ranging from tens to hundreds of Volts.

Cooling 'l rf source power
Water \ (40.68 MHz)
-

Gas Inle Matching
K‘ Network

Ellipsometer

Cooled <u"> rf bias power
Chuck (4 MHz)

Fig. 1.3: Schematic diagram of the CCP reactor used in this work.



1.3. University of Maryland Laboratory for Plasma Processing of Materials

Inductively Coupled Plasma+ vG ESCA.Mk I
. Analysis
Magnetically Enhanced Plasma
Chamber

(XPS, AES, ...)

nductively Coupled
Plasma Reactor

Dual Frequency Capacitively
Coupled Plasma Reactor

Fig. 1.4: University of Maryland cluster system for plasma processing.

Fig. 1.4 shows the cluster system for plasma processing of materials in our
lab. Various plasma reactors, including the inductively coupled plasma reactor and
the dual frequency capacitively coupled plasma reactor described above, are
interconnected using this cluster system. In addition, a surface analysis chamber
(Vacuum Generator ESCA Mk 1I) is also connected with these plasma processing
chambers. Vacuum transfer of plasma treated samples to the surface analysis chamber
is possible, and eliminates surface modification due to the air exposure.

To provide a comprehensive characterization of plasma properties, a variety
of complementary measurements were conducted to obtain information of radical or

ionic species. The applied techniques included mass spectroscopy, ion sampling, and



optical emission spectroscopy. These tools provide real time information on plasma
properties and enhance process control. Furthermore, in situ ellipsometers are
installed in each reactor to monitor the surface modification of the sample. After
plasma processing, the sample can be characterized by X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), scanning electron microscopy
(SEM) and secondary ion mass spectroscopy (SIMS). Our studies involved many
collaborative efforts with industrial laboratories and universities throughout the
world. I am grateful to these collaborators. To emphasize their contributions, a

summary of the overall measurements involved in this thesis is shown in Table 1.1.

job 25434, 3071073-07, top die,
esrp_m2_tpw_c -J. Adamik i)

KEAB 1.7kV 8 5mmx70.1k 44372008 .. - 500nm.

B o e T o i

Fig. 1.5: Cross-sectional SEM photographs of trench structure of post BARC

etch.

In this study, all patterned samples were prepared by the typical 193 nm
photolighogrphy. For trench patterned wafers, 193 nm BARC of 82 nm thickness was

coated, followed by 300 nm of 193nm photoresist. The wafers were exposed in a



Nikon step and scan system with a numerical aperture (NA) of 0.68. The BARC
etching was carried out in a TEL DRM. The trench structure of post BARC etch is

shown in the Fig. 1.5.

Measurement Method | Location Information
Ellipsometry UMD Etch/deposition
In situ/ex rates, optical
situ properties
UMD Ion current density,
Langmuir probe In situ p]asma potentia]
Mass spectrometry In situ | UMD collaboration Radical species
with Inficon
Ion sampling In situ | UMD collaboration Ion species and
system with NIST energies
X-ray photoelectron | Vacuum UMD Chemical
spectroscopy transfer information
Atomic force Ex situ ITC-irst Surface morphology
microscopy (Paolo Lazzeri,

Erica Iacob and
Mariano Anderle)

Time of flight ITC-irst Chemical
secondary ion mass | Ex situ (Paolo Lazzeri, information
spectroscopy Erica Iacob and
Mariano Anderle)
Scanning electron Ex situ Texas Instruments | Characterizations of
microscopy (Ping Jiang) structures

Table 1.1: Plasma diagnostics and sample characterization tools used for this

work.

1.4 Outline of Thesis

This thesis summarizes results of mechanistic studies of fluorocarbon-based

plasma etching of advanced electronic materials using both inductively and
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capacitively coupled discharges. Therefore, this thesis is divided in two parts: The
first part, described in chapters 2 and 3, summarizes the work performed using the
inductively coupled plasma reactor. The second part, presented in chapters 4, 5 and 6
summarizes the work undertaken using the capacitively coupled plasma tool.

Current inorganic low k material etch technology utilizes fluorocarbon
plasmas to achieve required etching profile control and etch selectivity to mask and
etch stop layers. The effect of CO addition to fluorocarbon-based plasmas for
selective etching of organosilicate glass (OSG) over SiC or SisNy etch stop layers is
discussed in chapter 2. Additionally, the contribution of Ar additives on the ionization
of molecular gases such as C4Fsand CO, is addressed.

Plasma-based pattern transfer of lithographically produced nanoscale patterns
in advanced photoresist materials is often accompanied by photoresist surface
roughening and line edge roughening due to factors which are not well understood. In
chapter 3, we studied the evolution of surface roughening in prototypical 193 nm and
248 nm photoresist materials during plasma processing as a function of plasma
operating parameters.

The dual frequency power source provides enhanced process flexibility and
allows for the etching of different materials, such as organic low k and silicon
dioxide, in one chamber. In first part of chapter 4, we introduce a recently completed
dual frequency capacitively coupled plasma system and discuss its characterization.
The second part of chapter 4 introduces the concept of a gap structure designed to
simulate FC film deposition on high-aspect ratio trench sidewalls during pattern

transfer and then summarizes the results obtained in C4Fg based plasma, which
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mainly concerns how the FC deposition on the sidewall affects the etching profile
during the pattern transfer process. The corresponding results obtained in CF4/H,
based plasmas are summarized in chapter 5 and compared with the results obtained
with C4Fg based plasmas.

The small gap structure provides a completely shadowed region without direct
ion bombardment. The lack of ion bombardment for the shielded deposition increases
the retention of the chemical structure of the FC film precursors in the deposited
films. Studies of FC film growth in this condition and characterization of deposited
films are summarized in chapter 6. This work clarifies the relative roles of neutrals
and ions in the FC film growth process and the main mechanistic factors controlling
the FC film growth process.

Finally, chapter 7 summarizes the main conclusions of this PhD thesis.
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Chapter 2: Study of C,Fg/CO and C,4Fg/Ar/CO Plasmas For Highly

Selective Etching of Organosilicate Glass (OSG) over Si;N, and SiC

J. Vac. Sci. Technol. A., 22,236 (2004)

Li Ling, X. Hua, X. Li, G. S. Oehrlein F. G. Celii, K. H. R. Kirmse, P. Jiang, Yicheng

Wang and H. M. Anderson

Abstract:

We have examined the effect of CO addition to C4Fg or C4Fg/Ar plasmas for
selective etching of organosilicate glass (OSG) over SiC etch stop layers. The
variation of important gas phase species, thin film etching rates and surface chemistry
with feedgas composition was determined. CO addition exhibits dramatically
different consequences on OSG/SiC etching selectivity when added to C4Fg or
C,Fg/Ar plasmas containing a high proportion of Ar. An improvement of the
OSG/SiC etching selectivity results from CO addition to C4Fs. We observe little CO
dissociation in this case, which is plausible considering the lower dissociation energy
threshold of C4Fg relative to CO. X-ray photoelectron spectroscopy (XPS) analysis of
OSG and SiC surfaces shows that the etching selectivity improvement for C4Fg/CO
may be explained not only by an increase of the thickness and a reduction of the F/C
ratio of the steady-state fluorocarbon surface layer on the SiC surface during etching,
but little incorporation of CO into deposited fluorocarbon films. Adding CO to
C4Fg/Ar discharges with a high proportion of Ar leads to a reduction of the OSG/SiC
etching selectivity. Significant dissociation of CO in Ar-rich C4Fs/Ar/CO discharges

is observed, consistent with the fact that the dissociation energy threshold of CO is

13



lower than the Ar ionization and metastable energies. Oxygen incorporation in
deposited fluorocarbon films and a reduction of the steady-state fluorocarbon surface
layer thickness on SiC are observed by XPS in this case, explaining the loss of

OSG/SiC etching selectivity for C4Fg/Ar/CO discharges.
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2.1. INTRODUCTION

As ultralarge scale integrated (ULSI) circuits are scaled down, interconnect
structures with two or more metal levels have become common for the production of
high-density circuits and enhanced device performance. In these designs, the
linewidth and spacings between metal interconnects are also made smaller. The
speed-limiting factor is no longer the transistor delay, but the resistance capacitance
(RC) delays associated with the metal interconnect system. The conventional
dielectric material, silicon dioxide, has a dielectric constant (k) of ~4.0 and will no
longer be adequate for advanced ICs. Therefore new low dielectric constant materials
have been identified with good thermal stability (stable to above 400 °C), low
coefficient of thermal expansion (CTE), low moisture uptake, high glass transition
temperature (7,), good mechanical properties, high dielectric breakdown field, good
thermal conductivity and good adhesion to various substrates. In the past few years,
one promising low-k dielectric, organosilicate glass (OSG) with a dielectric constant
ranging from 2.6 to 3.1 was introduced, which meets the above requirements. This
application requires plasma etching of OSG.

Fluorocarbon (FC) gases such as c¢-C4Fg are widely used in the
microelectronics industry for etching traditional low dielectric constant thin films.
Recently, CO addition to fluorocarbon gases has been extensively studied as a means

2.1-2.7
. For

to increase the etching selectivity of SiO, relative to other materials
instance, N. Omori et al.*’ report the achievement of high SiO,/Si selectivity in

reactive ion etching by adding a high percentage of CO to CHFs;. Hyun-Ho Doh et

al.>? studied both SiO,/Si and SiO,/photoresist etching selectivity using these gas
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mixtures. They also found improved SiO,/Si etching selectivity when a high
proportion of CO was used. Hayashi et al.>? investigated the mechanism of high SiO,
to Si3Ny etching selectivity using C4Fg and CO in their magnetron plasma system.
Their results showed a high Si0,/Si3Ny etching selectivity was achieved when the CO
gas-mixture ratio exceeded 75%.

In this work, we studied the plasma etching behavior of OSG, Si3N4, and SiC
in C4F3/CO and C4Fg/Ar/CO plasmas in order to establish the impact of CO addition
to the OSG etch processes. The current work is also motivated by previous studies of
this group aimed at achieving high etching selectivity of OSG relative to Si3N4 and
SiC etch stop layers by N, addition to C4Fs and C4Fg/Ar 28 In that work we found
that the effect of N, addition to C4Fg on etching behavior of OSG, Si3N4 and SiC is
weak because of the high stability of N, relative to C4Fg. Similar effects may be
expected when adding CO to a fluorocarbon gas. CO is very stable and its thermal
dissociation energy threshold of 11.1 eV and its average electron impact dissociation
energy is 12.94 eV, which is greater than that of N, (9.8 eV). When Ar was
simultaneously present at a high concentration, i.e. for C4Fg/Ar/N;, gas mixtures, a
completely different behavior was observed which could be explained by Nj
dissociation. Although the addition of Ar is thought to increase the importance of ion

bombardment relative to neutral and direct reactive ion etching™® *!°

, the predominant
effect of Ar on C4Fs/Ar/CO discharge chemistry is likely to be due to changes in the
CO dissociation relative to C4Fs/CO. In this work we performed gas phase and

surface studies, along with etch rate studies to establish these effects, and to establish
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the role of CO addition to C4Fg or C4Fg/Ar:2/8 on the etching selectivity of OSG

relative to Si3Ny4 and SiC etch stop layers.

2.2. EXPERIMENTAL

The transformer coupled plasma (TCP) reactor used in this work has been
described in earlier articles of this groupz'“. All experiments described here were
carried out in discharges at pressures ranging from 6 to 20 mTorr, fed with 40 sccm
(standard cubic centimeters per minute) total gas flow, and maintained using 600 W
source power at 13.56 MHz. For the etching experiments, blanket films of OSG,
Si0,, Si3N4, SiC and poly-Si on Si chips of approximately 2 cm x 2 cm in size were
positioned at the center of a 125 mm electrode. We employed C4Fg/CO and
(C4Fs/Ar:2/8)/CO plasmas for these studies. For the C4Fs/Ar/CO experiments, the
C4Fg/Ar flow rate ratio was fixed at 2:8. The C4Fs, Ar, and CO flows were adjusted to
maintain this constant C4Fg/Ar ratio and a total flow of 40 sccm. The ion energy at the
wafer can be controlled independently of the plasma generation by a variable
frequency (0.4-40 MHz) rf power supply (0-300 W). For this study the rf frequency
was fixed at 3.7 MHz, and the rf bias power varied up to 250 W. For all etching
experiments in which the gas composition was varied, the self-bias voltage was fixed
at —100 volts. A rotating compensator ellipsometer in the polarizer-compensator-
sample-analyzer (PCSA) configuration with a 638.2 nm He/Ne laser was used to
determine thin film etching rates and the introduction of surface modifications in real
time. The absolute gas phase densities of CF, CF, and COF, were determined by

Infrared Laser Absorption Spectroscopy (IRLAS). A Langmuir probe was used to
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determine the ion current density at a distance of 2 cm above the wafer surface, as a
function of feedgas composition. The current densities at the electrode are about 30%
samller than this value. A quadrupole mass spectrometer with an energy filter was
used to determine the ion composition at the same position. X-ray photoelectron
spectroscopy (XPS) measurements were performed with partially etched thin films to
determine changes in surface composition. These measurements were performed at a
90° take-off angle using a nonmonochromatized Mg K-alpha X-ray source (1253.6

eV).

2.3. RESULTS AND DISCUSSION
2.3.1. Ion Current Density (ICD)

Fig. 2.1 shows the variation of the ion current density with the percentage of
CO added to C4Fs and C4Fg/Ar:2/8 plasmas at 600 W inductive power, and a total gas
flow rate of 40 sccm at pressures of 6 or 20 mTorr. Overall a trend to lower ion
current density is observed as CO is added, except for the 6 mTorr data in the case of
C4F3/CO. For the (C4Fg/Ar:2/8)/CO discharges the ion current density is much higher
than for the C4Fg/CO discharges. This can be explained by the strongly increased
jonization and dissociation of (C4Fg/Ar:2/8)/CO discharges®'2. When CO is added to
C4Fg/Ar:2/8, a strong reduction of the ion current density is observed (by 50 to 66%),
which is the result of CO dissociation competing with the ionization of the feed gas
mixture. The decrease of the ion current density is much smaller when CO is added to

C4Fg.
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Fig. 2.1: Dependence of ion current density on the percentage of CO added to

(a) C4F5 and (b) C4Fg/Ar:2/8 mea

sured using a Langmuir Probe. The other

experimental parameters were: 600 W inductive power, 40 sccm gas flow rate, and 6

and 20 mTorr pressure.

2.3.2. Ion Composition

A compositional analysis

of an ion flux as a function of feedgas composition

was performed using the ion sampling system consisting of a quadrupole mass

spectrometer with an energy filter. Fig. 2.2 compares the ion flux composition for

C,4Fg and C4Fs/Ar:2/8 plasmas before and after adding 50% CO. The plasma was

19



operated at 600 W inductive power and a pressure of 6 mTorr and a total gas flow of

40 sccm. Similar data were obtained at 20 mTorr pressure.
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Fig. 2.2: Ion flux composition in C4Fg, C4Fg/50%CO, C4Fg/Ar:2/8 and
(C4Fs/Ar:2/8)/50%CO plasma. The other experimental parameters were: 600 W

inductive power, 40 sccm gas flow rate, and 6 and 20 mTorr pressure.
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For pure C,Fs, ionic fragments are detected at m/e=12 (C"), 19 (F"), 31 (CF"),
50 (CF,"), 69 (CF;"), 100 (C,F,;"), 131 (C3Fs"). The dominant ionic species is CF".
This may be explained by multi-step processes involving C4Fg dissociation and
successive ionization of the fragments to produce CF" ions. When CO is added, the
intensities of CF', CF," and CF;" decrease significantly, but still remain the dominant
ionic species. Addition of Ar to C4Fs causes a significant increase of C4Fg
dissociation. Heavier ions like C,F4" and C3Fs" vanish almost completely, whereas
lighter ions increase in importance, e.g. C". For C4Fg/Ar with and without CO, a
strong peak at m/e=28 at appears, which is assigned to CO" or Si*. For C4Fs/Ar/CO
the spectrum is dominated by CO" and is explained by CO ionization. For C4Fg/Ar
the CO" or Si* impurities can be explained by capacitive coupling effects of the coil

2.13

and etching of the quartz window~"°. For both Ar containing discharges the strong C*

signals suggest strong dissociation of C4Fs and/or CO.

2.3.3. Infrared Laser Absorption Measurement

The densities of CF, CF,, and COF, neutral radicals were determined using
Infrared Laser Absorption Spectroscopy (IRLAS). Fig. 2.3 (a) shows the densities of
CF, CF,, and COF, calculated from the infrared absorption spectra obtained with
C4Fg/CO plasmas at 40 sccm gas flow for pressure of 20 mTorr, and 600 W inductive
power. The radical densities were measured for either fluorocarbon deposition (no RF
bias) or Si etching (at —100 V self-bias voltage). Figure 2.3 shows that the density of
all FC radicals is slightly reduced as the CO percentage is increased. The CF, partial

pressure is about 40 times greater than that of CF or COF,. When an RF bias is
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applied and etching of the fluorocarbon film and Si substrate begins, the CF, radical

density decreases for all gas mixture. This may be explained by radical consumption

in the etching process2‘13.
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Fig. 2.3: Dependence of CF, CF, and COF, radical partial pressure on CO

additive to (a) C4Fg and (b) C4Fs/Ar:1/9. The other experimental parameters were:

600 W inductive power, 40 sccm gas flow rate, and 20 mTorr pressure.
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The CF, CF, and COF, radical densities for the same deposition and etching
processes using the Ar-rich discharges are shown in Fig. 2.3 (b). Although Ar
addition strongly increases the dissociation of C4Fg, the radical densities for all
experimental conditions shown here are lower than for the corresponding C4Fs/CO

plasmas because of the much lower partial pressure of C4Fs.

2.3.4. Influence of CO Addition on Fluorocarbon Deposition Rates

In fluorocarbon plasma processing, the deposition characteristics are
dependent on the feedgas chemistry. Figure 2.4 (a) shows the measured fluorocarbon
deposition rates for floating substrates (no rf bias applied) as a function of the
percentage CO added to C4Fs or C4Fs/Ar discharges. We used 6 mTorr and 20 mTorr
pressure, 600 W inductive power and a total gas flow rate of 40 sccm. The measured
deposition rates at 20 mTorr are higher than at 6 mTorr for both C4Fg/CO and
C4Fs/Ar/CO discharges. When CO is added to C4Fg the FC film deposition rate
decreases continuously as the amount of CO is increased. When CO is added to
C,Fg/Ar, the deposition rate varies little up to about 20% CO, and at higher CO
percentages shows a small decrease. The deposition rate measured for C4Fs/Ar/CO is
significantly lower than seen for C4Fs/CO. Figure 2.4 (b) shows the corresponding
refractive index of the deposited fluorocarbon films. Generally, the refractive index of
the deposited films increases with increasing CO in the gas phase which implies that
the fluorine-content of the fluorocarbon films decreases. The refractive index increase
occurs for much lower percentages of CO in the case of C4Fg/Ar/CO than for

C,Fg/CO. We will see below that the XPS data show significant C and O
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incorporation in the carbonaceous film in this case. For C4Fg/CO the FC deposition

rate shows a strong decrease when the concentration of CO increases above 60%.

This can be explained by the reduction of the fluorocarbon gas flow rate. For these

CO-rich discharges CO dissociation becomes important, and likely causes the abrupt

increase of the refractive index (see Fig. 2.4(b)).
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Fig. 2.4: Dependence of (a) deposition rate and (b) refractive index on CO

additive to C4Fg and C4Fs/Ar. The other experimental parameters were: 600 W

inductive power, 40 sccm gas flow rate, and 6 and 20 mTorr pressure.
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For the Ar-rich plasma, the fluorocarbon deposition rate decreased slightly
and saturated at 60% CO addition. The slight reduction may be explained by the
reduced C4Fg flow rate and is in part compensated by the strongly increased
dissociation of CO. With increased CO addition, dissociation of CO becomes more
important and carbon rather than fluorocarbon species is incorporated into the

deposited film, causing the increase of the refractive index.

2.3.5. Surface Analysis of Deposited Films: XPS

The deposited fluorocarbons were analyzed by X-ray photoelectron
spectroscopy (XPS), paying in particular attention to the carbon and oxygen Is core
levels. Figure 2.5 shows the C (1s) photoemission spectra of 300 nm thick
fluorocarbon films deposited on the Si substrate using different gas mixtures (C4Fs,
C4Fg/70%CO, C4Fg/Ar:1/9 and (C4Fg/Ar:2/8)/70%CO. Four peaks can be clearly
identified in the C Is spectrum obtained with a film deposited using pure C4Fg. These
are identified as C-C or C-CFy (x=1,2,3), CF, CF, and CF; bonding, respectively. The
spectra change as CO is added to C4Fs. The intensity of the CF, and CF; peaks
decreases with increasing CO concentration, whereas the intensities of C-C or C-CFy
(x=1,2,3) and CF increase. This indicates that a carbon-rich fluorocarbon film is
produced by the addition of CO into the C4Fg/CO plasma. A similar change in the C
Is spectrum is seen when Ar is added to C4Fg. The mechanisms to produce films with
a lower fluorine content may in the case of C4Fs/CO be postulated to be due to a
reaction of CO and fluorocarbon radicals3, whereas for C4Fs/Ar it should be caused

by the increased dissociation of C4F812’13. For (C4Fs/Ar:2/8)/70%CO discharges, both
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mechanisms are operative, and Ar also should increase the dissociation of CO. In this

case the C-C or C-CF (x=1,2,3) and CF peaks dominate the C 1s spectrum.
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S 5.0x10° “8
® o0
F /70%
25.0x10° GFJTO%E0

o
o

C F./Ar:1/9
5.0x10° e e

ARAN

. (C,F/Ar:2/8)/70%CO
5.0x10 /\
0.9

280 285 290 295 300520 525 530 535 540

B.E. (eV)

XPS Intens

Fig. 2.5: C (1s) and O (Is) photoemission spectra of passively deposited
films produced in C4Fg, C4Fs/50%CO, C4Fg/Ar:2/8 and (C4Fs/Ar:2/8)/50%CO
discharge. The other experimental parameters were: 600 W inductive power, 40 sccm

gas flow and 6 mTorr.

The corresponding O (1s) photoemission spectra are also shown in Fig. 2.5.
For C4Fg and C4Fs/CO little oxygen incorporation is seen, e.g. even when 70% CO
was added to C4Fs, the observed O (1s) peak was still very small. For the Ar-rich
C,Fg gas mixtures, an oxygen signal was seen both with (large) and without (small)

CO. The unexpected small O (1s) peak seen for C4Fg/Ar is due to etching of the
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quartz coupling window>"®. When both Ar and CO were added to C,Fj, strongly
increased oxygen incorporation was observed. This suggests a strongly increased

dissociation of CO for C4Fg/Ar/CO plasmas.

2.3.6. Influence of CO Addition on Thin Film Etching Rates

The etch rates of blanket films of OSG, SiO,, SizN4, SiC, and poly-Si were
measured at a fixed self-bias voltage of —100 V for C4Fg/CO and C4Fg/Ar/CO
discharges. Fig. 2.6 shows the measured etch rates as a function of the percentage of
CO added to C4Fg or C4Fs/Ar:2/8. A total gas flow of 40 sccm and a pressure of 6
mTorr were used, and the inductive power level was 600 W. SiO,, OSG and Si3N4 on
the one hand, and poly-Si and SiC on the other hand, show a similar dependence of
the etching rate on gas composition. This was previously observed when investigating
the influence of N, addition to fluorocarbon discharges on etching behavior*®. The
differences in etching behavior can be attributed to substrate-specific abilities to
gasify carbon during plasma etching. By the interaction of carbon with substrate
atoms the balance between fluorocarbon deposition and fluorocarbon etching is
affected, which controls the fluorocarbon steady-state thickness and ultimately the
substrate etching rate”'". In the case of Si and SiC, no volatile products can be formed
by an interaction of substrate atoms with carbon, and a relatively thick steady-state
fluorocarbon film develops. For SiO, and OSG, most of carbon is consumed by the
reaction with substrate oxygen, leading to a relatively thin steady-state fluorocarbon
film, and a high steady state etching rate. Nitrogen atoms from SizNy are less reactive

than O with C and CF; and generate volatile CN and FCN. This results in a lower
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etching rate than seen for Si0O, and OSG, but a similar dependence of the etching rate

on gas composition.
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Fig. 2.6: Dependence of etch rates and selectivity on CO additive to (a) C4Fs

and (b) C4Fg/Ar measured using in-situ ellipsometry. The other experimental

parameters were: 600 W inductive power, 40 sccm gas flow, 6 mTorr and —100 V

bias voltage.
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Figure 2.6 also shows the dependence of the SiO,/poly-Si, OSG/Si3N,4 and
OSG/SiC etch rate ratios on the percentage of CO added to C4Fs or C4Fg/Ar:2/8. We
used a C4Fg/Ar/CO gas mixture for the etching of blanket films of OSG, Si3Ny, Si0,,
SiC, and poly-Si. For these gas mixtures the ratio of C4Fg to Ar is fixed at 2:8. We
chose this ratio of C4Fs to Ar because we have found that the SiO,/Si etching

selectivity is optimized at this Ar-rich gas mixture*'* >3,

2.3.6.1. C4Fs/CO

The maximum etch rate is obtained for all the materials in pure C4Fg plasmas.
The etch rates decrease with the increase of the CO concentration, which can be
explained by a limitation of the etchant. The SiO./poly-Si etching selectivity
increases with the amount of CO added and peaks at 60% CO. Above 70% CO a
strong decrease of the SiO,/poly-Si selectivity is observed. This is consistent with
data previously published by Akimoto et.al’. The selectivity of SiO/SiC and
Si0,/Si3N4 remains nearly constant as CO is added to C4Fs. For C4Fs/CO plasmas the

effects on etching behavior are weak because of the stability of the CO molecule.

2.3.6.2. C4Fs/Ar/CO

Addition of Ar to fluorocarbon gas is used to enhance the dissociation and
ionization of the molecular gases™* *'°. SiC and Si exhibits a similar dependence on
the percentage CO added: the etching rates increase initially, then decrease, and
finally saturate when a high percentage of CO had been added. For OSG, Si3sNy4 and

Si0,, the etching rates show a strong decrease as CO is added and saturate at 70% CO
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addition. The OSG/SiC and SiO,/poly-Si etch rate ratio show a very similar trend as a

function of the amount of CO added.

2.3.7. Surface Analysis of Partially Etched Samples Using XPS

The steady state fluorocarbon layer thickness is a key parameter that
determines the etching rate of a thin film and therefore the etch rate ratio of two
materials”'". To explore the effect of CO addition on the steady state fluorocarbon
layer thickness and etching behavior, we analyzed surfaces of partially etched OSG,
Si3Ny, SiC thin films using XPS. Samples of these materials were processed using a
self-bias voltage of —100 V at the same gas compositions and process parameters as
used for the fluorocarbon film deposition experiments described above.

To evaluate the effect of CO addition on the composition of the fluorocarbon
layers formed on the various thin film materials, the oxygen intensity and the ratio of
fluorine to carbon (F/C) for each partially etched sample were calculated from the O
(1s) and C (1s) XPS spectra, respectively. The oxygen intensity is calculated from the

O (1s) peak area, and the F/C ratio is defined as™ !

) 1, i(C-F)
CI(C-Si)+1(C-C)+ X2, il(C-F)

where I(...) is the area of the fitted Gaussian function for the chemically shifted
contribution indicated between the parentheses. The F/C ratio presented here is the
ratio of the fluorine in the fluorocarbon film to the density of C (1s), which is an

approximation, since this layer also may contain CO. The use of the F 1s peak to
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estimate the fluorine content is not possible, since some of the fluorine has reacted
and is associated with the substrate.

The steady-state surface reaction layer thickness can be estimated from the Si
(2p) or C (1s) spectra2'14’ 215 Since both OSG and SiC contain carbon, the steady state
fluorocarbon thickness in this work is measured using the corresponding Si (2p)
spectra. The layer thickness was calculated from the decrease of the Si (2p) intensity
relative to the Si (2p) intensity measured for untreated material according to>!*:

dep =g, In( /1,)sin@

Si(2p)

Here 4 is the escape depth of Si (2p) photoelectrons in the CFxlayer (assumed to

Si(2p)
be 3.0 nm); O the photoelectron take off angle (900 in this work); and Is;2p) and Iy are
the Si (2p) photoemission peak intensities of partially etched or untreated samples,

respectively.

2.3.7.1. C4Fs/CO

Fig. 2.7 shows the oxygen intensity observed on top of the different materials
for all gas compositions. OSG has the highest oxygen intensity on the surface, and
Si3Ny4 has the lowest. For pure C4Fs discharges, the small oxygen signal for partially
etched SizN4 and SiC originates from erosion of the quartz coupling window. The
much larger oxygen signal for OSG is due to the material itself. The oxygen
intensities observed with all materials increase when 70% CO was added to C4Fg.

The F/C ratio and the steady state fluorocarbon film thicknesses for the
partially etched OSG, Si3Ny, and SiC thin films are also shown in Fig. 2.7. The F/C

ratios for all materials decrease with CO addition. The F/C ratio measured with OSG
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films decreased more significantly than seen for SizN4 and SiC. In addition, the
steady state film thickness for Si3N4 and SiC substrates remained nearly constant,

whereas the FC film thickness for an OSG substrate decreased significantly.

BN OSG 7/77/SiN, | |SiC

< 6

>

4l

©
g6§_lmﬂ |aﬂ |5H EH
4] i}
o 1 . ]
LE)AO | I H P L0 0
ol Im

- |1
w CcF, C,F/CO CF/Ar C,F/Ar/CO

Fig. 2.7: Measured oxygen intensity (OI), F/C ratio, and steady-state thickness

(SST) on the OSG, Si3N4 and SiC.

2.3.7.2. C4Fs/Ar/CO

Corresponding results for CO addition to C4Fs/Ar:2/8 discharges are also
shown in Fig. 2.7. CO addition to C4Fs/Ar:2/8 causes similar changes in the surface
characteristics of partially etched films as CO addition to C4Fs, in particular an
increase of the oxygen intensity, and a decrease of the F/C ratio of the FC film.
However, for (C4Fg/Ar:2/8)/CO discharges the oxygen intensity measured with
partially etched samples is much higher than for C4Fs/CO, especially for the SiC

surface. Si (2p) photoemission spectra of SiC films partially etched using either
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C4F3/70%CO or (C4Fg/Ar:2/8)/70%CO discharges are compared in Fig. 2.8. The two
peak components shown are attributed to Si-C and Si-O bonding. The Si-O peak
component measured after SiC etching in (C4Fs/Ar:2/8)/70%CO discharges is of
much greater intensity than after etching using C4Fs/70%CO plasmas. The increased
oxidization of the SiC substrate seen for the (C4Fg/Ar:2/8)/70%CO discharge
indicates increased CO dissociation for the Ar-rich gas mixture. This conclusion is

also supported by studies of the C (1s) spectra.
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Fig. 2.8: Si (2p) photoemission spectra of partially etched SiC films produced
in C4Fg/70%CO and (C4Fg/Ar:2/8)/70%CO discharge. The other experimental

parameters were: 600 W inductive power, 40 sccm gas flow and 6 mTorr.

The properties of the steady-state fluorocarbon film on a substrate, i.e. the

film composition and thickness, play a dominant role in controlling the magnitude of
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the substrate etch rate. In Fig. 2.7 we also compare the measured F/C ratios for all
substrates. An important effect of Ar addition to C4Fj is that the steady-state FC film
becomes more fluorine deficient. The reduction of the fluorine content is explained
by the increased ion bombardment of the FC film that takes place in C4Fs/Ar
discharges for which the plasma density is increased relative to C4Fg. When CO is
added to C4Fg/Ar, a further decrease of the F/C ratio is observed, and a carbon-rich
steady-state FC film is produced, which causes a decrease of the substrate etch rate.

It has been found that when the FC steady-state film thickness on a substrate
is greater than about 2.5 nm, the substrate etching rate becomes limited by the FC
film since it restricts the interaction of ions with the substrate*'!. The FC film
thickness on SiC shows a strong decrease until 70% CO is added to C4Fg/Ar:2/8, and
a strong enhancement of the SiC etching rate is observed. For OSG and Si3N, etched
in C4Fg/Ar:2/8 plasmas, the FC steady-state film thickness is much smaller than for
SiC exposed to the same discharges. When 70% CO was added to C4Fg/Ar:2/8 only a
slight reduction of the FC film thickness was seen and little change in the OSG and
Si3Ny etching rates was observed.

The changes of the FC steady-state film properties as a result of CO addition
to C4Fg/Ar can be explained by an increased degree of CO dissociation in the Ar-rich
plasmas relative to C4Fg/CO discharges. The mechanistic origin of these differences

will be presented in the Discussion Section.
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2.3.8. Correlation of Etching Selectivity and Surface Analysis Data

The ability of OSG to react with carbon species in the steady state
fluorocarbon film is greater than Si3Ny4 or SiC. This is because the reactions between
fluorocarbon and oxygen from SiO, with typical volatile reactions products like CO,
CO,, or COF,, are more effective than reactions between fluorocarbon and nitrogen
from Si3N4, resulting in the formation of volatile products such as FCN. In SiC
etching, there is no volatile carbon containing compound that can be formed in
reactions of fluorocarbon species and the substrates. Thus, the steady state
fluorocarbon film thickness on OSG is thinner than for SizNs or SiC so that the
etching selectivity of OSG/Si3N4 or OSG/SiC is mainly determined by the steady
state FC thickness on SizN4 or SiC. We saw in the previous sections that the steady
state FC film thickness for OSG and Si3N, substrates are small for C4Fg/Ar discharges
(<2.5 nm) and likely not etch rate limiting. In this case, the etching selectivity of
OSG/Si3Ns 1s more likely gas chemistry dependent, rather than FC thickness
dependent. On the other hand, the FC steady state films on SizN4 in C4Fg/CO
discharges and on SiC in either C4Fs/CO or C4Fs/Ar/CO are relatively thick (>2.5
nm). When poly-Si and SiC substrates were etched in C4Fg and C4Fs/Ar discharges,
the steady-state FC film thickness was large, restricting the interaction of the plasma
with the substrates, i.e. the ion-substrate interaction and fluorine atom interaction with
the substrate. In this case, the FC steady-state film controls the etching rate for C4Fg
and C4Fg/Ar discharges. Adding CO to either C4Fg or C4Fg/Ar reduces the FC film
thickness for SiC and poly-Si substrates and reduces the etchant supply. In this case,

the net effect will be a decrease of the etching selectivity of OSG/SiC or OSG/poly-Si
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since the etch rate controlling factor for SiC and poly-Si is removed. Similarly, a

decrease of OSG/Si3Ny etching selectivity is also observed when adding CO to C4Fs.
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Fig. 2.9: Etching selectivity as a function of the steady state film thickness on

(a) SisN4 and (b) SiC etched by C4Fg/CO and C4Fs/Ar/CO. The other experimental

parameters were: 600 W inductive power, 40 sccm gas flow and 6 mTorr.
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The OSG/Si3N4 and OSG/SiC etching selectivities versus the FC steady-state
film thicknesses on the SizNs and SiC substrates are plotted in Figs. 2.9 (a) and (b),
respectively. The behavior shown in Figs. 2.9 (a) and (b) is completely consistent
with the foregoing discussion. Only for C4Fg discharges is the SizN4 etching rate
limited by the FC film thickness (see Fig. 2.6 (a)). Only in this case, we observed a
decrease of the etching selectivity of OSG/ SizsNy4 as CO is added to C4Fg. The etch
rate of SiC is dominated by the fluorocarbon film thickness (see Fig. 2.6 (a)), and the
OSG/SiC etching selectivity is strongly affected by the fluorocarbon film thickness.
In the case of CO addition to C4Fg, the steady state fluorocarbon thickness remains
nearly constant, which results in a constant OSG/SiC etching selectivity (Fig. 2.9 (b));
when CO is added to C4Fs/Ar, the steady state fluorocarbon thickness shows a strong

decrease, which leads to the loss of the OSG/ SiC etching selectivity.

2.3.9. Discussion

1. Energy Level Diagram

Important electron induced excitation, dissociation and ionization energy
thresholds for Ar2'16, C02‘16, and C4F82'17 are listed in the energy level diagram shown
in Fig. 2.10. For CO and C4F;g the lowest energy levels of interest for this discussion
are the energy thresholds for molecular dissociation. The dissociation thresholds
presented in Fig. 2.10 are the minimum energies required for dissociation (thermal
dissociation energies), and not the dissociation thresholds expected from an excitation

from the ground state into a dissociating state. In the discharge molecules can be
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Fig. 2.10: Electron impact energy thresholds for Ar, CO and C4Fg dissociation
and ionization. Ar™: argon metastable. The 11.11 eV is the thermal dissociation
threshold for CO, and that average electron impact dissociation energy is12.94 eV

according to Liu et.al*'®,

38



vibrationally excited, which will reduce the required energy. For instance, for CO
11.11 eV is the thermal dissociation threshold for CO. The average electron impact
dissociation energy is12.94 eV according to Liu et.al*'®, lower than the energy
threshold from the ground state into the lowest energy dissociative state. Figure 2.10
shows that the molecular dissociation energy thresholds are below the energy

required to produce Ar metastables.> '

2.3.9.2. Pressure Effect

In Fig. 2.1, 2.2, and 2.4, we compared the ion current density, ion flux
composition and deposition rate at pressures of 6 and 20 mTorr. Although the trends
are similar, some differences do exist for the different pressures. The ion current
density measured at 20 mTorr is lower than at 6 mTorr and the ion flux composition
shows an important difference for C4Fg/CO gas mixtures. The detailed analysis of the
behavior shown requires a careful analysis of dissociation and ionization channels
that exist in these discharges. The evolution of the data as a function of pressure can
be interpreted roughly as follows: With increasing pressure, an electron energy
distribution function results that is characterized byz'19 a lower mean electron energy
and a smaller high energy tail. The dissociation of CO is very sensitive to this change.
A strong decrease in CO dissociation takes place as the pressure is increased, and can
explain the strongly reduced C* flux measured at 20 mTorr relative to 6 mTorr
pressure. Dissociation of C4Fs requires the least energy of all the processes shown in
Fig. 2.10. As the electron energy distribution moves to lower energy, dissociation of

C,Fs and ionization of FC radicals is favored relative to CO dissociation. This

39



explains why the FC radical flux is so large for C4Fs/CO discharges at 20 mTorr.
More of the available electron energy is expended for gas dissociation as the pressure
is increased, resulting in a lower ion current density relative to lower pressures. This
requires that the pressure of the molecular gas is sufficiently high, see the crossover

of the curves in Fig. 2.1 (b).

2.3.9.3. C4Fg/CO Discharges

When CO is added to C4Fg, the lowest energy level of this gas mixture is
occupied by the dissociation of C4Fg, with C4Fg molecules also always being of a high
density for the gas mixtures examined here. The applied power is channeled into C4Fg
dissociation, and little CO dissociation takes place. This explains the lack of strong
oxygen incorporation in the deposited carbonaceous films, even at 70% CO addition
to C4Fg. CO can interact with FC films being deposited through the reaction

CO + CF,— COF, + CFy, (1)

suggesting that CO extracts F from the deposited FC films, without becoming
incorporated. This reaction may in part be responsible for the decrease of CF, shown
in Fig. 2.3 (a). If a high CO percentage is used, the dissociation and ionization of CO
cannot be neglected, and a reduced CF," ion flux and a decreased F/C ratio of the
deposited film will result. A thinner, more carbon-rich steady-state FCO film should

be formed on the partially etched samples, enabling an improved etching selectivity.

2.3.9.4. C4Fs/Ar/CO Discharges
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For Ar-rich C4Fg/Ar gas mixtures, the collision processes of electrons with Ar,
rather than dissociation of C4Fg become the factors that control the electron energy
distribution. When CO is added to C4Fs/Ar, we find from the energy level diagram of
Fig. 2.10, that CO dissociation is one of the lower energy processes in this case. For
the (C4Fs/Ar:2/8)/CO gas mixture, CO dissociates at a much higher rate than for
C4Fg/CO. The atomic oxygen thus produced reacts with CFy radicals at surfaces and

produces COF,** according to

co->Cc+07 (2)
O + CF, - COF, T 3)
CO + CF,— C + COF,T. “4)

These reactions lead to a more carbon-rich FC film deposition on substrates without
rf bias. In addition, some of the oxygen can be incorporated. These changes in the
film stoichiometry explain the increase of the refractive index of the deposited
carbonaceous films as the percentage of CO in C4Fs/Ar/CO is increased. The same
reaction should occur during rf biasing and etching of the substrate, thus producing
thinner and more carbon-rich steady-state fluorocarbon films on the partially etched
substrates. In addition, for Ar-rich gas mixtures, the reactions (2), (3) and (4) are

expected to be enhanced by the increased ion flux seen for Ar-rich gas mixtures.

2.3.9.5. Pattern Transfer into OSG
OSG films were patterned with 300 nm Deep Ultra-Violet (DUV) photoresist
and 80 nm bottom antireflection coating (BARC). The patterns were transferred using

C4Fg, C4Fg/50%CO, C4Fg/Ar:2/8, and (C4Fs/Ar:2/8)/50%CO discharges maintained at
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6 mTorr and 600 W source power. The gas flow during the etch was fixed at 40 sccm
and the bias voltage was set at —100 V. Fig. 2.11 shows cross-sectional secondary
electron micrographs of partially etched OSG films. The contrast between the features
etched by the different gas discharges is clearly evident in the sidewall profiles and in
the selectivity to the photoresist mask. The figures indicate that CO addition to C4Fg

provides a higher degree of anisotropic etching compared with to pure C4Fs.

KFAB 2.0kV 4.8mm x70.0k 5/3/2003

KFAB 2.0kV 4.7mm x70.0k 5/3/200%

Fig. 2.11: Cross-sectional SEM photographs of patterned photoresist partially
etched in pure (a) C4Fs, (b) C4Fs/50%CO, (c) C4Fs/Ar:2/8, and (d)
(C4Fs/Ar:2/8)/50%CO. The other experimental parameters were: 600 W inductive

power, 40 sccm gas flow, 6 mTorr and —100 V bias voltage.
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C,Fs/Ar:2/8 provides the best sidewall profile and highest etching selectivity of
OSG/photoresist. This is partially attributed to the higher ion/neutral flux ratio (higher
etching directionality) and an increase of the steady-state fluorocarbon thickness™'.
Due to high dissociation of CO in the Ar rich C4Fs/Ar/CO discharges, the photoresist
mask is completely removed for the (C4Fs/Ar:2/8)/50%CO discharges and produces

unacceptable pattern transfer.

2.4. CONCLUSION

The mechanisms for the changes in OSG/SizNs and OSG/SiC etching
selectivity caused by CO addition to C4Fg and C4Fs/Ar discharges were investigated.
XPS surface analysis shows that a fluorocarbon film is present on all substrates
during steady-state etching. The thickness of the film is strongly correlated with the
etch rate of the substrate. The thickness of the fluorocarbon film is dependent on both
the gas chemistry and the substrate materials. CO addition to C4Fg decreases the etch
rates, primarily by dilution, and the etching selectivity of OSG relative to Si3Ny or
SiC remains nearly constant. This is explained by the high stability of the CO
molecule as compared to C4Fs. CO addition to C4Fg/Ar:2/8 has also been studied. For
this Ar rich gas mixture, dissociation of CO is strongly increased. CO addition
produces a reduced fluorine-content of fluorocarbon films, decreases the fluorocarbon
film thickness, and leads to loss of the OSG/SiC selectivity seen for CsFg/Ar
discharges. The energy thresholds of electron induced excitation, dissociation and
ionization in the C4Fs/CO and C4Fg/Ar/CO gas mixtures can be used to explain

qualitatively all of the observations. The present work illustrates clearly the important
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chemical consequences induced by the addition of a noble gas to a reactive molecular

gas mixture.
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Chapter 3: Investigation of Surface Modifications of 193 nm and 248

nm Photoresist Materials During Low-Pressure Plasma Etching

J. Vac. Sci. Technol. A., 22,2594 (2004)

L. Ling, X. Hua, X. Li, G. S. Oechrlein, E. A. Hudson, P. Lazzeri and M. Anderle

Abstract:

Plasma-based pattern transfer of lithographically produced nanoscale patterns
in advanced photoresist materials is often accompanied by photoresist surface
roughening and line edge roughening due to factors which are not well understood.
We have studied the evolution of surface roughening in prototypical 193 nm and 248
nm photoresist materials during plasma processing as a function of plasma operating
parameters. We used real-time ellipsometry and mass spectrometry, along with
atomic force microscopy, x-ray photoemission spectroscopy and time-of-flight
secondary ion mass spectrometry in an effort to understand the morphological and
chemical changes of the photoresist materials as a function of plasma-surface
interactions parameters, e.g. maximum ion energy, total energy flux, and plasma
chemistry, and photoresist material. A comparison of 248 nm photoresist with 193 nm
photoresist shows that significantly more surface roughness is introduced in the 193
nm photoresist for most plasma processing conditions investigated. We also find a
dramatic dependence of surface roughening on the chemistry of the plasma process,
e.g. for Ar/C4Fg a modified photoresist surface layer with an extent of about 50 nm is

produced in 193 nm photoresist, whereas for C4Fs discharges the surface modification
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is much less for otherwise similar conditions. We show that one important reason for
these differences may be ion-enhanced selective volatilization of carbonyl groups of
the 193 nm photoresist polymer backbone which is absent for the 248 nm material,
along with modulation of the ion-interaction with the photoresist material by

fluorocarbon surface passivation.
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3.1. INTRODUCTION

Currently, 193 nm lithography is being introduced for manufacturing of
integrated circuits featuring devices with sub-0.13 pm critical dimensions®" **
Lithography at 193 nm wavelength requires photoresist materials that are thinner than
248 nm photoresist materials, and consist of a different polymer backbone exhibiting
less absorption at 193 nm than the 248 nm photoresist materials®"**. The decrease of
the thickness of 193 nm photoresist materials requires higher plasma etching
resistance relative to 248 nm photoresist materials. The polymer backbone used for
193 nm photoresist is much different from 248 nm photoresist’™ **, leading to new
challenges in the interaction of plasma etch processes with the photoresist material.
One issue with 193 nm photoresist materials in plasma etching environments is
increased surface roughness as a result of the etch process. Surface roughness can
produce roughness of feature sidewalls that can be transferred into the films being
etched® .

In this work, the plasma etching behavior of 193 nm and 248 nm photoresist is
examined in fluorocarbon discharges used for dielectric etching. We performed etch
rate measurements and etch product analysis during the etching process, along with
the surface analysis after the etching, and identified an important mechanism that

correlates with the enhanced introduction of surface roughness seen for the 193 nm

photoresist material.

3.2. EXPERIMENTAL
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The transformer coupled plasma (TCP) reactor used in this work has been
described in earlier articles of this group3'14. All experiments described here were
carried out in discharges at pressures ranging from 6 to 10 mTorr, and maintained
using 400 to 600 W source power at 13.56 MHz (we studied Ar and oxygen discharge
at reduced power level due to the following facts: 1) the ion current density is much
higher in Ar discharges than for C4Fs discharges; 2) the etch rate of photoresist is
very high in a pure O, 600 W plasma, and reduced at lower source power).
Discharges produced using C4Fs, C4Fs/Ar, Ar or O, at total gas flows of 40 sccm
were studied. The ion energy at the wafer can be controlled independently of the
plasma generation by a variable frequency (0.4-40 MHz) rf power supply (0-300 W).
For this study the rf frequency was fixed at 3.7 MHz, and the rf bias power was
varied up to 250 W. The self-bias voltage was measured during the experiments, and
for certain experiments self-bias voltage rather than rf bias power was controlled.

Etching rates, surface morphological and chemical changes of two kinds of
blanket photoresist films were studied. The 248 nm photoresist (Shipley UV6) is
based on aromatic groups and shown in Fig. 3.1. The 193 nm photoresist is a

polymethylmethacrylate backbone with lactone- and adamantine-based substituents.

A rotating compensator ellipsometer in the polarizer-compensator-sample-
analyzer (PCSA) configuration with a 632.8 nm He/Ne laser was used to determine
thin film etching rates and the introduction of surface modifications in real time. In
order to detect etch products, the sampling orifice of a mass spectrometer (MS) was
positioned above the photoresist samples during the process. The electron-impact

ionizer of the mass spectrometer was set at 30 eV. Chamber conditions were carefully

48



193 248
—tcheni—
0 0
0 0
&Nel
adamant lacton Hvdroohilic

Fig. 3.1: Chemical structures of 193 nm and 248 nm photoresist materials.

controlled to rule out effects of processing history on the results obtained. The plasma
etched samples used for the Atomic Force microscopy (AFM), x-ray photoelectron
spectroscopy (XPS) and time of flight secondary ion mass spectrometry (ToF-SIMS)
studies were etched at least 1 minute to achieve steady-state surface conditions.
Surface roughness is studied by the Digital Instruments (DI) dimension 3000
Scanning Probe Microscopy (SPM). Samples of 2.5x2.5 cm’ size were transferred to
the XPS chamber to determine changes in surface composition. These measurements
were performed at a 90° detection take-off angle using a non-monochromatized Mg
K-alpha X-ray source (1253.6 eV). For the ToF-SIMS analysis, a 25 keV pulsed Ga*
primary beam was used. Static SIMS (SSIMS) spectra®'® were acquired for both

detection polarities (positive and negative secondary ions were detected), by sampling
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an area of 150 pm x 150 pm in size. The mass resolution using these experimental

conditions was greater than 5500 at m/z of 31.

3.3. RESULTS AND DISCUSSION

3.3.1. Comparison of C4Fs and C4Fg/90% Ar Discharges

Table 3.1 summarizes the properties of C4Fg and C4Fg/90% Ar discharges from

316317 " The addition of Ar increases the importance

the previous work of this group
of ion bombardment relative to neutral and direct reactive ion etching. This is
supported by the comparison of CF, flux and ion flux in both pure C4Fg and Ar rich
gas discharge. In the latter case, the CF, flux, which is the main neutral radical in
C4Fg/90%Ar discharges, is about one order of magnitude less and the total ion flux is
about 5 times larger relative to C4Fs. Ion flux composition analysis shows that the ion

composition changes from CyF," dominant to Ar" dominant. These suggest that

increasing Ar changes the etching process from ion-limited to neutral-limited.

C4Fg C4F3/90%Ar
CF; Flux (mL/s) >4000 <500
Total Ion Flux (mL/s) ~130 ~700
Ton Species 100%C,Fy* >70%Ar*

Table 3.1: Comparison of C4Fs and C4Fg/90%Ar discharges™'* "’
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3.3.2. Etch Resistance

Average etch rates of both 193 nm and 248 nm photoresist materials in C4Fs, C4Fg/Ar
and Ar are presented in Fig. 3.2. For these etching experiments, the self-bias voltage
was fixed at —100 volts. For 193 nm photoresist, the maximum etch rate was obtained
in C4Fg/90%Ar plasmas. For 248 nm photoresist, the maximum erosion rate was
obtained in pure Ar. For both materials, the minimum etch rate is observed for pure
C4F;g plasmas. For pure C4Fs a thicker fluorocarbon layer is formed on the photoresist
surfaces for these conditions during steady-state etching. Figure 3.2 shows that for all
plasma operating conditions examined, the etch rate of 193 nm photoresist material is
higher than that of 248 nm photoresist. The simplest explanation for these differences
is related to the fact that the polymer backbone of the 193 nm photoresist is non-
aromatic and with easier bond-breaking in the plasma. This effect can be enhanced by
oxygen bonded carbon atoms that are of higher number density for the 193 nm

material®'® > and carbonyl groups™” (see Fig. 3.1).

3.3.3. Time Dependent Etch Rates and Changes in Photoresist Optical Properties

The photoresist etching rates were found to be time-dependent. This is shown
in Fig. 3.3 (a) for the two types of photoresists and different plasma operating
conditions. For each experiment, all controllable parameters were kept constant and
the photoresist films were completely removed. The etch rate of the 193 nm
photoresist increased initially, then decreased after about half of the film was
removed. For 248 nm photoresist, the etch rate increased continuously in CsFs/Ar

discharges and decreased continuously in C4Fs discharges.
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Fig. 3.2: Average etch rates of blanket 193 nm and 248 nm photoresists
measured in C4Fg, C4Fs/90%Ar and Ar using in-situ ellipsometry. The other
experimental parameters were used: For C4Fs, C4Fg/90%Ar discharge, 600 W
inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage; For Ar
discharge, 400 W inductive power, 40 sccm gas flow, 6 mTorr and —100 V bias

voltage.

A comparison of the time dependence of the refractive index of 193 nm and
248 nm photoresists is presented in Fig. 3.3 (b). The refractive index of 248 nm
photoresist remains nearly constant throughout an etching experiment. The refractive
index of 193 nm photoresist remains nearly constant in a pure C4Fg discharge, but
shows a strong decrease for a C4Fg/90%Ar discharge. This change of the optical

properties of the photoresist may be explained by the continuous surface and bulk
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modification of the 193 nm photoresist in the C4Fg/Ar discharge, and will be

discussed later.
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Fig. 3.3: Dependence of (a) etch rates and (b) refractive index of blanket 193
nm and 248 nm photoresists on time in C4Fg and C4Fs/90% Ar measured using in-situ
ellipsometry. The other experimental parameters were: 600 W inductive power, 40

sccm gas flow, 10 mTorr and —100 V bias voltage.
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Fig. 3.4: Ellipsometry data of (a) 248 nm and (b) 193 nm photoresist etched in
O, and C4Fs/90%Ar. The experimental parameters were: For O, discharge: 400 W
inductive power, 40 sccm gas flow, 6 mTorr, no bias. For C4Fg/90%Ar discharge: 600

W inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage.

3.3.4. Real-time Ellipsometry Characterization

To illustrate more clearly the change of the optical properties of the

photoresist films as a function of time during the plasma process, the real-time ¥ and
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A ellipsometry data (wavelength of 632.8 nm) obtained during plasma etching are
plotted in Fig. 3.4. Data are shown for both O, and C4Fg/90%Ar discharges.
Superimposed on the experimental data are model curves that were calculated using a
one-layer optical model utilizing the program of McCrackin®*°. The refractive index
of the thin fluorocarbon film that exists on the photoresist surface was treated as an
adjustable parameter. The values of the parameters used in the model were an
experimental angle of incidence of 70°, and the refractive index of Si substrate was
chosen as 3.866-10.028.

Figure 3.4 (a) shows that for 248 nm photoresist the ellipsometry data
obtained for both gas chemistries are nearly the same, and can be fitted with a
refractive index of 1.57. For 248 nm photoresist the effective refractive index remains
constant during the plasma etching process. Equivalent data are shown in Fig. 3.4 (b)
for 193 nm photoresist etched in either O, or C4Fs/90%Ar. In this case the curves
obtained in O, and C4Fs/90%Ar differ strongly. In addition, whereas the ¥ and A data
obtained during O, plasma etching can be described by a constant refractive index,
this is not the case for the data obtained with C4Fs/90%Ar. In this case, a
continuously changing refractive index of the photoresist material is required.

The model used for the initial analysis is a one-layer optical model, which just
considers a single film on a substrate. The refractive index of this film is adjusted to
fit the data, and physically corresponds to a modification of the photoresist surface
and bulk. A more accurate way to describe the changes of the photoresist film during

etching is to use a two-layer optical model. This is shown in the inset of Fig. 3.5 (a).
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In this model the photoresist near-surface region is represented by a damaged layer.

The parameters of this layer (refractive index, thickness) are
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Fig. 3.5: Dependence of (a) damaged layer refractive index and (b) damaged
layer thickness and etch rates of 193 nm photoresist on time and analyzed by two
layer optical model. The other experimental parameters were: C4Fg/90%Ar, 600 W

inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage.
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free to change during etching process. The layer underneath represents the bulk
photoresist material. The refractive index of this layer is assumed to remain the same
during the plasma etching process. Physically, it is reasonable to assume that two
distinct regions exist for the photoresist film. For the near-surface region of the
photoresist we can assume that enhanced loss of oxygen may take place, and
simultaneously fluorine penetration will occur. For instance, the dry-etching
resistance of organic polymers has often been related to the carbon-atom-density

(Ohnishi parameter) *'® !

, and enhanced removal of oxygen atom as compared to
carbon atoms. For the 193 nm photoresist material we expect loss of oxygen atoms,
and fluorine penetration into the near-surface region. Introduction of surface
roughness also will change the optical properties of the top layer. These effects are
apparently enhanced in Ar-rich fluorocarbon plasma, producing stronger surface
modifications in this case. The changing composition and morphology of the
damaged surface layer produces a refractive index that changes as a function of time.
In addition, the thickness of the damaged layer can change as a function of time, the
importance of which can be examined by modeling.

The results of analyzing the ellipsometric data obtained during C4Fs/90% Ar
plasma etching of 193 nm photoresist with this two-layer optical model are shown in
Figs. 3.5 (a) and (b). The required refractive index of the bulk photoresist film is 1.52
and consistent with the value obtained during O, plasma etching of the 193 nm

photoresist. Figure 3.5 (a) shows that the refractive index of the damaged layer

decreases monotonically with time. This can be explained by either fluorine
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Fig. 3.6: Dependence of (a) damaged layer refractive index and (b) damaged
layer thickness and etch rates of 248 nm photoresist on time and analyzed by two

layer optical model. The other experimental parameters were: C4Fg/90%Ar, 600 W

200
Time (Sec)

400

608

(Ulw/wu) syey yoig

inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage.

penetration into the photoresist, increased photoresist surface roughness of the
photoresist or both. Figure 3.5 (b) shows the thickness of the damaged layer as a

function of time. It is nearly constant for most of the plasma exposure. The thickness
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value is comparable to the damaged layer thickness measured by AFM (see below).
Towards the end of the plasma etching process, the damaged layer thickness
decreases. This occurs once the undamaged photoresist film has been completely
removed, and the damaged layer thickness becomes equal to the total film thickness.
Figure 3.5 (b) also shows the photoresist etching rate obtained from this analysis, and

is consistent with the value obtained from the one-layer optical model.
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Fig. 3.7: AFM photographs of blanket (a) 193 nm and (b) 248 nm photoresist
partially etched in C4Fg/90%Ar. The other experimental parameters were: 600 W

inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage.

Equivalent results of analyzing 248 nm photoresist data (also measured during

C4Fg/90%Ar plasma etching) are shown in figures 3.6 (a) and (b). The most

significant difference is that the refractive index of the damaged layer is slightly
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greater than seen for the undamaged 248 nm photoresist (see Figure 3.6 (a)). The
refractive index of bulk film is 1.57, consistent with the value obtained during O,
plasma exposure. Figure 3.6 (b) shows the thickness of the damaged photoresist layer
as function of time. The thickness of the slightly modified layer remains nearly
constant during plasma processing, and is much smaller than that measured for the
193 nm photoresist. Figure 3.6 (b) also shows the time-dependent etching rate of the
248 nm photoresist that is consistent with the value obtained by one-layer optical

modeling.

3.3.5. Surface Roughness Analysis by AFM

The morphology of photoresist films after plasma etching was examined by
Atomic Force Microscopy (AFM). After plasma processing, in particular
C4Fg/90%Ar discharges, severe surface roughening was observed for the 193 nm
material. This is shown in Fig. 3.7, where AFM images of 193 nm material are
compared with 248 nm photoresist after the same C4Fs3/90%Ar etching process
(selfbias voltage of — 100 V). The scale of the uniformly distributed surface
roughness is by one order of magnitude greater for the 193 nm material than for the
248 nm photoresist.

In Fig. 3.8, the results of surface roughness measurements of both types of
photoresists before and after plasma processing are compared. A smooth surface is
observed for the virgin samples, with a RMS roughness of about 0.2-0.3 nm. These

321
1

values are consistent with data of similar measurements by Kwong et. al”*". In Fig.

3.8, the surface roughness parameters RMS, R, and R,,x measured by AFM are
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compared for both types of photoresists after Ar, C4Fs and C4F3/90%Ar treatments.
Here RMS (root mean square) is the standard deviation of the Z values within a given
area, R, (mean roughness) represents the arithmetic average of the deviations from
the center plane and Ry, is the difference in height between the highest and lowest
points on the surface relative to the mean plane. The same selfbias voltage of — 100 V
was applied in each case. In general, more severe surface roughness is observed for
the 193 nm photoresist material than for the 248 nm photoresist material. For 193 nm
photoresist, gas chemistry plays an important role in producing the surface roughness.
Severe surface roughening is seen after both Ar sputtering and etching in an Ar-rich
fluorocarbon discharge. On the other hand, little surface roughness is observed after
etching in pure C4Fs. Additional surface analysis of the photoresist films by X-ray
photoemission analysis but not shown here has revealed that for C4Fg the photoresist
surface is covered by a fairly thick (~ 2nm) fluorocarbon film. For 248 nm photoresist
little dependence on discharge chemistry is observed. We will discuss the origin of

the surface roughness in the Discussion Section.

3.3.6. Surface Analysis of Partially Etched Samples Using XPS

The effect of oxygen in photoresist materials has often been related to low
plasma etching resistance®'® *1°, The presence of reactive oxygen containing groups
in the 193 nm photoresist, e.g. carbonyl groups (see Fig. 3.1), may contribute to the
higher etching rate and introduction of surface roughness in that material, in contrast
to the 248 nm photoresist which does not show this group3‘22’ 3B To explore the fate

of carbonyl groups during the plasma etching processes, we analyzed untreated and
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partially etched 193 nm and 248 nm photoresist materials by X-ray photoelectron
spectroscopy (XPS). We paid particular attention to the fine structure of the carbon 1s
and oxygen 1s core levels which provide information on the carbonyl group. 193 and
248 nm photoresist samples were etched for 1 minute using a selfbias voltage of —100
V employing either Ar or C4Fg/90%Ar discharges. For the pure Ar discharge the RF
source power was 400 W, whereas for the C4F3/90%Ar it was 600 W. For photoresist
samples etched in pure C4Fs the fluorocarbon overlayer is too thick to allow

differentiation of the photoresist material underneath by XPS.

—— 193 nm —®— 248 nm

E 10f — (a)
é 5t !/___.———I ]
o oL e——
= 10F i
£ o— (b
£ 5l - 1
E:j O ./!4.———.
€ 100+ = (c)
5 \

é 50 B 5/. E T
o 0 —_—

Rl °
Virgin C,F, C,F/90%Ar Ar
Fig. 3.8: RMS, R, and Ry,.x of partially etched blanket 193 nm and 248 nm

photoresist measured by AFM. The other experimental parameters were: 600 W

inductive power, 40 sccm gas flow, 10 mTorr and —100 V bias voltage.
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Figures 3.9 and 3.10 show the C (1s) and O (1s) photoemission spectra of the
untreated and plasma etched photoresist samples, respectively. The untreated 193 nm
photoresist shows clearly two peaks in the C 1s region of the spectrum. These are
identified as being due to C-C and C=0 bonding, respectively. For the untreated 248
nm photoresist material the C=0 peak is absent in the C 1s spectrum. Figures 3.9 (b)
and 3.10 (b) show that Ar plasma etching eliminated the carbonyl peak at 288 eV for
the 193 nm photoresist. Similarly, after C4Fg/90%Ar plasma etching the carbonyl
peak was absent in the C 1s spectrum of the 193 nm photoresist (see Fig. 3.9 (c)). For
the C4Fg/90%Ar gas chemistry, a thin steady state fluorocarbon film is formed on the
surface of the photoresist film, which leads to the presence of weak fluorocarbon
peaks in the high energy region of the C 1s spectrum. Fluorocarbon film formation is
also apparent for the 248 nm photoresist material after C4Fg/90%Ar etching. In
general, the C 1s spectra of the 193 nm and 248 nm photoresist films are nearly
identical after etching in Ar and C4Fg/90%Ar discharges, indicative of similar surface
chemistry.

The presence of oxygen in the photoresist materials can also be followed in
the O 1s region of the XPS spectrum. In this case the presence of C=0 for the 193 nm
material does not introduce an easily recognizable peak, but gives rise to a greater
overall O Is intensity than for the 248 nm photoresist. The O 1s peak intensities are
reduced after Ar and C4Fs/90%Ar plasma etching. It is interesting to see a greater
level of O 1s reduction resulting from C4Fs/90%Ar etching for 248 nm photoresist

than for 193 nm photoresist. We also observed in this case that the C 1s and F 1s (not
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193 nm and 248 nm photoresist films produced in (b) Ar and (c) C4Fg/90%Ar
discharge. The other experimental parameters were: For Ar discharge, 400 W
inductive power, 40 sccm gas flow, 6 mTorr and —100 V bias voltage; for

C4F3/90%Ar discharge, 600 W inductive power, 40 sccm gas flow, 10 mTorr and —
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Fig. 3.10: O (1s) photoemission spectra of (a) untreated and partially etched
193 nm and 248 nm photoresist films produced in (b) Ar and (c) C4Fg/90%Ar
discharge. The other experimental parameters were: For Ar discharge, 400 W
inductive power, 40 sccm gas flow, 6 mTorr and —100 V bias voltage; for
C4Fg/90%Ar discharge, 600 W inductive power, 40 sccm gas flow, 10 mTorr and —

100 V bias voltage.
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shown here) peaks of both photoresists are very similar for this etching gas chemistry.
The enhanced O 1s peak for the 193 nm resist film indicates a much larger effective
surface area on the 193 nm photoresist that is being examined by XPS. It indicates
that the origin of the different behavior of the O 1s peak for the 193 nm material is
related to the fact that the surface topography of the 193 nm is much rougher than for
the 248 nm material after this etching treatment, which is expected to affect the XPS

measurement. This is consistent with previous observation by AFM.
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Fig. 3.11: Dependence of CO intensity on processing time in C4Fs/90%Ar
produced by 193 nm, 248 nm photoresist and by background. The other experimental
parameters were: 600 W inductive power, 40 sccm gas flow, 10 mTorr and —100 V

bias voltage.
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3.3.7. Etch Products Analysis by MS

We attempted to follow the removal of CO during the plasma treatment using
real time mass spectrometry. Figure 3.11 shows the CO" mass spectrometer signal
during the etching of 193 nm and 248 nm photoresists. For reference, the real time
trace obtained with a Si substrate is also shown. The latter was used to obtain
information on the CO background level, e.g. etching of the quartz coupling window
can contribute CO to the dischargeS'M. Initially, the photoresist films are etched in
pure Ar discharges without applying a bias to the substrate. High CO™ levels are
observed for both types of photoresist films, but the CO" intensity of the 193 nm
photoresist material is about 2.5 times higher than for the 248 nm photoresist film,
and both are above the CO" background level. This difference in CO™ signal was
reproducible, and indicates that volatile CO species can be more easily formed for the
193 nm photoresist than for the 248 nm material during low energy ion bombardment
of the photoresist surfaces (Ar" ions with an energy corresponding to the plasma
potential (~20 eV) bombard the photoresist surfaces during this part of the process.)
A strong decrease of the CO™ intensity is subsequently observed and the CO" signals
attain a nearly constant level. This level is higher for the 193 nm photoresist than for
the 248 nm material and the levels correspond to steady-state etching of both
photoresist materials for these conditions. In the second step, a selfbias voltage of —
100 V is applied to the photoresist surfaces. This gives rise to another peak of the
CO" as a function of time. The CO" increase can be explained by the higher ion

energies that will produce enhanced etching and plasma-surface interactions with
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deeper-lying regions of the photoresist films. Upon complete removal of the

photoresist films, the CO" intensities decrease to the background CO" signal.
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Fig. 3.12: Dependence of (a) CO intensity and (b) etch rates and refractive
index of 193 nm photoresist on time in C4Fs/90%Ar discharge. The other

experimental parameters were: 600 W inductive power, 40 sccm gas flow, 10 mTorr.
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To study this process in more detail, a 193 nm photoresist sample was
processed using different selfbias voltages in the Ar plasma. Mass spectrometry and
ellipsometry were used to monitor the sample simultaneously. Figure 3.12 (a)
displays the CO" signal. Several sharp CO" peaks are observed for plasma operating
conditions and when a selfbias voltage is applied. The CO" intensity decreases
strongly each time the bias is switched off, which may indicate depletion of oxygen
atom, e.g. carbonyl groups, in the surface region of the plasma etched photoresist
film. The idea that the surface region is depleted of species giving rise to CO" is
supported by the recovery of the CO intensity as a function of time after the bias
voltage had been switched off. During this period the photoresist film etches at a slow
rate, and the modified near-surface material is removed and unmodified photoresist
material is exposed to the plasma. The corresponding refractive index and etch rate of
the photoresist film is shown in Fig. 3.12 (b). The refractive index increased as a
result of applying larger and larger selfbias voltages, but did not decrease
subsequently during the time interval the bias voltage was switched off. This
indicates permanent modifications of the photoresist material, e.g. changes in surface
topography. The photoresist etch rate increased as a function of bias voltage, except
for the initial application of a bias voltage of —30 V. In this situation, the surface of
193 nm photoresist is not heavily damaged before biasing the substrate. No obvious
relationship between the photoresist etch rate and the CO" signal is indicated by the

data of Fig. 3.12.
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3.3.8. Characterization of 193 nm Photoresist by TOF-SIMS

The surface of untreated and plasma etched 193 nm photoresist materials were
also characterized by TOF-SIMS. Analyzed samples include materials treated in
oxygen (no selfbias voltage applied), pure C4Fg and C4Fg/90% Ar plasma.

Both the positive and negative SSIMS spectra from the untreated material are
characterized by high molecular weight peaks. In particular, a large molecular peak is
detected at m/z 498.92 in the negative spectrum, along with several other peaks at
lower masses, as shown by Fig. 3.13 (a). The study of this fingerprint reveals that the
largest part of the species detected as negative ions are related to perfluoroalkane-
sulfonates, reasonably present as photo-acid generator (PAG) in this photoresist3'25. In
fact, the parent peak can be attributed to CgF;7;SOj5", whilst the remaining peaks can be
evenly related to smaller fragments arising by the parent molecular ion. The inventory
list of these species is summarized in Table 3.2. The most intense peak in the positive
SSIMS spectrum is observed at 149.132 amu. In addition, larger species up to about
mass 600 amu are observed. The exact mass value of the major peak is in agreement
with the expected mass of C,;H;7" The mass of the larger ions is generally close to
the mass integer value. The larger ions must contain little, or no, hydrogen and thus
likely correspond to derivatives containing fluorine, oxygen or both. Based on these
results, it is argued that the positive species are related to the resist polymer
backbone. In particular, C,H;" likely corresponds to the adamantane ring present as
protective group of fluorinated polymers as acrylates.

The comparison of the negative SSIMS spectra obtained by the oxygen

plasma exposed samples clearly highlights that this process caused high molecular
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weight peaks observed for the virgin material to vanish. This is shown in Fig. 3.13
(b). The peak related with CgF7SO3’, almost completely disappears (80x reduction of
the measured intensity) as well as the intensity of the fragments still related to PAG
that unsurprisingly drops to the background value. Accordingly, the comparison of
the positive SSIMS spectra of virgin and oxygen treated samples shows the vanishing
of the largest part of the peaks related with the photoresist polymer backbone. The
SSIMS results thus highlight that the disruption of surface PAG and polymer

backbone is induced to a very large extent upon the O, plasma treatment.

Ion Mass [amul] Ion Mass [amul]

SO; 79.95 CF,SO3 129.96
C,F3S03 160.97 C3F6S03 229.97
C4F7S03 260.95 C4FsS0s 279.95
CsFoSOs 310.93 C6F11SO3 360.92
C;F 13803 41091 C7F 15503 448.90
CsF15S03 460.91 CsF16503 479.92
CsF17S0; 498.92

Table 3.2: Measured mass and proposed origin of peaks characterizing the

untreated 193 nm photoresist PAG (neg. SSIMS).

Very strong modifications of the 193 nm photoresist surface are induced by

the pure C4Fg plasma treatment. This is shown in the comparison of negative SSIMS
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spectra obtained from the virgin (Fig. 3.13 (a)) and C4Fg plasma treated photoresist
(Fig. 3.13 (c)). After plasma etching, the molecular peaks characterizing the untreated
material are absent. Instead, a completely new family of compounds is formed. These
species provide a regularly spaced fingerprint related to molecular ions containing an
increasing number of C and F atoms. The mass difference between adjoining peaks is
equal to 12.000 or 18.998 amu and the largest mass peak shown in Fig. 3.13 (c)
matches with Ci3F7 (478.973 amu). These observations support the conclusion that
rather long chain fluorocarbon compounds are formed upon this plasma process.
These conclusions are also supported by the positive SSIMS spectrum, which confirm
the formation of a thin layer of fluorocarbon formed on the photoresist surface in this

plasma process.

Fluorocarbon compounds are also observed after C4Fs/Ar etching. However,
the exact mass of the corresponding peaks matches with compounds containing also
oxygen. The partial inventory list of these species is summarized in Table 3.3. These
observations show that the presence of Ar in the discharge plays a crucial role in
determining the efficiency of the reaction mechanism leading to the formation of the
fluorinated polymer layer as described previously, due to the interaction of
fluorocarbon and ionic species with the bulk polymer material. Part of the species
listed in Table 3.3 may in fact be attributed to the dissociation of the FC layer and

resist material, and to the simultaneous incorporation of fluorocarbon species.
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Mass
Ion Mass [amu] Ion Mass [amu] Ion
[amu]
119 C,F; 251 C,F;0, 417 C;F50;
135 C,Fs0 301 CsF 1,0, 467 CgF1705
163 C5F50, 329 C¢F1103 517 CoF 1903
185 C;F;0 351 C¢F130, 583 C1oF2104

Table 3.3: proposed composition of species characterizing sample after

C4F8/Ar etching (neg. SSIMS, mass value rounded to integer).

3.3.9. Discussion: Mechanism of Surface Roughness for 193 nm Photoresist

The polymer backbone structures of typical 193 nm and 248 nm photoresists
are shown in Fig. 3.1. Significant differences in the makeup of 193 nm and 248 nm
polymer backbones are observed, including the lack of aromatic groups and the
presence of the carbonyl group for the 193 nm material. The lack of aromatic group is
expected to decrease the etching resistance, whereas the presence of carbonyl groups
can contribute to surface roughness and line edge roughness™” *%.

The RMS, R, and R;,.x roughness examined by AFM are compared in Figure
3.8. As previously stated, for 193 nm photoresist, no significant damage is observed
for plasma etching in pure C4Fg, severe damage is caused by pure Ar plasma etching,
whereas the worst damage is caused by Ar-rich C4Fg plasmas. The origin of surface

roughness may be enhanced for conditions that lead to the simultaneous fluorine

penetration into the photoresist film and removal of volatile gas species, like C=0.
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The presence of carbonyl group in 193 nm photoresist leads to potential chain
scission and production of volatile fragments induced by energetic ion bombardment.
For a pure C4Fs plasma, thicker and more polymer-like fluorocarbon film are formed
on top of the photoresist, and result in a reduced direct attack of the photoresist
material by ion bombardment. As a consequence, only a small amount of the carbonyl
groups are gasified and the fluorine penetration of the photoresist film is limited. In
pure Ar plasma, ion interacts directly with the photoresist film and may gasify
carbonyl groups easily. This is seen in the mass spectrometry data, and may be
responsible for the severe surface roughness seen in this case. For Ar-rich
fluorocarbon plasmas, only a thin fluorocarbon film is formed on the photoresist
surface, and the direct ion interaction with the photoresist films is not strongly
affected. Ion induced dissociation of carbonyl group is possible, and fluorine
penetration into the photoresist film takes place at the same time. The fluorine in the
modified photoresist surface may enhance the evolution of C=0, e.g. by COF,
formation, and lead to enhanced surface roughness for the 193 nm photoresist in this
case.

Consistent with our findings, Padmanaban et. al’’ compared the surface
roughness of different types of 193 nm photoresist in aggressive fluorocarbon
plasmas used for oxide etching. They found that electron beam curing of 193 nm
photoresist before plasma exposure strongly improved the etch performance of 193
nm photoresist, with regards to both etching rate and introduction of surface
roughness. This was also seen in the work of Kudo et. al*®. Both groups contribute

the improvement to cleavage of carbonyl groups upon e-beam curing.
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3.4. CONCLUSION

Dry etching characteristics of both 193 nm and 248 nm photoresists was
investigated in inductively coupled plasmas fed with Ar, C4Fs, C4Fs/Ar and O,. We
find that the plasma durability of the 248 nm photoresist that we examined was better
than that of 193 nm photoresist material, both in terms of etching rate and surface
smoothness. XPS analysis showed that removal of carbonyl groups from the surface
region is seen for 193 nm photoresist in both Ar and C4Fs/Ar discharges and strongly
correlated with ion bombardment of the photoresist surface. For the same conditions
introduction of enhanced surface roughness is seen by AFM. For pure Ar discharges,
an increased signal of volatile CO is observed by MS during plasma etching for 193
nm photoresist material as compared with 248 nm photoresist. The SIMS analysis
suggests the fluorine penetration of the photoresist material is strongly promoted
when Ar is present in the fluorocarbon plasma. Elimination of reactive groups like
C=0 from the polymer backbones of photoresists, either during the design of the
photoresist, or possibly by a pre-treatment like electron-beam irradiation, should be
valuable in reducing the introduction of surface roughness (and likely line edge
roughness) during plasma etching. In addition, surface roughness varies strongly with
plasma etching conditions and careful control of the plasma-photoresist surface
interactions is required to minimize surface and line edge roughness for photoresist

materials.
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Chapter 4: Studies of Fluorocarbon Film Deposition and its
Correlation with Etched Trench Sidewall Angle by Employing a Gap

Structure in C,Fg/Ar Based Capacitively Coupled Plasmas
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Li Ling, X. Hua, L. Zheng, G. S. Oehrlein, E. A. Hudson and P. Jiang

Abstract:

A small gap structure has been used to study surface chemistry aspects of
fluorocarbon (FC) film deposition and to simulate FC film deposited on feature
sidewalls during pattern transfer for fluorocarbon plasmas produced in a mechanically
confined dual-frequency capacitively coupled plasma (CCP) reactor. The small gap
structure provides a completely shadowed region, without direct ion bombardment,
similar to sidewall surfaces of trench patterns. On both trench sidewalls and the
shadowed surface portions of the small gap structure, very thin FC layers are formed
by adsorption due to reactive neutrals. During etching, film deposition on the sidewall
produces a characteristic sidewall slope angle. We show that the feature sidewall
angles formed for different process chemistries qualitatively correlate with the
deposition rates measured for shadowed surfaces of the gap structure. For C4Fg/Ar,
(C4Fs/Ar)/O, and (C4Fg/Ar)/N, discharges, the deposition rate, composition and
bonding of deposited FC films are determined as a function of processing conditions
by using ellipsometry and X-ray photoemission spectroscopy (XPS). The deposition

rate and surface chemistry of FC films deposited in this region depend strongly on
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discharge chemistry. The lack of ion bombardment for the shielded deposition
increases the retention of the chemical structure of the FC film precursors in the
deposited films. A carbon-depleted FC film is observed when N, or O, are added to

C4F8/ Ar.
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4.1. INTRODUCTION

As ultralarge scale integrated (ULSI) circuits are scaled down, resistance
capacitance (RC) delays in the backend-of-the-line (BEOL) increase and dominate
the circuit performance. To reduce RC delays, low k and ultra-low k dielectric
materials are introduced as a replacement for SiO, and need to be integrated into the
BEOL processing sequence. Plasma etching of low k or ultra-low k materials can be
challenging, as the process used to etch SiO, and silica-based low k materials can be
quite different*'™**. FC film deposition during fluorocarbon plasma-based low k
material etching is known to play an important role for pattern transfer of photoresist
features into these materials. The deposited FC films affect both the etch selectivity to
the mask and the film below the low k material, as well as the low k material etching
profiles4'4'4'10. A general observation for fluorocarbon discharges has been that high
energy ions induce etching reactions whereas low energy ions and neutrals contribute
to FC deposition at surfaces™''™*%,

We previously described the use of the gap structure shown in Figure 4.1 to
investigate the influence of ion bombardment on the composition of deposited FC
films and to simulate FC deposition on feature sidewalls during pattern transfer**,
The lack of ion bombardment underneath the gap structure makes this region similar
to a sidewall in a trench pattern. As expected, FC film bonding and composition show
strong differences with and without ion bombardment. In the current investigation we
have expanded this work, to measure for several prototypical discharges FC film

deposition rates, composition and bonding using the small gap structure, along with

determining etching rates and etched trench profiles of features formed in
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organosilicate glass (OSG) and porous OSG. Our experimental results clearly show
that the ratio of the FC deposition rate under the “roof” to the low k material etch rate
strongly correlates to the sidewall angle of the etched feature for various plasma
etching chemistries. This suggests that this method can be used to examine surface

chemical aspects of sidewall deposition processes controlling etching profiles.

4.2. EXPERIMENTAL
4.2.1. Gap Structure

To investigate the influence of ion bombardment on the composition of
deposited FC films and to simulate FC deposition on the sidewall during pattern
transfer, a gap structure was used**. Figure 4.1 compares the gap structure with a
high aspect ratio trench feature etched using a fluorocarbon plasma. The gap structure
was formed by placing two rectangular Si spacers between a Si roof and a Si base
wafer. The thickness of the Si spacers was 0.65 mm. The purpose of the rectangular
spacer design is twofold: 1) The spacers produce one-dimensional diffusion of
neutrals; 2) The spacers provide a large contact area between the roof and base wafers
and prevent an excessive temperature rise of the roof wafer, especially for processing
conditions using RF bias. The base wafer is designed to be 15 mm longer than the
roof wafer, so that a part of the base wafer is exposed to direct ion bombardment,
while the other part of the base wafer is underneath the roof wafer and forms a
completely shadowed region. A transition region exists between the ion bombarded
and the shielded areas. In the exposed part of the wafer both ions and neutrals interact

in the formation of FC layers (no RF bias) or the etching of a thin film (with applied
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Fig. 4.1: (a) Schematic of small gap structure used in this work and
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RF bias). This plasma-surface interaction is characteristic of feature surface portions
that are in line-of-sight of the plasma, e.g. the bottom of a trench. In the transition
region, ions, either deflected by the sheath formed at the edge of the roof wafer, or
incident at large angles relative to the normal, bombard some of the shielded surface
area. The ion flux decreases sharply as compared to that incident on the exposed
region. This plasma-surface interaction appears similar to that experienced by surface
elements located near the top of trench sidewalls. For the fully covered surface
portions, ion bombardment is negligible. Film growth in the shadowed region is due
to neutrals that diffuse underneath the roof and form a FC layer. The lack of ion
bombardment makes this region similar to the sidewall of a high-aspect ratio trench.
FC films formed in the completely shadowed region are typically only a few nm thick.
This was studied for both silicon wafers from which the native oxide had been
removed by etching in a 1% HF solution, and OSG coated silicon.

During plasma etching of actual patterned dielectric films on substrates, there
are two dominant processes that determine the feature profile: The dielectric etching
rate ER;..,c; at the bottom of the trench structure feature and the FC film deposition
rate DRigewan Occurring on the feature sidewall. If these processes dominate relative
to other processes, e.g. we ignore changes of the profile due to roughening of the
photoresist mask, and so forth, they will determine the feature sidewall angle formed
during plasma etching. Figure 4.2 shows a simple schematic of the application of this
simple model to trench etching and the profile of an actual etched trench. As shown in
Figure 4.2 (a), DRsigewan and ERyyencn form the two legs of a right triangle. The average

etching rate (ER/.ncn) during pattern transfer can be calculated from the actual etched
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profile. The actual deposition rate DR;jequ On the feature sidewall is unknown. We
approximate the deposition rate on the feature sidewall DRj;g,yq; using the deposition
rate DR,,, measured underneath the roof of the gap structure. Therefore, from Figure
4.2 (a), the relation between sidewall angle and the ratio between DRjeqn and

ER;yenen, can be deduced as
lg(900- 6):( DRsidewall*t)/( ERtrench*t)
~DR gap/ ER trench ( 1 )

Here ¢ is the actual time of the etching process.

Of a variety of possible processes occurring at feature sidewalls, the
deposition rate measured underneath the roof of the gap structure will only reflect the
FC film deposition aspect due to gas phase species. DR,,, does not account for
redeposited etch product, which will become relatively more important for etching
processes with little or no FC film deposition on the sidewall. For strongly inclined
feature sidewalls, ion bombardment of sidewall surface elements can no longer be
ignored, and this process can also not be captured by the present methodology. Our
data show that the present approach correlates well with the qualitative behavior of
the sidewall slope evolution over a range of process conditions, and shows systematic
differences at the above extremes. A key aspect of the present approach is that it
enables the study of the surface chemical aspects of the deposited FC films that are

relevant to sidewall processes.
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4.2.2. The Capacitively Coupled Plasma Reactor and Experimental Procedures
The reactor used in this study is a dual frequency capacitively coupled plasma
(CCP) reactor*** ** and a schematic is shown in Figure 4.3. The top electrode
features a showerhead design for gas distribution and is powered using a 40.68 MHz
power supply. Typical powers applied are in the range of 100 to 300 W. Matching of
the source power is achieved through a II-matching network configuration, which
allows high power transfer efficiency. Ground shields surround the rim and back of
the top electrode to prevent discharges outside the space above the bottom electrode.
An aluminum confinement ring is installed outside of both electrodes to mechanically
confine the plasma, and to provide an additional ground reference. The bottom
electrode is powered through a modified L-matching network using a 4 MHz RF
power supply. Typical RF bias power levels are in the range of 50 to 150 W. The gap
between the two electrodes (125 mm diameter) is 50 mm. The electrodes are located
in a stainless steel chamber with an inner diameter of 250 mm. The wafer is mounted
on the cooled bottom electrode using a thermal paste to provide good temperature
control of the wafer. The bottom electrode is connected to a low temperature
circulator, and kept at 10°C. The system is pumped using a magnetically suspended
turbomolecular pump backed by a roots blower and a mechanical pump. The base
pressure of the chamber is about 1x10° Torr. The process gases are admitted using
mass flowmeters. For all experiments described here the total gas flow into the
reactor was set at 40 sccm (standard cubic centimeters per minute), and the pressure
was varied from 30 to 80 mTorr. Constant pressure was maintained by using an

automatic throttle valve in the pump line.
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Fig. 4.3: Schematic diagram of the Capacitively Coupled Plasma system.

C4Fg/Ar, (C4Fs/Ar)/O, and (C4Fg/Ar)/N, plasmas were employed for the
present etching and FC film deposition studies. Both OSG and porous OSG films
were patterned by transferring line and space features formed on 300 nm thick 248
nm photoresist on top of a 90 nm thick bottom antireflection coating (BARC) using
these gas chemistries. A SiC etch stop layer was employed. The applied source power

was 200 W and the bias power was kept at 100 W. The OSG and porous OSG films
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were 20% over-etched. After etching, photoresist was removed using in-situ O,
plasma ashing in the same reactor. For in-situ O, ashing we employed an O, gas flow
rate of 40 sccm, a pressure of 30 mTorr, and the source power was 200 W. No RF
bias was applied.

The gap structure experiments were performed as follows. FC films were
deposited in both exposed and completely shadowed regions for discharges operated
without RF bias to the substrate. After the experiments, the base wafer was removed
from the plasma chamber and placed on a motor driven stage and the thickness and
refractive index of the deposited FC film as a function of position for both exposed
and completely shadowed regions were determined by ellipsometry (632.8 nm He/Ne
laser). Deposited FC films on specimens for which air exposure was minimized were
also analyzed using X-ray photoelectron spectroscopy (XPS) to determine surface
composition and chemical bonding. These measurements were performed at a 90° and
20° electron take-off angle using a non-monochromatized Mg K-alpha X-ray source

(1253.6 eV).

4.2.3. Characterization of Capacitively Coupled Plasma

In our dual frequency CCP system, the plasma is primarily generated by the
upper electrode electric field and the substrate is RF biased by the bottom electrode
utilizing the smaller RF power. We have characterized this system using a variety of
techniques and present here selected results. We report the demonstration of the
ability to independently control plasma density and ion energies using the source

power and bias power levels, respectively.
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To study how the relative levels of source power and bias power affect ion
generation, we measured the ion current density (ICD) as a function of bias power for
different source power levels (50 W to 300 W). Figure 4.4 (a) compares ICD
measured at different bias powers using Ar, O, and C4Fg/Ar plasma. Data obtained
using 100 and 300 W source power are shown. The overall conclusion form these
data is that if the plasma is sustained at a low source power level, the ICD increases
continuously with the applied bias power. On the other hand, for high source power,
the ICD increases only slightly at lower bias power and shows saturation at higher
bias power. We conclude that for conditions employing low source power, bias power
will affect the plasma density and possibly other properties of the plasma, whereas for
conditions for which the source power is higher than the bias power this is not the
case.

To show how both source power and bias power affect the generation of ions
in the plasma, the ICD is normalized as

Normalized ICD=(ICD at 150 W bias power)/(ICD at low bias power) (2)
If the ion generation is not affected by the bias power, then the normalized ICD
should be close to 1. Figure 4.4 (b) compares the normalized ICD with the ratio
between source power and bias power. For all gas chemistries, when the source
power is lower than bias power, i.e. the ratio is lower than 1, the normalized ICD is
much higher than 1. It indicates that when source power is lower than or comparable
to the bias power, the bias power generates additional ions. If the source power is
higher than bias power, i.e. the ratio is higher than 1, the normalized ICD is always

close to 1 and is almost not affected by the bias power. Plasma production and ion
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acceleration can be decoupled in this case. The fact that ionization is enhanced for
application of source power is explained by the higher frequency of the source power
supply, which leads to more efficient electron heating than at low RF frequency4'26'4‘29.

In this work the bias power levels are in the range of 50 to 150 W for the etching

experiments, and the source power was 200 W and higher.

4.3. RESULTS AND DISCUSSION
4.3.1. Gap Structure Studies
4.3.1.1. FC Film Deposition
It is well known that for plasma deposited FC films, film chemistry and
stncture depend strongly on whether the growing film is exposed to ion

bombardment during deposition or not* 11423

. Before we compare these aspects for
FC films deposited underneath the gap structure and in open areas exposed to ion
bombardment, we first report the influence of discharge chemistry and substrate
location on the deposition rate. In Figure 4.5 we compare the FC deposition rates in
the open area with that in the completely shadowed region for C4Fg/90%Ar,
(C4Fs/90%Ar)/5%0,, and (C4Fs/90%Ar)/10%N, plasmas. For these experiments the
pressure was kept at 30 mTorr and the applied source power was 200 W. No RF bias
power was applied to the substrate. The deposition rates (DR) in the exposed region
were measured using an in-situ ellipsometer and the time-averaged deposition rates in
the completely shadowed region were measured after 5 minutes deposition using an

ex-situ ellipsometer. The FC deposition rates measured for the ion exposed region are

about two orders of magnitude higher than those measured for the completely
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shadowed region. For both substrate locations, the FC deposition rate varied strongly
with gas chemistry and the dependence is similar. The highest deposition rate is
observed for pure C4Fg90%Ar plasmas. When even a small amount of O, is added to
C4Fs/90%Ar, the FC deposition rate decreases significantly. This may be explained
by the ability of oxygen-related species to react with FC film precursors and produce
volatile reaction products like CO, CO, and COF24'29. This can lower the overall flux
of FC film deposition precursors, and also potentially could lead to removal of
already deposited material. This decrease for (CsFs/90%Ar)/5%0, is much more
subtle for surfaces not exposed to ion bombardment than for ion bombarded surfaces.
This suggests that the volatilization of already deposited FC film precursors through
interaction with oxygen is ion-assisted. When 10%N, is added to C4Fg/90%Ar, the FC
deposition rate increases slightly for surfaces exposed to ion bombardment, and
decreases for the surface shielded from ion bombardment during growth. N, can
either assist in the removal of CF; film precursors by forming volatile CNF and NF;
species or it can be incorporated in the growing carbonaceous film as CXNy4'3O. This
will be clearly shown in the XPS spectra to be reported below. We have observed
similar trends for deposition at higher pressures, but will not show the data for the
sake of conciseness.

In Figure 5 (b) we also compare the FC deposition rates with and without
applying bias in the completely shadowed region for C4Fs/Ar based plasmas. Overall,
the FC deposition rates show a slight increase with the application of bias power at

C4Fg/Ar and (C4F3s/Ar)/O; plasmas and remain constant at (C4Fg/Ar)/N, plasmas. We
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can conclude that the FC deposition rate in the completely shadowed region is not

sensitive to the application of bias in C4Fg/Ar based plasmas.

o0
o

=S
o

O
N

S )
o@? <Y <Y
e "

o
(=)

Deposition Rate (nm/min)
o
»O

Fig. 4.5: Deposition rates of FC film both in the (a) exposed region and (b)
completely shadowed region (solid bar) with and (open bar) without application of
RF bias power for C4Fg/90%Ar, (C4F3/90%Ar)/5%0,, and (C4Fs/90%Ar)/10%N, at

30 mTorr pressure, 200 W capacitive source power and 100 W bias power.

4.3.1.2. Time Dependent FC Film Growth

In general, when surfaces are exposed to ion bombardment during FC film
growth the FC film deposition rate remains nearly constant as a function of time. For
film deposition without ion bombardment, the deposition rate varies strongly with

time. Using the gap structure, a systematic study of FC film deposition without ion
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bombardment was undertaken by performing the deposition for different run times,
and then measuring the resulting FC film thickness. Figure 4.6 (a) shows the variation
of FC film thickness under the roof with deposition time for C4Fs/Ar, (C4Fs/Ar)/No,
and (C4Fg/Ar)/O, plasmas. The applied source power level was 200 W and the
pressure was 30 mTorr. In Figure 4.6 (b) the normalized deposition rates are shown
for the same experiments. Although continuous growth of FC films is observed for all
gas chemistries, the normalized deposition rate shows a strong initial decrease and
subsequent saturation. This is consistent with the idea that continuous low energy ion
bombardment during film growth is important to maintain high deposition rates™'"
+15 " After 5 minutes of plasma exposure, the deposition rates measured for C4Fg/Ar
and (C4Fg/Ar)/N; are lower than 10% of the deposition rates measured during the first
30 seconds, while the deposition rate for (C4Fg/Ar)/O, vanishes. This difference may
be explained by the ability of O, related species to react with FC film precursors.
These observations suggest that during pattern transfer, FC deposition on trench
sidewalls may be most important when fresh surface elements are initially exposed,
and subsequently saturate for C4Fg/Ar, (C4Fg/Ar)/N;, and (C4Fg/Ar)/O, plasmas.

Since the etching study was performed using low k material, we performed
the same study using OSG film coated substrates. The measured FC film thickness is
slightly lower for OSG than measured on Si substrates (difference is less than 0.5
nm). However, a similar time dependent deposition rate is seen for OSG: The FC
deposition rate decreases strongly initially and then saturates. This is also seen in the
results of the XPS analysis of deposited films which will be discussed later. This

similarity suggests that there is no significant difference between the data obtained for
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a Si substrate and an OSG substrate as long as there is no ion bombardment of the
substrate during FC film growth. To simplify the data analysis, the deposition rates
measured on the Si substrates were used for the comparison with the measured

sidewall angles.
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Fig. 4.6: Time dependent (a) FC film thickness and (b) Normalized FC
deposition rates completely shadowed region for C4Fs/90%Ar (),
(C4Fs/90%A1)/5%0, (O), and (C4Fs/90%Ar)/10%N, (A) measured at 30 mTorr

pressure, 200 W capacitive power.
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4.3.1.3. Effect of N, Addition on FC Film Growth

Previous work in this group has shown that N, can play two roles when added
to a fluorocarbon gas: it can either assist in the removal of FC film precursors by
forming volatile CNF, or NF; species or it can be incorporated into the growing

. 4.30
carbonaceous film as CyNy

. The results of the prior work suggest that N, addition
can be used to carefully adjust both steady state FC film thickness on a horizontal
surface and the FC film thickness deposited on feature sidewalls during low k

material etching 430,431

. The thickness of both FC films contributes to the resulting
etching profile. To utilize this concept we measured both the FC deposition rate
underneath the roof and the OSG etch rates as a function of N, addition to
C4Fs/90%Ar. Figure 4.7 compares the ratio of FC film deposition rate underneath the
roof (DRg,,) to the blanket OSG etch rate in the exposed region (ERpianke) as a
function of the amount of N, added. Both roles of N, can be immediately seen in the
figure. When a small amount of N, is added to C4Fg/90%Ar, a lower ratio of
DR gy ERpjanker 18 Observed. This indicates that for this condition, N, addition causes a
reduction of FC film thickness. When a large amount of N; is introduced, a much
thicker FC film is formed than C4Fg/90%Ar without N».. This can be contributed to
incorporation of nitrogen into the film. Thus, an increased FC film deposition rate
and/or decreased OSG etch rate lead to an increase of the DR/ER ratio, as is observed

in Figure 4.7. A more vertical etching profile may be expected at 10% N, addition,

which has the lowest DR,/ ERpianker Tatio measured.
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Fig. 4.7: Correlation DRy p/ERpanke  ratio  with N, addition in
(C4Fs/90%Ar)/N, plasma at both 30 ( ) and 80 mTorr (O). The other experimental
parameters were: 200 W capacitive power and 100 W bias power for etching and

without bias for deposition.

4.3.1.4. Surface Analysis of Deposited FC Film in the Completely Shadowed
Region by XPS

It is well known that N, and O, addition for fluorocarbon discharges can be
used for the control of etching profiles. However, some side effects may be caused by
N, and O, addition, which will significantly affect its application. To understand the
role of nitrogen and oxygen in the etching profile control during the pattern transfer,

FC films were deposited underneath the gap structure using (C4Fs/90%Ar)/10%N,
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and (C4Fg/90%Ar)/5%0, plasmas and then examined by XPS. Figures 4.8-4.12 show
the XPS spectra of the FC layers deposited on both Si and OSG substrates. The XPS
spectra of the FC film deposited using the C4Fg/90%Ar plasma are included for
comparison. The other experimental conditions were 30 mTorr operating pressure,
200 W source power and no bias applied. The time used for these depositions was 5
minutes. For all conditions, the C (1s), F (1s), N (Is), O (1s), and Si (2p) spectra are

shown at electron emission angles of 70° relative to the horizontal surface.

4.3.1.4.1. FC Film Deposition on Si Substrates

The C (1s) spectrum obtained in C4Fg/90%Ar plasma, which is shown in
Figure 8, is similar to the spectra of the conventional FC films deposited directly by a
plasma process26. Four peaks (in order of increasing binding energy), can be assigned
to C-CFy (x=1, 2, 3), C-F, C-F,, and C-F; bonding. For this gas chemistry, C-F,
bonding dominates the C (1s) spectra. C-CFy and C-F bonding are very weak, but can

still be detected.

As N is added, the most significant change shown in the spectra is nitrogen
incorporation into the FC film. This can be clearly seen in both C (1s) and N (1s)
spectra. In the N (1s) spectrum, it results in the appearance of a strong C,-Ny peak. In
the C (1s) spectrum, nitrogen incorporation leads to the broadening of the C-F, and
C-F; bonding. At the same time, C-CFy and C-F bonding can no longer be
distinguished. The reaction of CF radicals with N, can generate volatile CNF or NF;
species, leading to a decrease of the radical density which may result in a thinner FC

film deposited under the roof. As a result, a stronger Si-O, peak can be observed in

98



both Si (2p) and O (1s) spectra. The stronger C-F, and C-F; peaks and much weaker
C-CFx and C-F peaks indicates that without ion bombardment, CF, and CF; radicals
have a higher sticking coefficient and are the main precursors for the film formation
in both C4Fg/90%Ar and (C4Fg/90%Ar)/N, plasmas24. This is also observed in the

(C4Fs/90%Ar)/O, plasma.

A reduction of FC film thickness is immediately seen when a small amount of
O, is added to C4Fs3/90%Ar. This can be explained by the greater ability of oxygen
related species to react with deposited FC films and generate volatile reaction
products. The XPS finding is consistent with the data of the ellipsometric
measurements made on these samples. Therefore, the bonding intensities of all peaks
are low as compared for films deposited using other gas chemistries. The C (1s)
spectrum obtained with films deposited using (C4Fg/Ar)/O, gas chemistry shows
some similarity to XPS spectra obtained with (C4Fg/90%Ar)/N,, in particular the
broadening of C-F, and C-F; bonding and the disappearance of C-CFy and C-F
bonding. Similar to N, addition, the broadening of the C-F, and C-F; peaks may be
the result of oxygen incorporation into the film. Oxygen also oxidizes the Si
substrate, as can be seen by strong SiO;-bonding evident in both the Si (2p) and O
(1s) spectra. The FC film deposited with (C4Fg/Ar)/O, is much thinner than the one
obtained with (C4Fs/Ar). The effect of substrate oxidization seen for a Si substrate
suggests that for an ultra-low k (ULK) material plasma etching process, the ULK
material may be damaged by the addition of oxygen. A much lower F 1s intensity is
shown in Figure 12 for (C4Fs/Ar)/O, deposited FC films as compared to spectra

obtained with films deposited using C4Fg/Ar or (C4Fs/Ar)/N,. This is the result of a
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much thinner FC films and fluorine removal from the film due to interaction with

oxygen.

(C,F/Ar)N,

XPS Intensity (a.u.)

(C,F/Ar)/O

C,F./Ar i j |

95 100 105 110
Binding Energy (eV)

Fig. 4.8: Si (2p) photoemission spectra of FC layer in the completely
shadowed region on both (a) Si and (b) OSG substrates in C4Fg/90%Ar,
(C4F3/90%Ar)/10%N, and (C4Fs3/90%Ar)/5%0, plasmas at 30 mTorr pressure and

200 W capacitive power.
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Fig. 4.9: C (Is) photoemission spectra of FC layer in the completely
shadowed region on both (a) Si and (b) OSG substrates in C4Fg/90%Ar,
(C4Fs/90%Ar)/10%N, and (C4Fg/90%Ar)/5%0O, plasmas measured at same conditions

in Fig. 4.8.
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Fig. 4.10: N (1s) photoemission spectra of FC layer in the completely
shadowed region on both (a) Si and (b) OSG substrates in C4Fg/90%Ar,
(C4Fs/90%Ar)/10%N, and (C4Fg/90%Ar)/5%0O, plasmas measured at same conditions

in Fig. 4.8.
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Fig. 4.11: O (1s) photoemission spectra of FC layer in the completely
shadowed region on both (a) Si and (b) OSG substrates in C4Fg/90%Ar,
(C4Fs/90%Ar)/10%N, and (C4Fg/90%Ar)/5%0, plasmas measured at same conditions

in Fig. 4.8.
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Fig. 4.12: F (Is) photoemission spectra of FC layer in the completely
shadowed region on both (a) Si and (b) OSG substrates in C4Fg/90%Ar,
(C4Fs/90%Ar)/10%N, and (C4Fg/90%Ar)/5%0O, plasmas measured at same conditions

in Fig. 4.8.
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4.3.1.4.2. FC Film Deposition on OSG Substrate

Since the etching studies were performed using OSG rather than Si substrates,
we also studied FC deposition underneath the roof on OSG substrates. The
corresponding XPS spectra are shown in Figures 4.8-4.12. Overall, the trends seen for
different gas compositions are consistent with the data obtained with Si substrates.
Upon N; or O, addition to C4Fg/Ar, the shape of the C (1s), N (1s), O (1s), and F (1s)
peaks obtained with OSG show similar changes as seen for Si. Important differences
indicated by the XPS spectra obtained for the two types of substrates are: First, the
FC film formed on the OSG substrate is thinner than the one deposited on Si. This
can be seen in the C (1s) and F (1s) spectra, where the peak intensities are much
weaker for the OSG substrate. The second difference is seen in the Si (2p) and F (1s)
spectra, where no evidence of Si-F bonding can be seen in the Si (2p) spectrum of
OSG. This can at least in part be attributed to the difficulty to distinguish Si-F
bonding from Si-O; bonding in the XPS data. At the same time, a much lower F (1s)
peak intensity is observed for the OSG substrate as compared to Si. This suggests that
the OSG substrate is less fluorinated than the Si substrate, and may be explained by a

reduced reactivity of the OSG film relative to Si.

4.3.1.4.3 Comparison of F/C, N/C and O/C Ratios on Si and OSG Substrate
Table 4.1 provides a summary of the F/C, N/C and O/C ratios calculated from

the XPS spectra for all the conditions described above. The F/C ratio is defined as®':

) 1, il(C-F)
CI(C-Si)+1(C-C)+ X2, il(C-F)

3)
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where I(...) is the area of the fitted Gaussian function for the chemically shifted
contribution indicated between the parentheses. The F/C ratio presented here is the
ratio of the fluorine in the FC film to the density of C (1s). The use of the F (1s) peak
to estimate the fluorine content of the overlayer is difficult, since some of the fluorine
has reacted and is associated with the substrate. The quoted N/C and O/C ratios are
obtained from the ratios of the densities of N (1s) or O (1s) to the total density of C

(1s), respectively.

(lac (Chamiotru 1=/ NI/ [aY/e

. F./IQNOL A+ 7 RAN NI/A NI/A
Si (. F./ONCL AN/TNOLN. | 7 DKA nN21K NI/A

(. B./ONOL A\NIROLN - 1. QNO NI/A 7 1AD1

. F./IQNOL A+ 1 87 NI/A NI/A
0SG

(. FE.JQNOL AN/TNOLNTL | 1 K7 n11e NI/A

(. FE.IQNCL A +\NIKOLN . 1 N2 NI/A 7 NNR

Table 4.1: Comparison of F/C, N/C and O/C ratio in C4Fg/90%Ar,
(C4F3/90%Ar)/10%N, and (C4Fs/90%Ar)/5%0, discharges on both Si and OSG

substrate.

The F/C ratio measured on OSG is universally lower than the corresponding
F/C ratio measured for the Si substrate which can be attributed to the existence of
SiO-bonding in the OSG substrate. On both materials, the F/C ratio of the FC film
decreases as we add N, or O, to C4Fs/90%Ar. The F/C ratio is lowest for the

(C4Fs/Ar)/ O, case, and may be explained by a high removal rate of carbon. The N/C
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ratio reflects the incorporation of nitrogen in the deposited FC film. A much higher
level of nitrogen incorporation can be observed for the Si substrate than for the OSG
film. This may be attributed to the reaction of nitrogen and oxygen to form volatile
NO molecules, which removes most of the nitrogen atoms that have been
incorporated. As discussed above, O, addition leads to thin FC film. Therefore, the
O/C ratio not only reflects the incorporation of oxygen into the FC film, but also is
due to the oxidization of the Si substrate. This makes the interpretation of the O/C

ratio data difficult.

4.3.1.4.4. FC Film Treatment in the Completely Shadowed Region

The nitrogen and oxygen incorporated in the FC film may play an important
role in controlling sidewall damage of fragile dielectric materials, especially for
materials with high porosity4‘7'4'9. To further understand how oxygen and nitrogen
affect the FC film underneath the gap structure, we processed FC films in the
completely shadowed region using Nj, O,, No/5S0%Ar and O,/50%Ar plasmas. The
FC films used for this study were deposited in a pure C4Fs plasma at 30 mTorr with
200 W source power and no bias power applied. These films were then treated for 5
minutes at 30 mTorr using the above discharges while located underneath the gap
structurewhich prevented ion bombardment. The height of the roof in the gap
structure was set at 0.65 mm. Generally, after plasma exposure, the XPS spectra
showed a decrease of the C-CF; peak relative to the C-Fyx peaks, consistent with a

32-34

carbon depletion of the treated FC films . The XPS measurements also revealed

more significant carbon depletion for the oxygen related gas chemistries than for the
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nitrogen related gas chemistries. This is due to the different carbon removal ability of
oxygen and nitrogen and is consistent with previous FC film deposition studies using

oxygen and nitrogen containing plasmas.

4.3.2. Etching Profile Analysis by Scanning Electron Micrographs (SEM)

Figure 4.13 (a) shows cross-sectional scanning electron micrographs (SEM) of
OSG trenches etched using C4Fg/90%Ar at 30 mTorr. Strong FC film deposition on
the sidewalls, especially at the interface between the photoresist and OSG film, is
observed. Therefore, a rough and sloped sidewall was induced. Due to the overetch,
the SiC etch stop layer is attacked. After etching, an O, plasma was used to remove
the residual photoresist mask in the same chamber. The flow rate of O, was 40 sccm,
pressure was 30 mTorr, source power was 200 W and no bias was applied. Figure
4.13 (b) shows the cross-sectional secondary electron micrographs of OSG trenches
after in-situ O, ashing. The average FC deposition rate measured during 5 minutes in
the completely shadowed region is also given. Compared with the SEM micrograph
prior to O, ashing, complete removal of the FC residue on the sidewall, and a better
OSG trench etching profile can be seen. However, severe damage of the low k film is
introduced by this in-situ ashing process: a horizontal shrinkage of all features, the
collapse of some features and strong undercut at the interface of the bulk material and
the etch stop layer. This is due to the FC film deposited on the sidewalls during
etching process, which apparently reacts with O, during the ashing process and
causes damage of the low k material**>**°. Some ashing reaction products are left at

the bottom of the trench. This indicates that during both etching and ashing processes,
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the deposited FC film plays an important role in determining the ultimate etching

profile.
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Fig. 4.13: Cross-sectional SEM photographs of patterned photoresist partially
etched in C4Fg/90%Ar plasmas (a) before and (b) after O, plasma ashing. The other
experimental parameters were: 200 W capacitive power, 30 mTorr and 100 W bias
power for etching and without bias for O, ashing. The average deposition rate

underneath the roof in 5 minutes is 0.3 nm/min.
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Fig. 4.14: Cross-sectional SEM photographs of patterned photoresist partially
etched in (a) (C4Fs/90%Ar)/10%N, and (b) (C4Fs/90%Ar)/5%0, plasmas after O,
plasma ashing. The experimental parameters were same as in Fig. 15. The average
deposition rates underneath the roof in 5 minutes are 0.2 and 0.18 nm/min for N, and

O, addition, respectively.
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The addition of both N, and O, to C4Fg/90%Ar on trench sidewall angle was
studied. As discussed above, 10% N, was added since it enables the lowest FC film
deposition rate for the (C4Fg/90%Ar)/N, gas chemistry. Only 5% O, was added to
C4Fg/90%Ar due to its aggressive attack of the low k material. Figure 4.14 shows
cross-sectional SEM micrographs of OSG films partially etched at 30 mTorr using
(C4F3/90%Ar)/10%N, and (C4Fg/90%Ar)/5%0, plasma, followed by in-situ ashing
using an O, plasma. The experimental conditions for etching and ashing are the same
as those employed for the C4Fg/90%Ar experiments. The average FC deposition rates
in 5 minutes measured in the completely shadowed region are 0.2 and 0.18 nm/min
for N, and O, addition to C4Fs/90%Ar, respectively, which is less than the average
deposition rate measured for C4Fg/90%Ar of 0.3 nm/min. A more vertical etching
profile and smoother sidewalls are seen for the trenches formed in
(C4Fs/90%Ar)/10%N, discharges as compared to C4Fs/90%Ar (see Figure 4.13 (b)),
and can be related to the reduction of the deposited FC film thickness. Unfortunately,
a side effect of nitrogen addition is also shown in Figure 4.14 (a): The modified
photoresist which likely contains N, cannot be easily removed in an O, plasma. A
much thinner FC film thickness is observed when O, is added. This leads to a more
vertical etching profile (see Figure 4.14 (b)), but also produces profile damage near
the bottom and at the sidewall of the OSG trench.

More severe FC deposition is observed at 80 mTorr due to the increased
residence time of the CF film precursors. For (C4Fs/90%Ar)/10%N, plasma, no

etching was possible using the above conditions. For C4Fg/90%Ar and
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(C4Fg/90%Ar)/5%0, plasmas operated at 80 mTorr etching was possible, and
sidewall angles will be reported. At 80 mTorr, poor etching profiles are seen in the

SEM micrographs, but will not be shown.

4.3.3. Discussion: Correlation of Gap Structure Data with SEM Data

Table 4.2 gives a summary of the most important observations made by gap
structure measurement and SEM measurement in Cy4Fg/Ar, (C4Fg/Ar)/O, and
(C4Fs/Ar)/N; plasmas. Overall, in order of C4Fg/Ar, (C4Fs/Ar)/N; and (C4Fg/Ar)/O,,
the FC film thickness and F/C ratio of the films deposited in the gap structure
decrease and the sidewall angle measured by SEM increase. For all gas chemistries,
the etching processes still need to be optimized. In particular, we observe low k
material damage and undercut for C4Fg/Ar and (C4Fs/Ar)/O, discharges, and a
difficulty for (C4Fg/Ar)/N, discharges to remove the modified photoresist layer by the

in-situ ashing process.

FC Film | F/C O.SG
Thickness ratio of Sidewall
. Angle Ashed Pattern
(nm) FC Film
(Degree)

C4Fg/90% Ar 1.5 2.862 83 Sidewall damage
(C4Fs/90%Ar)/10%N, | 1 2.254 84 Modified Resist
(C4Fs/90%Ar)/5%0, | 0.9 1.909 86 Sidewall damage

Table 4.2: Summary of the observations by gap structure and SEM

measurements.

112




Time dependent FC film growth rates indicate that the relationship between
DR/ ERyency 1atio and the sidewall angle depends on the time scale chosen for
comparison. For all pattern transfer experiments in this study, the time scales range
from 4 to 7 minutes. However, time dependent FC film growth rates also show that
the FC film thickness only increases slightly after 2 minutes. Thus, the total FC film
thickness deposited at 4 minutes is close to that measured after 7 minutes of plasma
processing. For convenience, the FC film thickness measured after 5 minutes of
plasma processing is used for the data analysis, along with the the actual process time
of the pattern transfer. In general, the etch rate during pattern transfer changes with
aspect ratio. ER;.,., 1S the average etch rate and obtained from the trench depth
measured using the SEM photographs and the actual pattern transfer time.

The FC deposition behavior under the roof has been described in a previous

paper from this group2:4'24

. Briefly, in the exposed region, the film thickness is
essentially uniform. In the transition region, the film thickness starts to decrease
slowly near the edge of the roof wafer, and decreases strongly underneath the roof
wafer. In the completely shadowed region, the FC film thickness decreases slightly
with the distance. Overall, the FC film thickness decreases continuously with
distance. This is similar to the observation on the sidewall of the feature. To
quantitatively simulate the FC deposition on the sidewall, the effect of aspect ratio
should be considered. Therefore, the position underneath the roof used for analysis

should be carefully selected. As shown in Fig. 1, the distance from the edge of the

roof to the position used to measure the FC deposition rate is L, while the height of
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the gap is H. In our experiment, the ratio between L and H is selected to be same as

the aspect ratio of the features etched.
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Fig. 4.15: Correlation DRg,p/ERrench ratio with “90 degrees minus the sidewall
angle”, which is the film deposition induced change in the sidewall angle from

vertical.
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Figure 4.15 compares the sidewall angles acquired with trenches etched into
OSG and porous OSG thin films with the ratio DRgup/ER;rencr Obtained from the
measurements of DR,,, (employing the gap structure) and ER;..nc;, (using the SEM
profiles). The sidewall angles were measured from the corresponding SEM
photographs. Trenches were produced using C4Fg based gas mixtures. The solid line
is based on the simple model illustrated in Figure 4.2. Overall, for both OSG and
porous OSG features, the measured sidewall angles correlate qualitatively with the
DR/ ER rench ratio, consistent with the notion that the sidewall angle is controlled by
FC film deposition on the feature sidewall. The lower the FC deposition rate, the
more vertical the trench sidewall.

The correlation of sidewall angle with the ratio DRg,,/ERyench deviates from
the simple model (solid line) in two areas. One, for very small DR,/ ER yench ratios,
the measured sidewall angle is less vertical than expected from the model. Second,
for very large DR,qp/ER;yencn ratios, the measured sidewall angle is more vertical than
predicted by the model. The simplified model is based on the assumption that the
etching profile of the low k material is only affected by the FC film deposition rate at
the sidewall (lateral deposition rate), along with the value of the vertical etch rate of

the low k material. The etch rate ER, , , of the low k material used for Figure 4.15 is

trenc

obtained from the etch depth in the SEM image divided by the actual etch time, and
should correctly describe the average etching rates for different etching chemistries
that were examined. On the other hand, the FC film deposition rate on the sidewall is

estimated from the FC deposition rate measured by the gap structure rather than using
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the deposition rate for the actual features. The fact that for small DR,/ ER yench ratios,
the actual sidewall angle is less vertical than expected from the DRg,,/ER yench ratio
indicates that the deposition rate measured using the gap structure is lower than the
actual deposition rate on the sidewall. This is seen for trenches etched using
(C4Fs/90%Ar)/5%0, plasmas at low pressures. For this gas chemistry little FC film
deposition takes place. For etching chemistries with little FC film deposition,
redeposition of etch product can start to dominate film deposition on the feature
sidewalls, and affect the resulting sidewall profile angle. For these conditions the
deposition rates estimated using the gap structure approach deviate strongly from
actual sidewall deposition rates. Conversely, for large DR, /ER,,,,., ratios, Figure
4.15 shows that the actual sidewall angle is greater than expected based on the
DR, /ER,,...; ratio. This indicates that the deposition rate measured using the gap
structure overestimates the actual deposition rate on the sidewall. This is most evident
for the C4Fs/Ar plasma operated at 80 mTorr, which produced the most severe FC
film deposition for all the pattern transfer processes examined. The fact that gap
structure deposition rate DR,,,, cannot be used in that condition to predict the actual
trench sidewall angle can be attributed to the fact that for strongly sloped trench
sidewalls, ion induced etching of the deposited FC films can become important. Ion
induced etching is not present for the film deposition underneath the gap structure,
giving a value for DR, that is higher than that the FC deposition rate on the actual
sidewall, and explaining the changed profile angle. Non-uniform FC film deposition,
e.g. severe FC film deposition near the top of the trench, may also contribute to the

deviation.
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The gap structure approach captures several important surface chemical
trends. At the same time, systematic errors may be introduced by this approach. One
of the most important may be that for surfaces without ion bombardment, the FC
growth rate is strongly time dependent, which is ignored in the simple model
described. It is also possible that for actual features some ion bombardment due to the
slightly deflected ions is important, especially near the top part of the trench. This
suggests that the gap structure approach may be most applicable to study sidewall
processes and predict the sidewall angle of very high aspect ratio features. In
addition, errors may be introduced when the deposition rate becomes material
dependent, e.g. for nanoporous dielectrics 4749 For the present study this effect does
not appear important since the overall FC deposition behavior on OSG is consistent
with observations made for Si, except that the FC film formation rate is slightly

lower.

4.4. CONCLUSION

A small gap structure has been used to simulate sidewall surface processes
occurring during high aspect ratio trench etching. The lack of ion bombardment
underneath the gap structure and the need for FC film precursors to make a certain
number of collisions with surfaces before they are incorporated in the growing film
makes the completely shadowed region similar to a trench sidewall. Three gas
chemistries, C4Fg/Ar, (C4Fs/Ar)/N, and (C4Fg/Ar)/O,, with different overall FC
chemistries and deposition rates were used for this study. We also report XPS studies

of FC films deposited in C4Fg/Ar, (C4Fs/Ar)/N; and (C4Fg/Ar)/O; plasmas using a gap
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structure. A “carbon depletion” effect of the FC film is noted when N, or O, were
added to C4Fg/Ar. This indicates the addition of N, or O, not only leads to the
decrease of FC film thickness, but also changes the composition of the deposited FC
film. A comparison of the deviation from a vertical sidewall, “900—6”, with the
measured DR,qp/ ER yench for these important plasma etching chemistries for OSG and
porous OSG materials show that the deposition rate measured for the gap structure
can be used to qualitatively predict the trench sidewall angles that are formed. We
show that a limitation of this method is seen for very low FC film deposition rates,
and can be attributed to the lack of etch product redeposition for the gap structure. In
addition, when the sidewall angle becomes very large, ion-induced etching of the FC
film deposited on the sloped sidewalls can reduce the effective FC film thickness.
This leads to a more vertical sidewall profile angle than expected based on the

measured gap structure deposition rate DR,
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Chapter 5: CF,H, Capacitively Coupled Plasmas: Studies of
Fluorocarbon Film Deposition Employing A Gap Structure and

Correlation with Etched Trench Sidewall Angle

To be submitted to J. Vac. Sci. Technol. A, 2006

Li Ling, X. Hua, G. S. Oehrlein, E. A. Hudson and P. Jiang

Abstract:

We describe studies of CF.s/H, based pattern transfer and related surface
chemical studies in a dual frequency (40.68/4 MHz) capacitively coupled plasma
(CCP) reactor, which is also compared with the previous studies in C4Fs/Ar based
discharges in same system. In current studies, a small gap structure has been used to
study surface chemistry aspects of fluorocarbon (FC) film deposition for CF4/H;
plasmas and to simulate FC film deposited on feature sidewalls during pattern transfer.
The small gap structure provides a completely shadowed region without direct ion
bombardment, similar to sidewall surfaces of trench patterns. On both trench
sidewalls and the shadowed surface portions of the small gap structure, very thin FC
layers are formed by arrival of reactive neutrals. The lack of ion bombardment for the
shielded deposition also increases the retention of the chemical structure of the FC
film precursors in the deposited films. For CF4/H, discharges, the composition and
bonding of deposited FC films are determined as a function of processing conditions
using ellipsometry and X-ray photoemission spectroscopy (XPS). The surface

chemistry of FC film deposited in the completely shadowed region depends strongly
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on discharge chemistry. During etching, film deposition on the sidewall produces a
characteristic sidewall slope angle and also can modify the surface characteristics of
low k dielectrics. We show that the feature sidewall angles formed for both CF4/H;
and C4Fgs/Ar gas chemistries qualitatively correlate with the deposition rates measured
for the completely shadowed surfaces of the gap structure: The lower the FC

deposition rate on the sidewall, the more vertical the trench sidewall.
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5.1. INTRODUCTION
Fluorocarbon gases have been extensively used in the microelectronics

industry for etching low k and ultra-low k materials™'~2°

. During etching process, a
steady state FC film can be formed on top of low k material. This thin FC film
determines the etch rate, etch selectivity and morphology of the low k material®’ >
514517 At the same time, the thin FC film can also be formed on the sidewall of the

5.15-5.18

trench during the pattern transfer and affect the etching profile . Therefore,

during the subsequent ashing process, the FC film can react with the deposited FC
film on the sidewall and thus cause the damage of the low k film? 1313318527 1f the
polymer film is not completely removed, it can also cause other issues for the
subsequent device integration, such as fluorine penetration etc.”* >* Therefore, a
careful control of the FC film deposition during etching process is critical.

There is evidence that the properties of the thin FC films are strongly
dependent on the gas composition. Previously, we described the use of a gap structure
to investigate the influence of ion bombardment on the composition of deposited FC
films and to simulate FC deposition on feature sidewalls during pattern transfer in the
C4Fg/Ar based discharges in this capacitively coupled plasma system27. The
experimental results clearly showed that the ratio of FC deposition rate under the
“roof” to the low k material etch rate in the exposed region strongly correlates to the
sidewall angle of the etched feature. But in C4Fs/Ar based discharges, a strong FC
deposition is observed on the sidewall of the feature, which leads to the low k

material damage in the following ash process. Although O, addition can limit the FC

deposition, the strong damage of low k material induced by oxygen radical makes it
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inapplicable. In the current investigation we have extended this work to the CF4s/H,
gas chemistry to reduce the FC film deposition. The better etching profile and less
damage is observed in this gas chemistry. Therefore, CF4/H, based gas chemistry is a
promising candidate for the low k and ultra-low k material etching and also the gap
structure can be used to examine surface chemical aspects of sidewall deposition

processes controlling etching profiles5'4'5'6.

5.2. EXPERIMENTAL
The reactor used in this study is a home-built dual frequency capacitively
coupled plasma (DF-CCP) reactor, which has been described in an earlier article from

this group5‘26’ 527

. Briefly, it consists of two electrodes (125 mm diameter) to control
the plasma generation and ion bombardment energies at the substrate, separately. The
gap between the electrodes is 50 mm. The top electrode features a showerhead design
for gas distribution and is powered using a 40.68 MHz power supply. Typical powers
applied are in the range of 100 to 300 W. The bottom electrode can be powered by a 4
MHz RF power supply. For this study no bias is applied. The wafer is mounted on the
cooled bottom electrode and is kept at 10°C by a low temperature circulator.

CF, and CF4/H; plasmas were employed for the present etching and FC film
deposition studies. For all experiments described here the total gas flow into the
reactor was set at 40 sccm (standard cubic centimeters per minute), and the pressure
varied between 20 and 80 mTorr. Both Organosilicate glass (OSG) and porous OSG

films were patterned by transferring line and space features formed in 300 nm thick

248 nm photoresist on top of 90 nm bottom antireflection coating (BARC) using
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these gas chemistries. A SiC etch stop layer was employed. The applied source power
was 200 W and the bias power was kept at 100 W. The OSG and porous OSG films
were 20% over-etched. After etching, photoresist was ashed using an in-situ O,
plasma process in the same reactor. The conditions for the in-situ ashing treatment
were: A O, gas flow rate of 40 sccm, a pressure of 30 mTorr, and the source power
was 200 W. No RF bias was applied.

The gap structure experiments were performed as following. The gap structure
used for this study has been extensively described in the previous papers of this
group5‘13’ >4 FC films were deposited in both exposed and completely shadowed
regions for discharges operated without RF bias of the substrate. After the
experiments, the base wafer was removed from the plasma chamber and placed on a
motor driven stage to determine by ellipsometry (632.8 nm He/Ne laser) the thickness
and the refractive index of the deposited FC film as a function of position for both
exposed and completely shadowed regions. Deposited FC films on selected
specimens for which air exposure was minimized were also analyzed using X-ray
photoelectron spectroscopy and enabled determination of surface composition and

chemical bonding. These measurements were performed at a 90° electron take-off

angle using a nonmonochromatized Mg K-alpha X-ray source (1253.6 V).

5.3. RESULTS AND DISCUSSION
5.3.1. Time Dependent FC Film Growth
It is well known that for plasma deposited FC films, chemistry and structure

depend strongly on whether the growing film is exposed to ion bombardment during
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57, 5.30-5.32
deposition™ 3

. In general, the deposition rates and the corresponding film
properties of the FC films, i.e. bonding, structure etc., don’t show evident changes as
a function of time when surfaces are exposed to ion bombardment during FC film
growth. Previous studies in C4Fs/Ar gas chemistries showed that in the completely
shadowed region (the region without ion bombardment), the FC film deposition rate

. 527
does show a strong decrease as a function of time

. At the same time, the properties
of FC film also change with the time scale for the film growth. It indicates that
without exposure to ion bombardment, FC film growth shows a strong interface

effect. For the studies in CF4+/H, gas chemistries, a systematic measurement of FC

film deposition without ion bombardment was also undertaken by employing the gap

structure.
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Fig. 5.1: Time dependent FC film thickness obtained in the completely
shadowed region for CF; ( ), CF4/40%H, (O) and CsF3/90%Ar (A). The other
experimental parameters were: 200 W capacitive power, 20 mTorr for CFy,

CF4/40%H, and 30 mTorr for C4Fg/90%Ar.
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Fig. 5.1 shows the variation of FC film thickness with time under the roof for
CF; and CF4/40%H, plasmas. For comparison, a FC film growth curve for
C4Fs/90%Ar plasma is included. A major difference is clearly shown between pure
CF,4 and C4Fg/90%Ar due to the different deposition ability of CF,; and C4Fs. It is
apparent that fluorocarbon-based glow discharge will contain both etchant species
such as F and CF; radicals (0O<x<3) and other FC combinations that tend to deposit on
surfaces forming thin polymeric films. As indicated by J. W. Coburn and H. F.
Winters™*, the discharge can be operated in an etching or polymerization mode,
depending on the stoichiometry of the feed gases (F/C ratio in the fluorocrabon gas
chemsitries) at a fixed bias voltage of the substrate. For pure CF,, due to its high F/C
ratio, a significant amount of fluorine is produced and no FC deposition is observed
under the roof. Negative film thickness indicates that the native oxide on the Si is
removed. While for C4Fs, there are much less fluorine radicals in the discharge, which
leads to the continuous growth of the FC film. The addition of H, can lead to the
lower F/C ratio of the feed gas because hydrogen can scavenge the fluorine in the
plasma and thus leads to the change of dominant species in the gas phase. Therefore,
the deposition behavior of CFs/H, is quite similar to that of C4Fs/90%Ar. The
continuous growth of the FC film and decreased FC deposition rates are observed.
This is shown in Fig. 5.1. This observation suggests that when low F/C ratio gas
chemistry is used for the pattern transfer, FC deposition on trench sidewalls may be
most important as fresh surface elements are initially exposed5'27. There are

significant differences between CF4/H; and C4Fs/Ar gas chemistries. For C4Fg/Ar, the
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FC growth is dominant in the beginning and only shows a small increase afterwards;
while for CF4/H,, although the decreased FC deposition rate is observed, FC
deposition rate is not saturated up to 10 minutes. It is much longer than the usual time
scale for the pattern transfer, which is around 4 minutes. It suggests that the FC
growth behaviors on the sidewall during the pattern transfer are different in these two

gas chemistries and there is less importance of plasma exposure of fresh element in

CF.4/H; plasma.
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Fig. 5.2: C (Is) photoemission spectra of FC layer in the completely
shadowed region on Si substrate in CF4, CF4/40%H; and C4Fg/90%Ar plasmas. The

experimental parameters were same as Fig. 5.1.
5.3.2. Surface Analysis of Deposited FC Film by XPS

To examine the surface chemistry of FC film deposited on the sidewall during

the pattern transfer, FC films deposited underneath the gap structure were examined
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by XPS. Fig. 5.2 shows the XPS spectra of the FC layers deposited in both CF4 and
CF4/40%H, plasma, which are compared with the spectrum obtained in C4F3/90%Ar.
The experimental conditions were 200 W source power and no bias power, 20 mTorr
for CF, related gas chemistry and 30 mTorr for C4Fg/Ar. The time used for these
depositions is 5 minutes due to the low deposition rate measured underneath the roof.
The FC film thicknesses measured by ellipsometry are also marked in Fig. 5.2.

For films deposited in pure CF, discharges, the intensities of all C-Fy peaks are
much lower than those seen in other two gas chemistries. It is similar to the steady
state FC films formed in the etching experiment. In this discharge, the C-F, and C-F3
peaks are still the highest peaks and distinguishable, which contribute to a high F/C
ratio. For FC film deposited using CF4/40%H,, a strong overall increase in C (1s)
intensity is seen. This is consistent with the much greater FC film thickness (2.6 nm)
measured for this specimen by ellipsometry. The C (1s) spectrum obtained using
CF4/40%H, plasma shows the conventional peaks associated with FC films™**, i.e.
four peaks (in order of increasing binding energy), assigned to C-CF (x=1,2,3), C-F,
C-F,, and C-Fs. In this condition, C-F, bonding intensity dominates the C (Is)

spectra, C-F; and C-F bonding intensities are comparable, and the C-CF; bonding

intensity is weak.

Fig. 5.2 also shows that the XPS spectra obtained in both C4Fg/90%Ar and
CF4/40%H, discharges are quite similar. In C4Fg/Ar plasma, Ar addition can increase
the dissociation of the C4Fg and in CF4+/H, discharge, hydrogen addition leads to the
depletion of fluorine and thus increase the intensity of CFy radicals. The similar

spectra obtained in C4Fg and CF, related gas chemistries by different gas addition are
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the result of the different molecular structure between CF4 and C4Fg5'34. Combined
with the FC film thickness data (2.6 nm at 5 minutes deposition), a sloped sidewall is

expected when feature is etched in CF4/40%H, plasma.

"
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Fig. 5.3: C (Is) photoemission spectra of FC layer in the completely
shadowed region on Si substrate in CF; and CF4/40%H, plasmas. The experimental

parameters were same as Fig. 5.1.

Figure 5.3 compares XPS spectra of FC layers deposited in the completely
shadowed region using CF4 and CF4/40%H; plasmas, but now with a RF bias of 100
W applied. The application of the bias leads to the etching outside of the roof wafer.
Therefore, very thin FC films are deposited in the completely shadowed region for
both pure CF, and CF4/40% H, discharges. The greater change of FC film thickness

is observed in CF4+/40%H, plasmas than in pure CF; plasmas due to the global
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depletion of FC deposition precursors as a result of the outside etching process. The
change of FC film thickness with bias is not so evident in C4Fs/Ar plasma due to the
stronger deposition ability of C4Fs and thus a large amount of deposition precursors.
For pure CF4 plasma, there is little change of the C (1s) spectrum when an RF bias is
applied relative to deposition without RF bias. While for CF4+/40%H, plasmas, the C
(1s) intensity is also strongly changed. All four FC related peaks, C-CFx (x=1,2,3), C-
F, C-F,, and C-F;, are of comparable intensity. This indicates that the FC film
deposition in CF4/H; gas chemistries can be easily affected due to the much less FC
precursors. Therefore, it suggests that FC film growth on the feature sidewall during

pattern transfer process may be easily affected by the properties of the mask material.

5.3.3. Etching Profile Analysis by SEM

Figure 5.4 shows the cross-sectional secondary electron micrographs of OSG
trenches etched in CF4 plasma and ashed in O, plasma. They are compared with
features produced using C4Fg containing gas chemistries. When pattern is etched in
CF, discharge, much less FC deposition on the sidewall is observed, and a smoother
sidewall was produced. At the same time, no damage on the sidewall and no undercut
between the low-k material and the etch stop layer, which are pronounced for the
features produced using C4Fg contained gas chemistries, is observed in the present
condition. The fact that much less FC deposition occurs on the sidewalls of features
using CF, etching processes can be explained by the higher F/C ratio of CF4 and a

lower propensity to produce FC film precursors. It is consistent with the FC
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deposition rate measurement in the completely shadowed region. The SiC etch stop

layer is attacked due to overetching.
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Fig. 5.4: Cross-sectional SEM photographs of patterned photoresist partially
etched in CF, plasma (a) before and (b) after O, plasma ashing and in C4Fg/90%Ar
plasma (c) before and (d) after O, plasma ashing. The experimental parameters for
plasma etching were same as Fig. 5.1, except that 100 W bias power is applied. For
O, ashing, the experimental conditions are 30 mTorr, 200 W capacitive power and

without bias.
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Fig. 5.5: Cross-sectional SEM photographs of patterned photoresist partially
etched in (a) CF4/20%H; and (b) CF4/40%H, plasma. The experimental parameters

were same as those for pure CF, experiment in Fig. 5.4.

H, addition to CF,4 can lead to the increase of the FC film deposition on the
surface, as discussed in the previous section. Fig. 5.5 (a) and (b) show the
corresponding SEM images obtained for patterns etched using 20%H, and 40%H,

addition to CF4, respectively. From the SEM images it appears that the best etching
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profile can be obtained with CF4/20% H, gas mixtures. With further H, addition, the
etching profile begins to slope. In the latter case, the etching profile is quite similar to
that seen for C4Fg/90%Ar plasmas. It is consistent with the expectation from the data
obtained by gap structure. It suggests that the accurate control of the radical species is
required by the production of the vertical etching profile. The change of sidewall
angle with H, addition is consistent with the previous observation in the C4Fs based
gas chemistries: The lower the FC deposition rate on the sidewall, the more vertical
the trench sidewall.

For all patterns produced using CF4 based chemistries, no sidewall damage is
observed after both plasma etching and O, ashing process. For C4Fg based chemistries,
no sidewall damage is observed right after the plasma and the damage is induced after
the O, ashing. The most significant difference between two gas chemistries is the FC
deposition ability. This suggests that the sidewall damage is caused by the FC
deposited during etching process reacting with the O, plasma during ashing process.
But there are some interesting phenomena observed in CF4s/H, discharges: One is
residual resist left on the etched patterns after the ashing process. This is also
observed on the patterned porous OSG sample and it becomes more severe with H,
addition. It indicates a modification of the photoresist during the etching process. The
mechanism that leads to the ashing resistance of the exposed photoresist has not been
established. Another interesting phenomenon is all the patterns etched in the CF,
based chemistries are not symmetric, which is not observed in the C4Fs based
chemistries. It may be because the pump is installed on one side of the chamber. In

CF, plasma, there is a much smaller film precursor flux and thus a much thinner film

132



deposited, which depends much more strongly on the plasma surface interactions.

Therefore, this FC film deposition can be easily affected by the other factors.
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Fig. 5.6: Correlation DRg,p/ERrench ratio with “90 degrees minus the sidewall
angle”, which is the film deposition induced change in the sidewall angle from

vertical.

5.3.4. Correlation of Feature Sidewall Angle with DRg,,/ERrench Ratio

Fig. 5.6 compares the sidewall angles acquired with trenches etched into OSG
and porous OSG thin films with the ratio DRgyp/ERrench ratio. The model and the
calculation method have been extensively described in the previous paper about

employing gap structure to simulate the sidewall angle in C4Fg/Ar based plasma5‘27.
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Briefly, only two dominant processes during the pattern transfer, FC deposition on the
sidewall and low k material etch, are considered in this simple model. Generally,
these two processes determine the sidewall angle. The FC deposition rate (DRg,p) was
measured employing gap structure. The etch rate of trench (ERgencn) and the sidewall
angles were measured from the corresponding SEM photographs. The solid line
shows the theoretic relation between sidewall angle and the DRgap/ERrench ratio based
on this simple model. Overall, for both OSG and porous OSG features, the measured
sidewall angles correlate qualitatively with the DRgup/ERrench ratio. This reflects the
fact that the sidewall angle is controlled by FC deposition on the sidewall. The lower

the FC deposition rate, the more vertical the trench sidewall.

To get a more complete picture, the data obtained in C4Fs/Ar based discharges
is also included in Fig. 5.6. The data points in the circle are obtained in CFs/H,
discharges and the data outside are obtained in C4Fg/Ar based plasma. Fig. 5.6 clearly
shows the data obtained in CF4+/H, plasma has a much narrow range and usually has a
much lower DRgyp/ERrench ratio due to the limited FC deposition ability as discussed
previously. Therefore, most data obtained in CF4/H, discharges correlated well with
the theoretical prediction. However, for very small DRgy,/ERrench ratio, the measured
sidewall angle is less vertical than expected from the model, same as the observation
in the C4Fg/Ar based plasma. At the same time, for very large DRgap/ERrench ratios, we
observed that in the C4Fs/Ar gas chemistry, the measured sidewall angle is more
vertical than predicted by the model. This is not observed in the CF4+/H, discharges.

The reason of the deviation has been pointed out in the previous paper about
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employing gap structure to simulate the sidewall angle in C4Fg/Ar based plasma’*':
The model only considers the two dominant processes during the feature etching. It
couldn’t include the effect of the etching product redeposition on the sidewall, which
leads to the deviation at low DRg.p/ERrench ratios and the effect of the increased ion
bombardment on the sloped sidewall, which leads to the deviation at high
DR gap/ERrench ratios. These comments are also supported by the current studies in the
CF4/H; plasma. But for this plasma, it shows some characteristics different from
C4Fs/Ar based plasma: One is for time dependent FC film growth in the completely
shadowed region in CF4/40%H,, the deposition rate remains a certain value even in
10 minutes deposition. This may introduce some error into the simulation. But the
deposition rate did decrease with time, so this error should be subtle. Second, FC film
deposition rate underneath the roof shows a difference at with and without bias
condition. This is only observed in CF4+/40%H,, plasma and not seen in pure CF,
plasma. For the sake of conciseness, the same calculation method is still used as

previouslys'27

. Third, the asymmetry of the etching profile makes the analysis
difficult. The sidewall angle used for the analysis is the average of sidewall angles
from both left and right sides. The last two points are the unique observation in CF4

related plasmas, which may be attributed to the different radical species and densities

from the C4F3 based plasmas.

5.4. CONCLUSION
A small gap structure has been used to simulate sidewall surface processes

occurring during high aspect ratio trench etching in a home-built dual frequency
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capacitively coupled plasma reactor. The lack of ion bombardment underneath the
gap structure and the need for FC film precursors to make a number of collisions with
surfaces before they can be incorporated into the growing film makes this completely
shadowed region similar to the sidewall of a trench. The gap structure is used to study
the surface properties of FC films deposited in CF4 and CF4+/H, discharges. When RF
bias power is applied, the FC film properties showed a significant change. This
phenomenon is not observed in C4Fg/Ar gas chemistry. It indicates that for CF4s/H,
related gas chemistries the etching process is easily affected by the outside factors
due to much less FC precursors produced by CF4. A comparison of the deviation from
a vertical sidewall, “900—9”, with the measured DRg,p/ERrench for important etching
chemistries and OSG and porous OSG materials shows that the deposition rate
measured for the gap structure can be used to qualitatively predict the trench sidewall
angles formed. We also show that a limitation of this method is seen for very low FC
film deposition rates, which can be attributed to the lack of etch product redeposition

for the gap structure.
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Chapter 6: Studies of Fluorocarbon Film Growth in C;Fg/Ar Plasma

by Employing a Gap Structure
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Abstract:

A small gap structure has been used to study surface chemistry aspects of
fluorocarbon (FC) film deposition for FC plasmas produced in a mechanically
confined dual-frequency capacitively coupled plasma (CCP) reactor. The small gap
stncture provides a completely shadowed region without direct ion bombardment.
The lack of ion bombardment for the shielded deposition increases the retention of
the chemical structure of the FC film precursors in the deposited films. For C4Fg and
C4Fg/Ar discharges, the deposition rate, composition and bonding of deposited FC
films are determined as a function of processing conditions using ellipsometry and X-
ray photoemission spectroscopy (XPS). The deposition rate and surface chemistry of
FC film deposited in this region depend strongly on discharge chemistry. For pure
C,Fg plasma at 80 mTorr, low power level and high pressure applied in this
capacitively coupled plasma reduce the amount of energy that is available per C4Fg
molecule. XPS measurement indicates that the FC film produced in the without ion
bombardment condition shows nanoscale topography that differs markedly from films
produced with simultaneous ion bombardment: Two distinct chemical surface

portions are seen, one consisting primarily C-F, and C-F; bonding, and the other of
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C-C or C-H bonding. This is supported by atomic force microscopy (AFM)
measurement. The existence of the nanoscale topography can be eliminated by adding
Ar and/or increasing the source power. Similar phenomenon is also observed by the

corresponding studies in an inductively coupled plasma.
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6.1. INTRODUCTION

FC films synthesized by FC plasma polymerization (such as C4Fg) have been
widely applied in the ULSI industry because of many useful properties including low
dielectric constants, low vapor permeability, inhibition of bio-film formation,

6164 1t has been demonstrated that

hydrophobicity, and oleophobicity (oil-repellency)
FC film properties can be modified by the careful control of the ion bombardment and
the radical production. It is well known that the arrival of both ions and neutrals at the

surface can contribute to FC deposition6'5 622

. The most important role of ions in the
FC film growth is the production of active site for the radical adhesion. At the same
time, ions can lead to the radical production and contribute to the film growth at low
energy by direct incorporation. As for the neutrals, CF and CF, radicals have been
widely reported to be the important FC film precursors6'17'6'19. However some studies
found thatCF ; is not only the precursor of FC film growth, but also the product of ion

bombardment on the FC film?®2°-6-22

. In this case, larger FC radical species, such as
C,F¢, CsFs, etc., play an important role in FC deposition. Therefore, understanding
the different roles of individual neutrals and ions in FC film formation is critical. At
the same time, the surface morphology and the properties of FC film, such as
hydrophobic, oleophobic etc., are strongly dependent on the properties of substrate®'*
623623 This becomes more important when the deposited FC film is thin.

We previously described the use of a gap structure to investigate the influence
of ion bombardment on the composition of deposited FC films and to simulate FC
deposition on feature sidewalls during pattern transfer in capacitively coupled

6

plasma6'2. As expected, the FC film bonding and composition shows strong
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differences with and without ion bombardment in the plasma etching environment
(with the application of bias). The difference of FC film properties plays an important
role on the etch selectivity and etch profile control. In the current investigation we
focused on the question of ion effects on FC film growth in the plasma deposition
environment (without application of bias) by employing gap structure approach. At
the same time, different parameters (e.g. power, pressure, gas composition etc.),
which may affect the film growth, have been investigated. The corresponding studies

in the inductively coupled plasma were also reported for comparison.

6.2. EXPERIMENTAL
Two reactors were used for the film growth study. One reactor is a home-built
dual frequency capacitively coupled plasma reactor, which has been described in an

earlier article from this group®*® ®%’

. Briefly, it consists of two electrodes to control
the plasma generation and ion bombardment energies at the substrate separately. The
gap between the two electrodes (125 mm diameter) is 50 mm. The electrodes are
located in a stainless steel chamber with an inner diameter of 250 mm. The top
electrode features a showerhead design for gas distribution and is powered using a
40.68 MHz power supply. Typical powers applied are in the range of 100 to 300 W.
The bottom electrode can be powered by a 4 MHz RF power supply. For this study no
bias is applied. The wafer is mounted on the cooled bottom electrode and is kept at
10°C by a low temperature circulator. All experiments carried out in CCP were in

discharges at pressures ranging from 30 to 80 mTorr, fed with 40 sccm (standard

cubic centimeters per minute) total gas flow.
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The other reactor, an inductively coupled plasma (ICP) reactor, is used for
comparison and has been well described in an earlier articles from this group6‘28’ 629,
Basically, a planar stove-like coil is placed on top of a quartz coupling window. The
coil is powered using a 0-2000 W 13.56 MHz power supply. The silicon wafer is
clamped to a 300 mm diameter electrostatic chuck that can be rf powered. The wafer
is cooled to 10 °C by a low temperature circulator. For this work no bias is applied.
Much higher pressure, 150 mTorr, was applied and maintained by 50 sccm gas flow
rate.

To investigate the influence of ion bombardment on the composition of
deposited FC films, a gap structure was used, which has been described in the earlier

articles from this groupé'26

. It is shown in Figure 6.1. Briefly, the gap structure is
formed by placing two rectangular spacers between a roof and a base wafer. The
thickness of the Si spacers is 0.65 mm and the length of the roof wafer is about 5 cm.
The high aspect ratio prevents the direct ion bombardment underneath the roof. The
base wafer is designed to be 15 mm longer than the roof wafer, so that a part of the
base wafer forms an exposed region (a region with direct ion bombardment), while
the other part is underneath the roof wafer and forms a completely shadowed region
(a region without ion bombardment). A transition region exists between the ion
bombarded and the shielded areas. Since the FC film deposited in the fully shadowed

region was thin (less than 10 nm), the native oxide on the silicon wafers used for FC

film growth had been removed by etching in a 1% HF solution.
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Fig. 6.1: Schematic of small gap structure used in this work.

Previous studies in ICP showed that the addition of Ar could lead to the shift
of the electron energy distribution function and promote the dissociation of C4Fg

630633 The characterization data for this CCP

molecules in the C4Fg/Ar plasma
system, which will be discussed later, showed that pure C4Fg and C4Fg/90%Ar
plasmas are two extreme conditions for the FC deposition. Therefore, these two gas
chemistries were employed for the present FC film growth studies. FC films were

deposited in both exposed and completely shadowed regions for discharges operated

without RF bias of the substrate. After the experiment, the base wafer was placed on a
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motor driven stage to determine by ellipsometry (638.2 nm He/Ne laser) the
deposited FC film thickness and the refractive index as a function of position for
exposed and completely shadowed regions. Deposited FC films on specimens for
which the air exposure was minimized were also analyzed using X-ray photoelectron
spectroscopy (XPS) and enabled surface composition and chemical bonding
determination. These measurements were performed at a 90° electron take-off angle
using a nonmonochromatized Mg K-alpha X-ray source (1253.6 eV). Selected
samples were analyzed by atomic force microscopy (AFM) and optical microscope to
examine the morphology of the deposited FC film, and a goniometer to determine the
water contact angle. For this water contact angle measurement, a 2 pul. drop of
distilled water was placed on the surface of the FC film by a microsyringe and then

the water contact angle was measured. It was repeated 5 times to get the average.

6.3. RESULTS AND DISCUSSION
6.3.1. Characterization of Capacitively Coupled Plasma

The dual frequency CCP system used for this work has been characterized
using a variety of techniques and present here selected results. We report measured
ion current densities (ICD) and FC deposition rates for different source power levels,
and compare these data with measruements obtained in a well characterized
inductively coupled plasma system®".
Figure 6.2 shows the dependence of ICD on the percentage of Ar added to

C4Fg. The plasma was operated at 300 W capacitive power and a pressures of 30

mTorr. The current was measured using a Langmuir probe, which is positioned at the
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center of the chamber and biased to — 100V. A strong increase of ICD is observed as
Ar is added to C4Fs. For Ar-rich plasmas ionization becomes an important inelastic
electron collision process, whereas for C4Fs-rich discharges, dissociation processes
may be most important. Addition of Ar can lead to a shift in the electron energy
distribution function, which increases the degree of dissociation of C4Fs in C4Fg/Ar
plasma with a high proportion of Ar®%83 Overall, a higher ion/neutral flux ratio at
the wafer surface will be seen when the Ar proportion in C4Fg,/Ar becomes large,
which is expected to lead to changes of the surface chemistry. The higher plasma
density seen for Ar-rich C4Fs/Ar discharges also will lead to a higher photon flux, and
a higher flux of metastables to the surface, which can affect the dangling bond density

at the surface of a growing FC film.
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Fig. 6.2: FC deposition rate at both 30 ( ) and 80 (O) mTorr and ICD at 30
mTorr (M) measured as a function of Ar addition. The source power is 200 W for

deposition measurement and 300 W for ICD measurement.
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Figure 6.2 also displays the FC deposition rate as a function of Ar percentage
in C4Fg/Ar at both 30 and 80 mTorr. The applied source power is fixed at 200 W. The
FC film deposition rates show a strong dependence on feedgas composition but are
roughly the same for both pressures. At both pressures, the deposition rate remains
nearly constant when up to 20% of Ar is added to C4Fs. For 40% of Ar and higher, an
overall trend towards much lower FC film deposition rates is observed, and may be
explained by the limited supply of FC film precursors due to the reduced flow rate of
C,4Fs.

To investigate the power coupling efficiency to the discharge, we compared
measured ICD and FC deposition rate for both CCP system and data obtained in a
well-characterized inductively coupled plasma (ICP) system in our lab®**®**. Our
ICP reactor was operated at higher source power and lower pressure, i.e. 600 W and
10 mTorr. Therefore, we compare the average energy required to produce one ion
(expressed in eV/ion) for each reactor. This is shown in Figure 6.3 (a). We also show
the energy cost to produce each CF, groups of FC film (expressed in eV/CF,) for
each system in Figure 6.3 (b). To simplify the calculation, we suppose the FC film to
contain CF, groups only. This is because the dominant bonding in the deposited FC
film is C-F,, which will be shown in the XPS spectra and will be discussed later. The
average energy necessary to produce each ion decreases with Ar addition. This is the
result of the strongly increased ion density as Ar is added to C4Fg/Ar. At the same
time, the amount of FC film deposited per eV strongly increases for a high percentage
of Ar in C4Fg/Ar. Overall, we find that both the efficiency of producing ions and

depositing FC films are similar for the CCP and ICP reactors if we employ Ar-rich
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C4Fg/Ar discharges. For pure C4Fg discharges, the ICP and CCP reactor show
different efficiencies. For the ICP reactor we observe more efficient ionization and
less efficient FC film deposition for each eV energy coupled to the plasma relative to

the CCP reactor if we use pure C4Fg discharges.

4.0x10°————————

| (a)

é 2.0x106-\g -
S T~

1.5x10 +CCP T ‘b)

5 1.0x10°} ——CP 54: :

T 5.0x10° 13:575‘& -

oo
0 20 40 60 80 100
%Ar Additive

Fig. 6.3: (a) The calculated average energy required to produce each ion and
(b) to deposit each CF, group in the FC film as a function of gas composition are

compared in both capacitively (W) and inductively ( ) coupled plasma.
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6.3.2. FC Deposition Rate

It is well known that for plasma deposited FC films, chemical structure
strongly depends on the ion bombardment during depositionG‘S’ 69. 634636 "We first
report the influence of the discharge chemistry and ion bombardment on the
deposition rate measured in the CCP system. In Figure 6.4 we compare the FC
deposition rates in the open area with that in the completely shadowed region for pure
C4Fg and C4F/90%Ar plasmas. For these experiments the gas flow was fixed at 40
sccm, the pressure was in the range of 30 to 80 mTorr and the applied source power
was 200 W. No RF bias power was applied to the substrate. The deposition rate in the
open area is measured directly by the in-situ ellipsometer and that in the completely
shadowed region is the average deposition rate over 5 minutes measured by the ex-
situ ellipsometer. The FC deposition rates measured for the ion exposed region are
about two orders of magnitude higher than those measured for the completely
shadowed region. This suggests that the FC deposition mechanism is strongly ion-
assisted. For both substrate locations, the FC deposition rates vary strongly with gas
chemistry and the dependence is similar. The higher deposition rate is observed for
pure C4Fg plasmas. When a significant amount of Ar is added to C4Fs, the FC
deposition rate decreases significantly which can be explained by the largely reduced
supply of C4Fg molecules to the reactor. FC deposition rate remains nearly constant
with the increases of pressure in the exposed region, but there is no evident pressure
dependence seen in the completely shadowed region. Without ion bombardment, the

average deposition rate increases with pressure for C4Fs/90%Ar and decreases for
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pure C4Fg. This may be due to the strong time dependence of FC film growth

underneath the roof, which will be discussed in the following section.
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Fig. 6.4: Deposition rates of FC film both (a) in the exposed region and (b)
completely shadowed region for C4Fg and C4Fg/90%Ar at both 30 and 80 mTorr
pressure. The other experimental parameters were: 200 W capacitive power, 40 sccm
gas flow, without bias (All the experimental parameters in the following figures are

same unless otherwise indicated.).

6.3.3. Time Dependent FC Film Growth

The time-averaged FC deposition rates shown in Figure 6.4 were measured

after a 5 min deposition. In general, the FC film deposition rate is constant as a
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function of time when surface is exposed to ion bombardment during film growth.
For FC film growth without ion bombardment, the deposition rate varies strongly

6.26. 6.27. Using the gap structure, a systematic study of FC film deposition

with time
without ion bombardment was undertaken by performing the deposition for various

times, and then measuring the resulting FC film thickness.
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Fig. 6.5: Time dependent (a) FC film thickness and (b) Normalized FC

deposition rates in the completely shadowed region for C4Fg ( ) and C4Fs/90%Ar at

both 30 (solid) and 80 (void) mTorr pressure.

Figure 6.5 (a) shows the variation of FC film thickness with time under the

roof for pure C4Fs and C4Fg/90%Ar plasmas at both 30 and 80 mTorr. The

149



experimental conditions were same as those in Figure 6.4 for the average deposition
rates measurement. In Figure 6.5 (b) the normalized deposition rates are shown for
the same experiments. Although continuous growth of FC films is observed for all
conditions, the normalized deposition rates for C4Fg/Ar plasmas show a strong initial
decrease and subsequently saturates. This is consistent with the idea that continuous
ion bombardment during film growth is important for high deposition rates®! 013636
Same trend is also observed in pure C4Fs plasma at lower pressure. Conversely, for
pure C4Fg at higher pressure the normalized deposition rate decreases initially and
then shows a strong increase for longer experimental times. This suggests that the FC
film growth shows strong substrate-dependence, which may be attributed to the
different sticking coefficients of the FC precursors on bare Si and on FC film®2°.

Therefore, for the FC film growth without ion bombardment, the real-time deposition

rate is more important than the average FC deposition rate.

6.3.4. XPS Analysis of FC Films

To understand the dissociation mechanism of the C4Fg molecule in the
capacitively coupled plasma, the deposited FC films were examined by XPS. Before
we discuss FC films deposited underneath the gap structure, we first report the FC
films deposited in the exposed areas. Figure 6.6 compares XPS spectra of FC layers
for C4F3 and C4Fs3/90%Ar deposited in the exposed regions at 30 and 80 mTorr,
respectively. The C (1s) spectra obtained in these conditions are similar to the spectra
of the conventional FC films deposited directly by plasma process6‘30. Four peaks (in

order of increasing binding energy), assigned as C-CFx (x=1,2,3), C-F, C-F,, and C-
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Fs, can be clearly identified. At both pressures, the bond intensities of all four peaks
are comparable for pure CsFs. When Ar is added, there is a strong increase of C-F,
intensity compared with the other three peaks, resulting in the increase of the F/C
ratio. This is more evident at higher pressure. It is different from the observation of
that in the ICP system reported in an earlier article of this group6'3 2 in which Ar
addition leads to F-loss of the deposited FC film. The power level and pressure for the
current study were 200 W and 30 to 80 mTorr, while they were 600 to 1400 W and 6
to 20 mTorr in ICP, respectively. The low power level and the high pressure reduce
the amount of energy that is available for each C4Fg molecule and increase the
retention of the molecular structure of the excited gas, which may contribute to this
difference.

Figure 6.7 shows the corresponding XPS spectra of films deposited in the
completely shadowed region for the same conditions as in Figure 6.6. As previously
introduced, there is no ion bombardment during this FC film growth. The film growth
is due to the arrival of long-lived neutral species produced in the plasma. The direct
result is the deposited FC film is much thinner as compared to the exposed region.
For all conditions, there is a strong decrease of C-CFy peak and a strong increase of
C-F, bond as compared to the exposed region. This leads to a higher F/C ratio in the
completely shadowed region for all conditions. On the other hand, the addition of Ar
also results in the increase of the F/C ratio in the completely shadowed region
although it is not as evident as in the exposed region. These differences are likely due
to the shift in the electron energy distribution function as Ar is added, which

promotes the dissociation of C4Fg molecules in the C4Fs/Ar discharge6'30'6'33.
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Fig. 6.6: C (1s) photoemission spectra of FC layer in the exposed region for

C4Fg and C4F3/90%Ar plasmas at both 30 and 80 mTorr pressure.
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Fig. 6.8: AFM images obtained on the surface of FC film deposited in the a)
completely shadowed region and b) exposed region in pure C4Fg plasma at 80 mTorr.

The time scale used for deposition was 5 minutes.

A new peak is introduced into the C (1s) spectrum obtained underneath the

gap structure for pure C4Fsat 80 mTorr, which can be assigned to C-C/C-H bonding.
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But in this condition, there is still no evident C-CF bonding observed. It indicates
that there are two distinct chemical portions formed on the Si substrate: One
consisting primarily of C-F, and C-F3 bonding, while the other consisting of C-C or
C-H bonding. This is because if the C-C or C-H bonding is bonded with C-F, or C-F3,
then a significant amount of C-CF bonding must exist. This is not observed in the
XPS spectrum. So the C-C/C-H bonding and C-F (x=2, 3) bonding must exist in the
different regions. The existence of an unusual morphology compared to typical FC
films is supported by the AFM measurement obtained for the same specimen surface
on which XPS spectrum has been taken. It is shown in Figure 6.8 (a). The scan area is
Ix1 pm. It indicates that the surface of the film is heterogeneous and two distinct
regions do exist simultaneously. In contrast, most plasma polymerized FC films are
smooth and homogenous. This is clearly seen in Figure 6.8 (b), which is the AFM
image of the FC film deposited in the exposed region using the same experimental
conditions. This difference in surface topography may shed light on FC film growth
mechanism. In the following sections, we will focus on the investigation of the

properties of the FC film deposited in this condition.

6.3.5. Different Effects during FC Film Growth

All the previous discussed results have been obtained from experiments in the
capacitively coupled plasma. We also did the similar studies in an inductively
coupled plasma as a comparison. It is well known that inductively coupled plasmas
are commonly applied high-density plasmas, which are usually operated at high

power and low pressure. The inductively coupled plasma system in our lab has been
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well characterized and described in the previous papers in this group‘s'28

. The pressure
used for the previous studies ranged from 6 to 20 mTorr and the applied power was
from 600 to 1400 W. In this condition, even in pure C4Fs, the dominant fluorocarbon
species in the gas phase is CF, and the FC film deposited is conventional: C-CFy, C-F,
C-F,, and C-F; can be clearly identified and no C-C/C-H bonding is observed. This
may be due to the much higher energy available for each C4Fg molecule. Therefore,
for the current study of FC film deposition underneath the roof, a much higher
pressure (150 mTorr) and/or a lower power (300 W) were applied. All the following

experiments were studied in the capacitively coupled plasma reactor unless otherwise

indicated.

6.3.5.1. Effect of FC Film Thickness (Effect of Interface)

Time dependent FC film growth measured by ellipsometer indicated the
deposition rate underneath the gap structure shows a strong time dependence. This
may be due to the interface effect. But the ellipsometer measurement couldn’t
accurately point to how the films properties change with time because the FC film is
so thin that the refractive index is difficult to be accurately determined. To study this,
the FC films deposited for different time scales were analyzed byXPS.

Figure 6.9 shows the XPS spectra of FC films deposited in 1, 5 and 15
minutes for pure C4Fg plasma at 80 mTorr. The corresponding thickness, which are
marked in Figure 6.9, are 0.8, 2.2, 10.1 nm, respectively. The signatures of FC films
show strong dependence on the FC film thickness. The C-C or C-H bonding only

exists in a certain range of film thickness. It is absent for very thin FC film, and is no
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longer observed in thick FC film thickness. Since the C-C or C-H bonding is much
weaker for the FC film deposited at 1 minute than that deposited at 5 minutes, it
cannot come from the substrate and therefore, must come from the gas phase. This
can be attributed to the low power and high pressure in pure C4Fs, which leads to the
less energy available for each C4Fs molecule. When the deposited FC film becomes
thick enough, i.e. at 10.1 nm, the C-C/C-H bonding disappears. It may indicate that
the interface plays a very important role for FC film growth, and that the plasma-
surface interactions and the FC film deposition mechanism change with film

thickness.
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Fig. 6.9: Time dependent (I, 5 and 15 minutes deposition) C (1s)
photoemission spectra of FC layer in the completely shadowed region in pure C4Fg

plasma at 80 mTorr.
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Fig. 6.10: Time dependent (1 and 5 minutes deposition) C (1s) photoemission
spectra of FC layer in the completely shadowed region in pure C4Fs. The other

experimental parameters were: 1000 W inductive power, 50 sccm gas flow, 150

mTorr, without bias.

A corresponding study was made in the inductively coupled plasma. The
power level used for this study was 1000 W. Since the deposition rate was higher in
ICP, the time scales were reduced to 1 and 5 minutes. The measured C (1s) spectra
are shown in Figure 6.10 and the corresponding film thickness are labeled on the
graph. The deposited FC film thickness is 3.5 nm in the first minute, close to the FC
deposited in the first 5 minutes (2.2 nm) in the capacitively coupled plasma. At this
thickness, the XPS spectra look quite similar, i.e. C-F, bonding is dominant in the

spectra and a clear C-C/C-H bonding can be observed. When the time scale for
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deposition is increased to 5 minutes, the thickness of FC film also increases to 27 nm.
The XPS spectra showed that C-F, bonding dominates the spectra. Besides the C-F,
peak, there is a much weaker C-F; peak and no C-C/C-H, C-CFx or C-F bonding is
present. This observation is also similar to the C (1s) spectrum measured at 15
minutes in the capacitively coupled plasma although there is still a small C-CFy peak
distinguishable. At the same time, the thickness of the deposited FC film should be
noticed: the average deposition rate at 5 minutes is much higher than that in the first
minute. It supports a higher FC deposition rate on the FC film than that on the bare Si
substrate and suggests that the FC growth mechanism may change with the interface.
Overall, the observations in the inductively coupled plasma are consistent with the

observations seen in the capacitively coupled plasma.

6.3.5.2. Effect of Ar Addition

XPS measurement in the previous section showed that in the C4Fs/90%Ar
plasma, the FC deposited film showed little C-C/C-H bonding. A possible
interpretation can be provided by the surface activation model, which has been
discussed by many people’'> 537538, Generally, the radicals can only adsorb at sites
that have been activated or “damaged”. The active sites can be produced by either ion
bombardment, or by the attack of photons or metastables. Figure 6.11 shows the
schematics of the active site formation with and without ion bombardment. In the
exposed region, the dominant mechanism of active site formation is the ion
bombardment and the effects of photons and metastables are negligible. Usually, the

ion bombardment is uniform and continuous in the plasma. Therefore, the active site
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is dense and uniform on the substrate and it will not limit the growth of the FC film.
While in the completely shadowed region shown in Figure 6.11 (b), the ion
bombardment is absent. The dominant mechanism of active site formation is the
attack of the photons and/or metastables. Thus, the distribution of the active site is
strongly dependent on the density of the available photons and/or metastables. In pure
C,Fs, few available metastables leads to the discontinuous formation of the active site
and thus discontinuous growth of the FC film. When a significant amount of Ar is
added, the long-live Ar’ can provide energy for the active site generation, which leads
to the continuous formation of the FC film.

For better understanding how the Ar addition affects the FC film growth in the
condition without ion bombardment, smaller amount of Ar, i.e. 20% and 40% Ar,
were added to the pure C4Fs. Figure 6.12 compares the XPS spectra of FC films got
from the completely shadowed region. With 20%Ar addition, the decrease of the C-
C/C-H peak can be immediately seen. When Ar is increased to 40%, no C-C/C-H
peak can be recognized. At the same time, the intensity of C-F, bonding, which is the
dominant bonding in all cases, decreases with the Ar addition. This can be attributed
to the decrease of available FC deposition precursors. It results to the decrease of the
FC film thickness, which is 2.2 nm for pure C4Fg and decreases to 2 and 1.3 nm with
20% and 40% Ar addition. On the other hand, C-CFy and C-F bonding, which is not
clear in the pure C4Fgand C4Fg/20%Ar conditions, become distinguishable. This is
consistent with the expectation that Ar addition can promote the dissociation of C4Fg

molecules.
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Fig. 6.11: Schematic of FC film growth (a) in the exposed region and (b) in

the completely shadowed region.
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Fig. 6.12: Ar dependent C (1s) photoemission spectra of FC layer in the
completely shadowed region deposited in C4Fg/Ar plasma at 80 mTorr. The time

scale used for deposition was 5 minutes.

6.3.5.3. Effect of Power

We also studied the FC film deposition underneath the gap structure at
different power levels: 100, 200 and 300 W. The measured XPS spectra are compared
in Figure 6.13. With the increase of source power, the thickness of FC film increases
from 1.7 to 2.3 nm, which are labeled on the Figure 6.13. The intensity of the XPS
spectra also shows a small increase. The XPS spectra measured at 100 W and 200 W
show similar characteristics: They have the highest intensity in C-F, bonding and also

have an evident C-C/C-H bonding. When the power is increased to 300 W, the
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measured XPS spectra looks quite similar to that measured with 40%Ar addition: No
C-C/C-H bonding is observed, four other peaks (C-CFy, C-F, C-F,, and C-F3) exist,
and among which C-F, bonding dominates. This may be explained by the increased
plasma density and thus increased photons available for the active site generation.
Additionally, the increased dissociation due to the increase of power may be another
reason for this difference due to the different sticking coefficient of the different FC

radicals.
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Fig. 6.13: Power dependent C (1s) photoemission spectra of FC layer in the
completely shadowed region in pure CsFg at 80 mTorr. The time scale used for

deposition was 5 minutes.
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Fig. 6.14: Power dependent C (1s) photoemission spectra of FC layer in the

completely shadowed region in pure C4Fs. The other experimental parameters were:

inductive power, 50 sccm gas flow, 150 mTorr, without bias.

As in the capacitively coupled plasma, the effect of power was also studied in
the inductively coupled plasma. Since the time dependent studies showed that the C-
C/C-H bonding only exists for a certain FC film thickness, the FC film for this study
is limited to be about 4 nm so that the time scales used for different power levels are
different. Figure 6.14 shows the XPS spectra of the FC films deposited in the
inductively coupled plasma. The applied source powers were 300 and 1000 W,
respectively. For the higher power level, the deposition time is 1 minute and the FC
film thickness is 3.5 nm; while for the lower power, the corresponding time and

thickness are 5 minutes and 4 nm, respectively. Both spectra have the same
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characteristics as those obtained in the capacitively coupled plasma: a dominant C-F,
bonding and a significant C-C/C-H bonding. The difference between the XPS spectra
of the FC film deposited at different power levels is that the intensity of the C-C/C-H
and C-F; bonding decreases with the increase of power. Compared with the
experiments in CCP, the power level used for experiments in ICP is quite high. But
it’s not a surprise because of the different sizes of the electrodes and chamber: The
diameter of the electrode used in ICP chamber is 300 mm and the diameter of the
electrode used in the CCP reactor is 125 mm. The much bigger size of the chamber
leads to a lower power density in the inductively coupled plasma, even at 1000 W

source power, compared to the capacitively coupled plasma at 200 W source power.

6.3.6. FC Film Growth in Different Height Gap Structure

Previous studies showed that using gap structure approach in both capacitively
and inductively coupled plasmas, a C-F, dominant FC film could be deposited. It
results in a higher F/C ratio than the FC film deposited in the exposed region. With an
increase of time, C-C/C-H bonding became weaker and weaker, and eventually
vanishing. This causes a further increase of the F/C ratio. As is well known, the
increase of the F/C ratio in the coated FC film remarkably improves hydrophobicity,
i.e, can be made effectively waterproof. Unfortunately, the previously discussed
studies were based on a very thin gap structure, i.e. the roof height is 0.65 mm, and
the FC film deposition rate is too low to be applicable. Thus, finding a way to deposit

the thicker FC film underneath the gap structure is necessary.
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Fig. 6.15: (a) C (1s) photoemission spectra and (b) corresponding change of
C-F, and C-F; bonding of FC layer deposited in the completely shadowed region
using different height gap structures in pure C4Fs. The other experimental parameters
were: 1000 W inductive power, 50 sccm gas flow, 150 mTorr, without bias, 5 minutes

deposition.
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Increasing the height of the gap structure is straightforward because more
neutral species will be able to diffuse onto the substrate. When the gap height is
higher than 5 mm, glow discharge can be observed in the region underneath the roof.
In that case, the FC film growth is no longer without ion bombardment. Therefore,
the gap height was restricted to be no greater than 5 mm. Figure 6.15 (a) shows the
XPS spectra of the FC films deposited under the different height gap structure in ICP.
The time used for the film growth was fixed at 5 minutes. The gap heights used for
the study were 0.65, 1.3, 2.6, and 3.9 mm. The corresponding FC film thicknesses are
27, 32, 43, and 55 nm, respectively. Both gap height and the deposited FC film
thickness are marked on the figure. Since the deposited FC film is thick, no C-C/C-H
bonding is observed for all conditions. As expected, with the increase of gap height,
the deposited FC film thickness also increases, which is the direct result of increased
CF; radicals able to reach the substrate. For all conditions, the dominant bonding in
the FC films, are C-F, and C-F;. Other peaks are very weak and indistinguishable. At
the same time, the peak at the C (1s) spectrum becomes broader with the increase of
the gap height, which is the result of increased intensity of C-F; bonding relative to
that of C-F, bonding. This can be clearly seen in Figure 6.15 (b). It compares the
relative change of C-F, and C-F; intensities with the gap height, which was computed
from the simulation of the XPS spectra. This indicates that a higher gap may not only
increase the growth rate of FC film, but also increase the F/C ratio of the FC film and
further improve the hydrophobicity of the FC coating. This was supported by water
contact angle measurements performed by a goniometer. The measurements indicated

that the film deposited in the exposed region had a degree contact angle of 95 degrees,
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while the film deposited using 0.65 mm and 3.9 mm gap had contact angles of 115

and 165 degrees, respectively.

Fig. 6.16: Optical microscopic images obtained on the surface of FC film
deposited in the completely shadowed region in pure C4Fg plasma. The experimental

parameters were same as in Fig. 6.15.

The surface image of the FC film deposited using 3.9 mm gap is shown in
Figure 6.15, which was measured by an optical microscope. The surface of the FC
film is pretty rough, similar to the observation in Figure 6.8 by AFM. We should
notice that the scan area is about 150x150 um, which is much larger than the scan
area by AFM. The roughness of the surface may also contribute to the hydrophobicity
of the deposited FC film. This may limit the application for this coating. How to

improve this still needs to be studied further.
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6.4. CONCLUSION

A gap structure was designed to investigate the influence of ion bombardment
on the composition of deposited FC films. The deposition rate, composition and
bonding of deposited FC films are determined as a function of processing conditions
using ellipsometry and X-ray photoemission spectroscopy in both an inductively and
capacitively coupled plasmas. The deposition rate and surface chemistry of FC films
deposited in the completely shadowed region depend strongly on discharge chemistry
and are significantly different from that of films deposited in the exposed region. A
novel feature with two distinct regions existing simultaneously is seen, one consisting
primarily C-F, and C-F; bonding and the other of C-C or C-H bonding, which is
produced in pure C4Fs at 80 mTorr. This is the result of the low power and high
pressure applied, which reduces the amount of energy available per C4Fg molecule
and increases the retention of the molecular structure of the excited gas. The
significant nanoscale topography is also supported by AFM measurement. The
subsequent water contact angle measurements indicate that an excellent
hydrophobicity of the FC film due to the high F/C ratio of the coating. The existence
of two distinct chemical surface portions can be eliminated by either adding Ar or
increasing the source power, both of which can increase the energy available for each

C4Fg molecule.
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Chapter 7: Overall Conclusions

The thesis summarizes results obtained during studies of plasma processing of
advanced electronic materials using both inductively and capacitively coupled plasma
reactors. Based on the experimental measurements our understanding of basic etching
mechanism of dielectric materials was improved.

Using an inductively coupled plasma system, we studied the effect of CO
addition to C4Fs/Ar discharges to enable selective etching of OSG over etch stop
layers. In addition, we investigated the origin of the surface roughness for an
advanced 193 nm photoresist material. The conclusions that can be drawn from that
part of the work presented are:

e CO addition to C4Fg decreases the etch rates, but the etching selectivity of
OSG relative to SisNg4 or SiC etch stop layers remains nearly constant. This is
explained by the high stability of the CO molecule as compared to C4Fs, which
minimizes the dissociation of CO. For CO addition to Ar rich C4Fs/Ar gas mixtures,
the dissociation of CO is strongly increased. It leads to loss of the OSG/SiC etching
selectivity. The relative magnitudes of the energy thresholds of electron induced
dissociation and ionization in the C4Fs/CO and C4Fs/Ar/CO gas mixtures were used to
explain these observations.

e The dry etching characteristics of a 193 nm and a 248 nm photoresist
material were investigated using inductively coupled plasmas fed with Ar, C4Fs,
C4Fg/Ar and O,. The plasma durability of the 248 nm photoresist was better than that
of 193 nm photoresist material, both in terms of etching resistance and surface

smoothness. Our results indicate that the origin of the surface roughness for the 193
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nm photoresist can be attributed to the removal of carbonyl groups and simultaneous
fluorine penetration during the etching process.

A small gap structure was designed to simulate sidewall surface processes
occurring during high aspect ratio trench etching and to study surface chemistry
aspects of fluorocarbon film deposition with and without ion bombardment. This
structure was used to investigate these processes in capacitively coupled fluorocarbon
plasmas. Our work lead to the following conclusions:

e Both C4Fs/Ar and CF4/H; based gas chemistries were used for the pattern
transfer, and we studied time-dependent deposition rates, surface chemistry using the
gap structure, and actual structure etching and profile evolution for organosilicate
glass. From a comparison of the data obtained using the gap structure and SEM
analysis of the etched features, we show that the feature sidewall angles qualitatively
correlates with the deposition rates measured for completely shadowed surfaces of the
gap structure: The lower the FC deposition rate on the sidewall, the more vertical the
trench sidewall. This approach also allowed us to investigate the effect of O, and N,
addition to C4Fg/Ar on surface chemistry and profile shape.

e For the gap structure, the deposition rate and surface chemistry of FC films
stongly depend on the substrate location and discharge chemistry. A novel feature
that has been observed here for the first time are two distinct regions on the substrate
surface. One of these exhibits primarily C-F, and C-F; bonding whereas the other is
characterized by C-C or C-H bonding. These phenomena are characteristic of pure
C,Fg discharges produced in a capacitively coupled plasma system at 80 mTorr.

Atomic force microsocpy data show corresponding nanoscale structure for the films
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deposited under these conditions. The existence of the nanoscale topography can be

eliminated by adding Ar, and/or increasing the source power.
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