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Additionally, patterned structures of 193nm PR were examined using scanning
electron microscopy. Polymer destruction in the top surface, oxygen and hydrogen
loss along with fluorination were observed for all materials initially, which was

followed by steady state etch conditions. A strong dependence of plasma-induced



surface chemical and morphological changes on polymer structure was observed. In
particular, the adamantane group of 193 nm PR showed poor stability. Two linked
mechanisms for the roughening behavior of the films during processing were
identified: A physical pattern transfer mechanism enhances initial roughness by non-
uniform removal. Additional to that, roughness formation occurred linear to the
energy density deposited during processing. For adamantyl polymers, a higher
roughening constant was found. Additionally, fluorocarbon (FC) deposition on the
damaged PR affected roughening in two opposing ways: lon-induced mixing with the
damaged PR increased roughening, whereas for simple FC precursor deposition a
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Chapter 1:

Introduction

Starting with its invention by Bardeen and Shockley in 1947, the transistor has
revolutionized every-day life."! Computers and semiconducting devices make life
much easier due to very fast computational abilities. This was started by the first
integrated circuit in 1961 and has been further improved ever since.'* Miniaturization
of the integrated structures has led to faster devices on a pace never seen before. This
is usually referred to as Moore’s law, which states that the complexity, e.g. number of
transistors per chip, doubles every 18 months."” The semiconductor industry has been
able to advance at this fast pace by using so a called “top down” approach,'? which
means a solid state body is changed into an array of structures with nanoscale
dimensions by a patterning procedure. By patterning layer by layer, complex
structures, such as microprocessors or others, can be generated. The cheapest and
fastest way for manufacturing these structures in mass production was found to be
optical lithography of photoresist (PR) materials followed by a pattern transfer using
plasma. Both technologies offer the advantage of producing large numbers of devices
simultaneously, making typical processing time very short and keeping production
costs low. At this time, a couple tens of millions of transistors are packed on one
typical chip.l‘4 Smaller devices and chip sizes in turn increase the number of chips per
wafer, reducing the cost of the very expensive lithography and etch processes even

further.
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Fig. 1.1: Cross section schematic of a typical integrated circuit and its interconnect
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levels.

To build devices on a nanoscale, very high precision has to be maintained
during fabrication and so complex production schemes have to be used. Besides
manufacturing of the actual transistors, which perform the computational work,
increased attention also has to be directed towards the complex architecture of the
interconnect levels, which control and address the individual transistors and with that

affect the speed of the overall IC device. Fig. 1.1 shows a typical cross section of an



integrated circuit (IC). After the dielectric is grown onto the substrate, the vias (and
wires) are generated by lithography and plasma pattern transfer.

In nanoscale devices, a number of significant changes also have been achieved
by integration of new materials. The interconnect/insulator material combination of
Al and SiO; has been replaced by Cu and low-k dielectric materials."®'” High-k gate
dielectrics replace SiO; on the transistor level to increase the gate capacitance and
reduce the leakage currents.'” The dimensions of the interconnect levels shrink as one
gets to the transistor level. Both techniques will be reviewed briefly to give an
overview of the mechanisms and pathways leading to problems due to plasma surface

interactions on a nanoscale level.

1.1 Material properties of photoresist materials

1.1.1. Photolithography for nanoscale fabrication

A typical process scheme to generate patterned structures using lithography
and plasma transfer is shown in Fig. 1.2. A layer of PR material (light) is spun on the
material to be patterned (black; in the case of microelectronic processing this would
be an insulating oxide, e.g. SiO,). By exposing the PR to light using an exposure
mask, the exposed portions of the PR (darker) undergo a chemical change and can
then be removed from the layer stack by an aqueous solution. Using a transfer
plasma, the open area of the PR material is transferred into the underlying substrate
(positive image). After the pattern transfer-plasma, a second, less damaging plasma

discharge (plasma ash) is used to remove the residual PR material from the layer



stack. The generated trench is then filled with Cu to complete the process. By
patterning several layers in the same fashion, highly complex memory, storage or
computing units can be manufactured. The schematic in Fig. 1.2 is of course a
simplified approach. Patterning of multiple layers usually requires additional
separation layers, which also prevent damage of the underlying material (e.g. bottom
anti-reflection coatings). Also, the patterning usually occurs two layers at a time,

. » 1.8, 1.
using the so called “dual damascene” process.'™ '’

PR coating

- Spincoat PR on dielectric material

]

\AA S A A/

Lithographic Exposure

- Convert exposed region of PR into
soluble state

(exposed) PR removal

- Generate pattern by rinsing away
exposed area of PR

Plasma pattern transfer

- Transfer PR pattern into dielectric
material

PR ash

- remove damaged PR pattern

el

Fig. 1.2: Production scheme for patterning of one interconnect layer.



1.1.2. Historic developments in photolithography

The choice of the PR material is of great importance, since its performance
can ultimately determine the resolution of manufacturable device features. The PR
needs to be designed so that it can meet the demands for both technologies,
lithography and plasma etching. The very basic features that all PR materials have in
common is that they can be switched from an aqueous base insoluble to an aqueous
base soluble state and are significantly more etch resistant than the substrate
material."'® This is ideally achieved through (1) sufficient transparency of the PR
material at the exposure radiation wavelength, (2) a solubility switch mechanism
based on this light exposure, (3) high etch resistance and (4) smooth surfaces and
sidewalls after both litho- and etch processes.

The exposure of the PR material to light initiates a chemical reaction which
changes the chemical state of the PR material. By making the exposed areas more
soluble, a positive image of the exposure mask can be generated. A complete
exposure of the whole PR film also requires the film to be optically transparent at the
exposure radiation wavelength. The ultimate resolution of the critical dimension (CD)
for the patterned features obeys a modified Raleigh equation

Ultimate resolution = k;A/NA (D
where k; is an experimental parameter that depends on the resist material, A the
exposure wavelength and NA the numerical aperture of the system.l'2 The preferred
method to decrease the critical dimension (CD) to date has been the reduction of the

exposure wavelength since it is the most easily accessible parameter. This imposes



new challenges on the PR material design, as certain polymer moieties absorb energy
differently as a function of wavelength. The difference in absorbance of different PR
materials is shown in Fig. 1.3."""" The materials typically used for exposure at 436nm
and 365nm (B and C) and 248nm (A) show very high absorption at wavelengths
shorter than the exposure wavelength. Paradoxically, too high absorption means
higher exposure doses need to be used to complete the exposure or the film doesn’t
change its state over its entire thickness. High absorption generates an imperfect
pattern in the PR material or in the case of higher exposure doses the PR material is

damaged easily leading to increased roughness and related effects.

4.0

Optical absorption
[
(=
I

| | | 1
200 250 300 350 400
Wavelength (nm)

L
430 SO0

Fig. 1.3: Optical absorption of 248nm PR (SU-8; A) and two other PR

materials (RISTON© T-168; B and Novolak resist; C )]'”



1.1.3.Chemically amplified photoresists

While traditional Novolak resins at exposure wavelengths of 436nm (G-line)
or 365nm (I-line) have been able to define patterns in the range from lum to 0.2um, a
slightly different approach had to be taken to resolve features below 200nm. Starting
with 248nm (KrF) photolithography, the concept of “chemically amplified” (CA)
resists was introduced."'®"">!"> In addition to the polymer matrix, low molecular
weight polymers were added to make the exposure more effective. One of those
additives is called PhotoAcid Generator (PAG), which releases H upon exposure to
light. This proton attacks a specific polymer sidegroup, leading to cleavage of this
specific group. A product of this second reaction is also H', making the overall
reaction self multiplying. In addition to this, a base additive is used to limit the
diffusion of the PAG, defining the image. The name chemically amplified resist

reflects this self multiplying chain reaction (regeneration of H") upon exposure.
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Fig. 1.4: Polymer modifications during the lithographic exposure step for

248nm PR a) and 193nm PR b).]'29

The acid (H") attacks the weakest bond in the polymer matrix. The PR
materials are designed in a way that a C-O linkage is broken and an —OH endgroup
forms. This switches the PR from a water-insoluble state to a water-soluble state. A
soft bake at moderate temperatures (~100°C) is usually performed to accelerate this
reaction. As shown in Fig. 1.4, the basic principle remains the same when switching
from 248nm PR to 193nm PR’s, however the polymeric structures have changed
significantly. This is mostly due to the strong absorbance of the conjugated C-C
bonds at 193nm."'""'* For 193nm lithography the aromatic ring structure has
therefore been replaced by a more cage-like carbon arrangement, called adamantyl.
Other differences include the use of a methacrylate main chain, motivated by details

of the polymer synthesis.'!'*"1°



Whereas lithographic exposures of adamantyl-based PR at 193nm have been
successfully used to switch the water-solubility, other PR requirements are less well
met. The etch resistance in the plasma as well as roughness evolution during
lithographic or plasma exposure caused problems in the integration of 193nm PR into
manufacturing.''” Since 193nm PRs contain more oxygen per monomer, high
removal rates are found for these materials. This affects the selectivity of the etch
process to the underlying substrate and with that the manufacturable aspect ratios. An
improvement in etch resistance was achieved by introduction of more carbon into the

polymer matrix."'#'?
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Fig. 1.5: 248nm PR (a) and 193nm PR (b) after processing in identical process
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conditions.

Previous work has shown that fluorine-based plasma pattern transfer
processes which are successful for 248nm PR can introduce problems for 193nm PR
that include high etch rates, “pinholing” and formation of surface/line edge roughness

(see Fig. 1.5)17120-121 e roughness that is generated on the PR surfaces and



sidewalls can be transferred into the underlying substrate. This may lead to pattern
degradation, charge scattering during device operation and ultimately device failure.
The typical size of a PR molecule (i.e. radius of gyration) used in 193nm lithography
is 3-5nm.'?* A 50nm wide line therefore corresponds to 10-15 molecules, with the
typical thickness of the PR as spun-on corresponds to about 20 molecules. The
minimal extent due to plasma modifications by neutrals and ions (~100eV) in a
typical plasma-pattern transfer process also corresponds to 3-5nm, similar to one
molecule size. For successful pattern transfer, a molecular control of the plasma-

surface interactions is needed.
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1.2 Plasma processing of advanced electronic materials

A schematic of a F-containing plasma-based pattern transfer process is shown
in Fig. 1.6. A successful pattern transfer requires optimal management of the species
fluxes involved in the plasma-surface interactions. We will therefore briefly review
the known plasma-surface interactions leading to the characteristics of a typical

transfer etch process.

« (A): Thick FC film on PR

— Slow down of resist erosion
— Protection of polymer surface
(B): Thin FC film on PR

— Sidewall protection against
ion impact due to neutral

dielectric diffusion
« (C): Thin FC film on oxide
substrate — Thin layer to enable oxide

removal through FC film

Fig. 1.6: Schematic of typical surfaces involved in pattern transfer plasmas.

The ion bombardment during processing plays a very important role in the
plasma surface interactions. Most frequently, argon glow discharges are used to
provide high energy ion bombardment and provide a physical sputtering environment
for the surfaces A and C in Fig. 1.6. Additionally, synergetic effects due to an
increased reaction probability of neutral atoms and/or radicals with the surface being
etched are generated by a molecular gas flow that forms volatile compounds upon

reactions in the surface. The classical experiment for this behavior was performed by
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Coburn and Winters'?

, In which the removal rate for reactive neutral beam and ion
bombardment simultaneously was found to be significantly larger than the sum for
the removal for the individual components. Molecular gases in the plasma have
important implications on the polymerization during the plasma discharge. High
selectivity discharges (i.e. higher dielectric material removal relative to the resist
removal) are preferred during pattern transfer. By polymerization of an added
molecular gas, a competing mechanism with the etching is initiated in the plasma.
Based on whether surfaces are subject to ion bombardment or not, polymer deposition
can occur."**'* Typical fluorocarbon gases used in plasma processing show
deposition for low-ion energy conditions, but etching under higher energy
bombardment conditions.'**'* Since jon bombardment in a typical plasma discharge
geometry always occurs perpendicular to the surface, highly anisotropic etching is
possible in plasma processing. Surfaces A and C (see Fig. 1.6) are subject to high ion
bombardment and are therefore in the etching regime. Ions arriving perpendicular to
the average surface cannot reach the sidewalls B (see Fig. 1.6); the sidewalls are thus
not subject to high ion bombardment, and a thin FC film can be deposited. This
sidewall deposit protects the resist and dielectric material sidewalls against chemical
attack or erosion and so highly anisotropic etch profiles can be generated. The
deposition flux by the added FC gas can also reduce the net etching rate of the resist
(A in Fig. 1.6) while the dielectric etch rate (B) may remain nearly unaffected. For
certain resist/dielectric material combinations, nearly infinite selectivity process

conditions were found.'?*'*" The involved etch rates can be fine-tuned by a careful
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selection of gases involved in the plasma process. A detailed review of the
mechanisms can be found elsewhere.'*

The plasma-surface interactions with polymeric materials are a lot less well
defined. The etch rates of polymers are usually reported in etch studies, since they are
directly correlated to what process selectivity is possible. Many models have been
developed to describe the etch behavior of different polymers in a plasma
environment. The fist model was developed by Ohninshi et al.""'®, which proposed a
dependence of the sputter resistance on the effective carbon content, i.e. number of
carbon atoms per monomer. Even though this model wasn’t proven to be valid in
plasma environments, it was consistently developed further by many groups. Most
models are based on the basic idea that a higher C-content per monomer leads to a
lower removal rate in a plasma environment.'

A detailed understanding on the molecular level as well as the impact of the plasma
condition on the etch rates has mostly not been addressed. The impact of the change
in fluorination due to plasma processing' >’ on the resist etch results remains unclear.
Material modifications of polymers during radiation processing are well
established,'""'** however very little is known about the impact of UV radiation on
polymers present in typical plasma dischalrges.l'33 Novel phenomena due to reduced
dimensions of nanoscale structures might have additional impacts on the plasma-
surface interactions. In particular, the roughening behavior of surfaces has usually not
been addressed in any model of plasma-surface interactions, since it has only become

important as device dimensions shrunk significantly.
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1.3 Experimental setup

1.3.1 Plasma processing

Plasmas perform the transfer of the image generated with the PR material into
the substrate. This “dry etching” has the advantage of displaying highly anisotropic
etch profiles, enabling the production of very high aspect ratio features.'** A plasma
is a partially ionized gas containing an equal number of positive and negative ions in
addition to neutral and other species. Typical plasmas used in microelectronics
manufacturing are weakly ionized plasma discharges, meaning that only a small
fraction of the species in the discharge are actually ionized.' Typical ranges for
plasma discharges are electron temperatures of a few electron volts (e V) (k,T. =1-10
eV) and plasma densities in the range of n=10%-10" cm™. > Related techniques
extensively used in semiconductor manufacturing include applications such as plasma
enhanced chemical vapor deposition or plasma enhanced ion implantation.1'37'1'40

Many different reactor configurations have been developed for processing of
materials involved in semiconductor industry. Starting from reactive ion etching
(RIE) to helicon or electron cyclotron sources, intensive research and development
has lead to an increased understanding of plasma physics and the impact of the
reactor geometry.1'34’1'35’1'41’1'42 Since the focus of this work is the plasma-surface
interactions rather than the physics of the plasma reactors itself, we limit ourselves to
a short introduction of the two technologically most important reactor configurations,
inductively and capacitively coupled sources. The desired properties of a plasma

reactor are that there are two separate power inputs, where one input controls the
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plasma density, whereas the other power input controls the ion energy of the

discharge.

1.3.1.1 Inductive plasma sources

A schematic of the inductively coupled plasma (ICP) reactor used in this work
is shown in Fig. 1.7. A planar coil is placed on top of a quartz window. By applying a
RF current through the coil, an electromagnetic field is coupled into the vacuum
below the window. Due to the low mass, the electrons are able to follow the varying
electromagnetic fields at 13.56 MHz. The highly energetic electrons then lose their
energy by ionizing collisions with gas atoms or molecules, generating a plasma. The
heavy ions on the other hand, are not able to follow the RF field and so the applied
inductive power is directly related to the plasma density. The electrons are heated by
the electromagnetic fields, their direction is randomized due to collisions with
neutrals. Characteristic electron temperatures of 3 to 5 eV and ion/neutral
temperatures of 0.05 eV result. Electrons diffuse readily from the plasma generation
area throughout the whole reactor vessel.

During the initial plasma ignition period, fast electrons charge the chamber
walls and generate an electric field, which accelerates the ions but slows down the
electrons. A space charge separation builds up on all surfaces of the plasma reactor;
this is usually referred to as the plasma sheath. In our reactor configuration, the sheath
thickness is of the order of Imm. For all other areas within the plasma, the discharges
can be considered quasi neutral. The potential difference over the sheath is usually

10-30 V, accelerating ions entering the sheath towards the negatively charged surface.
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For the desired decoupling of ion energy and density, a second, capacitively coupled
source is applied to the substrate electrode. By adjusting the average potential of the
substrate to a more negative value, a net increase of the ion energy reaching the
substrate can be achieved. Due to their very low contamination levels and high
throughput, high density ICP sources are mostly used in front end of line (FEOL)

applications.

Source Power

‘®B-2000 W, 13.56 MHz
Induction
coil _—I_—

\ —
— T —
",
% Quartz
couplin
; _~~ couping
K v, n'.:t:.......:-:‘:-.--" "'::
vanet ~-..,<‘ _fi
. |
T
Bias Power
0-1000 W, 13.56 MHz
Fig. 1.7: Schematic of the inductively coupled plasma reactor used in this
work.!#

The ICP reactor in this work has been described in details before.'** A RF
current at 13.56 MHz, driven through the coil on top of a 1” thick quartz window, is

coupled into the reactor vessel evacuated by a turbomolecular pump. A 300mm
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bottom electrode is used for material processing, which is additionally capacitively
coupled to a 13.56 MHz power supply for biasing. The bias electrode and the quartz
window are separated by a gap of ~8cm, while the plasma generation is confined to 2-
3cm below the window.'* The chamber walls are maintained at 50°C during
operation and a mesh around the electrodes at equilibrium temperature ensure stable
discharge conditions and prevent extensive contamination by the chamber walls."*
The process gas (50sccm) is injected from left side of the reactor, then passes through
the vessel and is finally pumped out by the vacuum pump at the right side of the
system. The bias electrode is cooled to 10°C to avoid temperature gradients in the
samples due to plasma heating. A thermal paste was applied to the backside of the

scribed wafer pieces. This procedure provided enough thermal contact to keep the

sample close to the temperature set for the bias electrode.

1.3.1.2 Capacitive plasma sources

Parallel plate or capacitively coupled reactors have slightly different
mechanisms of plasma generation. A high RF frequency is applied to control the
plasma density. The electrons in the bulk plasma are accelerated by the applied RF
field until they lose their energy due to collisions with other particles. In addition to
this, secondary electrons are generated by bombardment of the substrates. These
electrons are then accelerated into the plasma by the sheath. Another mechanism for

plasma generation is that a stochastically moving sheath can increase the plasma

density. Typically densities of lOg-lollcm-3can be generated at pressures from 20-300
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mTorr, which are slightly higher operating pressures than in inductively coupled
plasmas. For the selection of the ion energy, a second, low frequency power supply is
added to accelerate the ions. Because of their large mass, ions are not able to follow
the rapidly changing excitation at the high frequency used for plasma density control.
The low frequency RF power is able to increase the potential of the powered
electrode, similar to the case for the inductively coupled reactor. Plasma and floating
potentials in capacitively coupled plasmas can be very high, ranging from a couple
tens to a couple hundreds of eV. This becomes an important factor when controlling
contamination within the discharge. Medium density capacitive sources have shown
better control of the chemical reactions in the plasma discharges and enable better
sidewall control. The high aspect ratio Back end-of-line (BEOL) interconnect levels
are mostly generated using capacitive sources.

The CCP reactor used for our photoresist studies was a Lam 2300 Exelan®
dielectric etch system, which uses a high RF frequency at 27 MHz to excite electrons
and a low RF frequency at 2 MHz to accelerate ions (see Fig. 1.8). The electrodes
were 300mm in size and the gap between the electrodes was 2.3cm. A confinement
ring around the electrodes (not shown) ensured stable plasma operation and reduced
chamber contamination. The process gases were injected through a “showerhead”
aperture array in the top electrode and pumped out using a turbomolecular pump at
the bottom of the chamber vessel. The wafer substrate is clamped by an electrostatic
chuck and 20 Torr Helium applied to wafer backside to ensure efficient heat transfer
and to reduce thermal gradients in the samples."®"* The bottom electrode was cooled

to 10°C. Significant differences to the ICP reactor used in this work include very high
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gas flow rates, much larger peak and average ion energies during processing and
significantly higher RF power density during processing leading to faster processing

speed and a greater versatility of the reactor.

*

—

Substrate
/

Matching Network

|
RF Source, 27 MHZ@ RF Bias, 2 MHz

Fig. 1.8: Schematic of the capacitively coupled plasma reactor used in this

work.

1.3.2 Surface analysis

After processing, the PR materials were analyzed using many surface analysis
techniques. Requirements for these techniques are (1) that they be highly sensitive to
thin films, (2) high spatial resolution and (3) that they be non destructive, due to the

fragility of the polymeric materials.
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Very high precision measurements of the film thickness are required during
plasma processing. Furthermore, the thickness measurement has to be fast and should
not interfere with the electrical properties of the plasma discharge. For measuring
etch and deposition rates during processing, ellipsometry was applied to monitor film
thickness and index. By measuring the change in polarization of light as it is reflected
from a sample, refractive indices and thickness values of unknown thin films on a
known substrates can be determined.'**

The change in the near-surface (3-5nm) composition which is most affected
during plasma processing is of great interest. In particular, incorporated fluorine
detection is a critical issue for plasma processing. X-ray photoelectron spectroscopy
(XPS) was used as a non-damaging technique to determine the elemental composition
and chemical bonding of the PR films before and after processing. X- ray irradiation
of materials leads to the emission of electrons from core orbitals ranging from depths
of up to 10nm, and allows the composition of this part of the sample to be analyzed.
The emitted electrons carry characteristic information, in the form of their energy
spectrum, which identifies their environmental origin.1'40’1'45‘1'47

The roughening of polymer films due to plasma processing became a critical
issue in manufacturing when the semiconductor roadmap for technology began to call
for producing features of nanoscale size. A highly resolving technology to measure
and quantify this surface degradation was therefore needed. The surface morphology
12140 By

in this work was analyzed using an atomic force microscope (AFM).

rastering a tip with very high spatial resolution over the surface, high resolution
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images of the processed PR samples were obtained and numerically analyzed
according to their height-variations (i.e. roughness).

AFM scanning of 3D structures is usually very time consuming and
additionally specially manufactured tips are needed to reduce convolution-based
artifacts in the measured data. Secondary electron microscopy (SEM) was used to
image the topographic transformations of nanoscale patterned 3d structures. A
focused beam of electrons is directed onto the specimen depositing the energy in a
certain volume of the sample upon contact. The energy exchange between the
electrons and the sample results in the emission of electrons and electromagnetic
radiation each of which can be used to produce an image. By rastering the electron
beam over a selected area, a high resolution image can be achieved'*’. Variations of
patterned 193nm PR structures were examined by this technique. The acquired
images were numerically analyzed using image software programs.

The stability of polymer structures in a plasma environment was monitored as
a function of time by time of flight secondary ion mass spectroscopy (ToF-
SIMS). 40145 A highly collimated beam of ions is directed towards the sample. The
surface then emits material through a sputtering process. The ion masses are usually
detected at very high resolution and are therefore characteristic of their molecular

structure and are ideal to measure compositional changes in the PR materials.
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1.4 Experimental approach

The results presented here build the core of the collaborative efforts of PI
Prof. Gottlieb Oehrlein and Co-PI’s Prof. David Graves and Dr. Eric Hudson under
NSF grant # DMR 0406120 entitled “GOALI (Grant Opportunity for Academic

Liaison with Industry) Interactions of Plasmas/Energetic Beams with Organic

Masking Materials”.
Project Group Tool Task
member
UMD Oehrlein | ICP reactor . Plasma processing
Ellipsometry . Etch/deposition rates
XPS (in UHV) . Chemical information
Phaneuf | AFM . Surface morphology
ucB Graves lon beam reactor | ¢ Beam processing
AFM . Surface morphology
Lam Hudson CCP reactor . Commercial processing
Research AFM . Surface morphology
. State of the art materials
processing
RHEM Andes PR spin coating . Material synthesis
Lithographic . State of the art resist
scanner knowledge
SEM . 3D sample topography
ITC-Irst Anderle ToF-SIMS . Chemical information
Table 1.1: Overview of groups and tasks in the GOALI project.

To examine the novel effects of plasma-polymer interactions, we examined a
broad set of PR materials under a wide range of plasma conditions at the University

of Maryland. Through exposure in well modeled and characterized etch reactors at
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the laboratory for plasma processing of materials (LPPM), molecular understanding
of the plasma-polymer surface interactions could be obtained. We obtained additional
insights through exposures in complementary ion and/or radical beams as well as UV
radiation exposures at the laboratories of Prof. Graves at the University of California
in Berkeley. The results of ion and neutral beam exposure, photon radiation and
synergistic effects of these fluxes can be found in a separate publication.l'48
Exposures of the PR materials under similar plasma conditions in commercial etch
reactors at Lam Research ensured that our findings are generally applicable and not

dependent on reactor configuration or geometry. A complete overview of the groups

and tasks involved in this work is shown in Table 1.1.

1.4.1 Laboratory for plasma processing of materials (UMD)

Most experiments were performed in the laboratory for plasma processing of
materials (LPPM) at the University of Maryland in College Park. The plasma
exposures were performed in an inductively coupled plasma reactor, which is
connected to a cluster system. After processing, the samples were either exposed to
atmosphere to perform ex-situ analyses, including ellipsometry, AFM, SEM or ToF-
SIMS. Alternativly, they were transferred in-vacuum to a VG ESCA Analysis
Chamber for XPS analysis. A schematic overview of the lab setup is given in Fig.
1.9."* The chamber conditions were routinely checked using complementary

1.
measurements. 20
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In addition to the experimental methods described, a modified exposure mode
in the ICP chamber was used for highly controlled time-dependent experiments.
Stabilization periods for conventional plasma discharges might typically take up to
30s. This is well past the time resolution required to study polymer interactions. A
special experimental technique, the shutter approach'”' was used to overcome this
problem and shed light on those early transformations. Previous studies showed that
the perturbation of the plasma sheath due to the shutter setup were negligible.
Surfaces covered by the shutter received a flux of about one monolayer of neutrals

due to diffusion of the plasma species under the shutter during the stabilization

period.
Inductively Coupled Plasma+ VG ESCA Mk II
Magnetically Enhanced Plasma Analysis
Chamber
(XPS. AES. ...)
Load |]
Lock I

Inductively Coupled
Plasma Reactor

Microwave-based Remote Plasma
Processing Chamber/
Capacitively Coupled Plasma Reactor

Fig. 1.9: Schematic Overview of LPPM."*
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1.4.2 Other Laboratories

As shown in Table 1.1, the surface characterization by AFM was performed in
several different locations involved in this project. The consistency of the
measurements between each other was experimentally confirmed.

The ion beam exposures reported in Chapter 2 were performed in the lab of
Prof. Graves by Dustin Nest at the University of California-Berkeley. ToF-SIMS
experiments were performed at ITC-IRST in Italy by Paolo Lazzeri. The SEM
imaging of the plasma processed samples was supervised by Dr. Cecily Andes at
RHEM in Marlborough, MA. She also provided us with the already spin coated PR
wafers used for our studies in College Park, Berkeley and Fremont.

Additionally, selected experiments have been performed at Lam Research
using a Lam 2300 Exelan© dielectric etch system. Experiments similar to the
findings in chapters 2,4 and 5 were chosen to complement the studies performed in
LPPM and compare our results to findings in an industrial setting. Even though
significantly higher power densities were used during commercial processing, the
process result trends using the Lam Exelan® chamber were very similar to our
findings reported in chapters 2,4, and 5, leading to the conclusion that our findings
are broadly applicable and not reactor or discharge-specific. No significant new
insights were obtained in these experiments and they are therefore omitted in this

thesis.
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1.5 Qutline of thesis

The studies of plasma-surface interactions in plasma reactors were approached
systematically. The findings were divided into four chapters: Chapter 2 describes the
plasma-surface interactions as a function of processing time as well as polymer
material. Chapter 3 is a short communication of the roughening model developed to
describe the photoresist-plasma interactions. Chapter 4 describes the plasma surface
interactions for different processing parameters and chapter 5 discusses the influence
of different plasma chemistries on the plasma-surface interactions.

General modifications seen for all polymeric materials due to plasma exposure
are described in chapter 2. Selective loss of O and H during the first seconds of
exposure coincides with an increased introduction of roughness. Steady-state
conditions for later processing times are characterized by low roughening and
removal rates. The damage for different polymer materials is based on stoichiometry
as well as the behavior under radiation from the plasma. A characteristic relation of
the surface fluorination introduced to the introduced roughness could be observed.
Equivalent exposure of polymers to ion beams only generated no damage, indicating
that ions, fluorination and radiation are responsible for plasma damage.

The roughening model for polymers in plasma processing is discussed in
chapter 3. Based on the polymer specific roughening rates and discharge and polymer
specific etch yields, characteristic roughness forms on the polymer surface, which can

also be related to sidewall roughness evolution.
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Chapter 4 examines the impact of the plasma properties on the observed
results. The damage due to ion bombardment and plasma fluorination could clearly be
identified. A roughening model based on the energy density required to remove a unit
volume of material was developed. Results obtained over a widely varying plasma
parameter space the surface roughening behavior could be described by a simple
universal relationship and only depended on one material-dependent parameter,
suggesting that the molecular structure of the PR material plays an overriding role in
plasma-induced PR modifications.

Chapter 5 extends the study to that of the impact of different discharge
chemistries. The different plasma chemistries affected the removal and roughening
characteristics greatly. Due to changes in the surface chemistry, different etch
mechanisms were observed, which were consistent with the roughness model
presented in chapter 4. An increase in ion-induced removal seen for very reactive
plasma chemistries was accompanied with smoother surfaces due to much smaller
energy densities possible for those conditions which yielded very high etching yields.

Finally, chapter 6 summarizes the main conclusions of this thesis.
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Chapter 2:
Plasma-Surface Interactions of Model Polymers for Advanced

Photoresists Using C,Fg/Ar Discharges and Energetic Ion Beams

J. Vac. Sci. Technol. B, 25, 1353 (2007)

S. Engelmann, R. L. Bruce, T. Kwon, R. Phaneuf, G. S. Oehrlein, Y. C. Bae, C.
Andes, D. Graves, D. Nest, E. A. Hudson, P. Lazzeri, E. Iacob and M. Anderle

ABSTRACT

Plasma based transfer of photoresist (PR) patterns into underlying films and
substrates is basic to micro- and nano-fabrication, but can suffer from excessive
surface and line edge roughness in the photoresist and resulting features. We have
studied the interaction of a set of adamantyl methacrylate-based model polymers with
fluorocarbon/Ar discharges and energetic Ar’® ion beams. Through systematic
variation of the polymer structure, we were able to clarify the contributions of several
critical polymer components on the chemical and morphological modifications in the
plasma environment. Etching rates and surface chemical and morphological changes
for the model polymers and fully formulated 193 nm and 248 nm photoresists were
determined by ellipsometry, atomic force microscopy, time-of-flight static secondary
ion mass spectrometry and x-ray photoelectron spectroscopy.

The polymer structure in the near-surface region (~10 nm) of all materials is
destroyed within the first seconds of exposure to a fluorocarbon/Ar plasma. The

plasma induced changes include destruction of polymeric structure in the near surface
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region, oxygen and hydrogen loss along with fluorination. For the 193nm PR material,
the initial densification of the near-surface region was followed by introduction of
pronounced surface roughness. This change was not seen for 248 nm PR processed
under identical conditions. When comparing the responses of different polymer
materials, we observed a strong dependence of plasma-induced surface chemical and
morphological changes on polymer structure. In particular, the adamantane group of
193nm PR showed poor stability under plasma exposure. On the other hand, the
plasma induced changes for polymer resins with or without the low molecular weight
chemicals required to make the photoresist system photoactive did not differ
significantly.

The behavior of the same materials during energetic argon ion beam
bombardment was also investigated. No significant differences in etch yield and

surface roughness evolution for the different materials was seen in that case.
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2.1 INTRODUCTION

In order to shrink semiconductor device dimensions to the nanoscale, shorter
lithographic exposure wavelengths are required for photolithographic patterning.
Since the size of the resin molecules used in photoresist materials is about 3-5 nm,
critical dimensions of 50 nm and below requires molecular level control of
photolithographic and follow-on processes, e.g. plasma based pattern transfer”'. The
design of photoresist (PR) materials becomes of critical importance for achieving
controlled nanoscale patterning. Until recently, 248nm photolithography has been the
workhorse for micro and nanopatterning of materials in advanced semiconductor
fabrication®*. While PR materials used for 248nm photolithography employ etch

resistant aromatic ring structures, these can not be used for 193nm lithography due to

the strong optical absorption of the carbon double bonds and conjugated bonds™***.

. . 2.5-2.7
Previous work has shown that fluorine based pattern transfer processes

which are successful for 248nm PR can introduce problems for 193nm PR that

include high etch rates, “pinholing” and formation of surface/line edge roughnessz'g'

>10 " Several material platforms have been tested for 193nm lithography, and

methacrylate-based materials have been the most promising candidates™**>*'!,

Further improvements have been achieved by introducing etch resistant groups into

the overall polymer structure, e.g. adamantyl*'**'>. Other issues investigated for

advanced photoresist materials are the difference in dissolution behavior*'* and the

2.15
h

increased exposure dose required at shorter wavelength™~. Studies have been

performed to link chemical properties, (e.g. carbon/hydrogen content, cross-
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linking/chain scission (G)*'® values) to properties observed as a result of plasma
exposure™'’.

Still, the fundamental mechanisms causing photoresist degradation remain
unclear. One of the contributing factors is that for conventional plasma processing
conditions, the stabilization period of the discharge can take up to 30 s*°, well past
the required time resolution to study polymer modifications. In this work we used a
shutter approach™'® which allows a minimum controlled exposure time of about 1 s to
overcome this problem.

The present study is an effort at laying the groundwork for understanding the
role of specific polymer components in controlling the response of the PR material
when interacting with fluorocarbon plasmas used for pattern transfer. We initially
present a review of the design of 193nm PR materials and critical elements of plasma
discharges used for pattern transfer. This knowledge is required to understand the
approach of the current study, and helpful in the interpretation of the observed results.
Our results are presented in three sections, where each section has been designed to
answer specific questions.

The goals of our studies were the following:

a) Establishing the modifications of the chemical composition and roughness of
the polymer surface region in a C4Fs/90% Ar plasma as a function of time,

b) Clarifying the influence of different polymer structures on the above
modifications,

¢) Comparing the behavior of the same materials when exposed only to Ar* ion

bombardment.
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2.2 EXPERIMENTAL

22.1 Description of Materials

In 193nm lithography, light exposure causes an acid-catalyzed reaction in
chemically amplified photoresist materials by converting ester groups into carboxylic
acids. This renders the exposed areas aqueous base-soluble*'. One concern is that the
high strength acid required to remove the ester groups™*’ might cause additional
problems in the etch properties of the photoresistz'm. The leaving group in the
polymer contains the acid sensitive constituent that enables the conversion of the
photoresist from aqueous base-insoluble to aqueous base-soluble. The challenge in
materials selection is to identify polymers capable of acid-catalyzed switching of
solubility while being transparent to an exposure wavelength of 193 nm.

Various polymers used in 193 nm photoresists were provided by Rohm &
Haas Electronic Materials for the present study. Three model polymers similar to
those used in advanced photoresist materials were studied, along with fully
formulated 193nm and 248 nm photoresist systems. Additionally, one core
homopolymer was used. By interacting well characterized plasmas with the model
compoundsz'zz, and fully formulated photoresist systems derived from the model
compounds, we were able to provide a number of basic insights on plasma-
photoresist interactions.

The model compounds tested contain a ter-polymer structure, consisting of

three basic components used for methacrylate photoresist polymers (see Fig. 2.1)
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Figure 2.1: Molecular structure of the MAMA/GBLMA/RAMA reference

compound.

The leaving group polymer provides the ability to switch the photoresist
polarity from an insoluble state into an aqueous base-soluble. Due to the reaction with
the photo-generated acid, the adamantyl group is removed resulting in deprotection
and conversion of the ester into carboxylic acid. The lactone group in the polymer
improves the solubility of the photoresist after exposure. However, the high oxygen

content of the lactone group can reduce plasma etch resistance””!

. The polar group
consists of a R-functionalized adamantane structure and improves the base solubility
of the photoresist. The final ingredients of 193 nm photoresists are the photoacid

generator (PAG) and the base. UV photon bombardment of the PAG generates acid,

which diffuses through the polymer and attacks the leaving group during post-
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exposure bake. The base limits diffusion of the acid throughout the film and thus
controls the amount of acid that reacts with the polymer to prevent deprotection of the
polymer beyond regions defined by the original photoima geZ'Zl.

The reference compound which serves as the basis of the materials tested in
the present work is shown in Fig. 2.1. It consists of a methyl adamantyl methacrylate
in the leaving group (MAMA), an a-gamma butyrolactone methacrylate in the lactone
group (GBLMA) and R-functionalized adamantyl methacrylate in the polar group
(RAMA)***. This polymer structure is typical of common 193nm PR materials. In
this article we refer to this model compound as MAMA.

The first modification of the reference compound MAMA is to change the
leaving group to ethyl adamantyl methacrylate (EAMA) and is shown in Fig. 2.2(a).
As discussed before, the leaving group in the 193nm PR material acts like a “switch”
for the photoresist upon exposure. By changing the structure of the leaving group, the
sensitivity of the polymer to the photogenerated acid can be manipulated. The
compound shown in Fig. 2.2(a) is referred to as EAMA.

The second modification is aimed at studying the effect of replacing a
methacrylate with an acrylate group in the MAMA reference compound. In order to
keep the change in the chemistry as small as possible, only the polar group was
changed into an acrylate. This is shown in Fig 2.2(b). Heat treatment was found to
crosslink this polymer, whereas the methacrylate compounds exhibited chain
scission”!'*%, 248nm PR showed slight crosslinking behavior after UV—exposurez'ls,
and improvement of the etch characteristics for this compound might be expected.

We will refer to this compound as RADA (Fig. 2.2(b)).
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The model compounds shown in Figs. 2.1 and 2.2 (a) and (b) are not actual
photoresists since they lack PAG and a base. The material specified in Fig. 2.2(c) was
used to explore the effect of additives used in full photoresist formulations on plasma
etch performance. The polymer used for this fully formulated chemically amplified
photoresist is identical to the reference MAMA shown in Fig. 2.1. The additional
chemistry present for the full formation are the photo acid generator and base (Fig.
2.2(c)). The PAG (triphenyl sulfonium perfluorobutylsulfonate) has a higher
absorption at 193 nm due to its aromatic structure. However, since it is only present
in small quantity (<5 wt %), it is compatible with good overall lithographic
performance. The base polymer is trioctyl amine (TOA). The material specified in
Fig. 2.2(c) will be referred to as /193nm PR.

To further investigate the effect of the adamantyl structure on the actual etch
performance, we also studied poly-methyladamantylmethacrylate (p-MAMA) — see
Fig. 2.2(d) - for comparison with the other materials. It may be expected that the
resulting modifications of this homopolymer during plasma etching could play an
important role in plasma etch performance of the model compounds, since it is used
as one of the key groups in the resin formulation. This material will be referred to as
p-MAMA.

To compare the behavior of the above model compounds with a well
established photoresist material, we also used a fully formulated 248 nm photoresist
in this study (Fig. 2.2(e)). The 248 nm PR contains three functional groups, including
highly etch resistant hydroxystyrene, styrene and t-butylacrylate. The photoresist

switch employed in this compound is t-butylactrylate, and ester elimination converts
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it to aqueous base soluble. Just like the 193 nm PR, this resin also has small chemical
additions in form of a PAG and a base to generate a photoresist system. This material
will be referred to as 248 nm PR.

“Blanket” films of all materials were coated on Si wafers with a resulting
thickness of 400 nm. This was followed by a 1 min soft bake at 120°C to drive off

solvents from the materials.

222 Plasma Processing

The inductively coupled plasma reactor used in this study has been described
in previous publications of this group®>. A planar coil is placed on top of a quartz
window and powered through an L-type matching network at 13.56 MHz with a
power supply (0-2000W). Ion bombardment of a 300 mm diameter substrate can be
independently controlled using another 13.56 MHz source (0-1000W). The
temperature of the electrode was fixed at 10°C using a cooling liquid. The total gas
flow rate was maintained at 50 sccm. 10 mTorr operating pressure was achieved
through an automatic throttle valve in the exhaust line. Before each experiment, the
chamber was dry cleaned using an O, plasma followed by one-minute chamber
seasoning applying the conditions for the next experiment. A thin metal mesh around
the discharge region was used to ensure stable process conditions. The temperature of
the chamber walls was set to 50°C using heating straps. For time resolved studies, we
used a shutter approach in the gradient exposure mode described previously>'**'®.

All materials were exposed to argon/fluorocarbon discharges (C4Fs/90%Ar),

which is close to standard industrial processes used for pattern transfer and has been
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2.13,2.242.25 . )
. For commercial oxide etch

well characterized for dielectric etch processing
processes based on mixtures of fluorocarbon gases and Ar, Ar" ion bombardment
provides an effective material removal rate, while a small amount of fluorocarbon gas
like C4Fg is added to passivate the sidewalls and enable etching selectivity2'26.
Together, they make possible high selectivity etch processes typically used for high-
aspect ratio or contact hole etch*?*?® In this work we have used discharges fed with
C,4Fg/Ar gas mixtures in an ICP reactor using process conditions that have been

d>*2%  Based on laser-diode IR laser

thoroughly characterized and modele
absorption work, compositional and energy resolved analysis of the ion flux and
calibration of the mass spectrometer data using a Langmuir probe, absolute data on
the important radical (CF, CF, and COF,) and ion fluxes are available in this system
as a function of processing conditions. The C4Fs/Ar system allows us to vary the
surface flux conditions from neutral-dominated conditions (e.g. the CF,/ion flux ratio
can be greater than 70 in pure C4Fg) to ion-dominated surface flux conditions (for
C4F3/90% Ar, 70% of the total ion flux is Ar+, and the ion/neutral flux ratio is greater
than 1). The latter process conditions were used here?-30233, Although commercial
pattern transfer discharges typically contain oxygen for sidewall control, this
component was omitted in our studies to examine the modifications of the oxygen in
the photoresist itself. The source power applied was typically 800 W, and the RF bias
power was adjusted to achieve a DC self bias voltage of -100 V. These conditions
remain the same for sections 2.3.1 and 2.3.2 unless otherwise noted, and will be

referred to as “standard” conditions. Changes in the inductive power from 800 W to

1000 W yielded near-identical results.
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The ion beam experiments have been performed where the vacuum chamber
is maintained at a base pressure of 5x10® Torr pumped by a 2000 Ls-1
turbomolecular pump (Seiko Seiki STP H2000C). Argon is introduced into a
differentially pressured commercial ion gun (PHI 04191) raising the pressure of the
main chamber to 5x107 Torr. The four resists were bombarded with 500 eV Ar+ at
normal incidence with a beam flux of ~4.0 ;,LA.cm'z. The spot size of the ion beam
was about 5x5mm. The ion flux onto the sample was measured by a Faraday cup.
After processing the samples, they were measured to determine the thickness loss due
to the ion exposure. The results have then been normalized to the received ion dose to
determine an average etch yield assuming a polymer density p of ~ 1g/cm’.

The ion beam experiments have been performed in comparison to the
C4Fs/90% Ar discharges, where the majority of the ion flux (>70%) are Ar+ ions>".
Furthermore, plasma species contain reactive ions, FC radicals, metastables, etch
products and trace oxygen from the quartz window. Other differences include the
shape of the ion energy distribution and the interaction of the etch chemistry with ion
activation at the surface. The ion beam experiments allow isolating the effects due to
the argon ion bombardment and are therefore able to provide further important

details.

223 Surface Characterization

After processing, the materials were analyzed using various surface

characterization techniques.
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Single wavelength ellipsometry using a 632.8 nm He/Ne laser with a rotating
compensator in the polarizer-compensator-sample-analyzer (PCSA) configuration
was used to determine thin film etch rates as well as refractive indices. The change of
the refractive index is used as a measure of a broad number of polymer surface and
materials modifications introduced by the plasma exposure.

The thickness loss of the ion beam exposed samples was measured with a
Nanometrics Nanospec/AFT Model #010-0180, which was used to calculate the
average etch yield.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed at 90° and
20° electron take-off angle relative to the surface using a non-monochromatized Al-
Ka x-ray source (1486.5 eV). The etched samples were transferred in ultra high
vacuum into a Vacuum Generators ESCA Mk II surface analysis chamber, where the
pass energy of the hemispherical analyzer was set to 20 eV. The charging of the
samples was compensated by setting the position of the C-C/C-H peak to 285.00 eV
and adjusting all other binding energies with a fixed charge correction. Intensities
were obtained by least-square fits of Gaussian peaks after background correction
using a Shirley background and the full width half maximum (FWHM) of fitted
individual carbon species was fixed at 2eV. Elemental ratios were obtained by using
cross sections and mean electron escape depths of specific elements™*. The spectra
shown in the figures below were obtained at a 90-degree detector angle with respect
to the sample surface.

Atomic Force Microscopy (AFM) measurements were performed on both

gradient and homogenously plasma etched samples as well as ion beam-exposed
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samples. The scan size for all measurements was fixed at 2x2 ;,Lmz. The surface
roughness values reported were calculated from the root mean square (RMS) of the
surface profile after the measurement.

Time of Flight Static Secondary Ion Mass Spectroscopy (ToF-SSIMS) was
performed using a pulsed 15keV Ga* beam scanning an area of 300x300 pm® on

selected gradient plasma etched samples.

2.3 RESULTS

Section 2.3.1 describes the temporal evolution of the material modifications in
the C4Fg/90% Ar discharge, whereas section 2.3.2 describes the effects of exposing
different polymer structures to the same discharge. Finally, section 2.3.3 reports about

the results of energetic ion beams onto the resists under pure Ar" ion bombardment.

2.3.1 Structural and morphological changes upon plasma exposure

To test the macroscopic response inside the plasma, ellipsometry
measurements have been applied to monitor the etch resistance as well as the index of
the photoresist materials using a single layer interpretation of the measured psi/delta
values. Figure 3 displays the etching rate (a) and the change of the refractive index (b)
of the RADA polymer as a function of plasma processing time. The behavior seen for
the RADA polymer, with acrylate incorporation, agrees well with previous

2.9,2.10

studies , with regard to both etch rate and refractive index evolution with

exposure time. The etch rate starts out at an initially higher value and drops within the
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first 10-20 s of plasma exposure to reach a steady state value. The behavior displayed
in Fig. 2.3(a) is a characteristic response of the resist material to constant plasma etch
conditions. These results suggest that a modified layer forms on the photoresist due to
the plasma surface interactions. Figure 2.3(b) displays the change in refractive index
with time and is characteristic of 193nm PR materials>>*'?. The refractive index of
the RADA material initially increases. This is seen for all polymers studied, and also
observed for the 248nm PR. A possible interpretation of the refractive index increase
is densification of the polymer due to hydrogen and oxygen depletion caused by
plasma attack. After this initial index increase, the refractive index for 193nm PR
materials drops. Compositional physical changes that could explain this are
fluorination of the polymer and introduction of severe surface roughness.

The time scale of materials modifications is short relative to the total time
required for a typical plasma etching step. Combining the capability of temporal
“printing” using the shutter approach with the high spatial resolution of ToF-SSIMS,
allows the examination of PR chemical modifications for plasma exposure timescales
never tested before. Because of its limited probing depth, this method is an excellent
technique to study the evolution of the near surface chemistry, where the interaction
of plasma particles with the photoresist material is expected to be highest. Using ToF-
SSIMS we monitored selected ions representative of the different functional groups in
193nm PR materials for the first 30 sec of plasma exposure. For instance, the leaving
group (MAMA), the lactone group (GBLMA) and the PAG (PFBS) all exhibit severe

changes at the sample surface due to the interaction with the plasma.
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Figure 2.3:  Time evolution of resist etch rate(a) and refractive index change (b)
during C4Fg/90% Ar plasma etching for RADA compound. The discharges
were generated using 1000W source power, a pressure of 10 mTorr, 50sccm
total gas flow and a fixed self bias voltage of -125 V. The lines (a) are inserted

as a guide for the eye.
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All PR characteristic ion intensities drop immediately after exposure of the PR
material to the plasma and reach background values within several seconds and can
no longer be detected for the modified PR surface. All materials studied showed a
similar behavior as a function of plasma exposure time.

The chemical evolution of the photoresist materials was also analyzed using
x-ray photoelectron spectroscopy (XPS). Just as for the ToF-SSIMS technique, XPS
is characterized by a limited probing depth. Due to ultra high vacuum transfer of the
plasma-exposed PR specimens from the plasma processing chamber into the UHV
analysis chamber we can be confident about the surface chemical evolution seen in
these studies, since secondary modifications, e.g. due to air exposure, can be
neglected. Also, the ability to examine the fluorination of the materials in detail yields
new insights. Figure 2.4 shows typical C 1s photoemission high resolution spectra of
the MAMA polymer obtained by x-ray photoelectron spectroscopy. The unexposed
material is displayed in Figure 2.4 (a). The major peak at 285.00 eV can be identified
as C-C/C-H bonding. Two further peaks are required to account for the chemical
shifts introduced by C-O-C bonding (at 286.5 eV) and O-C=0 (at 289 eV). The same
polymer after exposure to a C4Fs/90% Ar plasma is shown in Fig. 2.4 (b). The initial
C-C/C-H peak intensity has dropped and the carbon-oxygen peak intensities are
diminished relative to the as received materials. Additional peaks were required to fit
the data, and account for formation of CF, groups due to plasma-induced fluorination
of the material. The position of the C-CFx peak was set to 286.6 eV, whereas the
position for C-F, C-F, and C-F; were fixed at 287.9eV, 290.3 and 292.65 eV,

respectively. These spectra indicate that the carbon bonds rearrange due to fluorine
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Figure 2.4:  High resolution XPS Cls spectra of MAMA compound before (a) and
after (b) 60 sec. exposure to a C4Fg/90% Ar discharge. The discharges were

generated using 800W source power, a pressure of 10 mTorr, 50sccm total

gas flow and a fixed self bias voltage of -100 V.
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and ion attack, forming a fluorinated carbon layer on top of possibly unmodified
material. No significant difference in the appearance of the C 1s spectra was observed
for different plasma exposure times of 15 s and longer. It should be noted that the
intensities for both the O 1s spectrum and the carbon-oxygen moieties within the C 1s
spectrum indicated that the oxygen content of the exposed compound dropped
significantly upon plasma treatment.

Estimating the oxygen content from peak-fitting the C 1s spectrum introduces
some uncertainty due to the fluorine penetration of the material and the overlap of the
oxygen-carbon peaks and the fluorine-carbon related peaks. Examination of the
corresponding oxygen s spectrum yields valuable insights. Figure 2.5 shows the
evolution of the O 1s spectrum for the same samples used in Fig. 2.4. The O 1s
spectrum has been peak-fitted in the same fashion as performed by Ben Amor et
al.>*® for PMMA. The peak fits account for the carbonyl group (C=0) at 532.3 eV,
bridging ether oxygen, -OH or plasma-related oxygen at 532.7 eV, and the singly
bonded carboxylic oxygen (C-O-C) at 533.8 eV. A clear decrease in all intensities can
be observed. Just like the Cls spectra, the O 1s spectra also did not show further
significant changes for exposure times greater than 15 s. The results obtained from
both, ToF-SSIMS and XPS indicate a significant transformation of the surface region
has occurred in the photoresist material as a result of plasma exposure.

Additional information about the magnitude of the effects seen in Figs. 2.4 and
2.5 could be extracted from the elemental ratios as determined by the XPS
measurements. Figure 2.6 displays the calculated F/C and O/C ratios of the model

compound after plasma exposures for different times.
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Figure 2.5:  High resolution Ols XPS spectra of MAMA compound before and
after processing in a C4F/90% Ar discharge. The discharges were generated
using 800W source power, a pressure of 10 mTorr, 50sccm total gas flow and

a fixed self bias voltage of -100 V.

By comparing the two emission angles of the electron analyzer, one can
modify the probing depth of the measurements where a 90° detector angle
corresponds to the maximum probing depth. Comparing the two emission angles, one
can see that the fluorinated layer is predominantly present very near the surface,
which is plausible since the fluorine originated from the plasma species. No further

evolution occurs after the initial transformation (see Fig. 2.6(a)).
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compound in C4Fg/90% Ar discharge. The discharges were generated using
800W source power, a pressure of 10 mTorr, 50sccm total gas flow and a

fixed self bias voltage of -100 V.
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The oxygen content of the plasma-exposed photoresist has dropped significantly
compared to the as-received material (see Fig. 2.6(b)). Further analysis has shown
that the oxygen signal remaining after processing of our samples originates from SiO,
that is redeposited on our materials and due to ion-induced erosion of the quartz
coupling window of the ICP apparatus by ion attack. Assuming all oxygen and silicon
found in the sample after processing is due to this contamination, an atomic
percentage of less than 4% was measured. The oxygen loss of the photoresist
materials has been observed previously and has been attributed to the photoresist
modification®”*'". Tt can thus be argued that nearly all oxygen has been depleted
from the photoresist surface region by the interaction with the plasma. Both results
suggest the model that the material has undergone a transformation into a surface-
modified version of the original compound, which then displays the steady state
etching conditions seen in dry etch processes for longer exposure times.

To complement the surface chemical studies of changes of the photoresist
materials due to the plasma exposure, we employed atomic force microscopy (AFM)
to obtain information on the morphological evolution of the photoresist materials. The
roughness evolution as a function of plasma exposure time of the photoresist is shown
in Fig. 2.7. In addition, actual AFM micrographs of the surface at particular times are
shown, demonstrating the formation of increasingly rougher features. The surface
roughness of the polymer is expressed as RMS height variation and shows a dramatic
increase with plasma exposure time. The material undergoes severe roughening
within the first seconds of exposure, whereas for later times a decreased roughening

rate is seen. This behavior was found to be similar to other 193nm PR materials tested
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before>**'°. The micrographs show that the roughness starts as single rough spots,

which grow with time, evolving into what is commonly referred to as PR

wiggling?®27.
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Figure 2.7: RMS roughness along with AFM micrographs of the MAMA
compound as a function of exposure time in a C4Fg/90% Ar discharge. The
discharges were generated using 1000W source power, a pressure of 10

mTorr, 50sccm total gas flow and a fixed self bias voltage of -125 V.
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232 Qualitative Evaluation Of Structural And Morphological Changes

Gokan et al.>*’

proposed a model which states that the etch rate under ion-
beam exposure is inversely proportional to the “effective carbon content” of a PR
material, also sometimes called the Ohnishi parameter. This is usually referred to as
the “Ohnishi” model and it is based on the observation that materials containing a
high concentration of C-O and C=0 groups exhibit much higher sputter yields than
pure carbon materials™’. The “effective carbon content” (N/(N-Ny)) is defined as the
number of carbon atoms minus the number of oxygen atoms normalized to the total
number of atoms in the monomer. Based on the Ohnishi model one would expect
polymers that have a high alicyclic content to approach the performance of aromatic
resins in plasma environments. Unfortunately, it was found that although increasing
the alicyclic carbon content improved etch resistance, it worsened lithographic
performance®*'. Also, the presence of oxygen groups in PR cannot be avoided, since
they are needed to improve the aqueous base solubility of photoresists™*'. Even
though the Ohnishi model did not prove to hold true in a plasma environment™’, we
present the comparison of the responses of the 193 nm PR material and its model
polymers, the 248nm PR, and p-MAMA polymer using this parameter due to its
simplicity and wide-spread use.

Figure 2.8 displays the etch rate of the different materials for our “standard”
process conditions. Clear differences can be observed for the 248nm PR and p-

MAMA which reveal the lowest etch rates. These materials have the lowest relative

oxygen content before plasma etch which may explain the low removal rates.
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It is well known that oxygen content strongly influences the etching resistance
of polymers*>*?'*%® In addition, carbon and hydrogen content also affect the etch
rate. The four model compounds all have very similar initial contents of carbon,
hydrogen and oxygen, but their responses to the plasma environment are different. A

partially cross-linked overlayer may reduce etching of the RADA material relative to

52



the MAMA compound. Comparisons of the fully formulated 193nm PR and the
corresponding MAMA polymer show that the additives required to produce a full
photoresist system have no measurable effect on etch rate. The EAMA sample tends
to have slightly higher etch rates, which may be due to additional hydrogen available

from the ethyl group. Figure 2.8 shows that while the Onishi model*”’

provides a
rough description of the overall behavior of polymers due to major differences in
oxygen content of the photoresist materials, it cannot account for systematic and
significant differences for materials for which the oxygen content is comparable. This
is likely due to the fact that the Ohnishi model does not explicitly account for the
effect of hydrogen content within a material by distinguishing between hydrogen
atoms in the main chain or in the functional groups. For the four model compounds
studied in this work, the Ohnishi model predicts nearly the same etch rates, which is
not consistent with the observations.

An insight into the different evolution of the optical properties of the
photoresist materials has been obtained by determining the effective refractive indices
of the materials based on interpretation of the ellipsometric data. The refractive index
of the polymer is sensitive to a number of physical and chemical changes of the
materials induced by the plasma exposure. Using these characteristics, the
ellipsometric data can also be used as a quick indication of the microscopic responses
seen by other techniques, e.g. AFM. The refractive index change at 632.8 nm vs.
exposure time for the different materials is shown in Fig.2.9, and is averaged over the

total remaining layer thickness. We divided the materials into two groups which are

displayed in Figs. 2.9(a) and (b), respectively.
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Figure 2.9: Time evolution of the change in refractive index for EAMA, MAMA,
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over the total remaining photoresist or polymer thickness.
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The refractive index change of the materials shown in Fig. 2.9(a) follows the
pattern seen in Fig. 2.3(b) for MAMA, i.e. an initial refractive index increase is
followed by a refractive index decrease. Both the changes of the refractive indices of
RADA and EAMA relative to MAMA may be interpreted in the following way: the
refractive index decrease seen for plasma exposure times longer than ~15 s is due to
the introduction of surface roughness. The RADA compound shows less of a
refractive index decrease and less surface roughness introduction than MAMA,
respectively, whereas exactly the opposite trends are seen for the refractive index of
the EAMA sample. The evolution of the refractive index for the 193nm full
photoresist and the MAMA polymer used for its synthesis are different. Since the
etching rates and surface roughness of MAMA and 193 nm PR are the same (this is
shown in Figs. 2.8 and 2.12), the difference is in the optical properties of the
remaining layers. Since by design of the PR material, the whole film should be
exposed to photon radiation during the plasma process, one possible explanation is a
difference in the responses of MAMA and 193 nm PR to UV photon irradiation from
the plasma, where the 193nm PR is able to initiate the PAG process, whereas the
MAMA compound remains fairly inactive. If the observed difference in the evolution
of refractive indices of MAMA and 193 nm PR is indeed due to this, this would
imply that changes in optical properties of plasma exposed 193 nm PR and MAMA
do not necessarily translate into observable differences in etch performance and
surface roughness.

Figure 2.9(b) shows the refractive index changes with exposure time for

248nm PR and 193nm PR along with MAMA and p-MAMA. The p-MAMA sample
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shows the same characteristic index increase followed by an index decrease. However
the rate of decrease is much larger than for the MAMA compound. It can therefore be
expected that this material shows a high surface roughness (and is indeed observed,
see Fig. 2.12). The 248nm PR shows only a refractive index increase. This is
consistent with previous observations™'® and can be attributed to the fact that for
248nm PR severe surface roughening is not observed.

The chemical evolution for different materials was examined using XPS.
Figure 2.10 displays high resolution C 1s XPS spectra for both as-received and
plasma etched MAMA compound (Fig. 2.10(a)) and p-MAMA (Fig. 2.10(b)),
respectively. These two materials have been selected since p-MAMA is a core
polymer backbone of the MAMA compound, but its surface morphological evolution
after plasma exposure is quite different. The C 1s spectra obtained with as-received
materials show high C-C/C-H signals, whereas after exposure to C4Fs/90% Ar
plasmas both materials show decreased C-C/C-H signals and similar degree of
fluorination as indicated by the C-Fx peaks. The C-C/C-H peak for the p-MAMA
sample dropped off more significantly compared to MAMA. Since the p-MAMA
monomer supplies the leaving group of the MAMA compound, this comparison may
indicate that the decrease of the C-C/C-H peak measured for the plasma etched
MAMA sample is mainly due to the instability of the adamantyl in the leaving group.

Differences in surface morphology evolution were measured using AFM. We
begin with a discussion of the temporal evolution of the surface roughness for the
four model compounds. Figure 2.11(a) shows the corresponding roughness evolution

with plasma exposure time for the four model compounds.
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Figure 2.10: High resolution XPS Cls spectra of MAMA (a) and p-MAMA (b)
before and after 60 sec. exposure to a C4Fg/90% Ar discharge. The discharges
were generated using S00W source power, a pressure of 10 mTorr, 50sccm

total gas flow and a fixed self bias voltage of -100 V.
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All materials show a strong roughness increase within the first 20 seconds,
followed by much slower surface roughening. This characteristic behavior was found
to be true for all 193nm PR materials. We discuss all comparisons with respect to the
reference compound MAMA. It can be seen that EAMA develops more surface
roughness than MAMA for a given plasma exposure time. A reasonable explanation
may be the plasma etch properties of the ethyladamantyl group employed in this
compound, which provides an additional degree of freedom for radical and ion attack
from the plasma, and leads to increased surface roughness. The RADA sample shows
the opposite trend. The initial rapid roughness increase is followed by a strong slow-
down of the overall roughening rate, leading to smaller surface roughness. An
explanation for the difference could be that the acrylate content of this material
causes the plasma influence on the polymer to favor cross linking over chain scission
and thus creates a thin, more etch resistant top layer2'39. This modified layer could
reduce the etch rate of the material and lower surface roughness introduction for
similar exposure times relative to the MAMA compound due to an improved plasma
resistance. Finally the effect of the photoresist additives is given by comparing
193nm PR with MAMA. Figure 2.11(a) shows that both materials for which the
polymer structure is identical, display comparable surface roughness evolution
differences. We conclude from this that the photoresist additives do not have a major

. . . . . 2.2
influence on surface roughening, consistent with a prior study>".
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Figure 2.11: RMS roughness (a) and roughening rate (b) of the 4 model compounds
as a function of exposure time in a C4Fg/90% Ar discharge. The discharges
were generated using 1000W source power, a pressure of 10 mTorr, 50sccm

total gas flow and a fixed self bias voltage of -125 V.
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To correlate the roughness trends to the etch resistance trends, we defined a
normalized roughness which was defined as the RMS roughness introduced during a
time interval divided by the film thickness removed during the same time interval.
This normalization also tests if the observed differences in roughness are indeed
caused by different roughening mechanisms or only by different removal rates. It can
be seen in Fig 2.11(b) that all 4 compounds show a higher roughening rates for the
first 10-20 s. We suspect that this initial roughness increase is a basic characteristic of
the methacrylate based adamantyl polymers resulting from the substantial
modifications due to rapid hydrogen and oxygen loss. After these initial high
roughening introduction rate values, all values decrease with time. Three of the
compounds show similar values while a higher roughening rate is found for the
EAMA compound. This suggests that the differences seen in the surface roughness
for EAMA are caused by a different roughening mechanism, possibly due to the
additional radical attack on the ethyladamantyl group, whereas the improvement in
the resist roughening of the RADA sample may possibly be due to a decreased etch
rate associated with the incorporation of acrylate into the main chain. This again
shows the importance of distinguishing ethyl and/or methyl groups originating from
the main chain (in RADA) and from the functional groups (in EAMA).

Figure 2.12 contains the calculated F/C ratios for all materials after
processing. EAMA shows a higher degree of fluorination than MAMA, whereas for
RADA the fluorination is reduced relative to MAMA. The 193nm PR shows
essentially the same F/C ratio as MAMA. The p-MAMA material shows the highest

level of fluorination of all materials examined, whereas the 248nm PR shows the
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lowest degree of fluorination of all materials studied. One may expect that the
measured F/C ratio depends on the overall degree of cross linking for the polymer
materials, i.e. as the degree of cross linking increases, the fluorination of the materials

(and the measured F/C ratio) will be reduced**’.
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Figure 2.12: Measured RMS roughness as a function of calculated F/C ratio (20°
deg) for the tested materials after 60 sec exposure to a C4Fg/90% Ar
discharge. The discharges were generated using S800W source power, a

pressure of 10 mTorr, 50sccm total gas flow and a fixed self bias voltage of -
100 V.

61



Figure 2.12 also shows the RMS roughness values obtained with samples
processed for 60 sec using standard conditions. The results are consistent with trends
seen for the intensity of materials modifications determined by other characterization
techniques. EAMA shows an increased roughness, whereas RADA shows improved
etch resistance due to acrylate incorporation. 193nm PR does not show a significant
difference relative to its corresponding MAMA polymer. The 248nm PR material
shows much lower surface roughness. The p-MAMA homopolymer shows the
highest surface roughness, indicating that the adamantyl structure is more susceptible
to plasma attack, and possibly pointing to one key factor for the surface roughness
effects seen for all the 193nm polymer materials examined in this work. Relating the
observed results to the effective carbon content fails completely. This confirms a
picture where surface roughness introduction correlates with the complex polymer
functionality employed for 193nm PR materials, including the moiety location within
the monomer and interactions with neighboring groups, rather than simply polymer

stoichiometry.

Correlation of AFM results with XPS data

A comparison of the removal rates, the fluorination and the roughening of the
samples suggests that there may be an underlying reason for the similarity of the
observed relationships. For instance, p-MAMA displays a relatively low removal rate,
but at the same time exhibits the highest amount of surface roughening. This means

that material removal and the roughening behavior of the materials are not correlated.
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One may expect that surface chemical changes may be related to surface roughness
evolution. In Fig. 2.12 we plot the measured RMS roughness values for the model
compounds versus the measured F/C ratio after plasma etching. There appears to be a
correlation between the two measurements, i.e. the lower the F/C ratio, the lower the
surface roughness. One possible explanation of this observation may be that a lower
F/C ratio indicates a higher degree of cross-linking of the surface region, with better
etching resistance and greater morphological stability. Another possible explanation
is that fluorine replaces hydrogen within the photoresist structure and causes
roughening. Care must be taken not to over-interpret the correlation seen in Fig. 2.12.
The correlation displayed in Fig. 2.12 applies for the exposure times shown (after 60
sec processing). As shown in Fig. 2.6(a), the F/C ratio is essentially constant for all
plasma exposure times studied here, whereas the surface roughness changes
continuously as a function of plasma exposure time (see Fig. 2.11(a)). This can be
explained by the limited probing depth of the XPS technique, where the modification
depth of the sample due to the plasma exposure exceeds the probing depth of the XPS
after short processing times. Still, even though this correlation is based on combining
results of two completely different characterization techniques, repeated testing for
different plasma exposure times has shown it to remain true when comparing

different materials.

2.3.3 Influence of Energetic lon Beams

To clarify the role of ion bombardment in the transformation of the materials

reported above, we also processed these materials in an UHV ion beam system.
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Previous ion beam studies on other photoresist materials showed similar results to
plasma exposures, i.e. hydrogen and oxygen loss of the resist resulting in a
graphitization of the material>*'"**. The effect of the ion energy on the material loss
has been well established, where higher ion energies result in higher removal
rategZ 4245

Samples processed with an Ar" ion beam also show increased removal rates at
early exposure times, similar to observed behavior in plasmas (Fig. 2.3(a)). However,
ion beam exposures show increased etch yieldsz'46 for fluences less than ~ 1x10"
ions/cm?, whereas the etch rates for plasma exposures reach a steady state value at
higher fluence (~ 1x10" jons/cm?), possibly because the plasma-induced fluorination
of the material delays this effect. All ion-beam processed samples however are in this
steady state regime. A detailed report about these findings can be found in the
corresponding publication2'46.

The exposure of the four model compounds to the Ar" ions has resulted in
very similar etch yields, where the small differences in etch yields between materials
can be attributed to the experimental error. The corresponding RMS roughness values
did not display significant differences between the materials either.

It should be noted that even with the removed thickness being comparable for
the ion beam and the plasma exposures, the induced roughness is more than six times
higher for the plasma condition. Fig. 2.13 illustrates this by comparing the
roughening rates for the plasma vs. the ion beam exposure. This plot shows two

important insights into the roughness evolution of the PR materials examined: The

presence of the plasma species creates a significant amount of roughness for plasma
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exposures, whereas the roughening seen under argon ion bombardment is almost
negligible. It appears from this that the simultaneous presence of reactive
fluorocarbon radicals and strong surface chemical changes, multiple ionic species and
UV for the plasma exposure may result in strongly increased surface roughness. In
addition, the important and consistent differences seen between the four model
compounds for the plasma processes were not observed under argon ion

bombardment conditions.

0.14-
0.12-
0.10-
0.081

0.06-
0.04 Il Plasma Exposure @ 145 eV
lon Beam Exposure @ 500 eV

hening Rate

ug

= 0.02

0000 — L
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Figure 2.13: Roughening rates for plasma exposures (as shown in Fig. 2.11b) and

ion beam exposures of the four 193nm model compounds.
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Ion energy may play an important role in the observed effects, with qualitative
evidence that energies below 500 eV show some extent of roughening”*. Due to the
reactor configuration, ion energies in the plasma exposures are limited to a certain
range and may be difficult to control independent of other factors. In this comparison
the ion energies for plasma exposure were much lower than the ion beam energies.
However ion beam exposures offer the possibility to explore energy-related effects in
more detail. The effect of ion energy, ion mass, and substrate temperature for ion
beam exposures onto photoresist materials will be discussed in more detail

2.46
elsewhere” ™.

24 DISCUSSION

In Fig. 2.14 we present an overview of surface modifications that take place as
a function of exposure time during plasma processing of photoresist polymers.
Typical AFM micrographs of the PR surface are displayed for different times. The
surface modifications are characteristic for the exposure of 193 nm PR materials
using fluorocarbon etching processes comparable to those presented in section 2.3.1.
Nevertheless, the picture of Fig. 2.14 should apply for polymer materials that are
similar in structure and composition when exposed plasma process conditions for

which the main plasma characteristics are comparable.
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Figure 2.14: Temporal overview of PR modifications during exposure to a

C4F3/90% Ar plasma based on data presented in this article. The AFM

micrographs are for exposure of MAMA to C4Fg/90% Ar plasma with a fixed

self bias voltage of -125V.
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The initial photoresist modification regime occurs within the first few seconds
of plasma exposure. During this period the destruction of the polymer structure at the
surface of the material takes place. This is evident by the vanishing of the photoresist
fingerprints in the ToF-SSIMS data. Additionally, hydrogen and oxygen loss in the
resist causes a transformation in the top surface layers, accompanied by densification
of the material. These significant changes in composition are consistent with the
observation of the high initial etch rates. High surface roughening rates are also
measured for these times.

Following this regime is an intermediate time regime, where the fluorination
and oxygen loss at the surface of the material reaches steady state, and steady state
etching rates are established.

Finally after about 30 s plasma exposure, the photoresist surface exhibits
pronounced surface roughness. The RMS roughness is greater than the average size
of a polymer molecule of about 3-5nm. This is the limit of control needed for
successful pattern transfer using 193nm PR in conventional lithography and indicates
that the plasma process used here would be inadequate. Along with this phenomenon
goes the decrease in the refractive index which can be regarded as the material on
average becoming optically less dense (we assume that the decrease of the refractive
index is due to both increasing fluorination and reduced density).

Our experiments show that the polymer structure has a very important
influence on the evolution of these materials, and indicate the need for a trade-off in

materials design for meeting both lithographic etch process objectives.

68



We also found that acrylate addition reduces etch rate and surface roughness.
The acrylate created a possibly higher degree of cross-linking in the polymer material
forming an etching resistant modified over layer.

Furthermore, our work showed that the addition of small quantities of
different functional groups to the main polymer required for full photoresist
formulation did not change the plasma etch performance relative to the polymer
employed. This is consistent with the fact that the PAG and base additives are also
used in the 248nm PR based polymer, which showed significantly better plasma etch
performance compared to all 193nm PR materials and model compounds.

Our p-MAMA polymer result suggests that the adamantyl methacrylate group,
a key monomer in typical 193nm ter-polymers, plays an important role in surface
roughening. With the etch rates for p-MAMA being smaller than the corresponding
compounds, one can conclude that the oxygen incorporation of the ter-polymers,
especially in the lactone group tends to increase the material’s etch rate. This
underlines the fact that the adamantyl structures have been incorporated into the
photoresist systems to improve the etch resistance”'>*">. On the other hand this
incorporation causes roughening of the PR materials, as can be seen by the poor
surface stability of the p-MAMA homopolymer.

We also demonstrated that the effective carbon content as expressed in the
Ohnishi parameter does not allow one to predict the structural and morphological
changes of polymer materials during plasma exposure. Instead, a description of the

factors that control plasma modifications of polymers must consider additional factors,
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including hydrogen content, arrangement of specific groups relative to the main chain,

and neighbor-neighbor interactions.

Comparisons of C4Fg/90%Ar plasma and Ar* ion beam exposures have shown
important differences for these materials. It is possible that this is simply due to the
presence of reactive fluorocarbon species, even though the fluxes of those species are

233,234 .
33234 For the ion beam

considerable less than that of the dominant Ar® ion
exposures, the different model compounds yielded no significant difference in etch
yield or surface roughness in addition to significantly lower roughening rates. Strong
surface chemical changes in the plasma environment, multiple ionic species and UV
for the plasma exposure may also be responsible for the strongly increased surface
roughness. In particular, the former of these is suggested as an important effect by the

relationship of RMS roughness and the fluorine/carbon ratio of the modified polymer

surface shown in Fig. 2.12.

70



2.5 CONCLUSIONS

We studied the consequences of plasma exposures of carefully selected, well-
characterized polymers to gain insights into the role of molecular structure on plasma
etching behavior and surface morphological and chemical evolution during plasma
etching. The focus has been photoresist materials suited for 193nm photolithography.
We found that the hydrogen and oxygen content of the materials plays an important
role in the evolution of photoresist etch rate. The labile structure of the adamantyl
polymer appears to have a significant role in the introduction of surface roughness.
Changes in polymer structures have shown the potential to influence the outcome of
plasma-polymer interactions. A protecting group based on ethyl instead of methyl,
has shown worse plasma etch properties. On the other hand, acrylate content
improves the plasma etch properties. The addition of small quantities of low
molecular weight chemicals to the polymer required to produce a fully formulated
photoresist has shown no measurable effect on the photoresist performance.

Exposing the same materials to energetic argon ion beams, in the absence of any
fluorocarbon or reactive species results in identical process results for all four
photoresist materials as well as much less roughness than in the plasma exposures. It
was furthermore demonstrated that the roughness evolution of photoresist materials is
caused by a strong chemical interaction of the fluorine species with the fragile
adamantyl structure, which was intentionally introduced into the resin to reduce the
etch rate. This demonstrates the difficult task to design a material suited for both low

plasma etch rates and high morphological plasma stability.
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Alternative routes in adjusting PR etch performance have shown potential for
improving the characteristics for 193nm photoresists. These include fluoroalcohol
introduction in the methacrylate resists'*, the incorporation of the carbon ring

2.3,2.11

structures directly into the main chain , electron beam curing of the resist before

.24 e . . . )
processing™*” or modifications of the plasma processes using different chemistries™’.
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Chapter 3:
Dependence of polymer surface roughening rate on deposited energy

density during plasma processing

To be submitted to Appl. Phys. Lett., 2008

S. Engelmann, R. L. Bruce, G. S. Oehrlein, C. Andes, D. Graves, D. Nest and

E. A. Hudson

ABSTRACT

Roughening behavior of three basic photoresist polymers (aromatic,
adamantyl, adamantyl + lactone) was examined for fluorocarbon/argon plasma etch
conditions. The roughening rate (RR), defined as surface roughness (SR) introduced
per depth of material etched, scales linearly with energy density (eV/nm?) deposited
by the ions at the surface during processing, regardless of plasma process details. RR
after etch is uniquely determined by polymer structure and energy density. Adamantyl
groups cause higher RR. Addition of lactone groups increases removal rates, but
leaves the RR at given energy density unaffected. We also show that sidewall

roughness of etched nanostructures directly correlates to SR.
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The introduction of line edge roughness (LER) and surface roughness (SR) of
etched features as a result of plasma processing during pattern transfer imposes

limitations on the size of manufacturable structures®'~*

. Roughness of the photoresist
(PR) material and features can be introduced during lithographic exposure as well as
plasma etch (PE), and is subsequently transferred into the underlying material

3.3-3.5
layers

. Roughness formation during lithographic exposure has been related to
unstable resist formulations, and/or due to phase separation of unexposed and
exposed polymer at the image definition area”®*’. The mechanism of PE induced
roughness is much less understood since some PE conditions produce smoothing of
rough sidewalls™*. Plasma etch related roughness studies typically examined the role

3.1,32 . 38 . . . .
or PR materials’® in isolation, and it was not well

of discharge chemistries
understood if the polymer material or the PE conditions were the performance
limiting factors. In our work we have examined SR and LER introduction during
realistic plasma etching for a broad set of PR materials, model polymers and plasma

3.9-3.11

etch process conditions , complemented by additional ion beam experiments and

. . . 302313
molecular dynamics simulations .

Here we present several remarkable
observations on the dependence of nanoscale photoresist/polymer surface roughening

rates on deposited energy density during plasma processing, clarifying the respective

roles of both polymer structure and plasma etch process parameters.

A detailed description of the polymer materials of this study has been

presented elsewhere®”. Briefly, the 193nm and 248nm PR materials frequently used in

nanoscale manufacturing differ significantly in their polymer structure (Fig. 3.1).
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Importantly, /93nm PR has a higher oxygen content due to presence of lactone than
248nm PR and additionally, their polymer structures differ (adamantyl vs. aromatic).
We showed previously that functional photoresist additives play no role in surface
roughening, which is instead determined by the polymer resin®’. The additives are
therefore not shown in Fig. 3.1. To clarify the role of oxygen, p-MAMA was also

studied. It has the same amount of oxygen as 248nm PR (5%), but is based on a

similar polymer structure as /93nm PR.
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Figure 3.1:  Molecular structures of 193nm PR (a)), 248nm PR (b)) and p-MAMA
(c)) employed in this work.

A detailed description of the experimental procedures employed for plasma
processing of polymer materials in our inductively coupled plasma reactor can be

3.9-3.11

found in related publications , and only a brief summary is presented here. The

PE processes were based on typical fluorocarbon processes (CsFs/Ar) employed for
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PR pattern transfer into dielectric materials. We systematically varied self bias
voltage (-50 to -150 V4. by adjusting bias power), pressure (10-80 mTorr) and
inductive power (0.4-1.2 kW) of the C4Fs/90% Ar PE process to evaluate the impact
of these parameters on SR and LER introduction. Etch rates were determined by
ellipsometry and surface roughness by atomic force microscopy (AFM). The root
mean square (RMS) of the surface profile is reported as measure of the SR of the
samples. All data were acquired during the steady state etch period, so that initial
transient effects were minimized**'*. We also etched nanoscale patterned /93nm
PR samples to study the impact of PE process parameters on feature sidewalls using

scanning electron microscopy (SEM).

We correlated etch rates and roughness data for all processed samples with

the energy density ¢ deposited at the polymer surface during the etching process:3'10

E ]

1

leY

E =

Here ¢ (eV/nm’) is the energy density deposited by the plasma per unit volume
removed, E; (eV) is the average ion energy of the bombarding ions, v; (nm3) is the
volume of substrate material removed per etch-inducing ion and EY is the etch yield
of the material for the particular discharge conditions. A detailed introduction of the

energy density model can be found in>'°.
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Figure 3.2: Etch rate and RMS roughness vs. energy density for 193nm

PR, 248nm PR and p-MAMA for different processing conditions.

Etch rates and SR results after plasma etching of the three materials are shown
in Fig. 3.2 as a function of ¢. Etch rates are roughly proportional to 1/ ¢. On the other
hand, SR shows no simple dependence on the energy density.

We define the dimensionless roughening rate RR as the roughness introduced

per depth of material etched for our conditions, i.e. RR equals RMS roughness (nm)
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introduced during etch divided by the total etch depth (nm) during the same time

period (and related to time-averaged ER shown in Fig. 3.2).
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Figure 3.3: Roughening rate vs. energy density for 193nm PR, 248nm PR

and p-MAMA for different processing conditions.

Figure 3.3 shows that, for each material, RR is proportional to energy density.
This relationship between RR and energy density € at the polymer surface during PE
may be expressed as:

RR (¢)=C,&(E, v, EY). 2]

m
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The materials constant C,, (nmS/eV) reflects the molecular structure of the
polymer and is a measure of how effectively the deposited energy is converted into
surface roughness. Polymer rearrangement due to energy input is prevented if etching
takes place instead. Whereas the 248nm PR polymer with the aromatic ring structure
shows a small C,,, the adamantyl polymer has substantially higher C,,. Due to a high
etch yield (related to O-content), energy densities for /93nm PR remain below 5x10*
eV/nm’, whereas € values for the polymers with lower O content cover a wider range.
Similar to the presence of O atoms in the polymer, the addition of F through F-rich
surface conditions decreased the energy densities € seen for CF4/Ar chemistries™ .
Surface fluorine was found to increase etch yields similar to a mechanism studied by
Schaepkens et al. for Si3N43'16.

The observations of Fig. 3.3 indicate that PE conditions having high etch
yields, i.e. lower energy density ¢, show reduced RR. A competition for energy
dissipation during processing can be identified, where high etch yields result in low
roughening rates and vice versa. A possible interpretation of this observation is, that
spatial rearrangement of the polymer structure damaged during plasma processing
controls the resulting SR measured after etch. A portion of the deposited energy
induces material removal (etching). Any remaining energy is dissipated in the near-
surface region and may induce polymer rearrangements which contribute to the

. . 3.15
observed surface roughening. Sumiya et al.

reported that one mechanism of
roughness formation during plasma etch is a transfer mechanism based on etch rate

non-uniformity at the surface. The contribution of surface roughness evolution due to
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selective removal was eliminated by using the normalized roughening rate in the prior
analysis.

The high oxygen content of 193nm PR causes high etch yields, which
prevents the material from being exposed to high energy densities during PE and
limits RR. Since material-dependent surface roughness SR, is given by

SR, =RR, (¢)ER,t, [3]
the high etch rate of the 193nm PR material during the process increases its absolute
surface roughness for given process conditions. The high surface roughness values
seen for 193nm PR are caused by a high etch rate in conjunction with RR,(€) values
that have the same materials constant C, as p-MAMA. Roughening of 248nm PR
takes place at lower RR,(&) values, which in conjunction with very low etch rates
result in overall low roughness values for 248nm PR. The high RR, (&) values
measured for p-MAMA in conjunction with the low etch rates seen for this material
are an expression of the fragility of the adamantyl structure in the plasma
environment. In our data there is no evidence that RR,,(€) saturates for higher energy

densities.

80



—
Ol

C,Fg/90% Ar @ 1200W
£=4.3x10% eV/nm3

—i
o

C4F4/90% Ar @ 800W
£=3.6x10% eV/nm3

&)

£=3.2x104 eV/nm3

o

4 5 6 7 8 9
Surface Roughness (nm)
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with different inductive power.

The extension of this work to nanoscale structure fabrication was examined.
The impact of different energy densities on nanoscale structures processed by PE is
shown in Fig. 3.4. Etching at different inductive power levels corresponds to
different energy densities, while the etch yields are very similar for the three
conditions. Very smooth surfaces and sidewalls were obtained for lower energy
densities. For higher energy density processing, both surfaces and sidewalls roughen
extensively. As will be reported elsewhere™'?, for all process conditions examined,

we observed a similar correlation between SR and LER.
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In summary, the surface roughening behavior of representative PR materials
and polymers in an extensive survey of plasma process operating conditions and
chemistries can be described by a model where polymer surface roughening rate
scales linearly with deposited energy density. The polymer molecular structure in
conjunction with deposited energy density determines the surface roughening
behavior for the polymeric materials examined. For materials with a low surface
roughening rate RR,,(€), resulting surface roughness can still be high if the polymer

ER is high, e.g. due to the presence of lactone in /93nm PR.

This work was supported by NSF DMR-0406120 and DMR-0705953.
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Chapter 4:
Plasma-Surface Interactions of Advanced Photoresists With C,Fg/Ar

Discharges: Plasma Parameter Dependencies

To be submitted to J. Vac. Sci. Technol. B, (2008)

S. Engelmann, R. L. Bruce, M. Sumiya, T. Kwon, R. Phaneuf, G. S. Oehrlein,
C. Andes, D. Graves, D. Nest and E. A. Hudson

ABSTRACT

One recurring problem in nanoscale processing is roughening of photoresist
(PR) materials during plasma etch. We studied the plasma etch behavior of 248nm PR,
193nm PR and poly methyladamantyl methacrylate (p-MAMA) while changing the
source power level (400-1200W), adjusting the bias power to change the self bias
voltage V. (-50 to -150V), varying the pressure (10-80 mTorr) and the amount of
fluorocarbon gas-additive to the Ar discharge (0-10% c-C4Fs in Ar). We found that
the PR removal is dominated by the ion energy and fluence. Surface fluorination
enhanced the removal rates. Two linked mechanisms for the roughening behavior of
the films during processing were identified. Changes of PR top surface roughening
behavior in response to variations of bias power and pressure could be interpreted by
a model of roughness formation which is dominated by a physical pattern transfer
mechanism, i.e. roughness amplification through selective ion-induced transfer. When
the plasma source power was varied, we observed that roughness formation was

linked to the surface energy density deposited during processing. As the energy
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required to volatilize a volume element from the surface increased, the surface
roughening rates grew proportionally. This conversion of excess energy into
roughening was found to depend on the molecular structure of the polymer, with
adamantyl polymers having a very high roughening constant. Additional effects on
the etch behavior arise from fluorination of the samples, as quantified by XPS. High F
2s/F 1s intensity ratios, indicated deeper fluorination, were measured for rough
surface conditions. Smaller F 2s/F 1s ratios indicate near-surface fluorination, and
correspond to smoother top surfaces and feature sidewalls. Molecular compounds
showed roughening behavior relative to the respective cross linking behavior even
when processed in pure Ar discharges, suggesting that the measured surface
fluorination mirrors surface morphology. When plasma etching 3-dimensional
trenches and contact holes patterned in PR, we found that the sidewall roughness
changed with process parameters in a fashion similar to that seen for blanket surface
roughness introduction using the same etch conditions. A close correlation between
the surface and sidewall roughness results was obtained, suggesting that our model of
polymer surface roughening also applies to resist sidewall evolution during plasma

etch.
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4.1 INTRODUCTION

One basic problem in manufacturing of nanoscale electronics is roughening of
photoresist (PR) surfaces and sidewalls during pattern etch transfer. In an effort to
discover key molecular factors responsible for plasma durability of PR materials in
plasmas, investigations of plasma-induced transformations of selected model
compound photoresist materials and systems with process time in a standard
fluorocarbon plasma were discussed in an earlier publication.“'l Our time resolved
studies revealed that all polymeric materials undergo an initial transformation period,
~ 15 s for our conditions, where selective loss of O- and H- groups in the polymer
surface region sustain high etching rates. A O- and H-deficient surface layer is
formed, and steady-state etching at a much lower rate takes place subsequently. In a
similar fashion, increased roughness introduction is observed during the initial
transformation period, possibly linked to the O and H loss during this phase. For
longer process times, the rate of roughness introduction was reduced. 193nm PR
based on adamantyl and lactone monomers usually showed much higher roughness
than 248nm PR based on aromatic polymer. We found that roughness introduction
depended on both the molecular structure of the specific polymers and the etching
rate during the process. When actual trench or contact hole features were processed,
we observed that surface roughness at feature edges is transferred into sidewalls by an
jon-induced pattern transfer mechanism.***? For plasma processed samples we also
observed that surface roughness varied linearly with surface fluorination of all

materials examined. The different PR materials consistently displayed characteristic
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process results relative to each other. Our work left unanswered how much of these
differences between photoresist materials were the result of the particular plasma
discharge conditions chosen, and to what extent these results may be modified by
adjusting discharge parameters. The focus of the current study is the influence of
plasma process parameters on photoresist plasma durability for an inductively
coupled plasma source.

We examined the variations in etch rate, surface and line edge roughness
introduction as a result of changing self bias voltage, plasma density (source power)
and discharge pressure. After this, we examined the role of fluorine in a plasma
process on the etching response of polymers and introduction of surface roughness.
This is followed by a short discussion of the impact of the plasma radicals on the
observed etch profiles. We then present our roughening model, and test it using the
results of all measurements performed in this work for different plasma operating
conditions. We continue with a brief discussion of the implications of this surface
model on profile evolution of 3-dimensional nanostructures and compare them with
the results obtained in this work. Our results show that the degree of feedgas
breakdown has a strong impact on etching rate, surface roughness and etched profile
results. A second publication addressing the effects of different discharge chemistries

has been prepared as well.**
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4.2 EXPERIMENTAL

4.2.1 Description of Materials

The photoresist (PR) materials used in this study were provided by Rohm and
Haas Electronic Materials and their properties, along with those of additional model
polymers, were presented in a previous publication.*! In the present work we focused
on a reduced set of materials, i.e. 193nm PR, 248nm PR and p-MAMA polymers (see
Fig. 4.1), since our previous work had shown that this set of materials captures the
full range of the roughness behavior as well as the etch resistance response seen for
the more expanded set of materials.

For advanced photolithography applications, 193nm PR, a methacrylate based
adamantyl ter-polymer, is widely used in industry. 248nm PR is an earlier photoresist
material, and based on a different polymer. One key difference of these materials is
that 193nm PR contains the single-bonded cage-like adamantyl groups, whereas
248nm PR consists mainly of the aromatic ring structure in the polymer side chain.
Furthermore, as a derivative material from polymethyl methacrylate (PMMA), 193nm
PR tends to undergo chain scission upon UV irradiation. 248nm PR consists mainly
of the styrene polymer, which tends to cross link as a result of plasma exposure.ﬁ"5 We
also employed p-MAMA to study the behavior of the adamantyl structure for a

material having a similar oxygen content as 248nm PR.
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Figure 4.1:  Molecular structures of 193nm PR (a)), p-MAMA (b)) and 248nm PR
(c)) employed in this work.
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Blanket films of the above mentioned materials were spin coated on Si-wafers
with a resulting thickness of 400nm. A 1 min bake at 120°C was performed to drive
off solvents. After plasma processing, we measured the etch rate by ellipsometry,
surface roughness by atomic force microscopy (AFM) and surface composition by x-
ray photoelectron spectroscopy (XPS). In addition, we also processed patterned
193nm PR materials using the same process conditions and studied the impact on 3-
dimensional nanostructures. In order to generate the patterns, 193nm PR resist films
on Si were exposed at Rohm and Haas Electronic Materials using an ArF scanner
(ASML 1100 (0.75NA)) to produce 150nm wide trenches at a pitch of 450nm and
contact holes of 150nm diameter at a pitch of 650nm. A post apply bake (PAB) at
125°C for 60 seconds and a post exposure bake (PEB) at 110°C for 90 seconds were
performed to complete the exposure. Due to the missing bottom anti-reflection
coating (BARC layer), standing wave patterns could be observed on the resist
sidewalls before plasma etch. Plasma etch studies were performed with 1”°x1” squares
cut from the lithographically exposed wafers. The plasma process parameters for

patterned and blanket films were identical.

4.2.2 Plasma Processing

The PR and polymer samples were processed in an inductively coupled

plasma (ICP) system described in a previous publication.“'6 As a discharge chemistry

we selected C4Fs/Ar gas mixtures. The supply of 13.56 MHz RF power (0-2kW) to

the planar coil on top of a quartz window is decoupled from a second capacitively
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coupled 13.56 MHz RF power supply (0-1kW) to provide independent control of
plasma density and ion bombardment energies. The electrode temperature was
maintained at 10°C using a chiller, while the chamber walls were maintained at 50°C
using heating straps. The gas flow into the chamber was fixed at 50 sccm and the
operating pressure was maintained by a throttle valve in the exhaust line. Before each
plasma etching process, an O, plasma was used to remove residual chamber
contaminants, followed by one minute seasoning of the chamber using the process
conditions of the following run. These procedures ensured a high repeatability of the
process results. For additional experimental details, the reader is referred to prior
articles from our group.*”*!!

The standard plasma etch conditions were source power of 800W, an RF bias
power adjusted to achieve a constant self bias voltage of -100V and a pressure of
10mTorr. The standard plasma etch time was 1 min. We varied the RF bias power to
examine self bias voltage in the range of -50V to -150V, corresponding to ion
energies from ~70 eV to 170 eV. The pressure was raised from 10mTorr to 80 mTorr
to examine the effect of different ion/neutral ratios. We changed the plasma source

power from 400W to 1200W to study the impact of the FC deposition on the PR

substrate. An overview of the plasma conditions examined can be found in Table 4.1.
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RF Bias Power Source Power Pressure
Vbe -50to -150 V -100V -100V
Source Power 800W 400-1200 W 800W
Pressure 10mTorr 10mTorr 10-80 mTorr
Table 4.1: Process matrix for exposing 193nm PR, p-MAMA and 248nm PR in
C4F/90% Ar discharges.
4.2.3 Characterization

After plasma processing, the PR samples were analyzed using multiple
techniques:

Single wavelength ellipsometry (632.8 nm) in a rotating compensator,
polarizer-compensator-sample-analyzer (PCSA) configuration was used to determine
thickness changes of the blanket polymer films as a function of operating conditions.
For simplicity, we assumed a one layer model for the polymer materials to interpret
changes in the measured W/A values in terms of layer thickness changes. Etch yields
(amu per ion) were obtained by averaging the ion current over the substrate area
(300mm?) and assuming a polymer density of 1 g/cm3. The applied bias power was
used to calculate the ion current assuming a decoupling of source and bias power.

Atomic force microscopy (AFM) measurements were performed by fixing the
scan size for all measurements at 2x2 pm’. The root mean square deviation from the
average surface height was used to characterize the roughness of the plasma

processed samples. The root mean square (RMS) roughness for unprocessed PR
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samples was measured as 0.3nm, but all processed samples showed higher values.
The dimensionless roughening rates (RR) were determined by normalizing the
process-induced increase of the RMS surface roughness by the thickness of polymer
material removed (RMS roughness increase [nm]/thickness of material removed
[nmy]).

After processing, the patterned samples were gold-coated for cross sectional
imaging with an AMRAY scanning electron microscope (SEM). Critical dimension
(CD) analysis was performed on both trenches and contact holes using CDM, an
image analysis program. The line edge roughness (LER) and the line width roughness
(LWR) measurements of the trench samples were analyzed using SUMMIT, where the
cross-sectional images were cropped to show only the top down parts of the original
images.

XPS analysis was performed at 90° and 20° electron take-off angle relative to
the surface using a non-monochromatized Al-Ka x-ray source (1486.5 eV). The
etched samples were transferred in ultra high vacuum into a Vacuum Generators
ESCA MKk II surface analysis chamber. The pass energy of the hemispherical analyzer
was set to 20 eV. The charging of the samples was compensated by setting the
position of the C-C/C-H peak to 285.00 eV and adjusting all other binding energies
with a fixed charge correction. The interpretation of the measured high-resolution

spectra was performed according to the protocol described in an earlier publication*'.
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4.3 RESULTS

Our previous results had shown that PR etching and roughening is influenced
by ions, neutrals, radicals and photon radiation from the plasma.*' Material properties
also influenced the results:*' 248nm PR exhibited small removal rates and smooth
surfaces, whereas p-MAMA showed small removal rates but very high roughness
after plasma processing. 193nm PR, showed high removal rates and very rough
surfaces as a result of plasma processing. The first section discusses the effect of
different plasma operating parameters on the etch results. Since our results indicated a
special role of fluorine in etching, the subsequent section specifically addresses F
effects. The final part addresses effects of different radicals produced in the plasma

when interacting with nanoscale structures.

4.3.1 Effect of operating parameters on process results
43.1.1 Bias power

. . . . 4.12,4.1
As shown in previous publications,*'>*!?

significantly different modifications
of the PR materials can be expected when ion energy is changed. We examined the
influence of ion energies in the range of 70-170eV (by varying V4. from -50 to
-150V) for given plasma densities. Figure 4.2 shows a clear etch rate increase at
higher self bias voltages (higher ion energies). For all conditions, 248nm PR was the

most etch resistant, followed by p-MAMA. 193nm PR showed the highest etching

rates for all conditions. At -50V, 248nm PR and p-MAMA show very low removal
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rates, whereas 193nm PR exhibits significant erosion. The high oxygen content of

193nm PR is likely responsible for this difference.
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Figure 4.2:  Etch rates, RMS roughness and F/C ratios as a function of self bias

voltage in a C4Fg/90% Ar plasma.
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A clear increase in surface roughness can be observed as the self bias voltage
is increased (Fig. 4.2b)). We find that p-MAMA roughens most, followed by 193nm
PR and 248nm PR. Figure 4.2c) shows results of XPS measurements. The polymer
surfaces are fluorinated after the plasma process, and the degree of fluorination can be
expressed by the measured F/C ratio. Surface fluorination decreases as self bias
voltage increases,*'* consistent with previous observations where a more mixed-layer
character for increased self bias voltages is formed and F is driven into the substrate.
The highest roughness is seen for conditions for which F/C ratio is the smallest. The
inverted material trend for the -50V condition might be a result of the damage in the
molecular structure of the polymers as a result of processing. This behavior will be

discussed in detail later (see section 4.4.3).

a)

188 nm

1688 nm

Figure 4.3: SEM micrographs of unexposed (a)) and exposed trench structures
after processing in a C4Fg/90% Ar plasma with a self bias voltage of -50V
(b)), -100V (c)) and -150V (d)).
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Figure 4.3 shows SEM images of PR trenches after plasma processing
employing various bias voltages. Use of higher self bias voltages lead to straighter
feature sidewalls. Figure 4.4 presents the corresponding numerical analysis of the
SEM images. Critical Dimensions (CD) of the trench width were measured at the top,
the middle and the bottom of the trench. The sample plasma etched at -50 V shows a
significant reduction of the top CD due to fluorocarbon deposition (Fig. 4.4a)), while
the underlying mid-section of the trench shows almost no FC film growth. This
statement is based on the observation of standing wave patterns at the feature
sidewalls that were introduced by the lithographic exposure and are still visible after -
50V etching. On the bottom of the trench, ions can reach the sidewalls leading to FC
film growth and CD reduction. As the self bias voltage is raised, the top CD increases
(less FC deposition), and slightly increased growth of the protective FC film in the
middle of the trench sidewall occurs. Additionally, we can see that for -50V plasma
etch, the LER and LWR values remain similar to the original values. This could be
due to the fairly thick steady state FC layer seen on the top of the trench for this
condition (Fig. 4.4b)). Applying higher self bias voltages increased the LER and
LWR values after etch. This indicates mostly ion induced erosion for high ion energy
plasma etches. A tradeoff for adjusting the process parameters can be noticed, where
low energy ion bombardment results in smooth surfaces, but worse profile shapes,
whereas high ion energy bombardment results in anisotropic, straight profiles with

rougher surfaces and sidewalls.
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and after plasma etch as a function of the self bias voltage.
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43.1.2 Pressure

The relative importance of discharge-generated ions versus neutrals on
polymer modifications can to some extent be examined by changing the operating

+15 Whereas at 10mTorr a collisionless sheath can be

pressure from 10-80 mTorr.
assumed, ion-neutral collisions in the sheath play an increasing role for 45 mTorr and
80 mTorr pressure. The plasma density also decreases slightly for increasing pressure.
We converted etch rates to etch yields, and find that etch yields increase with pressure
(Fig. 4.5). This effect is stronger for 193nm PR and p-MAMA than for 248nm PR,
since for the latter etch yields change little with pressure. All polymers show
decreasing roughness with increasing pressure. The difference in roughness between
193nm PR and p-MAMA vanishes at higher pressures. 248nm PR shows the lowest
roughness for all conditions. Increased surface fluorination may play an important
role in this behavior, since the measured F/C ratio of all materials increases with
pressure. This will be discussed further in section 4.4.3.

Figure 4.6 (SEM images) and Fig. 4.7 (SEM image analysis) show the
evolution of PR structures for plasma etching at different pressures. Fairly straight
sidewall profiles at low pressure change to increasingly bowed profiles for plasma
etching at higher pressure. Surface roughness is reduced at higher pressure consistent
with the data of Fig. 4.5. The top CD of the trenches continuously decreases as the
pressure increases (see Fig. 4.7a)). This is consistent with the idea that at higher
pressure a lower ion/neutral ratio leads to increased FC deposition at the top of the

trench. It is also consistent with the observed LER and LWR evolution, where the

98



increased FC deposition causes lower LER and LWR values (Fig. 4.7b)). The

increasing ion-neutral collisions in the sheath at higher pressures might contribute to

the bowed profiles.
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Figure 4.5:  Etch rates, RMS roughness and F/C ratios as a function of pressure in

a C4Fs/90% Ar plasma.
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43.1.3 Source power

Varying source power generates plasmas of different plasma densities. For
etching at different source power levels material modification is determined mainly
by the ion fluence at the substrate rather than the etch time. Additional effects due to
changes in surface polymerization induced by C4Fs were found. Previous publications
showed both experimentally and by computer simulations that an increase in the
source power leads to generation of smaller fluorocarbon (FC) radicals.***1° Separate
experiments using Si substrates showed that an increase in source power led to a) a
significant increase in the steady-state FC film thickness through which etching takes
place, and b) a decrease of the F/C ratio of the steady state FC film present on an

416 The interaction of F-rich and F-deficient FC films with the

etching substrate.
polymer materials could therefore be examined in more detail by changing the source
power of the plasma discharge.

Results for different source power levels obtained with the three PR materials
are shown in Fig. 4.8. Etch yield decreases with source power for all materials, with
193nm PR having the highest etching yield, followed by p-MAMA and 248nm PR.
When processing at low source power, thin FC layers formed on top of the PR
material. When raising source power, thicker FC films formed on top of the PR
material and reduced the effective bombardment of the PR material. For these
conditions reduced etch yields were measured. Since the removed thickness of a PR
or polymer film influences the measured surface roughness after plasma etch, the

same amount of material was etched at different source power levels. The film

thicknesses removed for all conditions shown was ~60nm (x5nm), and achieved by
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adjusting etching times. Previous studies had shown that variations of ~10nm for this

etch depth resulted in a variation of RMS values of at most 1nm.*"
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Figure 4.8  Etch rates, RMS roughness and F/C ratios as a function of source

power in a C4Fg/90% Ar plasma.

103



Figure 4.8b) shows clearly that increasing source power leads to a strong
increase of surface roughness. The roughness trend for the three different materials is
independent of source power.

The fluorination of the samples as reflected in the F/C ratio shows the
opposite trend compared to the roughness evolution and is shown in Fig. 4.8c).
Increasing the source power leads to decreased F/C ratios. This is consistent with a
mechanism, where higher source power leads to increased mixing of the FC film with
the PR underlayer because of higher ion flux and a more efficient fragmentation of
the C4Fs molecule.

The results shown in Fig. 4.8 support the conclusion that the fluorocarbon
interaction with the PR surface, in addition to Ar" ion bombardment, has important
consequences. To study this mechanism further, we examined 193nm PR and 248nm
PR at two different source power levels, while adding 0-10% CFg to the Ar
discharge. Changing from pure Ar to a C4Fg/90% Ar discharge decreases the

7,4.84.11
748411 and the

percentage of Ar* ions of the total ion current to approximately 70%"
total flux of Ar® ions at the sample surface changes little. The fluorination of the PR
materials increases of course upon adding C4Fg to the Ar discharge. The measured
etch yield and roughness data are displayed in Fig. 4.9. Pure Ar exposed samples
show fairly high etch yields. Surprisingly, upon 2% C4Fs addition the etch yields drop
to roughly half of the values measure for pure Ar, and then slowly increase as the
C4Fg percentage is raised to 10%. It should be noted that these experiments were

performed in a slightly modified chamber, where the substrate electrode and the

quartz coupling window were protected from ion induced erosion in a pure Ar
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plasma. Using this protection, contamination originating from the quartz window and
silicon substrate could be reduced to an atomic percentage of less than 2 % for a pure
Ar discharge. The etch yields for pure Ar agree in this case quantitatively to
experiments performed with ion beam exposures.*'” The decrease of the PR etch
yields seen here appears to be due to FC deposition on the PR surface caused by C4Fs
addition to the Ar discharge.

An increase in the flux of depositing species results in a slight decrease in net
etch yield. It can also be seen that pure Ar and C4F3/98% Ar lead to similar process
results for different source powers, but the addition of 4 and 10% C4Fg to Ar leads to
significant differences in both etch yields and roughness introduction for different
applied source power levels. The etch yield results are consistent with the findings
based on the measured F/C ratios (see Fig. 4.8). A higher source power also leads to
continuously increasing roughness with C4Fg addition, while the roughness for the
lower source power plasma etch stays fairly constant.

The F/C ratios of the samples as measured by the F(1s)/C(1s) ratio after
processing are presented in Fig. 4.10a). Surface analysis reveals that an increase of
the C4Fg percentage in the Ar discharge leads to increased fluorination, and plasma
etching at lower source power result in higher surface F/C ratios. This is in agreement
with the results shown in Fig 4.8. Consistently lower F/C ratios can be observed for
248nm PR than for 193nm PR for all conditions examined. Since differences in
plasma source power affect C4Fs dissociation, a more detailed analysis of the

fluorination of the samples was performed.
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X-ray photoelectron spectroscopy (XPS) offers two possibilities for depth
profiling: The first technique is based on modifying the electron take-off angle for
analysis.*! For the present study, the energy-dependence of the electron inelastic
mean free path was chosen for depth profiling.‘"18 Since the analyzer position is not
changed during the acquisition, normalization of the signal using the C1s signal is not

necessary. In XPS, the photoelectron kinetic energy depends on the binding energy of
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the liberated electron according to Ei;,, = hv — Ep. Electrons with higher kinetic
energy (lower binding energy) travel farther in the substrate before losing energy to
inelastic collisions. Therefore photoelectrons detected at higher energy may originate
from deeper regions within the sample. For our analysis, we analyzed the F 1s (Exiy
~790 eV) and F 2s (Exi, ~1450eV) regions in the binding energy scale as a measure
for deeper (F2s) and shallower (F1s) fluorination of the sample. After measuring the
peak areas, we normalized the emission intensities using the relative 1s and 2s
photoemission cross-sections, and used the resulting intensity parameter F(2s)/F(1s)
to characterize the fluorination profile. A ratio of 1 indicates that the same density of
fluorine is present near the surface and deeper into the sample and represents uniform
fluorination. A F(2s)/F(1s) ratio smaller than 1 indicates a decreased F density at
larger depths, e.g. surface fluorination.

Measuring the surface F/C ratio of the polymer surface using the F(1s)/C(1s)
ratio or the F(2s)/C(1s) ratio yielded the same trends (as seen in Fig. 4.10a for
F(1s)/C(1s)). Analysis of the fluorination profile evolution as a function of C4Fs/Ar
composition is presented in Fig. 4.10b). All samples show a fairly uniform fluorine
distribution for small C4Fs percentages, which gradually changes to surface
fluorination (decreasing F(2s)/F(1ls) ratio). We also observe that the F(2s)/F(1s)
values for 800W plasma processing are consistently higher than corresponding
plasma processing at 400W. Along with the information provided by the F/C ratio,
this presents clear trends on the nature of surface fluorination at two different source

power levels.
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While plasma etch at 800W produces a deep, uniform fluorination, 400W
plasma etching results in a highly fluorinated top surface, where the fluorine sharply
decreases as one moves deeper into the sample. In addition, 248nm PR after plasma
etching always showed lower F(2s)/F(1s) ratios than similarly processed polymers
containing the adamantyl structure. This indicates that a plasma-deposited FC layer
on top of a 248nm PR does not easily mix with the polymer, creating a sharp
interface. This characteristic appears consistent with the highly etch-resistant nature
of the styrene molecule and the styrene derivatives used in 248nm PR materials. If we
compare these fluorination results to the roughness data after processing, we see that
higher F(2s)/F(1s) ratios typically coincide with high surface roughness values,
whereas lower F(2s)/F(1s) values represent smoother surfaces. All observations are
consistent with the idea that control of the fluorination of PR materials during plasma
etch has a major impact on the level of post etch surface roughness measured. While
mixing of the plasma FC film and the photoresist underlayers results in rough
surfaces, a layer-like deposition of the fluorocarbon film onto the photoresist

substrate produces smoother surfaces.
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Figure 4.11: SEM micrographs of unexposed (a)) and exposed trench structures
after processing in a C4Fg/90% Ar plasma with for a source power of 400W
(b)), 800W (c)) and 1200W (d)).

The impact of plasma source power on the profile evolution of patterned
trenches is shown in Fig. 4.11 (SEM images) and Fig. 4.12 (SEM image analysis). As
for processing of blanket PR films, the plasma etch time was adjusted so the samples
received the same ion fluence. While the 400W sample shows a fairly uniform
fluorination, increasing the source power lead to increased bowing of the sidewalls
(increase of the middle CD, Fig. 4.12a)). It is also apparent that the 400W plasma
etch exhibits fairly thick, uniform sidewall coverage. A significant reduction of the
original CD was measured at 400W. The plasma etch at 400 W also led to

significantly reduced values in LER and LWR, possibly due to deposition of a
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protecting FC layer. Increasing the source power resulted in worse LER and LWR
values (Fig. 4.12b)). The explanation of this effect is related to the nature of the FC

radicals present during processing, and will be discussed in section 4.4.3.
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Figure 4.12: CD measurements (a)) and LER/LWR values (b)) of trenches before

and after plasma etch as a function of source power.
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4.3.2 Role of surface fluorine in roughening of PR materials

Previously, we examined modifications of different PR-related materials using
the same plasma process conditions, and we observed a clear correlation of surface
roughness and surface fluorination (F/C ratio).“'1 Our results of the current study also
show a connection between surface roughness and surface fluorination. A possible
relationship between the roughness and the surface F/C ratio generated by different
plasma conditions is examined in Fig. 4.13. When comparing surface roughness of
different materials for all conditions examined in Section 4.3.1, we find higher F/C
ratios for samples with greater surface roughness after processing, consistent with our
previous findings.“'1 On the other hand, when comparing results for a given material
obtained by varying bias power, source power and pressure, we find the opposite
trend. In that case, higher F/C ratios correspond to lower roughness. Figure 4.13 also
indicates that most data points for a given material fall into a certain area to be
characteristic of the particular polymer material. This is in agreement with the data
reported in Fig. 4.10, where conditions which show a low F/C ratio usually contain a
deeply fluorinated mixed layer of plasma damaged polymer and fluorocarbon species
(high F2s/F1s ratio). On the other hand, high F/C ratios are an indication that the
fluorine was deposited in a separate layer with a sharp interface to the photoresist
material. It can be seen that through process adjustments significant variations of the
process results can be obtained. Overall, we find that the surface F/C ratio provides an

indication of the FC deposition mechanism, and relates to the observed surface
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roughness. A dependence of the resist degradation on post exposure F/C ratios that is

consistent with our data has previously been postulated by Negishi et al..*!
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Figure 4.13: Roughness as a function of the F/C ratio for C4Fg/90% Ar exposures.
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We also monitored the evolution of 248nm PR, 193nm PR, RADA and
EAMA under conditions examined in Figs. 4.9 and 4.10, for which the ion currents to
the sample are comparable, but the surface fluorination changes. RADA and EAMA
are molecular compounds of 193nm PR polymers that were examined in our previous
publication.*! Although the molecular structure of 193nm PR, EAMA and RADA are
very similar, characteristic differences in roughening for these materials could be
established in that work. A more fragile leaving group polymer in the EAMA
polymer lead to higher surface roughness as compared to 193nm PR. Slightly lower
roughness values than for 193nm PR due to reduced etching rates were found for the
RADA polymer and attributed to increased crosslinking.

If fluorination determined surface roughness of the samples, we would expect
that surface roughness increases as C4Fg is added. Additionally, one might expect that
at least the differences in the process results for EAMA, RADA and 193nm PR
should be similar for pure Ar exposures and by adding C4Fs these differences would
increase. In contrast, Fig. 4.14 shows that the characteristic differences in the
roughening behavior of different materials persist for all conditions. If fluorination
would indeed be the dominant factor that causes surface roughening, RADA, EAMA
and 193nm PR should show the same roughening rates in pure Ar. The results of Fig.
4.14 indicate that ion bombardment along with other interactions causes the
roughening differences seen for plasma processing. The presence of fluorine at the
surfaces of the polymers increases surface roughening rates for these materials, but it
does not change the different characteristic material responses that reflect differences

in molecular structure and monomer composition.
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433 Impact of plasma radicals

4.3.3.1 Interactions with sidewalls

The data obtained as a function of source power were tested with respect to
the change in surface fluorination. By exposing Si samples using a gap structure,*"
we found that increasing the source power increased the sticking coefficient of FC
radicals. By examining contact hole profiles as a function of source power, the impact
of increased radical sticking coefficient on sidewall profile, was evident. For low
source power, the low sticking coefficient FC radicals are able to penetrate the
contact hole completely, and by depositing, smooth the original standing wave
patterns at the sidewalls (Fig. 4.15). When increasing source power, an increased
sticking of the radicals on the top neck of the contact hole can be observed, whereas
the bottom of the contact holes is not modified by FC radical deposition. The standing
wave patterns remain after processing. The change in radical speciation for our
discharge conditions is in qualitative agreement with simulations of fluorocarbon

. 49
processes in our reactors performed by Vasenkov et al..
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43.3.2 Interactions of radicals with nanoscale geometries

The importance of the dimensionality of geometrical features of etched
structures on process performance is shown in Fig. 4.16. Line features and contact
holes were etched using the same discharge conditions (C4Fg/90% Ar). The plasma
etched lines (Fig. 4.16b)) show complete FC film coverage of the resist sidewalls
(evident from the disappearance of the standing wave patterns present in the original
structure). The contact holes (Fig. 4.16a)) only show limited FC film sidewall
coverage (standing wave patterns remain visible after processing). Both structures
started out with a CD of 150nm before etch, but the top CD of the processed trenches
was measured as 129nm, whereas the top CD for the contact holes was measured as
136nm. In figure 4.15 we demonstrated that radical deposition plays an important role
for profile shapes of nanoscale features. The more open structure of the trench
reduces the neutral shading, increasing the smoothing sidewall deposition of FC

polymer and decreasing the CD, relative to the contact hole.
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Figure 4.16: Evolution of contact hole samples (a)) and trenches (b)) as exposed to
the same discharge condition (C4Fg/90% Ar).
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4.4 DISCUSSION

We divide this discussion into three sections. First we present a roughening
model, which provides a description of the surface roughening behavior seen for all
plasma parameters examined in this work. This is followed by a discussion of the PR
surface roughness mechanism and the relationship between surface roughness and
line edge roughness evolution during processing. We also address the effects of
different FC plasma species and how changes in the FC species composition of the

incident flux will influence process results.

4.4.1 Dependence of surface roughness on deposited energy density

It is well understood that roughness of 193nm PR materials may be introduced

into the photoresist material during the lithographic exposure and/or plasma etch,

4.3,4.20-4.24

followed by transfer into underlying materials. Roughness formation during

4.25-4.30

lithographic exposure has been related to unstable resist formulations, and/or

phase separation of unexposed and exposed polymer at the image definition area.**""
435 The impact of plasma etch on PR roughness evolution is much less understood.

For certain process conditions smoothing of rough sidewalls can actually be achieved

4.22,423,4.36

by the plasma etch process. Most roughness studies are limited to variations

4.2,4.26,4.37

in either resist materials or discharge chemistries.*'**!> Thus a general

model of PR roughening, including effects of materials and plasma process
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parameters is missing. A model based on the experiments described in section 4.3 is
presented in the following.

By evaluating the influence of plasma parameters on the surface roughness
introduced, we found that the surface roughness as a result of processing originated
from two mechanisms: In the bias power and pressure experiments we found that the
surface roughness evolution can be linked to an ion induced transfer mechanism, i.e.
amplification of the surface profile due to ion bombardment. The samples processed
at different source power levels did not seem to follow the same mechanism. We
developed a model combining all these observations to describe the roughness
evolution seen in plasma processing.

Sumiya et al.+*®

showed that PR materials undergo severe damage within the
first seconds of plasma processing, where characteristic roughness length scales form
on the PR surface based on plasma condition and PR material. After the characteristic
length scales are formed, roughness increase is mostly attributed to an increase of the
amplitude of the roughness features.*”® A roughness introduction mechanism was
postulated based on spatially non-uniform removal of the PR during etch (see Fig.
15438,

We believe that in addition to this mechanism, roughness is introduced into

the PR material based on the energy density ¢ deposited at the surface during

processing.

v EY (1)
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As schematically depicted in Fig. 4.17, the ion bombardment of the PR
surface generates an energy flux into the PR material during processing. For ion-
assisted etching, a PR surface volume element v; receives a characteristic mean
energy E before it is volatilized. If the etch yield EY during processing differs
strongly for two process conditions, the same material will require different energy

densities € for volatilization in each condition.

Tons ﬁ

EY, LY,

& <§ Damaged
EY,>EY, | |polymer network

Figure 4.17: Schematic surface conditions for etching at low or high energy
densities during processing. For processing at high energy densities, more
energy is transferred into the deeper regions of the surface leading to

characteristic roughening of the surface.

This is illustrated schematically in Fig. 4.17. With EY; being high, the time A4t
the surface element v; receives the energy input is short and a small energy density &

is deposited at the PR surface during processing. In contrast to this situation is one

characterized by a low etching yield EY,. Since the energy required to volatilize the
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surface element v; is higher in this case, a higher energy density & is deposited at the
surface. However the critical energy required to volatilize a volume element is a fairly
fixed characteristic of the material, therefore the higher energy density & represents
an excess of deposited energy beyond that needed for etching. Therefore a significant
amount of the energy is transferred from the surface to the deeper PR layers and can
induce damage in the polymer structure. The damage and spatial reorganization of the
PR polymer material, induced by the energy transfer from the plasma, may be
responsible for the formation of the characteristic surface roughness features. Such
roughness features, once established, could serve as the starting point for the ion-
based transfer and roughness amplification.‘"3 8
The characteristic energy density &€ deposited during processing can be found
by the energy E carried to a surface element a during time At:
E=PaAt, (2)
where P, is the power density (energy per unit area). This can be rewritten as
E=TI',Ealt, 3)
where /] is the ion flux incident on the substrate and E; the average energy of
the ions incident on the substrate.

We define the etch yield EY (probability that an ion induces etch) as

EY =—= (4)

where Nj is the number of sputtered substrate atoms and N; is the number of
incident ions on the substrate, both expressed per unit area. The ion induced etching

rate ER can be rewritten as

123



ER=v,EYT, (5)
where v; is the volume of substrate material removed per etch-inducing ion. If

we assume that a layer with thickness d is removed during a time interval A¢, we have

d = ERAt =v.EYT At (6)
or
o4 __d 7
ER v,EYT,

The energy that is deposited in the volume ad while etching the layer of

thickness d becomes

E=T,EaAt = LEad ®)
v.EYT,
The energy deposited per unit volume £ is
e=Lt_ b ©)
ad Vv,EY

By examination of our data, we found that £ in concert with polymer structure
plays a key role in polymer surface roughening. To see this, we rearranged our results
from section 4.3.1 according to the above parameters. E; was determined from the
self-bias voltage V4. to which the plasma potential V, (20eV) was added.*'" The
values for EY were obtained from the etch rate and the ion flux as stated in Eq. 4. As
a measure for the roughness introduction we will use the roughening rate RR instead
of the RMS surface roughness. As discussed earlier, one important mechanism of
roughness formation in PR materials is based on a transfer mechanism by ions, where

locally non-uniform removal rates lead to amplification of existing surface roughness.
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For longer process times, a large contribution to the RMS surface roughness
originates from this mechanism. By normalizing the RMS surface roughness to the
removed thickness using the roughening rate RR contributions of this ion based
transfer mechanism can be minimized.

SR
RR, =—" (10)
ER t

m

Our model (Fig. 4.17) depicts the energy density, which is normalized by the
volume removed during processing, to be characteristic for the roughening behavior.
It makes therefore also sense to normalize the roughness introduction to the volume
removed as done by using RR,, instead of using the absolute surface roughness SR,,.

The dependence of the roughening rates RR of the materials on energy density
£1s shown in Fig. 4.18. All materials show a linear dependence of roughening rate on
the deposited energy per unit volume removed. Consistent with the high fragility of
the adamantyl group, p-MAMA shows a stronger dependence of RR on &£ than 248nm
PR. Overall, we find that the roughening rate RR is a function of the energy density
and can be written as

RR (6)= C &(E,v,,EY), (11)

where C,, is a proportionality constant that reflects the molecular structure of

the polymer. This proportionality constant C,, is a measure of how effectively
deposited energy is converted into roughness by the polymer material. Linear Fits of
the data (as shown in Fig. 4.18) yield values for C,, of adamantyl polymers as 3.6x10°
® nm’/eV and of aromatic polymers as 7.9x107 nm’/eV. A significantly higher

roughening constant C,, was observed for the adamantyl containing polymers p-
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MAMA and 193nm PR, which reflects the fragility of this polymeric structure. The

constant C,, is related to the basic materials properties of the respective polymer

material.
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Figure 4.18: Roughening rate vs. energy density for C4Fg/90% Ar exposures.

The high oxygen content of 193nm PR leads to high etch yields, and prevents

the 193nm PR material from being exposed to high energy densities during

processing. Because of this, the measured roughening rates RR for 193nm PR are
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small, but still consistent with the fragility of the underlying adamantyl structure (p-
MAMA). Since absolute RMS surface roughness SR is given by

SR =RR, (£)ER,t, (12)

the actual etch rate during the process impacts the absolute surface roughness. The
high surface roughness values seen for 193nm PR are caused by a high removal rate
in conjunction with large C, values that are also characteristic of the adamantyl
structure of p-MAMA. Roughening of 248nm PR is significantly lower due to a lower
roughening constant C,,, which in conjunction with very low removal rates results in
overall low absolute roughness values for 248nm PR. Very high C,, values are seen
for p-MAMA. In our data there is no evidence that the roughening rates saturate at
higher energy densities. Additional tests of this model, including a situation where the
etch yield was significantly increased due to a fluorination of the PR material, can be

found in a corresponding publication.‘t‘4

4.4.2 Are line edge roughness and surface roughness correlated?

To examine if our surface roughness data obtained with blanket films are
relevant to sidewall roughness evolution, we compared our results obtained with
blanket films with data measured for plasma etched nanostructures. A general
correlation of the observed top and sidewall roughness was found. For conditions
where the surface energy density € played a strong role for roughness formation, a
strong correlation was found (see Fig. 4.19a), obtained for plasma etching at different

source power levels). Different roughness levels based on the FC precursor
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interaction with the damaged PR affected surface and sidewall roughness equally.
The radical speciation, which is also linked to the FC film formation, was found to
impact the profile evolution significantly (see Figs. 4.15 and 4.16). The roughness
evolution for changing the RF bias shows a weaker correlation between surface
roughness and sidewall characteristics (see Fig. 4.19b)), obtained for plasma etching
at different self-bias voltages). Presumably, ion-induced transfer results in longer
sidewall striations in this case, which does not impact the LWR/LER values on the

top sidewall greatly.
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4.4.3 Influence of plasma species

Our results showed, consistent with previous studies, that by increasing ion
energy, both the material removal rate and polymer surface roughening increased.**"
*42 On the other hand, increased ion energies produced better profiles (straighter
sidewalls). Improved LER and LWR results can be mainly attributed to formation of
protective FC films for low energy plasma etching, while high RF energy plasma
etching showed pronounced ion-induced roughness formation and striation evolution.
Similar trends for changing ion energies were obtained previously.*'>*!3443444 Tphe
inverted trend in F/C ratios for the -50V etch can be explained by the softness of the
PR materials. Since the polymers only show very little etching for this process
condition, the measured F/C ratio is mostly determined by the F/C ratio of the
depositing FC film. The 248nm PR is based on a more stable polymer than 193nm PR
and p-MAMA, and only little FC mixing with the PR takes place. The measured F/C
ratios are similar to values for passively deposited FC films. The 193nm PR material
and p-MAMA are chain scissioning polymers and FC radicals can diffuse into the PR
material more easily, and the measured F/C ratios for these materials are lower.

Increasing process pressure resulted in an increase in etch yield together with
increased surface fluorination, where 193nm PR showed a strong and 248nm PR a
weaker dependence. A similar dependence was found for the F/C ratio with
increasing pressure, where the increase in F/C ratio was significantly larger for

193nm PR than for 248nm PR. A possible connection between the two results was

tested in Fig. 4.20, where we plotted results obtained for different self bias voltages,
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source power settings and pressures. We notice that for most conditions the etch yield
is fairly independent of the F/C ratio. A close correlation between F/C ratio and etch
yield can however be noted for conditions with F/C >0.5. These data were measured
for the pressure series, indicating that higher removal rates at higher pressure can be
related to increased fluorination of these PR materials under those conditions. We
also notice that 193nm PR shows the highest degree of fluorination of all materials,
and the largest increase in etch yield. The high etch yields and F/C ratios of 193nm
PR are consistent with the fact that chain scissioning of 193nm PR facilitates
fluorination and removal of PR material. It is also a first indication of how the surface
composition can be adjusted to change the process results, e.g. as examined in a
separate publication.“'4

High ion to neutral ratios for low pressures resulted in high surface and
sidewall roughness, but straight sidewall profiles. Conversely, a low ion to neutral
ratio (high pressure) caused increased fluorination, which results in surface
smoothing, and in some cases process complications such as etch stop or
wiggling.“'12’4'45 The improvements of LER and LWR after processing using high
pressure discharges can be related to higher etch yield and corresponding lower
energy densities & whereas the increased roughness observations for the high

ion/neutral regime can be attributed to ion-induced transfer effects from the plasma

process.
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Figure 4.20: Etch Yield vs. F/C ratio for C4Fs/90% Ar exposures.
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The nature of the FC surface layers formed on the PR substrates is very
characteristic of the roughening behavior due to plasma processing. Previous
reports**"*+4® found that thick FC films having low F/C ratios result in rough plasma
etching, whereas thin, highly fluorinated films on top of 193nm PR material resulted
in smooth plasma etched surfaces. The thin (smooth) steady state FC films
accompany slightly higher PR etch yields, which is consistent with the model of

etching through a fluorocarbon layer.**’
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Finally, the dependence of surface roughness introduction on the nature of the
polymer material has been demonstrated. We found for all plasma process conditions,
that the most stable polymer (248nm PR) showed less surface roughening than 193nm
PR materials. The following observations provide some indications of the
mechanisms that are responsible for these differences. One, a lower F(2s)/F(15s) ratio
for 248nm PR points to the fact that fluorine and C,F, radicals are not able to
penetrate 248nm PR very well, leading to only thin FC layers on top of the PR film.
Two, p-MAMA displayed the highest surface roughening rates under all conditions.
The fragility of this homo-polymer in FC etching plasmas has been observed
before.*! Additionally, the chain scissioning nature of 193nm PR and p-MAMA led
to increased modification of the surfaces by plasma etching. The molecular structure
of p-MAMA and 193nm PR also caused higher roughening rates, RR(&), pointing to
the fact that the adamantyl structure is more susceptible to plasma damage than
styrene polymers. Finally, the high oxygen content of 193nm PR prevents processing
at high energy densities and enhances the roughness generation based on removal of

the PR material.

4.5 CONCLUSIONS

We have examined the plasma surface interactions of advanced photoresist
materials with C4Fg/Ar discharges for a variety of plasma process conditions. We
observed characteristic responses determined by polymer structure for all conditions

tested. While ion energy and fluence primarily determine the removal rate of the PR
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materials, enhanced removal rates due to surface fluorination of the PR materials
during plasma etch were also observed. The surface roughening of the PR materials is
based on two linked mechanisms. The relaxation of the near-surface polymer
structure based on the excess energy deposited during processing determines the
roughening behavior. A significantly different roughening constant C,, was found for
adamantyl and aromatic polymers. Roughness introduced into surfaces during the
early stages of the plasma-PR interaction are amplified based on spatially non-
uniform ion-induced PR etching during processing. The high roughening constant C,,
and high etch yields due to higher oxygen content are responsible for the poor etch
results of 193nm PR.

The fluorination of PR materials that accompanies FC-based transfer etch
processes influences the overall roughening behavior of the PR materials.
Roughening behavior was similar for pure Ar processing and for FC-based processes
which produced thin FC films on top of the PR, whereas deposition of thicker FC
films on the PR surfaces increased the overall roughening. The penetration of
fluorination for 248nmPR was found to be much shallower than for /93nm PR, as
indicated by significantly lower F2s/F1s XPS intensity ratios measured for 248nm PR
than for the other materials examined. Processing using F-rich FC radicals led to
production of smoother surfaces and sidewalls, whereas conditions containing C-rich
FC radicals increases the roughening on both surfaces and sidewalls. The effects of
significantly different sticking coefficients of FC radicals, generated by different
plasma conditions, were seen in the sidewall roughness and profile shapes of PR

nanostructures after plasma processing. A general correlation between process-
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induced polymer sidewall roughness and top surface roughness was found which
suggests that the reported mechanisms for roughening of blanket films also apply to

sidewall structures.
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Chapter 5
Controlling photoresist surface modifications during plasma-based

pattern transfer by choice of feedgas composition: Comparison of

C,Fs- and CF4-based discharges

To be submitted to J. Vac. Sci. Technol. B, (2008)

S. Engelmann, R. L. Bruce, F. Weilnboeck, M. Sumiya, T. Kwon, R. Phaneuf,
G. S. Oehrlein, C. Andes, D. Graves and D. Nest and E. A. Hudson

ABSTRACT

We report a study of the impact of surface chemical factors on etch rates along
with surface and line edge roughness introduction for prototypical photoresist (PR)
materials and structures during plasma-based pattern transfer employing fluorocarbon
(FC) discharges. For selected photoresist materials and model polymers (193nm PR,
248nm PR and poly-methyladamantyl methacrylate (p-MAMA)), the influence of
bulk polymer properties on plasma durability was clarified by comparing etch rates,
surface roughness introduction, and profile evolution of nano-structures. We studied
the effects of both fluorocarbon fragment deposition and polymer surface fluorination
by gas phase fluorine atoms on plasma etching resistance and surface roughness
evolution of the organic materials by comparing discharges fed with C4Fs/Ar or
CF4/Ar/H, gas mixtures. The spatial frequency distribution of surface roughness was
obtained using fast Fourier transformation (FFT) of atomic force microscopy data. A

graphitic layer was formed for Ar containing discharges on the polymer surfaces.

136



Fluorocarbon deposition on the damaged photoresist affected roughening in two
opposing ways: lon-induced mixing with the damaged polymer layer increased
surface roughening, whereas for simple FC precursor deposition a reduction of
surface roughness was seen. The latter effect was especially important during profile
evolution of three-dimensional structures. Fluorination of the photoresist surfaces by
fluorine-rich plasma increased polymer etching yields, and for highly fluorinated
surfaces inhibited the formation of the graphitic surface layer. The destruction of the
adamantyl structure is usually found in fluorocarbon/argon discharges and is a major
origin of roughness evolution for 193nm PR materials. Process conditions having
high etch yields were found to improve the roughness results of 193nm PR after etch.
The fluorination of the photoresist materials prevented the formation of characteristic
small scale roughness features at the cost of large scale roughness introduction. Use
of low energy density process conditions prevented the introduction of large scale
roughness, and can be explained by suppression of surface roughness growth by an
ion induced transfer mechanism. Alternatively, CF4+/H, processing also showed
improved roughness results due to a separate layer deposition of the fluorocarbon film
on top of the photoresist material. The etch results for all process conditions can be
combined in a surface roughening model where the roughening behavior of the film
scales linearly with the energy density delivered to the polymer surface during
processing. Even for a range of feedgas chemistries, adamantly-containing polymers
show enhanced roughening rates, suggesting that the instability of the adamantyl
structure used in 193nm PR polymers is the performance limiting factor for

processing these PR materials.
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5.1 INTRODUCTION

One reoccurring issue in nanoscale fabrication is roughness introduction in
polymeric materials as a result of plasma processing. While studies addressing issues

5.1-5.3 . e 5455
or discharge conditions on PR

of either photoresist (PR) materials
degradation have been published, a combined study of both, PR material and plasma
conditions has been missing.

We studied 193nm PR, 248nm PR and poly-methyladamantyl methacrylate (p-
MAMA) under different processing conditions. Briefly, the /93nm and 248nm PR
materials frequently used in nanoscale manufacturing differ significantly in their
polymer structure. Importantly, /93nm PR has a higher oxygen content due to
presence of lactone than 248nm PR and additionally, their polymer structures differ
(adamantyl vs. aromatic).”® We previously reported that photoresist (PR) materials
undergo rapid surface transformations including oxygen and hydrogen loss when
exposed to plasmas or ion beams, which coincides with initially high materials
etching and surface roughening rates.”® A modified PR surface layer develops as a
result of the interaction with the ions, photons and radicals of the plasma, which also
reflects the materials characteristics of the original PR polymer. Steady state etch
conditions are established after a time of 15 s or less for our process conditions.’ ®We
characterized roughness of PR films by determining the root mean square (RMS)

value of the surface profile after processing. Smooth PR surfaces were seen for

plasma process conditions that produced a fluorine rich, thin, separated fluorocarbon
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(FC) layer on top of the modified PR layer, whereas rough PR surfaces show C-rich
FC films that are highly mixed with the damaged PR.”’

The roughening of PR materials could be described by a model where the
energy density deposited during processing scales with the roughening rate of the
process.”’ For adamantyl polymers, the deposited energy was much more efficiently
converted into roughening than at comparable conditions for aromatic polymers.5 7
The roughening behavior in conjunction with a non-uniform removal rate determined
the surface roughness (SR) of the polymers.s‘7 For the examined conditions, a general
correlation of PR surface and sidewall roughness was observed.”’

The purpose of the present study is a more detailed analysis of the effect of
fluorination of polymers on plasma durability of photoresist materials. It is known
that discharges fed with C4Fg/Ar produce a high amount of FC film deposition with

5.8-5.10

little atomic fluorine in the discharge, whereas use of CF4s/Ar/H, gas mixtures

results in F-rich to F-deficient plasmas (depending on the amount of H, used), that
exhibit much lower FC film deposition rates than C4Fg/Ar discharges.”''>'® By
employing FC discharges fed with either C4Fs/Ar or CFJ/Ar/H, gas mixtures, we
were able to distinguish the influence of fluorocarbon fragment deposition from
polymer surface fluorination by gas phase fluorine atoms on plasma etching
resistance and surface roughness evolution of organic materials. The role of the
polymer backbone in plasma durability was established by comparing prototypical
photoresist materials and a model polymer (193nm PR, 248nm PR and p-MAMA).

We start this article with the results of processing of these materials using five

representative plasma process conditions.”'™>'® This is followed by a detailed
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examination of FC-radical rich to Ar-rich discharges (C4Fg/Ar) and F-rich to Ar-rich
discharges (CF4/Ar). The results section will finish with a detailed compositional
analysis of the conditions examined. The discussion section will review the effects of

plasma speciation on etch rate, roughening behavior and 3d profile evolution in detail.

5.2 EXPERIMENTAL

5.2.1 Description of materials

The polymer materials in this study were provided by Rohm and Haas
Electronic Materials and a detailed description of their properties has been presented
in a previous publication.’ 657 Briefly, we employed a 248nm PR consisting of co-
polymerized polystyrene, polyhydroxystyrene and ter-butylacrylate to study the
effects of an aromatic ring containing polymer with low oxygen concentration. The
second polymer is 193nm PR, consisting of co-polymerized methyl adamantyl
methacrylate, a-gamma butyrolactone methacrylate and R-functionalized adamantyl
methacrylate. In addition, a poly-methyladamantylmethacrylate (p-MAMA) polymer
was selected to emphasize the influences of the fragile adamantyl group. While
acrylate polymers (i.e. 248nm PR) undergo cross linking upon ionizing radiation,
methacrylate polymers (i.e. 193nm PR and p-MAMA) tend to favor chain
scission.”'*”?" This allows the examination of the plasma etch behavior of the
adamantyl structure at a similar oxygen content as used for the 248nm PR, which is

5.6.5.7
. B

lower than the oxygen content typically present in 193nm PR materials y
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comparing these three materials, the effects of oxygen content and polymer structure
on plasma durability and surface morphology evolution can be clarified. The
preparation of the blanket and patterned samples was performed according to the
protocol described in an earlier publication.”’ Due to the missing bottom anti
reflection (BARC) coating, standing wave patterns were observed on the exposed
contact holes and trenches, each having critical dimensions (CD) of 150nm before

etch.

522 Plasma processing

The materials were processed in a plasma etch reactor described in a previous
publication.”*' A 13.56 MHz inductively coupled plasma (ICP) source (0-2kW)
controls the plasma density, while a 13.56 MHz (0-1kW) capacitively coupled RF
bias enables independent control of the substrate ion energy. The temperature of the
substrate electrode was kept at 10°C using an electrode chiller, while the chamber
walls were kept at 50°C using heating straps. The gas flow into the chamber was
fixed at 50sccm. Before each run, the chamber was dry cleaned using an O, plasma
followed by a 1 min seasoning discharge applying the conditions for the next
experiment. Operating pressures of 10mTorr during all experiments were controlled
using a throttle valve in the exhaust line. The source power was set to 800W for all
experiments described in this article. The bias power was adjusted for the different
discharges to maintain a constant selfbias voltage of -100V. The process time for all

experiments was 1 min.
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In order to distinguish the effects of fluorocarbon and fluorine radicals on
photoresist processing, c-C4Fg and CF, feedgases were selected.>?*>%* A C4Fs/90%
Ar plasma etching process achieves a low photoresist etch rate because of FC film
deposition and low gas phase fluorine radical density.5 9310525327 1) comparison, a
CF, plasma etching process is characterized by little FC film deposition and a high
gas phase fluorine radical density and results in high PR etching rates™ 172852 o
examine the effect of Ar addition on PR surface properties, we also plasma etched PR
materials using CF4/90% Ar. The influence of fluorocarbon gas on the process result
was clarified further by varying the Ar percentage in C4Fg/Ar percentage or CF4/Ar.

5.12,5.13,5.28
, and

Since H, addition to CF, reduces the gas phase fluorine atom density
also has been shown to reduce PR damage,S'18 a CF4/40% H, and CF4+H,/Ar

discharges were also employed.

5.2.3 Post plasma process characterization

Average photoresist etching rates were determined using a single wavelength
ellipsometer (632.8nm) to measure the PR thickness before and after plasma etching.
For the analysis of the ellipsometric data we assumed a homogeneous PR layer. The
surface profiles of blanket PR films were measured using atomic force microscopy
(AFM). The root mean square (RMS) values of 2x2 pm? surface profiles are reported
as a measure of surface roughness (SR). The Fast Fourier-Transform (FFT) signatures
of the surface profiles were obtained according to the protocol described by Sumiya

et al..>® The surface chemical composition of the processed PR samples was analyzed
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using x-ray photoelectron spectroscopy (XPS). A detailed description of the XPS
analysis procedures was given in earlier publications.”®>” The measured oxygen
concentrations were found to be fairly low (O/C < 0.1) for all conditions and are not
shown explicitly in this paper. As patterned and plasma etched PR nanostructures
were examined using scanning electron microscopy (SEM). The SEM images were
numerically analyzed in the same fashion as reported earlier.”” Critical dimension
(CD) analysis at the top, middle and bottom of the trench and contact hole samples
was used to characterize the profile shape of the 3d structures after plasma
processing. Line Edge Roughness (LER) and Line Width Roughness (LWR) were
measured at the top of the trench and indicated transformations of the sidewall

roughness as a result of plasma processing.

5.3 RESULTS

5.3.1 Polymer modifications for five fluorocarbon discharge conditions

Process results for the three polymers examined in this work for five
characteristic fluorocarbon plasma etching conditions are shown in Fig. 5.1. Panel a)
shows etching rates. For most processes, 248nm PR shows the lowest etch rate,

followed by p-MAMA and 193nm PR. When changing from C4F3/90% Ar to
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CF4/90% Ar, the etching rate increases for all materials. A thinner FC layer is formed
on the polymer surfaces in CF4#/90% Ar and provides less protection of the polymer
against ion attack. Pure CF4 plasma etching produces significantly increased etch
rates for all materials, and can be explained by the high atomic fluorine concentration
formed in the gas phase for these conditions. Finally, when using CF4/40% H, and
CF4/40% H,/40% Ar gas discharges, etching rates very similar to those measured for
C4F3/90% Ar are seen.

In panel b) RMS surface roughness data are shown. A general RMS roughness
trend is seen as a function of polymer material for all FC discharge conditions, which
is consistent with earlier data reported by our group for C4F3/90% Ar. Polymers with
more likelihood of cross-linking (e.g. 248nm PR) have a lower the surface roughness
introduction rate.”® CF490% Ar discharges led to slightly reduced roughness
compared to C4Fg/90% Ar. CF4/H, showed etch rates similar to C4Fg/90% Ar, but
maintained much smoother surfaces. Using CF.s/H,, we obtained a very smooth
surface even for p-MAMA . When adding Ar to the CFs/H, discharge, this effect
seems to vanish as CF4/40% H,/40% Ar shows roughnesses comparable to CF4/90%
Ar.

The F/C ratios shown in panel 5.1c) were obtained from peak fitting the Cls
spectra, and provide information on the PR surface composition after processing.
Minimal surface fluorination can be noted for CF+/90% Ar and CF4+/40% H,/40% Ar.

Very high surface fluorination is seen for pure CF4, CF4/40% H,, and C4Fs/90% Ar.
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Figure 5.1:  Etchrates (a)), RMS roughness (b)) and F/C ratio (c)) after

processing for five plasma process conditions.
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The material specific F/C ratios seen here for each plasma etch condition are
consistent with the behavior seen previously for different model polymers plasma
etched using C4Fs/90% Ar, i.e. the greater the cross linking nature of the polymer, the
less fluorinated the polymer.”® A low F/C ratio was found to correlate to smooth
surfaces after plasma processing.”® For CF4/40% H,, p-MAMA, which typically
displays the highest F/C ratio, also had a very low F/C ratio, consistent with improved
surface roughness seen for this process condition.

Figures 5.2 (SEM images) and 5.3 (image analysis) show the evolution of
patterned PR structures for these process conditions. The unprocessed samples exhibit
significant sidewall roughness due to a missing bottom anti reflection coating (Fig.
5.2a)). C4Fs3/90% Ar shows a fairly straight profile, with large surface and sidewall
roughness visible after processing. Significant FC deposition on the sidewalls of the
trench features during plasma etching is indicated by the smoothing of the standing
wave patterns and the reduction in critical dimension (CD) after processing. CF4/90%
Ar and CF4/40% H»/40% Ar (Figs. 5.2c) and 5.2f)) show bowed out etch profiles
which are dominated by ion bombardment while having only thin FC overlayers.
Indications for this are the mid CD having the highest value (Fig. 5.3a)) and increased
LER/LWR values (Fig. 5.3b)). CF, displays a tapered profile (top CD greater than
original CD) with near identical LER/LWR values compared to the original sidewalls.
The PR samples etched in CF+/40% H, seem to have near optimal dimensions after
processing. With the top CD being almost the same as the original image and also the
mid CD similar, a near perfect profile shape has been obtained (Fig. 5.3a)). Also the

hydrogenated fluorocarbon (FCH) polymer deposited from the plasma under this
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condition seems to have an effect on the roughness, as a decrease in both LER and

LWR was achieved for this condition (Fig. 5.3b)).

168 nm

Figure 5.2: SEM micrographs of trench samples before (a)) and after plasma
processing using C4Fg/90% Ar (b)), CF4/90% Ar (c)), CF4(d)), CF4/40% H;
(e)) and CF4/40% H»/40 % Ar (f)).
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The effect of the discharge chemistry on the PR evolution during etch was
further studied by etching contact holes employing the same process conditions. Due
to their reduced dimensionality and the need for multiple collisions for species to
arrive at the bottom of contact holes, profile shapes of contact holes are highly
sensitive to differences in sticking coefficients of plasma species at sidewalls.’”
Etched profiles of contact holes are shown in Fig. 5.4. The LER roughness measured
on the processed trench samples was analyzed and a characteristic correlation length
of the roughness features was found. We arranged the etched contact hole samples
according to this trench parameter in Fig. 5.4. Process conditions with the shortest
roughness correlation length for trench LER showed the deepest radical penetration
for contact holes. These results suggest that low-sticking coefficient FC precursors
tend to smooth the sidewalls during processing.

For conditions know to have FC precursors with higher sticking
coefficientss'm, e.g. C4F3/90% Ar, very shallow sidewall coverage was observed as
expected. The evidence for this is the fact that the standing wave patterns are still
visible after processing. Even though the radical speciation seems to relate to the
contact hole profile evolution, significant differences in the appearance of the surface
roughness after processing are clearly visible, which cannot be explained based on the
radical speciation only. In particular, the CF; and the CF4/Ar process seemed to
produce much finer roughness than the other plasma conditions. To understand this, a

detailed investigation of the C4Fs/Ar and the CF4/Ar etch regime was undertaken.
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Figure 5.4:  Profile evolution of contact hole samples after plasma etching using

five typical discharge conditions.
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5.3.2 Effect of fluorocarbon gas addition to Ar discharges

5.3.2.1 C4Fg/Ar discharges

C,Fs/Ar discharges are widely used for highly selective plasma etching of

.12,5.18,5.27,5.31 . se: . .
212318527331 ywhile the process conditions are adjusted to achieve

dielectrics.
satisfactory etching results for the dielectric materials, the impact of these
adjustments on the PR material and feature profile are often not clear.

Etch rates and surface roughness data obtained with the three polymer
materials in C4Fg/Ar discharges are displayed in Fig. 5.5 as a function of feedgas
composition. For pure Ar processing, the highest etch rates were measured. Upon
addition of only a few % C4Fg, the etch rates decrease strongly. This can be explained
by the formation of a thin fluorocarbon layer on top of the PR and a slight drop in the
ion flux at the surface. When increasing the percentage of C4Fg further to up to 20%,
a small increase in polymer ER is seen for all materials (Fig. 5.5a)). This may be
attributed to an increase in fluorine availability at the polymer surface, since surface
analytical studies have shown that the steady state FC film thickness changes little in
this regime.”* Increasing the flow of fluorocarbon growth precursors further leads to
strongly increased FC deposition rates on the polymer substrates, which lowers the
net etching rate further and ultimately causes a switch-over to net FC film deposition
at 80% C4Fs. Figure 5.5a) also shows data for pure C4Fs. Due to the large flux of FC
radicals for this condition we increased the RF bias power to maintain a self bias
voltage of -150V. By doing this, deposition and etching rates were balanced, and no

net change in film thickness took place. Overall, the behavior illustrated in Fig. 5.5a)
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is consistent with the general understanding of fluorocarbon discharges, where for
highly polymerizing plasma chemistries high ion bombardment energies are required

to achieve net etching.”!'
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Figure 5.5:  Etchrates (a)) and RMS roughness (b)) as a function of C4Fg/Ar

percentage.
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A difference in the etch rates of 248nm PR and p-MAMA is measured only
for the ion-dominated plasma regime (less than 20% C4Fs). Previous studies
employing different materials in highly polymerizing discharges have shown that, by
increasing the deposition flux, the influence of the substrate material can be
decreased.”™ The 193nm PR still displays slightly higher etching rates, possibly due
to its higher oxygen content than for the other materials.

The evolution of surface roughness of the PR materials as a function of
feedgas composition is shown in Fig. 5.5b). While clear differences for the three
materials tested are present in an ion dominated plasma (less than 20% C4Fg), these
differences diminish for increasing C4Fs content. For C4Fs-rich discharges (more than
60% C4Fs), smooth surfaces may be maintained for all materials. This is consistent
with the lack of substrate etching for process conditions with high surface
polymerization rates.

Figures 5.6 (SEM images) and 5.7 (image analysis) present corresponding
results for patterned 193 nm PR samples plasma processed using the same conditions.
The sample processed using pure Ar discharge shows the highest amount of PR
damage and surface roughness. Increasing the percentage of C4Fg in C4Fg/Ar results
in smoother surfaces. For plasma etching conditions employing a high percentage of
C4Fs, fluorocarbon film growth induced by the plasma fills the nanostructured
features. Quantitative analysis of the etched structures (Fig. 5.7a)) show significant
changes in the CDs after processing. Samples processed in pure Ar condition display
a profile very similar to those in Figs. 5.2¢) and 5.2f), where the middle CD is much

wider (mid CD is larger than top CD).
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By increasing the C4Fg percentage we can reduce the mid CD through
increased FC deposition. C4Fg due to its highly polymerizing nature only leaves a
small process window for successful pattern transfer, and for process conditions
employing 40% C4Fg or greater, thick FC films grow on top of the photoresist
obscuring the original pattern. By increasing the C4Fg percentage, both LER and

LWR can be reduced, as shown in Fig. 5.7b).

5.3.2.2 CF4/Ar discharges

In CF4/Ar discharges, polymer etching rates are generally quite high and little
etching selectivity to PR etching masks can be achieved. For this fluorine-rich gas
mixture, FC films with high fluorine content are formed on PR substrates. These
films etch quickly when ion bombarded, and only very thin steady state FC films
remain on the substrates (see also Figs. 5.8,5.11,5.12).5‘34 Process results obtained
with CF4/Ar discharges are displayed in Fig 5.8. Similar to the CsFg/Ar series, we
observe a drop in etch rates when adding CF4 to pure Ar (Fig. 5.8a)). Increasing the
CF, percentage in CF4/Ar further, produces the opposite trend as compared to the
C4Fs/Ar series: As we raise the percentage of CF,, the etch rates increase, and for
percentages with more than 60% CF, a saturation of the etch rates can be observed.
For discharges having only small percentages of Ar, no significant difference in etch
rates between 248nm PR and p-MAMA is seen, while the 193nm PR shows higher
removal rates, which may be related to the higher oxygen content in the polymer

matrix and the destruction of the lactone group.
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The surface roughness evolution shows that while small amounts of CF,
increase surface roughening, smoother surfaces are produced as more CF, is added to
the CF4/Ar discharge. For process conditions with up to 20% CFj, clear differences in
roughness can be observed for the different polymer materials, whereas for higher

amounts of CF, these differences diminish.

Figures 5.9 (SEM images) and 5.10 (image analysis) show the transformations
seen for patterned 193 nm structures when processed using CF4/Ar discharges. A
transition from a bowed profile (as seen for 90% Ar, Fig. 5.9c)) to increasingly
smooth, but tapered profiles for CFs4 rich conditions (see Fig. 5.9f)) is observed. A
characteristic feature of the bowed profile is that the mid CD is largest, whereas the
tapered profile has a top CD larger than the original CD (Fig. 5.10a)). At the process
conditions closest to the transition between these profiles, i.e. CF4/80% Ar, a nearly
vertical etch profile shape is obtained. In addition to specimens etched in pure Ar,
samples etched using CF4/80% Ar also show very high sidewall roughness (Fig.
5.10b)). The evolution of the LER/LWR for exposed trenches shows that no
improvement of the LER/LWR compared to the original values was obtained under

any condition using CF4/Ar discharges.
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Figure 5.9: SEM micrographs of trench sample before (a)) and after processing in
pure Ar (b)), CE4/90% Ar (c)), CE/80% Ar (d)), CF/40% Ar (e)) and CF,

(£)-
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5.3.3 Surface compositional analysis by XPS

The fluorocarbon interaction with the PR substrate was found to impact the
roughness of the processed samples significantly. In particular, the mode in which a
FC layer was produced on the polymer substrates, i.e. a clearly separate FC layer on
top of the polymer versus a highly mixed layer, is correlated with the observed
surface roughness.”’ For plasma etched PR samples, strong elemental gradients have
been observed by XPS. To understand the origin of these findings, a detailed analysis
of the XPS data was performed.

Table 5.1> lists the sampling depths of the Al-Ka source as a function of
both electron energy and analyzer angle. From examination of this table one can
understand that XPS offers the possibility of depth profiling by changing either the
kinetic energy of the emitted photoelectrons or by changing the escape angle for
which photoelectrons are detected. Table 5.1 also shows that the F(1s) and C(1s)
sampling depths differ significantly. For C4Fs based chemistries, the F/C ratios were
calculated by normalizing the integrated areas of the F(1s) and C(1s) core level peaks
using adjustment and sensitivity factors. Another frequently used approach to
calculate F/C ratios is by curve fitting the fine structure of the Cls spectrum and

using the equation’°

)

where Icp, refer to the peak areas obtained by fitting C(1s) spectra, where
increasing numbers of fluorine neighbors induce chemical binding energy shifts, and

21 sums all individual C-peak component areas. A uniform F and C elemental
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distribution as a function of depth will result in the calculated F(1s)/C(1s) ratio and
the F/C ratio extracted from Cls fine structure yielding the same elemental ratio.
Figure 5.11a) shows that this is the case for all polymers etched using C4Fs/90% Ar.
By plotting the F(1s)/C(1s) vs. the F/C ratio, we can detect a fluorination gradient

within the sample.

Core Level |BE (eV)| 10° 45° 90°

F Is 686 1.1 4.5 6.3
OlIs 531 1.3 52 7.3
N Is 402 1.4 5.7 8

ClIs 287 1.5 6.2 8.7

Si2p 102 1.7 6.9 9.7

Table 5.1: Sampling depths of Al Ka source in [nm] (from D. Briggs)’>

The data obtained using CF4+/90%Ar can be better understood when looking at
all examined CF4/Ar chemistries (Fig. 5.11b)). While for high CF, percentages the
data are close to the line through the origin, the data deviate more from the line as
more Ar is added to the discharge. It is likely that for CF4/90% Ar the fluorination
depth becomes comparable to the probing depth of the XPS. Consistent with this is
the observation that XPS data acquired at 20° relative to the sample surface did not
show this deviation (not displayed for the sake of brevity). When probing shallower
depths using 20° angle data, the data for all samples show F 1s/C 1s ratios that are

equal to the F/C ratios obtained from the Cls fine structure. We can interpret this as
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being due to CF4/Ar plasma etched polymers showing uniform surface fluorination
with depth, and additionally that for small amounts of CF, in Ar, fluorination depths
are very shallow. For the CF+/H, plasma, we can identify conditions where the
fluorine is predominantly on the top surface (small offset of F/C ratios towards
F(1s)/C(1s)). This is very similar to the influence of plasma source power on the
nature of the FC layer formed on polymers reported previously.”’ In that work we
observed a thin, separated FC layer that was characterized by a high F/C ratio and a
steep fluorination gradient for low source power (small F2s/Fls ratio), whereas for
high source power a mixed FC layer was obtained characterized by a lower F/C ratios
and uniform fluorination as a function of depth (F2s/F1s ratio = 1) [the ratio of deep
(F2s) and shallow (Fls) fluorine signals was used to quantify the nature of the
deposited FC layer].”” Very low F/C ratios were seen for polymers processed using
CF4/Hy/Ar and CF4/90% Ar. In a similar fashion, a very thin FC layer was found for
processing with CF4/H,/Ar, but the fluorination depth in CF4+/90% Ar was comparable
to the XPS probing depth. Overall, we found that FC film formation and depth of F
penetration of the polymer materials aren’t always coupled and might influence the
discharge properties additionally.

The fluorination of the PR in C4Fs/Ar and CF4/Ar discharges was also
examined. The results of the surface compositional analysis using XPS are shown in
Fig. 12. The F/C ratio monotonically increases when raising the % of C4Fg (Figure
12a)). For all conditions, the ratios for the three polymer materials tested follow an
order where p-MAMA shows the highest F/C ratio, followed by 193nm PR and

248nm PR. In C4Fs/Ar discharges, the fluorination could be easily estimated from the

163



F (1s) over C (1s) ratio. The same measurement was found to be contradictive for the

CF./Ar conditions (see also Fig. 11b)).

0.7

| m cF/00%Ar
»n 0.69 X CF,/90% Ar
o.5] © CF/a0%H,

(- 248nm PR
-— (.4 FC layer with uniform
@) composition vs. depth

@)
193nm PR

Gradient with F on surface
Fluorinated PR or thin FC

-'é 0.31 layer on PR
00.2' p-MAMA
< )
L 0.14 193nm PR
O O we248nm PR

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
F 1s/C 1s ratio

0.7

d m 193nm PR
0.64 © 248nm PR
{ X p-MAMA

0.51
0.4-
0.3-

FC layer with uniform
composition vs. depth

Increasing
% Ar

0.1+

(1) — S—
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
F (1s)/C (1s) ratio

F/C ratio in C1s

Figure 5.11: F/C ratio vs. F/C ratio measured in the Cls spectrum for C4Fg/90%
Ar, CF/90% Ar and CF /40% H, (a)) and all conditions tested in CF /Ar
discharges at 90 deg emission angle (b)).
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A better estimate of the F/C ratio at the polymer surfaces processed in CF4/Ar
discharges was obtained when the F/C ratios were obtained from measurement of the
Cls spectra alone since in this case the difference in sensitivity depths is not present.
(see discussion/results above). The general trend for increasing surface fluorination
(greater F/C ratios) of polymer materials processed in CF4/Ar discharges is similar to
the behavior seen for C4Fg/Ar discharges, i.e. increasing fluorination for increasing
CF, percentages (see Fig. 5.12b)). Differences are reflected in the fact that Ar/CF,
generates lower F/C ratios than Ar/C4Fs for the same % of Ar in the discharge. Lower
F/C ratios were found to be characteristic for mixing of the FC layer with the PR
substrate.”’ A higher degree of mixing between the FC film and the damaged PR is
therefore indicated for processing of polymers in CF4/Ar.

We determined the nature of the FC films deposited on Si substrates without
applying a RF bias and also measured the deposition rates (see Fig. 5.13). Overall
much lower FC film deposition rates are seen for CF4/Ar than for C4Fg/Ar discharges.
We also find that the deposition rate reaches a maximum at 20% CF./80% Ar. As
mentioned before, the FC films deposited with a high percentage of CF; in Ar are
very fluorine rich and cannot withstand ion bombardment. Since we found that the FC
deposition is uniform with depth for all CF4/Ar conditions (see Fig. 5.11b)), the
maximum of the surface roughness in CF4+/80% Ar (Fig. 5.8a)) might affected by this
FC deposition rate maximum. Adding more C4Fg to the discharge resulted in
continuously increased thickness of the FC film thickness. Most of the process results

seen in Figs. 5.5-5.7 can be related to this effect.
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5.4 DISCUSSION

5.4.1 Influence of surface composition on polymer etching rate

We examined the impact of five prototypical fluorocarbon etch conditions
on polymer etch rates and roughness evolution for three representative PR materials.
The C4F3/90% Ar chemistry has been extensively studied in previous publications of

this group”®” and is popular for pattern transfer of PR masks into dielectric
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materials.”>*'® The combination of high flux of polymerizing species, sidewall
coverage by FC deposition and energetic Ar" ion bombardment enables the selective
etching of silicon oxide and generation of high aspect ratio structures. Discharges
based on CF, were also studied in our work, since this enables the examination of
polymer modifications due to the attack by elemental fluorine, as opposed to
deposition of C4Fy radicals. Plasma etching processes based on CF4 as compared to

. - 9,5.12,5.14
C4Fg show higher F concentrations> > 1%?

, since the latter is primarily dissociated
into CF, and CF3.”?%°37%3% When using less polymerizing fluorocarbon gases, e.g.
CF.,, only thin steady state FC films are present on surfaces contacted by the plasma.
CF4/90% Ar was studied to examine the effects of the CF4 gas for conditions for
which the feedgas percentage of Ar was identical to the C4Fs/90% Ar discharges.
Discharges fed with CF4/H, were also studied, since addition of H, to the CF4
discharge reduces the fluorine density.5 13515539 The study of H, was also motivated
by a prior study that had shown reduced PR roughening for CF,/H, discharges.”'® We
also studied Ar addition to CF4/H, discharges, to investigate the effect of Ar' ion
bombardment in conjunction with the CF4/H, chemistry.

For all of our experiments a constant selfbias voltage of -100V was employed.
The use of a constant mean ion energy makes it easier to interpret results in terms of
the contribution of surface chemistry changes only. In Fig. 5.1, we saw similar
polymer etch rates for C4Fg/90% Ar, CF4/H, and CF4/H,/Ar, whereas for CF4#/90% Ar
and CF; much greater etching rates were measured. One possible explanation is that

for C4Fs/90% Ar, CF4/H, and CF4/H,/Ar, the polymer etch rate is controlled by ion

bombardment, whereas for CF+/90% Ar and CF,4 the etch rates is increased by
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chemical modification of the polymer material by fluorine attack. Consistent with this
notion, discharges based on different CF./Ar compositions exhibited a clear etch rate
increase with increasing CF, content (see Fig. 5.8a)). This observation led to a more
detailed examination of the etch mechanism in CF4/Ar plasma chemistries.

Most polymer etch models focus on the effect of the polymer stoichiometry
and their effect on etch rate.”*>>*® One common observation is that the more carbon a
polymer contains per monomer, the more etch resistant the polymer. This idea has
been expressed in polymer etching models, although the actual calculation of the
characteristic model parameter is often complicated, and may require information that
is not easily available.”**>*® The effect of the plasma etching conditions on polymer
etch behavior has been studied using a number of models, but they are typically
restricted for the particular discharge properties employed in those studies.”*’ >~

Based on the measured etching rates, compositional information and surface
chemistry determination, we developed a simple etching model which can explain the
observed etch behavior. In our approach, we present a very basic and simple etch
model, which captures basic trends in removal. Deviations from this model can be
used to indicate the importance of additional effects for these plasma processes.

For an oxygen or fluorine containing polymer, the plasma etching rate ER
consists of the contribution of physical sputtering and an ion enhanced etching

component, e.g. for carbon bonded to oxygen or fluorine atoms, and can be written as

ER=ER,, +ER, . )
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Following Mayer and Barker,>>%3

the ion enhanced etching rate ER; is
proportional to the fractional neutral (oxygen and fluorine) coverage @. In our case,
we assume that the neutral coverage is given by
O=(no+np)/n 3)
where no and np are the number of surface sites occupied by oxygen and fluorine
respectively and n relates to the total number of surface sites.
We can express ERg as
ER, =v0OY,I 4)
where v; is the volume of substrate material removed per etch inducing ion, Yg(E;)
is the energy dependent etch yield of the process and 77 represents the ion flux. The
total ER becomes

ER = ER,; + ER,. = v,,(1-©)Y, [, +v.0@Y, T (5)
or
ER = v, ("0 E)Y T4 [0, 20 ¥y + v “E Y 1T (©6)
n n n
To simplify, we assume
Vps B Vo BV =V . 7

Also, since Ar" ions dominate the ion flux, we ignore the contribution of ions on

the chemical modification of the polymer materials. We then obtain
no np
ER =vY, I + [7 Yipo =Yps) + 7 (Yipr = Yps ) VL (8)
If we assume Yjzo = Yier = Yig, we can simplify (7) to get

ER =~ ER, + ("o

)XY =YWL 9)
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or

ER - ER,

vl

i

:AEY:(n0+nF

)(YIE _YPS) (10)

In Fig. 5.14, we plotted the observed etch yield for C4Fg/Ar etching

I’lF+I’l0
n

chemistries vs. as measured by XPS at 20° emission angle of the electron

detector relative to the sample surface. Since the etching reactions take place at the
very top surface, this measure of the surface composition should be very close to the
actual surface sites participating in the etch process. The etching yield solely based on
physical sputtering can be found with the data for pure Ar processing (see Fig. 5.14a))
and is indicated by the line. Since for pure Ar processing, only the initial oxygen
content of the polymer impacts the surface composition, and a fairly linear
relationship is seen.

By adding F to the surface by C4Fg addition, the results become a lot more
complex. The slope of this plot should be related to (Y;z — Yps) and gives an indication
to what degree enhanced etching takes place. Figure 5.14a) shows that for C4Fs
addition, a strong deviation from this line occurs. The fluorine that is deposited in the
form of FC precursors on the PR material produces a etching-resistant FC layer that
builds up on the PR surface and does not contribute to an etch increase. A shift away
from the original line depending on the amount of FC in the discharge can be noted.
An increase of fluorine in the PR material, which was related to increased etch yields

was found for raising the operating pressure from 10-80mTorr.>”’
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We see that for 193nm PR, which shows the largest dependence on this effect,
the data points are parallel to the line given by pure Ar sputtering (see Fig. 5.14b)).
For C4Fg/Ar chemistries, we find that for fluorine deposited in a FC film (e.g. as seen
in Fig. 5.14a)) the deviation is larger when more FC is present at the surface. If the
fluorine is activated (e.g. as seen in Fig. 5.14b)) an increase in etch yields depending
on the surface coverage can be noted.

A look at the data for CF4/Ar shows that the same deviations are significantly
smaller (Fig. 5.15a)). The thick FC layers for C4Fg chemistries cause a large offset,
whereas the thin FC layers in CF4 chemistries do not change the etch behavior
significantly compared to pure Ar sputtering. We can clearly see that two distinct
regions exist for processing of PR materials in CF4/Ar discharges. The surface
composition for our polymers is mostly determined by the fluorine atoms at the
surface, since essentially all surface oxygen is removed during the first seconds of
processing.s'6 When smaller amounts of fluorine are added to the surface by plasma
processing, the slow increase in etch yield can be related to the increased fluorine
content in the surface. For higher amounts of fluorine, a substantially higher increase
in etch yield can be noted. We interpret this behavior that for higher fluorine
concentrations, the formation of the graphitic layer at the top surface is inhibited due
to bulk fluorination and enhanced removal. Due to the rapidly moving etch boundary,
the graphitic layer does not have time to establish and so elevated etch rates
remain.” % A chemically enhanced removal character for high CF; conditions
might be responsible for tapered profile evolution seen in Figs. 5.9¢) and 5.9f). Fig.

5.15b)) also shows the data for the missing CF4+/H, and CF4/H,/Ar conditions.
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The material removal for CFs/H)/Ar is very close to the pure Ar data,
suggesting that the impact of the FC film and the F penetration on the etch behavior
are negligible. The data for CF4+/H; fall on the data for the CF4/Ar data, suggesting
that the same etch mechanism is valid under this condition. The fact that the same
CF, percentage yields smaller etch yields for CF4/H, can be attributed to the fact that
H, scavenges F from the discharge and so less fluorine is deposited into the PR and
lower etch yields result.

We examined the etch behavior of polymer surfaces based on their oxygen
and fluorine content. While for oxygen incorporation a simple linear dependence on
the etch yield was found, a significantly more complex behavior was found for
fluorine incorporation in the surface. The fact that all materials follow a similar trend
suggests that the essential response of the polymer materials can be captured by this
simple model based on experimentally determined surface stoichiometry and ion
enhanced etching. The qualitative differences of C4Fg/Ar and CF4/Ar mixtures point
to the fact that the FC films on the surface impact etch behavior significantly,
indicating that the complexity of the actual mechanism goes beyond simple ion
enhanced etching. Additional effects, such as cross linking abilities of the polymer
materials can of course not be captured by this model and have been omitted for the
sake of simplicity. The inability to measure hydrogen using XPS might be an

additional reason for deviation of the data.
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542 Influence of surface composition on surface energy density and

roughening

In our prior work we have described the roughening behavior of polymers in
fluorocarbon plasmas using a surface energy density model, where the roughening
rate scales linear with the energy density required to remove a unit volume of
material.”” The PR material dependent roughening rate RR,, was defined as the RMS
roughness introduced as a result of plasma processing divided by the depth of
material removed due to processing. We found that the energy density deposited at
the polymer surface during processing was very characteristic of the process

condition used. The energy density density € was defined as:

E.
E=——. 11
v.EY (tH

Here ¢ (eV/nm’) is the energy density deposited by the plasma per unit
volume removed, E; (eV) is the average ion energy of the bombarding ions, v; (nm3 ) is
the volume of substrate material removed per etch-inducing ion and EY is the etch
yield (probability that an ion induces etch) of the material for the particular discharge
conditions. A linear relationship of the roughening rate RR,, on the energy density &
was found as:

RR (¢)= C,&(E,v.,EY) (12)

where C,, is a PR materials constant that describes how effectively surface energy
input by the plasma is converted into surface roughening. This material dependent

roughening constant might be ultimately related to the stiffness of the examined
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polymers. The 248nm PR material based on an aromatic polymer showed a much
lower roughening constant C,, (7.9x107 nm’/eV ) than 193nm PR and p-MAMA
materials (3.6x10°° nm’/e V), which are based on the more fragile adamantyl polymer
structure.
The absolute RMS surface roughness SR, that is introduced in the PR
materials is determined by
SR, =RR (€)ER . (13)
The surface energy density deposited during plasma etching determines the
polymer dependent roughening rate RR,,. Additionally, roughness is amplified on the
PR surface by locally non-uniform removal based on the material dependent etch rate
ER,.>”" We also showed that sidewall roughness evolution during processing could
be related to this surface roughening mechanism’”. In our prior work we presented
initial observations on the influence of surface fluorination of polymers on resulting
surface roughness.”’ Through surface fluorination the etching yields of polymers
increased and a reduction in energy density at the polymer surface during processing
resulted. A reduction of the absolute SR was observed, which is consistent with Eq.
(1) and (2). Similar process results have been obtained elsewhere.”'">>® This
mechanism lead to the idea that the performance of /193nm PR could be improved by
conditions with low energy densities (i.e. high etch yields). Alternatively, separate FC
deposition on the PR substrate has shown a beneficial impact on the roughening
behavior.”” In the following we will show how these mechanisms are reflected in our

data.
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The effect of fluorine on roughness evolution was analyzed in further detail.
We used the FFT of AFM line scans to visualize the size distribution of the RMS
roughness features on the PR surface (see Fig. 5.16). A detailed examination of FFT
data obtained with RMS roughness scans for different process conditions can be
found in a separate publication from our group.”® The amplitude of height variation is
plotted against spatial frequency, so the largest distances covered by our scan (2 wm)
can be seen in the left side of the plot, whereas the smallest distances between
measurement points (distance between the 512 scan points) are on the right.””
Previous studies have shown that polymers show a characteristic peak in the high
spatial frequency region (right side) which builds due to the polymer cross linking
ability in the specific plasma condition.”® Ton induced transfer of surface roughness —
vertical growth of features - is reflected in these data by a gradual increase in the
amplitude of the roughness features, whereas the spatial distribution does not
change.s'8 For samples processed in C4Fg/90% Ar (Fig. 5.16a)), we find the material
specific characteristic high spatial frequency features similar to the ones seen before

by Sumiya et al.>®

The overall higher amplitudes can be attributed to the longer
processing times (I minute) for these samples. We see that 248nm PR shows a
characteristic peak around 0.04 nm'l, whereas 193nm PR shows a characteristic peak
around 0.08 nm™'. These characteristic peaks are consistent with the expected cross
linking behavior of the PR materials and are likely responsible for the characteristic
roughness features in the AFM surface images. Results are very different for

CF4/80% Ar (Fig. 5.16b)). The material characteristic broad high frequency peaks are

eliminated, and only a very narrow, small peak is visible at 0.05 nm™'. As opposed to

179



C4Fs/90% Ar, this peak seems to have the same position for each material. The
increase in CF, percentage reduced the amplitude of all spatial frequency values (Fig.
5.16¢)). Our data also indicate that small roughness features can be easily suppressed
by F-rich etch conditions, whereas large scale roughness features are much harder to
reduce. This is consistent with findings reported by T. Wallow et al.>*

Eqn. 12 predicts a proportional relationship between roughening rate and
energy density deposited at the surface. The data for the adamantyl and aromatic
polymer materials are plotted in Figure 5.17a), and roughly follow the expected
proportionality. Linear regressions are also plotted to compare the data to the model
found for processing using C4Fg/90% Ar conditons.”’ The data for different C4Fg/Ar
chemistries are also shown in Fig. 5.17a). We can see that, as reported previously,5 7
193nm PR and p-MAMA have the same roughening constant C,, but 193nm PR
shows a significantly lower energy density due to a higher etch rate.”” 248nm PR has

a lower roughening constant than 193nm PR and p-MAMA.

180



193nm PR 248nm PR p-MAMA
C,F/90% Ar m ° A
C,F/Ar O O A
C,, aromatic polymer - -
C, adamantyl polymer —

o o
o o
'l 'l
)
A

o
~

Roughening Rate

0 1x10° 2x10°  3x10° 3'
Energy Density (eV/nm”)

193nm PR p-MAMA  248nm PR
CF /Ar - A ®
CF/H, X )4 P34
CF/H/Ar O A O

b)

o
N
'l

Roughening Rate

———
/| Increasing %Ar | ©)
0.0 5.0x10" 1.0x10°

. 3
Energy Density (eV/nm”)

Figure 5.17:  Roughening rate vs. energy density as shown in’”’ and for C4Fg/Ar
(a)) and for CF/Ar, CF4/H; and CF4/Ar/H; discharge conditions(b)).

181



One data point for 193nm PR does not follow the model. The high flux of
fluorocarbon species in C4Fg/40% Ar caused very little net removal for 193nm PR,
but net deposition for 248nm PR and p-MAMA (see Fig. 5.5a)). The data for
deposition have been omitted for simplicity sake. The very low etch rate of 193nm
PR in C4Fg/40% Ar allowed a fairly high energy density (1.3x10° eV/nm’), much
higher than typically seen for 193nm PR. The roughening rate seen for this condition
is significantly lower than expected for adamantyl polymers at this energy density and
actually more similar to the values for 248nm PR. We know from Fig. 5.13 that very
large FC fluxes arrive at the surface under this condition and so the roughening rates
might actually more reflect the roughening behavior of the FC film as opposed to the
polymer material. We furthermore believe that it is an indication that thick, discrete
FC surface films could potentially reduce polymer roughening without increasing
polymer loss rate. In the case of C4Fs/40% Ar however, this process fails, since
deposition inside the 3d structures covers up the original pattern (see Fig. 5.6f)).

Figure 5.17b) shows that the energy densities in CF4/Ar chemistries can be
significantly reduced for all materials. The linear regression fits (obtained for
C4Fs/90% Ar conditions) for the materials constants C,, were inserted as a guide for
the eye. While energy densities for the conditions examined in our previous
publication were limited to about 5*10* eV/nm’, significant reductions in energy
density were achieved through increased etch yields for CFi/Ar plasma etch
conditions. We can clearly identify a mechanism where high surface fluorination
causes high etch yields (Fig. 5.15a)), which in turn results in small energy densities at

the surface and with that minimal roughening rates. For CF4 rich etch conditions,
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selective material removal by ion bombardment and associated surface roughness
amplification could be suppressed. As mentioned when discussing Fig. 5.12, FC
mixing with the PR material can be expected for CF4/Ar chemistries due to the

relatively low F/C ratios.

We mentioned earlier that a roughening model was presented earlier,”” where
the energy density present during processing was proportional to the roughening
rates. Roughening constants C,, have been obtained based on the polymer included in
the specific PR resin. We see in Fig 5.17b) that the thickness of the FC films seems to
be reflected in the deviations from proportionality for the roughening constants C,,.
The process conditions that produced thick surface FC films (CF4#/80% Ar) show
slightly enhanced roughening rates. The slightly reduced roughening rates for the
CF4/90 % Ar condition might be based on the fact that only a very shallow region is
fluorinated in this case (Fig. 5.11b)). The data in Fig. 5.17b) also show that the data
for CF4/H;, and CF4/H,/Ar can be captured by the energy density model. The validity
of our model for different discharge chemistries is therefore confirmed further. Very
low energy density conditions in CF4+/H; result in very small roughening rates, similar
to CF4 rich etch conditions. The stabilization of the adamantyl polymer due to
interaction hydrogen may be reflected in the fact that the roughening rates for both,
193nm PR and p-MAMA are slightly lower than expected by the roughening constant
for adamantyl polymers. The layer like deposition of the FCH film under this

condition (Fig. 5.11a)) might also be responsible for this effect.
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Data obtained for process conditions employing CF4+/Hy/Ar show that Ar
addition to CF4/H, increases the energy densities significantly. We also see that
248nm PR shows a lower roughening rate than predicted by our model, whereas the
roughening rates for p-MAMA and 193nm PR follow the model. This is in contrast to
the finding for CF4#/90% Ar, where a reduced fluorination seemed responsible for
reduced roughening rates. One possible explanation is that for CF4/Hy/Ar, cross-
linking of the 248nm PR prevents deeper fluorine penetration from the plasma,
whereas the chain scissioning behavior of p-MAMA and 193nm PR allows
fluorination and with that increased roughening rates.

The different appearance of the FFT data for different plasma conditions
albeit similar surface roughness values is now much better understood. We showed
that high surface roughness as a result of plasma processing is possible for low energy
density process conditions when a high amount of surface roughness amplification
due to non-uniform removal takes place (high etching rate), e.g. as seen for CF4/80%
Ar. Alternatively, introduction of high surface roughness is possible for processing at
high energy densities even when only moderate amount of non-uniform surface
amplification takes place (low etching rate), e.g. C4Fs/90% Ar. We also find that
roughening for surfaces and sidewalls is influenced by fluorocarbon interaction with
the PR substrate. The tapered profile for CF4 rich conditions might be a result of the
removal mechanism being increasingly dependent on surface stoichiometry rather
than just physical sputtering. For CF4/Ar discharges, we never observed smoothing of
the original sidewall standing-wave roughness. In CF4+/H, smoothing may have

occurred due to a separate FC film deposition on the PR substrate (Fig. 5.11a)),
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similar to conditions achieved by low source power processing in C4Fg/90% Ar.>’
The FC film deposition can smooth out initial sidewall roughness by a deposition of a
highly stable film on the PR material. Fluorine scavenging in CF+/H, might be
responsible for the gradual improvement in the etch profile, which reduced tapering.
The evolution of the contact hole profile shapes shown in Fig. 5.4 can be
understood based on these considerations. The high F/C ratio seen for PR materials
processed using CF, and CF4/H, process conditions shows that both process
conditions contain F-rich radicals, which are able to penetrate contact hole structures
deeply.s‘7 The smooth appearance of the CF,s, CF4+/H; and CF4#/90% Ar condition can
be attributed to higher etch yields and the suppression of characteristic roughness
features due to F-addition. The severe surface damage for all discharge conditions for
which Ar was present could be attributed to the high energy density, & which usually
results when Ar is added to the discharge. Plasma-induced VUV photon
bombardment, in conjunction with plasma ion bombardment,”*" might be responsible
for characteristic cross link and chain scission reactions within the PR material, which

could reduce or enhance the fluorine penetration of the PR materials.
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5.4.3 Correlation of surface and sidewall roughness

The introduction of feature sidewall roughness during processing is important
since it may be transferred into the underlying material. We tested how well surface
roughness correlates to sidewall roughness formation for identical plasma process
conditions. Figure 5.18 shows a roughly linear correlation for CF4/Ar plasmas. The
FC film thickness evolution (Fig. 5.13) is related to the evolution of sidewall
roughness (Fig. 5.10b)) and surface roughness (Fig. 5.8b)). Similar results were found
for the other process conditions. This shows that the mechanisms for blanket films,
which can be explained very well, also relate to sidewall evolution, which is

technologically more important.
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5.5 CONCLUSIONS

We presented a study of plasma etching of prototypical photoresist materials
and structures using fluorocarbon discharges fed with C4Fs/Ar or CF4/Ar/H, gas
mixtures. FC addition in C4Fg/Ar plasmas decreased etch rates, whereas F-
incorporation into the polymer for CF4/Ar plasmas increased the removal rate. The
formation of a well-defined FC layer on top of the PR materials minimizes surface
roughness and is able to smooth out rough sidewall edges. In contrast, strongly mixed
FC layers at PR surfaces formed in plasma etching environments characterized by
intensive ion bombardment. FC radicals with a large sticking coefficient enhance the
roughening behavior on surfaces and sidewalls. The fluorination of PR material
surface sites during steady state etching was found to impact the chemical removal
during etching, and increased etch yields. This was captured in an ion enhanced
etching model that included the surface fluorination of the PR surfaces.

The spatial frequency distribution of surface roughness obtained from AFM
data showed that surface fluorination of the PR surfaces prevented the formation of
small scale roughness features at the cost of large scale roughness. The large scale
roughness evolution could effectively be suppressed by low surface energy density
conditions, where high etch yields dominated the polymer response to the plasma
conditions. Hydrogen addition during processing showed improved roughening
behavior for the adamantyl structure. Finally, a model where the surface roughening
rate varies proportionally with the energy density deposited at polymer surfaces

during processing was introduced. The validity of our model for different discharge
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and surface chemistries points to the fact that roughening and removal mechanisms
for PR materials are coupled.

The general tradeoff between low etch rates or improved roughness for
processing of PR materials was confirmed, suggesting that etch rates and surface
roughness evolution are strongly coupled. The sidewall roughness evolution has
additionally shown a stronger influence on radical speciation, where low sticking
radicals leading to separate layer deposition may be able to reduce sidewall
roughness. Depending on the plasma condition, highly resistant FC layers can be
grown on the PR materials, in our case even leading to a smoothing of initially very

rough sidewalls.
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Chapter 6:

Overall Conclusions

The focus of this work was aimed at improving the understanding of plasma-
photoresist surface interactions as they are of crucial importance in nano-patterning of
substrates using photoresist (PR) polymers in plasma-based pattern transfer processes.
Etch resistance and roughness evolution as a function of time, polymer material,
operating parameters or discharge chemistry were studied. Resist loss rates and
surface (blanket materials) and line edge (patterned substrates) roughening trends of
representative polymers during realistic fluorocarbon-Ar based plasma etching
processes were characterized. The impact of the plasma conditions on PR removal
rates and surface roughening rates was discussed. Based on the observations, a
roughening model for photoresist polymers in plasma environments was developed.
Although the focus of this study were advanced photoresist systems as they are used
in 193nm PR lithography, our findings provide important insights for plasma-polymer
interactions for other materials used in plasma processing of materials.

In chapter 2 we reported results of the study of the time dependence of plasma
surface interactions for several advanced PR materials and model polymers. Within
the first seconds of plasma exposure of polymers, its structure is destroyed in the
surface region, accompanied by H and O loss. During this period, increased PR
erosion rates and increased roughening rates are seen, and explained by the H and O
content of the PR. The fluorination of the near-surface region of the PR/polymer

materials that takes place for FC plasmas used for pattern transfer also reaches
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saturation within the same time period. Increased surface roughening is caused by
interactions of the damaged top layer and the FC layer formed by interaction with the
plasma on the polymer substrate surface. In particular, the effect of ions, radicals,
metastables and photons influence damage layer formation greatly and contribute to
the roughening behavior. After this initial PR surface transformation, steady-state
etch conditions and surface properties have been established, which, as the initial
transient, reflect the plasma properties. The amount of surface roughness introduced
per PR layer thickness removed approaches zero during the steady state period,
indicating that changes in surface roughness during this period is coupled to the
material removal. The surface roughness generated during the initial PR
transformation period grows by non-uniform ion-induced etching during the steady-
state etching period.

In chapter 2 we also describe studies of the influence of polymer structure and
composition on the results of the plasma-surface interactions. While a very rough
estimate of the PR erosion rate based on polymer stoichiometry is possible, small, but
definite discrepancies were observed and reflect different cross-linking tendencies of
the polymers. The chain scission behavior of methacrylate adamantyl polymers was
reduced by inserting acrylate groups. This change resulted in smaller polymer erosion
rates and reduced surface roughness introduction. The surface roughening behavior of
the polymers was found to be even more influenced by the side chain chemistry. By
changing the functional groups of the polymer matrix from methyladamantyl to
ethyladamantyl, a characteristic increase of the surface roughening resulted. This

increase was still present when normalizing the surface roughness to the removed
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thickness during processing. The functional additives typically added to PR polymers
to make the resin photoactive were found to have no measurable impact on the
roughening and etch behavior. One interesting observation was that the measured
surface fluorination and surface roughness were directly correlated, and also mirrored
the relative softness of the polymers and tendencies for fluorination in the plasma
environment.

In chapter 3, several key comparisons of our newly developed surface
roughening model are presented. By summarizing all results reported in chapters 2-5,
we found that the surface energy density during processing is predictive of the surface
roughening rates. Process conditions requiring a high surface energy density to
remove polymer material from the surface showed high surface roughening rates,
whereas process conditions with low energy densities show very low roughening
rates. This observation reflects the effective polymer etching yields, with high etching
yields yielding smoother surfaces than low etching yield processing. Surface
roughness introduction is thus linked to ion bombardment related energy flux to the
surface which causes both removal of the PR materials, and by damaging the surface
polymer structure and polymer relaxation, surface roughness introduction. By
increasing the etch yield, e.g. using CF4 rich process conditions, a suppression of
surface roughness introduction can be achieved.

A clear dependence of the surface roughening rates on both polymer material
structure and surface energy density was found. Although by modification of the
polymer surface composition in different FC discharge chemistries, etching of

polymers at different surface energy densities takes place, the overall surface
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roughness behavior is for all conditions controlled by the polymer structure itself.
Overall, a tradeoff has been observed, where the surface roughening can be reduced
by selecting discharge conditions resulting in high etching rates or lower polymer
etching rates can be achieved at the cost of increasing the roughening rate of the
polymers.

In chapter 4, a detailed survey of the influence of plasma operating parameters
on PR etching rate and surface roughening is presented. Increasing ion energies
caused increased polymer etching rates for all materials. When reducing the
ion/neutral ratios by increasing operating pressure, etch yields increased and are
explained by greater fluorination of the polymer materials. The fluorination of 193nm
PR was greater, which may suggest that the lactone group of the 193nm PR is easily
fluorinated. The variation of the polymer etching rate as a function of plasma source
power was found to be dominated by changes in the thickness of the FC material
formed on the polymers during steady-state etching. The changes in surface
roughness were dominated by ion-induced erosion effects when RF bias power or
pressure were changed. The polymer surface roughening behavior was significantly
changed as a function of source power, and reflected both surface energy density and
molecular dissociation of the FC feedgas. Fluorine-rich, thin FC polymer deposits
were formed at low source power, and resulted in fairly smooth polymer films.
Carbon-rich, thick FC films were produced a high source power levels and yielded
very rough polymer films or etched structures. Generally, increasing the surface
energy density through use of higher source power levels and/or increasing selfbias

voltage and changing ion energy increased the overall roughening behavior of the PR

192



materials. By comparing the model compounds at different C4Fg percentages in Ar
(while maintaining >70% of the ion flux as Ar") we found that the fluorination due to
plasma processing can affect the overall roughening behavior of the PR materials (as
also seen for different source power levels). Characteristic nanoscale differences
between the surface roughness introduced in the polymer compounds were present for
all conditions, and suggest that the plasma species (radicals, metastables, photons and
ions) modify in a characteristic fashion the polymer materals and generate the cross
linking and chain scissioning behavior for each material. The degree of surface
fluorination was found to be characteristic of the measured surface roughness for each
material. Fluorine-rich surface conditions typically resulted in smoother polymer
surfaces, whereas C-rich surfaces showed a higher level of surface roughness
introduction as a result of plasma processing. By comparing results of blanket
materials and patterned nanostructures, we showed that surface and sidewall
roughness generally correlated well to each other. The nature of the FC radicals
formed in the discharges was found to have a big impact on the sidewall coverage of
the nanostructures. A difference in fluorination of trenches and contact holes based on
the radical sticking was also found. Increased sticking of the FC radicals was seen for
contact hole structures than for trenches. Even though 193nm PR contains oxygen,
thicker FC films are typically observed for 193 nm PR than for 248nm PR after
equivalent plasma processing.

A new surface roughening model was presented. The energy density required
to remove a unit volume of material at the surface during processing controls surface

roughening of the PR materials, in combination with the molecular structure of the
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polymer being processed. This surface energy and material structure dependent
surface roughening is followed by roughness amplification due to laterally non-
uniform ion-induced polymer removal during the steady state etch regime.

The effect of different plasma gas chemistries on polymer plasma etching
resistance was examined in chapter 5 employing C4Fs/Ar or CF4/Ar/H, gas mixtures.
In all cases the transition from ion-flux dominated to a neutral-flux dominated
discharge condition resulted in more fluorine-rich surface conditions and substantially
smoother polymer films. For high C4Fg percentages when employing C4Fg/Ar, high
FC film deposition rates on the polymers resulted in reduced removal rates and
smoother films. For high CF, percentages when using CFs/Ar/H, gas mixtures,
smoother films were generated, even though the PR removal rates increased due to
interaction with atomic fluorine. Generally, the plasma-induced fluorination of the PR
materials was found to be directly linked to the polymer removal rates, since the
etching yields reflected the fluorine surface coverage during plasma processing.
When processing patterned structures, increased surface fluorination for CF, rich
conditions lead to increasingly tapered profiles. This could be counter-acted by the
addition of H, to the CF, discharge. One important effect appeared to be the
stabilization of the adamantyl group of 193 nm PR by the addition of H, to the
plasma. The addition of Ar to a CF4/H, discharge resulted in highly damaged PR
structures and films, to a significant extent due to insufficient FC film coverage of the
PR materials and increased ion bombardment. The roughening model presented in
chapter 4 was found to be applicable to a description of the surface roughening results

obtained with different polymers in diverse gas chemistries.
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Our examination of plasma-induced modifications of model polymers for
193nm PR lithography showed that plasma-induced polymer degradations reflect the
energy dissipated in the surface region during processing in a fashion which is
universal for adamantyl based polymers. For 248 nm PR materials, the ability to cross
link is a crucial step in improving plasma etch performance. Although for 193 nm PR
materials the fluorination of the surface region improves surface roughening
behavior, the presence of fluorine reduces the etch resistance even further. These
initial insights on the effect of surface fluorination on polymer surface roughening
during plasma processing is expected to be of great importance for immersion

lithography which involves fluorinated PR materials.
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Chapter 7:

Future work and directions

The experiments presented in chapters 2-5 yielded valuable insights into
plasma-surface interactions of advanced photoresist (PR) materials. We discussed the
effects of different PR polymers for plasma processing and also were able to identify
major factors controlling the removal of the PR and polymer films. The roughness
evolution of blanket films samples was explained by two linked mechanisms,
roughening of the PR materials based on the energy density present during processing
followed by roughness amplification based on localized non-uniform removal rates.
For processing of 3diensional structures, similar trends for the sidewall as well as the
surface roughness evolution were found. However, there are additional factors that
need to be considered for 3dimensional structures, and the examination of the
significance of the blanket roughening model for evolution of line edge roughness
and CD control needs to be improved. In the following, we will present a few further
experiments that should clarify or confirm some of the remaining questions raised by
this work.

A study of discharge chemistries other than fluorocarbon/Ar discharges would
test how our results hold true even in processes used for significantly different
applications. Discharge conditions often investigated include, but are not limited to
oxygen, nitrogen chlorine or hydrogen bromide discharges.”'”’* The latter processes
have recently gained interest due to induction of an altered degradation scheme.”” A

hydrogen bromide discharge as pre-treatment step is often used to reduce roughness
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issues with 193nm PR. It would be useful to test how our roughness model applies to
these discharge chemistries and how it applies to pre-treated polymer surfaces. An
extension of our experimental studies to discharge reactors of significantly different
geometric and plasma heating configurations would also be useful to test the validity
of the roughening model under those conditions.

A better understanding of the relation of the blanket film mechanisms to the
sidewall evolution is also desirable. While the blanket film evolution can be
explained very well by our studies, many questions remain open with regard to 3d
structures. While smoothing was seen on sidewalls for plasma conditions having low-
sticking coefficient FC radicals (see Figs. 4.12, 5.3), moderate roughening was still
observed on the blanket films (see Figs. 4.8, 5.1). For etch conditions with a higher
degree of ion-induced etching and isotropic etching effects, the sidewall roughness
did not change significantly compared to the sidewall roughness after the lithography
process (see Fig. 5.10). The driving forces for this resist sidewall smoothing based on
FC deposition are not well understood at this point. The 3d samples processed in
chapters 4 and 5 all had standing wave patterns due to the lithographic exposure.
Processing of samples with the same dimensions without these standing waves (by
applying a bottom anti-reflection coating on the Si surface) will clarify findings that
might be skewed by these. The control of the CDs of the PR structures by plasma
processing can also be further investigated. While initial results were obtained by our
studies, effects on the CD due to FC films should be clarified. An improvement in the
smoothness of the sidewalls was usually accompanied by a CD decrease. Etch

conditions with a higher degree of isotropic etch (i.e. CF4 rich Ar discharges) showed
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a significant increase in CD. The mid and bottom CD were mostly related to the
radical species types present in the discharge. Resist smoothing processes’ typically
relying on FC deposition onto PR could also be explained by these effects. A model
incorporating these findings could be developed to design plasma etch processes
suitable for various CDs and profile shapes.

Other aspects of the plasma-surface interactions that can still be improved is
the sample metrology. Further investigation of the plasma processed surfaces by new
methodologies and techniques should lead to further insights and understanding of the
process results. While the composition of the blanket thin films could be related to
process trends very well, a detailed understanding of the spatial distribution of
compositional differences seems important in a couple aspects. The roughness
amplification mechanism postulated by Sumiya et al.”> was based on the fact that a
variation of the FC film thickness might result in a localized difference in etch rate.
This in turn then leads to the growth of hills and valleys on the PR surface resulting in
the characteristic roughness features seen for PR processing. By using a
compositional technique that has high spatial resolution, a much better understanding

of this issue could be obtained. Electron energy loss spectroscopy (EELS)”7®

might
be used to examine SEM images of exposed and rough PR surfaces. By having very
high spatial resolution, compositional differences (C/O/F analogue to XPS) of the
regions with high and low ER could be examined. The graphite content of the
different phases might be estimated using EELS. Special attention would have to be

directed to the stability of the polymer materials under these high energy electron

beams. In a similar way, high resolution images of the top surfaces of the samples
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7.6-7.10
Phase contrast

could be obtained by transmission electron microscopy (TEM).
images might be able to estimate the graphite content of the films and improve the
understanding of the density fluctuations of the PR films and their impact on the
index measurement by ellipsometry (see chapter 2). An improved understanding of
the fluorine profile could result from a successful investigation. Challenges for the
use of TEM include the time consuming sample preparation or the high energy
bombardment and resulting damage of the polymer samples.

Additional information on the transformation of the polymer materials could
be deducted from complimentary Fourier-transform infrared (FTIR) and Raman
spectroscopy. Characteristic peaks corresponding to polymer moieties in the main or
side chain can be used to identify transitions of the polymer material as a function of
PR polymer or plasma condition. Raman Spectroscopy might be able to estimate the
relative graphite contents of the PR films depending on the energy density present
during processing (see chapter 5). Since both, FTIR and Raman, are able to detect C-
Hy bonds, a better understanding of the hydrogen loss processes of the PR materials
could be studied. Since the significant transitions of the PR material might be only
limited to the top 10nm of the sample, special care has to be taken to make sure
enough surface sensitivity is given by these techniques. Internal reflection
spectroscopy (IRS), also called attenuated total reflectance (ATR) would have to be
used to provide sufficient surface sensitivity for the FTIR technique.”'" Surface-
enhanced Raman scattering (SERS)""? might be able to provide enough surface
sensitivity to study the polymer films by means of Raman scattering. A collection of

possible approaches can be found here.” "

199



Further investigation of the polymer materials by secondary ion mass

spectroscopy’*"’

might also gain additional insights. A detailed investigation of the
PR polymers with slightly differing polymer composition (see chapter 2) might lead
to a better understanding of the chain scissioning/cross linking effects seen by plasma
processing. By examining different plasma process conditions, the stability of the
lactone group in 193nm PRs could be clarified.

The application of our improved understanding of plasma-surface interactions
could also be extended to the field of surface Wettability.7'7’7'14 The surface properties
can easily be tailored using different polymer materials and generating different
surface morphologies based on the energy density of the process.

Direct implications for future PR materials design can already be learned from
our data. Immersion photoresist material resists, which are essentially fluorinated
193nm PR resists to prevent leaking out of PAG,"P>710 higher etch yields can be
expected due to the fluorine content. Along with this behavior, these immersion
resists should also maintain smoother surfaces, as the energy density on the surface is
reduced by the increased etch yield. Similar trends have in fact already been
reported.”! Sumiya et al.” suggested that one reason for the instability of 193nm is
that the oxygen is only found in the side chain polymer, whereas plasma fluorination
usually equally affects the main chain polymer and the side chain. The synthesis of
many differing fluorinated PR systems has been demonstrated and can therefore be
used for a detailed investigation of the impact of fluorine in the side chain vs. the
main chain. Future imprint lithography resists systems based on the stable 248nm

PR”! could be improved further based on the insights gained by the roughening
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model (chapters 3,4 and 5). A collaborative effort to investigate plasma-surface
interaction of immersion resists is currently being investigated by the GOALI team

under NSF-GOALI DMR-0705953.
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