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The controlled patterning of polymer resists by plasma plays an essential role
in the fabrication of integrated circuits and nanostructures. As the dimensions of
pattened structures continue to decrease, we require an atomistic understanding
underlyingthe morphological changes that occur during plapoigmer interactions.

In this work, we investigated how plasma surface modificatao the initial

polymer structurénfluenced plasma etch behavior and morphological changes in
polymer resists. Using a prototypical argon discharge, we observed polymer
modification by ions and vacuum ultraviolet (VUV) radiation from the plasma. A thin,

highly dense modified layer was foed at the polymer surface due to ion



bombardment. The thickness and physical properties of thidaoraged layer was
independent of polymer structui@ the systems examined heferelationship was
observed that strongly suggests that buckling caug@shllamaged layer formation
on a polymer is the origin of roughness that develops during plasma etohing.
results indicate that with knowledge of the mechanical properties of titamnaged
layer and the polymer being processed, plasdaced surfae roughness can be
predicted and the surface morphology calculae@mining a wide variety of

polymer structures, the polymer poly#hylpyridine) (P4VP) was observed to
produceextremelysmooth surfaces during higbn energy plasma etching. Cdeita
suggest thavUV crosslinking of P4VP belowhe iondamaged layemay prevent
wrinkling. We also studied another form of resists, silicontaining polymers that
form a SiQ etch barrier layer during {plasma processing. In this study, we
examined whethreassisting Si@layer formation by adding S bonds to the

polymer structure would improve,@tch behavior anceducepolymer surface
roughness. Our results showed that while addirQ Bonds decreased etch rates and
silicon volatilization during @plasma exposure, the surface roughness became worse.
Enhanced roughening was linked to the decrease in glass transition temgarature
elastic modulugs SO bonds were added to the polymer structure. For polymers
used as resists it is required that thenamical properties of the iedamaged layer

and the polymer be taken into account to understand their roughening behavior.
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Chapter 1: Introd uction

1.1 Progress in Semiconductor Device Fabrication

Mooreds | aw states that the number of
doubled every two years since the start of the semiconductor indt3tng roughly
exponential increase of device depsieralded the information age and is the driving
force that continues to increase the performance, speed, capacity and affordability of
computing devices to this dafdvances in lithographic technologies for
semiconductor device fabrication and nanotetbgy haveenabled the continuing
miniaturization of the critical dimensions (CD) of transistors and other semiconductor
devices.

Lithography is a toglown, layerby-layer approach to making intricate
patterns of complex devices and structures on substategh throughput and
fidelity.>? In particular, the photolithography process used in the semiconductor
industry is a simplget powerfulconcept that enables the creation of integrated
circuits composed of billions of devices and minimum feature siaes to tens of
nanometersAn example of the complexity of a typical intetga circuit is shown in

Fig. 1.13
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Figure 1.1: Example of an integrated circuit structure manufactured by the
photolithographic process.

A simple pattern transfer proge by photolithography shown schematically
in Fig. 1.2 In this process, a desired pattern is created on a photosensitive polymer
resist (photoresist) by UV exposure through a patterned mask. The exposed areas
become soluble and are remoyegiealing he underlying material belgwvhile the
unexposed areas in the resist remain. The pattern in the resist is transferred into the
underlying material by etching of the exposed regions by plasma while the regions

covered by resist are protected.
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1.2 Advances in Resist Technology

High performance resists must be easily patterned, provide protection during
pattern transfer into the underlying material, and be removed without much difficulty.
In most cases, polymers are used as regstrials. Resists can be patterned in a
number of ways depending on the lithographic approach. Photoresists are exposed to
UV radiation through a patterned mask and the exposed areas are dissolvéd away.
In nanoimprint lithography, a mold is presseaitite resist to make a pattérh.

Block copolymer lithography uses a polymer that-seffanizes into a welllefined
pattern™®

After the pattern is made in the resist, it must be transferred into the
underlying material. The common method of pattesingfer in most lithographic
technologies is by plasma etchihGThe requirements for plasma etching are that
there is high selectivity of etching the underlying material over the resist material and
that etching is highly anisotropic, i.e. etching is thoim the vertical direction. The
type of plasma chemistry used is highly dependent on the composition of the
underlying material. SiQls a common material that has been used as the gate
dielectric in transistors and in passivation layers. Fop,Si@uorocarborbased
plasma discharge is used as it is highly selective in removingoS#D hydrocarbon
based polymer resists.

A dramatic recent change in photoresist polymer type took place as the UV
exposure wavelength decreased from 248 nm to 193 fumther reduce the CD size

in integrated circuit$® The 248 nm photoresist (PR) was too absorbing for 193 nm

4



due to the presence of aromatic rings in the polymer structure, so an entirely different
polymer structure was devised for use with 193 nm aexjgosavelengths. These 193
nm PR replaced aromatic rings with large aliphatic cages to reduce UV absorption but
maintain the plasma etch resistance. However, 193 nm PR proved to have very low
etch resistance and showed much greater plastueed roughengcompared to
248 nm PR.

Multi-layer resists have been introduced recently to compensate for the poor
etch performance of 193 nm PRThe most common multayer resists are trilayer
resist structures with a 193 nm PR on top, a thicoBtaining resisin the middle,
and a thick, oxide etch resistant hydrocarbon resist below called the carbon hard mask.
A schematic is shown in Fig. 1.Bhe 193 nm PR is thin to improve pattern definition
during the exposure and development step. An fluorocanbsad plama etch step is
used to break through the thin@&intaining resist. The mullayer stack is then
exposed to an oxygen plasma, which has high etch selectivity of carbon hard mask
over Stcontaining resist. Once the pattern is transferred to the thibkrcéward mask,
a fluorocarborbased plasma can be used to etch the underlying oxide layer with a
highly etch resistant resist above so that small feature sizes at very high aspect ratios

become possible.
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Ultra-Low K Material

Figure 1.3: Schematic of a muHiayer resist.

1.3 Polymer Modification by Plasma

A plasma is a complex environment and there are many species that can affect
a polymer including ions, excited neutrals, electrons and UV/VUV phdt8is! To
understand plasraaolymer interactions, the gas discharge chemistry and the plasma
conditions must be weltharacterized and the effect of all the plasma species on a

particular polymer structure must be considered.



lon bombardment can cause drastic changes to a polymer exposed to a
plasmat? lons accelerated toward the polymer induce j@laysputtering of material
from the surface and collision cascades within the material. Increasing the ion
energies enhance the ion effect. There is an ion energy dependent depth in which the
ions penetrate within a material. In polymers, for ion enexfisgveral hundred eV,
the penetration depth is normally under 10 nm. Depending on the type of chemical
bonds the plasmexposed material contains there can be a preferential bond breaking
and selective removal of one species over another. This candepisgon and
changing of the chemical composition within the penetration depth of the ions.
Polymes interacting with plasma are especially affected by depletion reactions. In
general, Af ions bombarding a polymer preferentially remove hydrogen and nxyge
atoms over carbon atoms, creating a carbon rich surface within the penetration depth
of the ions. The modified, carbon rich surface restructures, and denhsifies.

Modification by plasma VUV radiation must also be considered. Polymers are
sensitive ® VUV radiation, and the consequences depend on polymer structure and
photon energy. The VUV absorption depth in polymers is dependent on the
wavelength of the light and polymer type. The absorption depth is usually much
larger than the penetration depthians, ranging from tens to hundreds of
nanometer$?®

Electrons and neutrals may also contribute to surface modification during
plasma exposure. The energy of electrons bombarding the polymer film is on the
order of a few eV}'® and this will only occufor very short periods during the rf

cycle. The energy that can be deposited is likely below that required for bond



breakage. lons are accelerated to much higher energy and the deposited energy is
much greater, making their impact dominant.

Theeffect of reutrals isdependent on their reactivityith the polymer.

Oxygen radicals in an oxygen discharge react with hydrocashseed polymers to
make many volatile products that are subsequently removed from the Sdfface.
Thermal neutrals in pure Ar dischargee inert and their temperatures are slightly
above room temperatuté® so there will be little chemical etching effedttbe
polymers. Fast neutrals can be formed in Ar discharges, and their effects will be
similar to that of ions. The excited neutradsan Ar discharge, metastable Ar* atoms,
have an internal energy around 12'€¥and may contribute to material removal by
potential sputtering.

Polymers have been observed to undergo various types of radliatien
degradation mechanisms under aplagnvironment. Degradation mechanisms
include chain crosbnking, mainchain scission, and side chain removal. The
degradation mechanism is highly dependent on the polymer structure. In one study it
was found that polymers that had a hydrogen bondedsdgpgbe side group on the
carbon bakd&k)owmer g fipgdinking eeactions wbile a raeshyl group
bonded i-metlkwnldo) fiWe r-ehaipscissinnereadtiori$®ma i n
classic example is the difference in response between polystyi®@ne (Pand- pol y ( U
methylstyrene}** However, there have been conflicting data comparing PS and
PUMS and comparing other polymers with the

a large difference occurring and sometimes similar behavior is obser/éd!*



1.4 Modification of Si-containing Polymers in Oxygen Plasma

Oxygen plasma has been traditionally used to remove polymes iagsest
plasma pattern transfer, i.e. the ashing 5€@xygen radicals react with
hydrocarbon species in the resist aagidly convertthe polymermto volatile species
such as KO, CG,, and CO. Etching proceeds quickly in the resist, while underlying
materials such as Sj@nd Si are largely unaffected.

Adding Si to the resist polymer structure causigaificant changes in oggn
plasma etclibehavior. The oxygen reacts and forms Si0Othe resist

Surfac:eiE.lZ125,1.26

which acts as a barrier to further etching. Thereforep8taining
polymers can be used as resists if in conjunction with a hydrocads®d polymer
as the undrlying material. Scontaining resists are used in many lithographic

27,128
1

technologies such as photolithogragh top surface imaging?®*3%*3! plock

copolymer lithography*? and nanoimprint lithography’**341%°

1.5 Surface Roughness and Line EdgRoughness

Polymers are prone to undesirable surface roughening during plasma
processing as a result of exposure to energetic ions, reactive species, and VUV
radiation that interact and modify the surfade!3"138 As the feature sizes of devices
in integrated circuits continue to decrease, polymer resist roughening becomes a
greater problem for successful pattern transt&t*° The correlation between etch

behavior and roughening behavior is still largely unknown.



Reducing formation of line edge rougtss (LER), the roughness measured
along the horizontal edge of etched trenches, is becoming increasingly important as
feature sizes shrink. There are many contributions to LER in a patternedtesist.

For photoresists, a large part originates frometkigosure and development stegtth
produces stippled sidewalfi§3*#414°

Another major contributor to LER is the plasma pattern transfer-§tép’

Here, surface roughness formed at the resist surface is transferred along the sidewalls
into the undesling material. Therefore, high resist surface roughness leads to
enhanced LER. Polymer structure can have a major impact on LER, as was found
during the transition from 248 nm to 193 nm PRChanging to 193 nm PR led to a
major increase in surface rougtss and LER. Choice of polymer structure for
photoresists has been restricted due to requirements of transparency to the UV
exposure wavelength and ability to undergo @athlyzed reactions to increase
solubility after photoexposure® The advent of adirnative lithographic technique€

(e.g. nanoimprint lithography, extreme ultraviolet lithography and block copolymer
lithography) provides the opportunity to optimize polymer structure and compaosition
so that surface roughness and LER are minimized gltini plasma pattern transfer

steps.
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1.6 Experimental Approach

1.6.1Collaborative Research

This research is a product of a wedidss interdisciplinary collaboration
bringing together leading experts from academia and industry. An organization chart
of resarchers and their respective competenadieshown in Table 1.The design,
development, and synthesis of advanced and novel resist polymer material for this
research are accomplished by PirAostinn Grant W
Dr . Al igroup dt 6B [@ravides essential development and fabrication of
patterned resists using advanced lithographic techniques including nanoimprint
lithography by hot embossing and block copolymer lithography. The fundamental
aspects of plasma/ion beam/VUV irgetions with polymer surfaces are studied by
Prof . Davi d Grid&3erkekeybandgonpargd withrealisti€ plasma
conditions in our lab. This is achieved in two ways: molecular dynamics (MD)
simulations of ion beam interaction with polymer surfaaed weHcharacterized ion
beam and VUV processing of polymers. The advanced polymer systems provided by
Prof. Wi llsonbés group, nanostructures fabr
insights gained from Pr of .ma@aymer eseérchgr oup a
and characterization at UMD. Prof . Phaneuf
materials and nanostructure characterization to fully investigate piasineed

modifications in polymer systems.
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Principallnvesigator Location Graduate Students| ResearchCapabilities

Advanced Resigixpertise,
Prof. GrantWillson UTc¢ Austin Brian Long Model Polymers &
Synthesis Capabilities

Polymer Expertise and Use

Dr. AzarAlizadeh GE Global Research
of Nanostructures
. JoeVegh lon and VUV Studies & MD
Prof. David Graves UCc Berkeley Dustin Nest Simulations
Materials and
Prof. GottliebOehrlein MSE)REAP RobertL. Bruce Nanostructure Plasma
UMD Processing &iagnostics
Prof. Raymondhaneuf MSE, LPS T. C. Lin Materials & N_anostructure
Characterization

Table 1.1:Organizaton chart of researchers and
competencies.

1.6.2Laboratory for Plasma Processing of Materials

We used inductively coupled plasma reactors for our plasma processing
experiments, which are located in the Laboratory for Plasma Processing of Materials
at the University of Maryland in College Park. The major sdiertheme of this
laboratory is the characterization and understanding of ptasaterial interface
processes that control the properties of materials/structures that are fabricated by
plasma processing. This research requires a variety of equipmentjnggilasma
reactors, plasma characterization tools, and surface analysis equipment. The
inductively coupled plasma reactors we used are connected to a cluster system, shown
in Fig. 1.4, whichenables transfer of samples between chambers undehighra
vacuum conditions. Therefore, a sample can be transferred from the inductively

coupled plasma reactor after plasma processing to the Vacuum Generator ESCA Mk

12



Il surface analysis chamber forray photoelectron spectroscopy analysis without

exposure to air.

Inductively Coupled Plasma+ VG ESCA Mk II
Magnetically Enhanced Plasma Analysis
Chamber

(XPS, AES, ...)

Inductively Coupled

Plasma Reactor
Evaporator

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

Figure 1.4: Schematic Overview of LPPM

1.6.3Plasma Processing

The primary inductively coupled plasma (ICP) reactor used for our studies is
one of the bestharacterizetP®****? and modeletf® reactors available for research.
The ICP reactor ishown schematicallyiFig. 1. 5anda photograph athe actual
reactor is shown ifig. 1.6 The plasma is generated inductively using a planar coil
placed on top of a quartz window and powered through-gmé matching network
at 13.56 MHz with a power supply-@00W). lonbombardment on a 125 mm

diameter substrate can be independently controlled using another bias power supply
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with a frequency of 3.7 MHz (@50W). The distance between the quartz window and
substrate is 14.5 cm. The bottom electrode where the substratgigsfcooled at
10 °C by a chiller. The base pressure achievable was below 1 Fot0 Standard

processing conditions were 10 mTorr operating pressure and 40 sccm flow rate.

RF power
supply
[ Matching Network }
induction quartz
coil o || || [ B fields coupling
" window
ellipsometer _
laser *@ k; E 0 E ellipsometer
detector
1 ;
// @\/’@ ‘.‘:
E-fields ™
confinement . gas inlet
ring ring
| | \\
N
RF bias cooled
power supply electrostatic
chuck

Figure 1.5 Schematic of the inductively couplpthsma reactor used in our
experiments.
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RF power
supply

"7 ‘ l“h'

ellipsometerlaser L l1‘ ellipsometerdetector
. JPAEEA)

/Q\"‘

SiO, window |

cooled electrostatic chuck

RF bias
powersupply

Figure 1.6. Photograph of the inductively coupled plasma reactor showing essential
design elements.
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1.6.4Surface Characterization

Thickness and optical properties (refractive index and extinction coefficient)
of films were measurad situand in reatime by a single wavelength (HeNe laser)
ellipsometer. The ellipsometer is an automated rotating compensator ellipsometer
working in the polarizecompensatesampleanalyzer (PCSA) configuration and
with an angle of 7B°. The ellipsometer meass two angles that describe the
relative change in amplitude (Q) and chang
upon reflectior®>*The values of Q@ and @ are measur ed
physical properties of the film by using an optical mae solving the Fresnel
reflection coefficients for the physical property valles.

For chemical information from the surfaceray photoelectron spectroscopy
(XPS) analysis was performed in a Vacuum Generators ESCA Mk Il surface analysis
chamberusing nonmonochromati zed Mg KU source (1
(1486.5 eV). 25 x 25 mhsamples were transferred in vacuum through the cluster
system or in air immediately after plasma processing. Spectra were obtained in
constant analyzer energy mode @te}/ pass energy. The analyzer resolution was
approximately 0.2 eV and the resolution of the spectra was limited by the linewidth of
the xray source, approximately 1 eV.

To characterize the surface morphology, atomic force microscopy (AFM)
measurements we performed on unexposed and processed samples. Processed
samples were transferred to the AFM in air. The scan size for measurements was
normallyf x e d a t? tfbugh it cduldsberchanged depending on the lateral

length scale of the surface features. The surface roughness values reported were
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calculated from the RMS of the surface profile after the measurement. The lateral
l ength scat@dojfiwaveéhenroughness was determ

value in the FasfEourier Transform (FFT) spectrum of the AFM images.

1.7 Outline of Thesis

The main goal of this PhD thesis is to establish an atomistic understanding of
the interactions of polymestructures with prototypical plasmas during pattern
transfer to enable the rational identification of both the molecular design parameters
and internal plasma processing parameters required for controlled patterning at
nanoscale dimensions.

Towards this gal, this thesis addressEgthe influence opolymer structure
on ion and VUVinduced surface modification behavior, 2) the relationship between
nanoscale surface roughness and plasma surface modification, 3) the experimental
observation of smooth surfeg after plasma etch in the vinylpyridine polymer, and 4)
molecular structure effects on plasma surface modification-aoi®aining resists.

In chapter 2, the influence of polymer structure on ion and \téhiced
surface modification behavior is presahté/e show that ion bombardment creates a
thin, dense, amorphous carbldte layer on polymer surfaces and that ion effects are
the same for polymers with vastly different chemical structures. In contrast, we show
that VUV madification is highly polymer gicture dependent.

In chapter 3, we establish a relationship between thanauced modified
layer formed in polymers during plasma etching and the surface roughness that

developsat the same time. We show evidence that the large difference in the
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mechantal properties of the modified surface layer and the undamaged polymer
underlayer induces a buckling instability that forms nanoscale wrinkles on the surface.

In chapter 4, we present the novel result of tdtreooth surfaces in a
vinylpyridine polymer akr plasma etching. We compare the surface and sidewall
surface morphology of typical polymers with the vinylpyridpawymerto
demonstrate how the absence of gglasma etch surface roughening can benefit
plasma processed nanostructuk¥s. then establisthe mechanism underlying the
retention of smooth surfaces in P4VP.

In chapter 5, we turn to investigating the influence of polymer structure in Si
containing polymers on £plasma surface modification. We show that addir@ Si
bonding to the polymer strture increases the etch resistance and reduces Si loss.
However,surface roughening becomes worse due to a significant decrease in glass
transition temperatuneith Si-O bonds added.

Finally, we will summarize the main conclusions of the thesis in chépter
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Chapter 2: Study of lon andVacuum Ultraviolet-induced Effects on

Styrene and Ester-based Polymers Exposed to Argon Plasma

J. Vac. Sci. Technol.,R7, 1142 (2009)

R. L. Bruce, S. Engelmann, T. Lin, T. Kwon, R. J. Phaneuf, G. S. Oehrlein, B. K.
Long, C.G. Willson, J. J. Végh, D. Nest, D. B. Graves and A. Alizadeh

ABSTRACT

Plasmapolymer interactions are important for the purpose of etching,
deposition, and surface modification in a wide range of different fields. An Ar
discharge from an inductively apled plasma reactor was used to determine the
factors in a simple plasma that control etch and surface roughness behavior for three
styrenebased and three esfeased model polymers. We compared the etch behavior
of polymers in Ar plasma discharges withv and high energy ions by changing the
substrate bias, compared cooled and elevated substrate temperature conditions, and
compared fully plasma exposed conditions and vacuum ultraviolet (\ddW)
conditions by employing a magnesium fluoride window &vpnt ion bombardment
in the VUV-only case. It was found that ions, VUV radiation, and temperature all had
significant impact on the etch behavior of polymers. The dependence of polymer
structure on etch and surface roughness was also compared. Polythestynene
and ester side groups welryed rcoogrepm + aendd awidt hp ol

methyl were compared. It was found that for styrbased polymers, there was a
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| arge di fference i n-hydragere(poly(d | removal bet we
methylstyrene)(P4MS)) arldme t hy | -meg dlyy (s yr ene) (PUMS) ) ¢
This difference was highly temperature dependent, and the ceiling temperature of the
polymers was found to be the most important property to consider. Below the ceiling
temperature, the amount of materiar e moved in P4MS and PUMS w
above it there was a dramatic mate-ri al |l os
based polymers it was established that oxygen depletion occurred before any other
mechanism and the most important factor tostder was oxygen content in the

polymer. By usingn situ ellipsometry, it was also found that at temperatures below

the ceiling temperature modification by VU
denser layer at the surface with higher index of refvactThis effect was not seen in

PAMS. It was observed that in general, low energy ions contributed to material

removal by physical sputtering at the polymer surface and the amount of material

removal increased with oxygen content in the polymer. VUV tadiaaused bulk
depolymerization and oxygen depletion reactions that were highly polymer structure

specific and temperature dependent. High energy ion bombardment was found to

create an amorphous carbldte damage layer with a thickness that was detezthin

by the ion penetration depth. This damage layer could be characterized by

ellipsometry. While for PAMS it was sufficient to model by ellipsometry the etch

process using an ietlamaged layer on top of a bulk layer of unmodified polymer, the

VUV effect needed to be added to the optical model in order to accurately
characterize PUMS. Finally, surface roughe

bombardment. High energy ion bombardment produced the greatest roughness and
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corresponded to densification bktiondamaged layer at the surface. Polymers that
exhibited greater material loss to create the damaged layer showed the highest

roughness.
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2.1 Introduction

The exposure of polymers to plasmas is an important method for the purpose
of etdhing, deposition, and surface modification in a wide range of different
fields?**? Plasmas can affect a polymer in many ways depending on the composition
of the gas discharge.

The simplest plasma to consider for this purpose is an inert gaseola gisch
such as an Ar plasma. Some of the Ar atoms in a discharge are ionized into singly
charged AT ions, with the majority of Ar atoms remaining in the neutral state. Light
emission in the vacuum ultraviolet (VUV) range is also present with Ar | resonance
lines (~104.8 nm and 106.7 nm) being the most int&hse.

There are many interactions that can occur when a polymer is exposed to a
simple Ar plasma. The various plasma constituents that can affect the polymer
include positive ions, excited neutrals,attens and UV/VUV photons.

lon bombardment can cause drastic changes to a polymer exposed to a
plasma®* lons accelerated toward the polymer induce physical sputtering of material
from the surface and collision cascades within the material. Increasimgyth
energies enhance the ion effect. There is an ion energy dependent depth in which the
ions penetrate within a material. In polymers, for ion energies of several hundred eV,
the penetration depth is normally under ten nanometers. Depending on tbé type
chemical bonds the plasreaposed material contains there can be a preferential bond
breaking and selective removal of one species over another. This can cause depletion
and changing of chemical composition within the penetration depth of the ions.

Polymers interacting with plasma are especially affected by depletion reactions. In
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general, Af ions bombarding a polymer preferentially remove hydrogen and oxygen
atoms over carbon atoms, creating a carbon rich surface within the penetration depth
of the iors. The modified, carbon rich surface restructures and den$fifes.

VUV light is also emitted from an Ar plasma. Polymers are sensitive to VUV
radiation, and the consequences depend on polymer structure and photon energy. The
VUV absorption depth ingdymers is dependent on the wavelength of the light and
polymer type. The absorption depth is usually much larger than the penetration depth
of ions, ranging from tens to hundreds of nanometérs.

Polymers have been observed to undergo various typesdiafiordriven
degradation mechanisms under a plasma environment. Degradation mechanisms
include chain crosBnking, mainchain scission, and side chain removal. The
degradation mechanism is highly dependent on the polymer structure. In one study it
wasfound that polymers that had a hydrogen bonded opposite the side group on the
carbonb a ¢ k b eHhée) (wadls p rlimkimgereattions whilecasnsthyl group
bonded i-mestkyyuldd )X 6Wa schajn scssioa reactiniém alassic
example is the difference in response betw
methylstyrenef® However, there have been conflicting data comparing PS and
PUMS and comparing other polymers with the
a large difference occurring and sometimes similar behavior is obseftred?*2

Recently there has been much wddae on designing polymdsased
photoresist materials so that etch resistance is enhanced during the plasma pattern
transfer step. Another issue is that as feature sizes become smaller, roughening in the

polymer resist becomes a greater problem for sstugsattern transfer. The

23



correlation between etch behavior and roughening behavior is still largely unknown.
A dramatic recent change in photoresist polymer type took place as the UV exposure
wavelength decreased from 248 nm to 193°ntA* Whereas 248m photoresist
(PR) polymers include side grod#dps with
structure, the 193 nm PR polymers contain adamantyl cyclic groups insiead
the aromatic rings absorb too strongly at the smaller waveleiagith also havehe
Umethyl structure. The 193 nm polymers typically have much lower etch resistance
than 248 nm polymer and also exhibit more surface roughness as a result of plasma
processing. It is not clear which factors are responsible for these differences, e.g.
crosslinking versus chain scission or other structural and compositional differences.
In this article, we investigate the effect of ions and VUV radiation in a plasma
on polymer films. While VUV radiation is well known to affect polymers in general,
the VUV radiation from low émperature plasmas is less well characterized. This
study focuses on the specific radiation effects of plasmas. Also, by comparing simple
styreneandesteb as ed p ol yHmeormethyhsiructoresJve study the
influence of polymer structure on etahd surface roughness behavior. We first
describe th@xperimental setup ine8tion2.2 In the first part of Sectio®.3 (Secs.
2.3.17 2.3.3),we explain our experimental results for plasma exposure of polymers
in low ion energy and VUWadiation only onditions. In the second par{Secs.
2.3.4 and 2.3.5) we present experimental results for the case of plasma exposure
with high ion energy and the characterization of thedamaged layer created at the
polymer surface. In the final partSection 2.3 7 we discuss the mechanisms of

plasmapolymer surface interactions based on our results.
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2.2 Experimental Setup and Procedures

2.2.1Description of Materials

In this study, various simple structure polymers were investigated to gain
insight into plasmgolymersurface interactions and etch behavior. Polystyrene and
its derivatives, polydnet hyl st yrene) -meRAMS)s taymr e negl W (PUW N
linear polymers with highly etetresistant benzene ring sideoups (see Fi@.1).
Both P4MS and Pdiibhal metlyingtoapiattachadnin RAMS, the
methyl group is attached totparas i de of the benzene ring sic
t he met hyl group 1 s at tcarbom endhe bppositekide c ar bon
of the benzene ring side group.
In addition,two polymers with the same backbone structure but different side
groups were studied. Poly(hydroxyadamantyl acrylate) (HAdA) and
poly(hydroxyadamantyl methacrylate) (HAMA) have backbone structures similar to
P4MS and PUMS, r @4)pHowevei, imseehadyof abenrere rifgiside.
group, both have a hydroxyadamardgter side group. Poly(methyl methacrylate)
(PMMA) was also synthesized to investigate estpe polymers without the bulky

adamantyl side group.
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PS P4MS PaMS
(a) (b) (c)

OH OH

PMMA HAdA HAMA
(d) (e) (f)

Figure 2.1: Schematics of the patyer structures are shown with their names in
abbreviated form below the structures. The stytgamed polymers are (a)

poly(styrene), (b) polydne t hy | st yr e n angthybstgrene).(The)estgw o | y ( U
based polymers are (d) poly(methyl methacrylate), ¢g)bydroxyadamantyl

acrylate) and (f) poly(hydroxyadamantyl methacrylate).
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All polymers were synthesized with similar degree of polymerization (~200)
to eliminate the influence of chain length. Polymers were-spated onto Si wafers
and baked at 90°Wf 1 minute. The average thickness of the polymer films was 400

nm.

2.2.2Plasma Processing

The inductively coupled plasma (ICP) reactor used in this study has been
described in previous publication§?*® A planar coil is placed on top of a quartz
window ard powered through an-type matching network at 13.56 MHz with a
power supply (2000W). lon bombardment on a 125 mm diameter substrate can be
independently controlled using another bias power supply with frequency 3.7 MHz
(0-250W). The distance betweenagtz window and substrate was 14.5 cm. The
bottom electrode where the substrate is fixed is cooled at 10°C by a chiller. The base
pressure achieved in the chamber before processing of each sample WESTDrr.

The processing conditions used were 1@mbperating pressure fixed by throttle

valve, 40 sccm flow rate of Ar, and inductive power set to 300W. Unless otherwise
indicated, 25 mmd 25 mm samples were plasragposed to an Ar discharge for 60
seconds. For the case of low ion energies, the biasmsupply was not used.

Therefore, the ion energy was determined by the plasma potential {26a4t>°

For high ion energies, the bias power was maintained at a setting that provided a self
bias voltage 0f100V.

Electrons and neutrals may also cinite to surface modification during

plasma exposure. The energy of electrons bombarding the polymer film is on the
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order of a few e¥’, and this will only occur for very short periods during the RF

cycle. The energy that can be deposited is likely bét@arequired for bond

breakage. The ions are accelerated to much higher energy and the deposited energy is
much greater, making their impact dominant.

Thermal neutrals in pure Ar discharges are inert and their temperatures are
slightly above room tempera€™'?, so there will be little chemical etching effect on
the polymers. Fast neutrals can be formed in Ar discharges, and their effects will be
similar to that of ions and cannot be distinguished in this work. However, the rate of
formation of fast Ar netals is considered to be small since our operating pressure is
low, creating a collisiottess sheath. The excited neutrals in an Ar discharge,
metastable Ar* atoms, have an internal energy around 1% eAhd may contribute
to material removal by poteatisputtering.

In this article we focus on the contribution of ions and VUV radiation, but this
is a simplification of the actual situation since we are not explicitly addressing the
contribution of electrons and energetic neutrals. Our investigation ditibevs
material modification that can be attributed to these plasma species but that they
could contribute in part to surface sputtering in the low ion energy conditions. The
strong agreement of our observations and the molecular dynamics simulations that
also neglect the effect of electrons and energetic neutrals indicates that their
contribution must be small.

For the study in Section 2.3.paolymer films on 25 mrd 50 mm Si substrates
were placed underneath a Si structure, shown in E2gs@ that hdlof the polymer

film was exposed to the plasma discharge and the other half was covered by either an
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MgF, window or a Si roof. The MgFwindow or Si roof was separated 0.7 mm from
the polymer film. The polymer film thickness was measured along the 5/@mgin
before and after plasma exposure and the removed thickness plotted versus position.
From 0 to 25 mm the polymer was fully exposed to the plasma discharge and from 25
to 50 mm the polymer was covered.
In this manner, three plasapalymer interactiorconditions could be
compared: fully exposed, VUgnly, and fully covered. In the fully exposed
condition, polymer films were exposed to'Asns and VUV radiation. In the VUV
only condition, the MgEFwindow shielded the polymer film from Aion
bombardmat but permitted VUV light down to the cutoff wavelength (112 nm). The

fully covered condition shielded the polymer film from botH fns and VUV

radiation.
Fully exposed VUV—onIy
| I
ololo Oioio Plasma

] lllll

I | | I

I | | l

| | <+
_—

Bottom EIectrode

Figure 2.2: Schematic of experimental setup for fudlyposed and VU\bnly
conditions. Fullycovered condition replaces the UV window with a Si roof, which
blocks both ions and VUV radiation. The 50 mm sample is either affixed to the
bottom electrode by thermal grease, resulting in cooled conditions, or left without
grease, resulting in thermalipating conditions and a fast rise in temperature from
10°C to 120°C in 2 minutes.
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The effect of VUV radiation was measured by material removal and refractive
index change since the VUV spectra of the Ar plasma generated by the ICP chamber
was not charderized. The Mgkwindow cutoff wavelength (112 nm) is above the Ar
| resonance lines, however light emission greater than 112 nm will affect the
polymers.

In addition, two temperature conditions were compared: cooled and thermally
floating. Cooled substtes were bonded to the bottom electrode with thermal grease.
Since the bottom electrode is chilled to 10°C, the Si substrate and polymer film on
top are constantly cooled during the experiment. Thermally floating substrates did not
have thermal grease leten the substrate and bottom electrode. The imperfect
contact leaves the substrate thermally isolated and the energy deposition due to Ar
ion bombardment and VUV radiation will heat the substrate and polymer film on top.
The temperature of the thermalflgating substrate increases linearly with time. It
was calculated that the substrate temperature increased ~1°/sec under these discharge
conditions and substrate geometry.

For the measurement of root mean square (RMS) roughness by atomic force
microscopyersus plasma exposure time, gradient samples were processed. They
were processed in another ICP chamber supplied wtBGOOW 13.56 MHz power
supply. The samples being etched were placed atop a 300 mm diameter Si electrode
which can be independently bed using a-@000W 13.56 MHz power supply. The
electrode temperature is fixed at 10°C using a chiller. The chamber walls are fixed at

50°C using heating straps. The base pressure achieved before processing of each

30



sample was310° Torr. The processing oditions used were 10 mTorr operating

pressure fixed by throttle valve, 50 sccm flow rate, and inductive power set at 400W.
The conditions for the 300 mm ICP chamber were chosen to produce similar plasma
etch results as the 125 mm ICP chamber. A shutf@oaph is used to create a

sample that has been exposed from 0 to 60 seconds over the length of the sample. The

shutter approach method is explained in a previous publicatfon.

2.2.3Surface Characterization

The thickness and optical properties (refracthaeix and extinction
coefficient) of the polymer films were measuraditu during plasma processing
using a SOFIE STE70 H¥e ellipsometer. The ellipsometer is an automated rotating
compensator ellipsometer working in the polareempensatesampleanalyzer
(PCSA) configuration. The angle of incidence was 71.3° and for the simulation of
ellipsometric data the Si substrate refractive index was fixed at-8.8@8i. The
ell i psometer measures two angles that desc
ad change in phase (@) of a’f’Qehedtm wefeel
measured and can be related to fundamental physical properties of the polymer film
such as thickness, refractive index, and extinction coefficient by using an optical
modeland solving the Fresnel reflection coefficients for the physical property values.
2.20

X-ray photoelectron spectroscopy (XPS) analysis was performed in a Vacuum
Generators ESCA Mk Il surface analysis chamber using a nonmonochromatized Al

K U -ra&§ source (486.5 eV). 25 mm 25 mm samples were transferred in air
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immediately after processing. Spectra were obtained under 90° emission angle
relative to the surface and in constant analyzer energy (CAE) mode at 20 eV pass
energy. The analyzer resolution was agprately 0.2 eV and the resolution of the
spectra was limited by the linewidth of therXy source, approximately 1 eV.

Raman spectroscopy analysis was performed on unexposed and processed
samples in a Horiba Jobivivon LabRAM HRVIS microRaman system ugjra 633
nm laser wavelength.

Atomic force microscopy (AFM) measurements were performed on
unexposed and processed samples. Processed samples were transferred to the AFM in
air. The scan size for all measurements was fixed & @m?. The surface roughss
values reported were calculated from the root mean square (RMS) of the surface
profile after the measurement.

Molecular dynamics (MD) simulations of 100 eV'Aons bombarding a
model polystyrene surface were performed and are explained in deptrewiaugpr
publication®* The simulation cell contained 9 polystyrene chains, each consisting of
20 monomers, for a total of 2880 atoms. The initial spacing of the polymer chains
was chosen so that the density was the same as bulk polystyreng. {2 @fcni).
The model polystyrene system was allowed to equilibrate at 300K for several tens of
picoseconds to yield a relaxed surface. Further details of the simulations are presented

elsewherée:*

32



2.3 Results and Discussion

2.3.1Empirical Study of the Contribution of lo ns, VUV Radiation and
Temperature to Polymer Modification by Ar Plasma

The combined effect of ions and VUV radiation and the effect of VUV
radiation only in a pure Ar discharge on the removed thickness of polymer films were
examined. In Fig2.3(a),thef i | m t hi ckness removed in P4MS
substrates was compared under fully exposed, 3dl, and fully covered
conditions. Fully exposed, P4MS and PUMS s
In the fully covered and VU\bNly conditions, theres negligible removed thickness
in both polymers.

InFig.23(b), the film thickness removed in
floating substrates was compared under fully exposed,-ghly, and fully covered
conditions. Polymer films on thermally floatinglsstrates heated from 10°C at 0
seconds to 120°C in 120 seconds. PAMS showed values of removed thickness similar
to cooled conditions. Unlike P4MS, the thi
significantly in all three heated conditions. Furthermore, in the éxposed and

VUV-only conditions, PUMS showed a similar
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Figure23: Thi ckness removed along P4MS and PUMS
exposed to Ar plasma and partially covered by a M@¥# window or Si roof at low

temper#ure conditions (a) and high temperature conditions (b). Samples at fixed low
temperatures were bonded to the chilled bottom electrode (10°C) with thermal grease.
Samples without thermal grease heated with time from 10°C at plasma start to 120°C

after 2 mnutes of plasma exposure. Ar discharges were generated using 300W source

power, 10 mTorr pressure, 40 sccm gas flow, no RF bias, and 2 minutes plasma

exposure time.
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From the overall etch behavr of P4MS and PUMS, a numbe
can be made. P4MS and PUMS on cooled subst
behavior. That is, Arion bombardment is the main factor in material removal. YUV
only and fully covered conditions show negligililen thickness removed indicating
that VUV radiation does not contribute to material removal. Both polymers exhibit
little removed thickness in fully exposed conditions due to the high etch resistance of
the pendant aromatic ring that both contain. THemssimilar removed thickness
because of their identical chemical composition.

On thermally floating substrates, with rapid heating of the polymer films,
there is a differenceineth behavi or bet ween P4MS and PUM
show pure physical sputtering behavior. Similar removed thickness in the fully
exposed condition and negligible removed thickness in the-ghly and fully
covered conditions are found between cooledthadmally floating substrates.

PUMS, however, showed a significant 1inc
thermally floating condition compared to the cooled condition. In the fully exposed
condition, the removed thickness increased from 8.44+0.56 nnmeaotted
substrate to 28.72+2.5 nm on the thermally floating substrate. The drastic increase in
removed thickness may be explained by considering the-ghly condition. Even
with the Mgk, window protecting the polymer film from ion bombardment, a
comparake removed thickness is found between fully exposed and-ghly
conditions. Therefore, the enhanced remaveédi ckness in PUMS is due
combination of VUV radiation and elevated temperature. Even in the fully covered

condition, PUMS shows 8.22N2.29nm removed
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high reactivity of PUMS at eligatthatimayd t emper
penetrate under the Si roof from the side.

Therefore, PUMS undergoes VUV photodegr
while PAMS remains stable. It has been reported that, generally, polymers with a
met hyl gr oup eaarbon willde ptore cokctiaim scissiobl reactions,
while polymers with a hydrogen at this position will be prone to crosslinking
reactions when exposed to ionizing radiafid&i nce PUMS contains the
structure and P4MS contains the latter structure, the differmn removed thickness
at elevated temperature might be caused by this general structural difference and
response. We tested this by comparing the removed thickness of HAdA and HAMA
under fully exposed and VUdnly conditions on thermally floating substes.

HAdA and P4MS dasé¢rukbeusamand, | ikewise, H
the smenehyl structure. Unlike P4MS and PUMS
adamantyl ester sidechain instead of an aromatic ring.

Figure2.4(a) shows the removed thicknéess P 4 MS, PUMS, HAdA, H
and PMMA on thermally floating substrates under fully exposed and-ghly
conditions. HAdA and HAMA show, unlike P4M
thickness in the fully exposed and Vidnly conditions. Also, both polymers show a
finite removed thickness (2.87+£0.49 nm for HAdA, 4.02+0.31 nm for HAMA) under
VUV -only conditions.

It is possible that the similar etch behavior between HAdA and HAMA is due
to the heavy adamantyl ester chain that may keep any chain scission products from

volatilizing in HAMA. To determine if this is the case, PMMA was also exposed and
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the removed thickness is shown in Figl(a). PMMA shows a much greater removed
thickness than HAdA and HAMA. In the fully exposed condition, PMMA shows the
greatest remowkthickness (72.18+1.30nm) compared to the other polymers. In the
VUV -only condition, PMMA shows half the amount of removed thickness
(35.05+1.83nm) as the fully exposed condition.

Comparing PUMS to HAMA and PMMA, all po
on tchaer blon, shows that only PUMS has equi va
in the fully exposed and VW\nly conditions. Therefore, in conditions of elevated
temperature, most of the removed thickness
radiation while for HAMAand PMMA there is a significant amount of thickness

removed by physical sputtering by ions andiotuced gasification processes.
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Figure 2.4: Thickness removed along 248fimy pe ( P4MS and -PUMS) ano
Type (HAdA, HAMA, and PMMA) polymer samples thaere partially exposed to

Ar plasma and partially covered by a MdFV window high temperature conditions

is shown in (a). In (b), the thickness removed in the plasma exposed region and the

UV window covered region are compared at low temperature anghatdmperature.

Samples at fixed low temperatures were bonded to the chilled bottom electrode

(10°C) with thermal grease. Samples without thermal grease heated with time from

10°C at plasma start to 120°C after 2 minutes of plasma exposure. Ar discharges

generated using 300W source power, 10 mTorr pressure, 40 sccm gas flow, no RF

bias, and 2 minutes plasma exposure time.
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The removed thickness of PMMA was compared under fully exposed and
VUV -only conditions on cooled and thermally floating substrisiésg. 2.4(b). The
removed thickness waswer in both the fully exposed and VUdhly conditions
when the substrate is cooled. However, there was still a significant amount of
thickness removed under cooled, Vidwly conditions (10.79£0.34nm). This s i
sharp contrast to the etch behavior of
VUV -only conditions show any impact on removed thickness.

From Figs2.3 and2.4 a number of insights can be gained about the
contributions of ion sputtering, VUV radiah, and temperature on material removal
in polymers under plasma exposure. Over the temperature range of 10°C to 120°C,
temperature does not affect the amount of material removed by ion sputtering. Also,
more material is sputtered by ions when the polycoetains more oxygen.
Therefore, if only ion sputtering is considéréhe thickness removed of polymers
would follow the trend: P4MS, PUMS (0%
PMMA (13.3% O).

The effect of VUV radiation is highly polymer specific and temperature

PUM

O)

dependent . For PUMS, el enduce neateriatremoyaldy at ur e

VUV radiation. However, PMMA shows significant VUdhly material removal

even at near room temperature. VAdWly material removal in PMMA is enhanced at
elevated temperature. Therefore, there is a possible difference in nretecahl
mechani sm bet ween PUMS and PMMA. PUMS
mostly by VUV radiation while PMMA shows only a portion of material removal

caused by VUV radiation at elevated temperatures with the remaining removal rate
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explained by iorsputtering. This would further support a difference in material
removal mechanisms between the two polymers.

HAdJA and HAMA also show only a portion of material removal caused by
VUV radiation and both show similar removed thickness under fully exposed and
VUV -only conditions at elevated temperatures. Therefore, theeatitfe in methyl
group or hcadonomgtepolymer badkbone does not bring about a
di fference in removed thickness in HAdA an

The effect of VUV radiation on estéased polymers such as HAJA, HAMA,
and PMMA is possilyl dependent on amount of oxygen in the polymer just like ion
sputtering. The greatest amount of Vid¥ly removed thickness is in PMMA (13.3%
0O), while for HAdA (8.8% O) and HAMA (8.1% O) the removed thickness is much
less but still present.

Overall, it dbes not seem that the minimal difference between the removed
thickness of HAdA and HAMA can be explained by the presence of heavy
adamantyester groups that inhibit volatilization. The etch behavior of both polymers
and PMMA appear to be dependent on ami@i oxygen in the polymer. This
mechanism of material degradation may occur first, changing the polymer structure
so that the chain scission versus crosslinking reaction based on backbone structure
can no longer occur.

Figure2.5 shows the RMS roughneskthe polymers after plasma exposure
for fully exposed and VUMonly conditions at elevated temperature. All polymers
under VUV-only conditions exhibited very little roughness, similar to RMS

roughness values of the virgin polymer films. Only under futlyased conditions
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and the introduction of ion bombardment did roughening oBclrMS s howed very

high RMS roughness in the fully exposed case, and HAdA and PMMA showed a
slight increase in the RMS roughness. P4AMS and HAMA showed no change in RMS
roughnesgompared to VUVonly condition. It is unclear how roughening evolves in
each polymer structure, but the contribution of ion bombardment seems necessary for
any roughening to occur. These results are in agreement with ion beam processing
work reported by Kst, et af?* They showed that surface roughening in polymer

films required the combined effects of VUV exposure, ion bombardment and heating.

20—
18- Fully Exposed
T 16+ VUV-only

£ 14 :

—1—

RMS Roughness

=

I N 1 N - IL N |+:h ‘1-
P4AMS PauMS HAJA HAMA PMMA

Figure 2.5: Etchrinduced RMS roughness of polymers after plasma exposure for full
exposed and VUVbNly conditons. Samples without thermal grease heated with time
from 10°C at plasma start to 120°C after 2 minutes of plasma exposure. Ar discharges
were generated using 300W source power, 10 mTorr pressure, 40 sccm gas flow, no
RF bias, and 2 minutes plasma exposume.
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2.3.2Dependence of Etch Rate on Temperature and Polymer Degradation

In situmeasurements of etch rate versus plasma exposure time are plotted in
Figs.2.6(a)(c). Samples were thermally floating and exhibited a rise in temperature
with plasma exposureme linearly from 10°C to 60°C after 1 minute. In order to
look at the effect of plasma exposure on polymer degradation, samples were exposed
to the plasma four consecutive times. The samples were exposed to the Ar plasma for
1 minute and left to cool fdive minutes before another 1 minute plasma exposure.

Data for PAMS are shown in Fig6(a). As the thermally floating sample
temperature increases, the etch rate remains the same. Also, the same low etch rate is
observed during each subsequent plasmap o s ur e . PUMBZ6(0),s hown i n F
exhibits different behavior. The etch rate at low temperature has a low value similar
to PAMS. However, the etch rate rises rapidly with temperature. This dependence of
etch rate with temperature is reproduced dueagh subsequent plasma exposure.
PMMA, shown in Fig2.6(c), exhibits even more complex behavior. Almost
immediately during the first plasma exposure, PMMA shows an extremely high etch
rate. The etch rate quickly decreases, but then increases agaitessgbmature
increases. In the next plasma exposure, the initial high etch rate no longer appears,
however the etch rate continues to increase with temperature, but overall etch rates
are lower than during the first plasma exposure. The next two plasmsuespshow
a continual decrease in overall etch rates.

PAMS shows little change in etch rate with temperature indicating that the
polymer properties do not change within the temperature range of 10°C to 60°C. This

is consistent with the result in Secti®’.1, which showed that the removed
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thicknesssfor thermally floating samples were no different than for cooled samples.

P4AMS also shows no change in etch behavior during each subsequent plasma

exposure. This indicates that there is little degradatiathaibcurs to P4AMS under

plasma exposure at these conditions.

PUMS shows a steep rise in etch rate with
change in polymer properties in this temperature range. At the beginning of the next
plasma exposure, the etch rag&urns to the same low etch rate as in the beginning of

the first plasma exposure and increases with temperature in the same manner. The
reproducibility of this behavior during eashbsequent plasma exposure indicates

that even though the polymer propestichange with temperature, there does not

seem to be any permanent change occurring
that would affect etch rate. Frothe results found in Section 2.3t tan be assumed

that the etch rate increase with temperaisiraostly due to VUV radiation.
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Figure26:Et ch rate of P4MS (a) PUMS (b) and
plasma exposure time. While the plasma is on, the thermally floating samples rise in
temperature. After 60 seconds, the plasma is turrfezhdfthe samples are cooled

down for 5 minutes. The samples are exposed to the plasma three more times with 5
minute cooling in between each run. Ar discharges were generated using 300W
source power, 10 mTorr pressure, 40 sccm gas flow, no RF biaspaindt2s

plasma exposure time.
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In section 2.3.1Fig.2.4(b) showed that the majority of thickness removed for
PMMA is caused by ion sputtering at low temperature. The increase in removed
thickness at elevated temperature is small. The Mdly contributian to removed
thickness at low temperature is small, while at elevated temperature thenMyV
contribution is greatly enhanced. This is supported inZgjc). The highest etch
rate in PMMA is at the beginning of the first plasma exposure at low tetapera
Therefore, ion sputtering occurs initially providing the greatest amount of material
removal. The disappearance of this initial high etch rate in subsequent plasma
exposures shows that PMMA is permanently changed after the initial ion sputtering
even. For the first plasma exposure, as the temperature increases, the etch rate begins
to increase. Comparing the results to Rig(b) in Section 2.3,1this would
correspond to material removal caused by Vahly radiation. The increase in etch
rate is abo seen in subsequent plasma exposures, but the overall etch rates decrease
showing that VUVonly radiation is also permanently damaging PMMA. During the
fourth plasma exposure, the etch rate is low and constant with temperature, possibly

due to the polymestructure of PMMA having been completely changed.

2.3.3Ellipsometric Analysis of Ar Plasma Etched Polymers at Fixed Low
Temperature

While the empirical study iSection 2.3.5hows the contribution of plasma
species to thickness removed, additional polymedification can be observed
through ellipsometric data analysis. Figdré(a) shows thé situellipsometric data

of P4MS and PUMS on cooled substrates expo
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time of etch is indicated to show the path
At 0 seconds, the polymers have not been affected by the plasrhawengroperties

of the unexposed polymers. After plasma exposure, there will be a change in the

properties of the polymers due to change in film thickness and change in optical

properties (i.e. refractive index (n) and extinction coefficient (k)). dfgblymer is

eroded but there is no material modification which would change its optical properties,
there wil/ b emp at rcahjaercatcareyr itshtatc a pol ymer fi
change in thickness. InFig7 (a) , t he si mulgagjextdryforhar act er i
bul k P4MS and PUMS is shown. At 632.8 nm,
index of 1.582 while PUMS has a slightly h

For P4MS, when exposed to ap tArajpdcatsamray
follows the bulk B MS-ggq t r aj ectory. This indicates the
from PAMS, there is very little material modification and the optical properties of the
exposed P4MS are similar to unexposed PAMS. Thre Arp o sge dt rdaj ect or y
foll ows t heqg btectoakjforPhé Whdle ZIminutes of plasma exposure
time.

PUMS shows a different behavior. | mmedi
thep GQrajectory devi atpesrhjemtohg. buhkt RUMS
o trajectory, auldkepv(d atajectabgveorhesponds
the optical constants n and k of the film. Furthermore, a deviation normal to the bulk
Qo trajectory corresponds to an increase i

with little change in overall tbkness.
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The nature of the materi al modi ficati on
VUV-only exposed samples of PUMS are examine
optical properties which would suggest that modification is purely due to VUV
radiation. Also, ader these particular plasma conditions with no RF bias the ion
energy is ~20 eV, which would produce a negligible damaged layer as measured by
the ellipsometer. This is evident since there is no change in optical properties in
P4AMS under no RF bias condit while there is a definite change in optical
properties when the ion energy is inceshsas is discussed in Section 2.3.5

Polystyrene shows a VUV penetration depth of ~30 nm in the most absorbing
regof?and it is known that PUMS has an al mos
spectrd.?® Therefore, the creation of a 30 nm densified layer during plasma exposure
was consideredt was assumed that after establishing this layer during the plasma
process, the layerould reach steady state in terms of layer thickness and optical
properties while the undamaged layer underneath would continue to decrease in
thickness. A refractive index of 1.727 provided the best fit for the 30 nm VUV
damaged | ayer taop thajexperiyment al q

Therefore, PUMS shows different behavio
temperature and at high temperature. At low temperature, VUV radiation causes
densification in the top 30 nm of material. At high temperature, VUV radiation causes
rapid renoval of material and drastic thickness loss is observed. Both types of
reactions may be explained by chain scission reactions. At low temperature, VUV

radiation causes chain scission in the polymer chains that at low temperature crosslink.
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However, at higltemperature crosslinking does not occur and chain scission creates
volatile products that are removed under vacuum.

For comparison, HAdA and HAMA on cooled substrates were also exposed to
Ar plasma under no RF bias power conditiod ant h-gi t r &j ect ori es ar e
Fig. 2.7(b). They show similar etch behavior where there is a deviation from bulk
properties corresponding to densification
deviation at the beginning is normal to the bulk trajecty , -qd ter ag ect ory of
plasmaexposed HAMA and HAdA corresponds toianrease in optical properties in
conjunction with high thickness loss. It is possible that this etch behavior is

characteristic of the estbased polymers.
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Figure 2.7: Q-pplotsof P4 MS and PUMS (a) and HAdA and
Ar di schar ge s -gasimueated thajectories of inexposedq P4AMS (i),

PUMS (ii), HAdA (iv) and HAMA (v) with var
index are shown for comparison. Also, taepsimulated trajectory for a constant
30nm UV modified | ayer on top of a varying

shown in (a). Ar discharges were generated using 300W source power, 10 mTorr
pressure, 40 sccm gas flow, and no RF bias.
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In Fig. 2.8 the etch rate versus plasma exposure time is shown for P4AMS,
PUMS, and t-Hased pgolymers:dHAdA sHAMA, and PMMA. Comparing
P4MS and PUMS, PUMS has slightly higher
decreases to the same etch rate valu€glikS. The etch rates of both styrene
polymers become constant at about 5 nm/min. HAdA and HAMA show an enhanced
initial etch rate compared to the styrene polymers and drop to 10 nm/min. PMMA
shows an even greater initial etch rate and drops to 20 nmirhaincreased initial
etch rate and increased steady state etch rate correspond with the amount of oxygen.

The etch behavior of HAJA and HAMA are similar to PMMA in that they all
show an initial high etch rate which decreases to a constant, ste@dyadiiet
However, since HAdA and HAMA have significantly lower oxygen content
compared to PMMA, the overall etch rate values are considerably reduced. We
assume that the mechanism of material removal for all-bated polymers to be the
same. Thereforghe high etch rate at the beginning of exposure corresponds with
oxygen depletion at the surface due to ion bombardment. Once the etch rate reaches a
low, steady state value, the edb@sed polymers continue to show a difference in
etch rate that appeatis be determined by the oxygen content in the polymer.

It is well known that hydrogen is preferentially removed over carbon in
polymers under high energy ion bombardnfehi high etch rate is generally
observed initially as hydrogen is depleted andrdarrich layer is formed at the
surface. An in depth discussion of this effed! be presented in Section 2.3.4

However, only a slightly higher initial
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observed for PAMS as shown in F&B. This is because no RF bias is used in these
plasma conditions and ions in the plasma have relatively low energy (~20 eV). At
low ion energies, the affected volume under ion bombardment is small because the
penetration depth of the ions is small. While oxygen depletion is still observable
under these conditions, hydrogen depletion is almost negligible. The slightly higher
PUMS i s due to VUV

initialetchr at e i n possibly

affected volume as the penetration depth is much deeper.
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2.3.4Characterization of Polymer Surface Modification by High Energy lons

Several methods were used to characterize the polymecsurfaer high
energy ion bombardment. It was reportedaf. 2.4that under 100 eV Arion
bombardment, a heavily crosslinked, dehydrogenated damage layer is formed at the
polymer surface. Once steady state has been reached, the properties of the damage
layer remain the same. For a model polystyrene surface, the damage layer was
characterized after the system had reached steady state. The damage layer thickness
was 1.61 nnf:* This layer had a hydrogen content of 9.9%H and a density of 2.44
g/cnt. A sidevew image of the model polystyrene surface after stetatg is
reached is shown in Fig.9(a).

In an inductively coupled plasma, the ion energies can be independently
controlled by increasing the RF bias power. In the ICP chamber, a polystyrene film
wasexposed to an Ar plasma at standard conditions but with an increased RF bias
power so that the i on ene¥rqgy rvag se crhaoirnyt avarse
measured and is shown in F&9(b). At the beginning of plasma exposure, there is a
quick deviationfrom the simulated bulk polystyrene trajectory, corresponding to an
increase in the overall optical properties.

It was assumed that under an Ar plasma with 100 eV ions, polystyrene would
only be modified by ions. Therefore, there would be no modificagifact from
VUV radiation, or chemical interaction with neutrals. These assumptions can be made

since polystyrene and P4AMS have nearly identical radialimen degradation
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behaviof?and, as was shown in Section 2.3.1 and 2348/S shows negligible
effects from VUV-only conditions.
Therefore, the optical model that can reproduce the observed ellipsometric
behavior was a two layer model with a constant thickness damage layer created by
ion bombardment and a bulk polystyrene layer underneath that siedrearing
plasma exposure. The optical modelwas t t ed wi t h tgh e reax peecrtiomeyn t
using 1.61 nm as the constant damage layer thickness and varying the refractive index

and extinction coefficient of the damage layer.
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Figure 2.9: (a) Side view MD simulation image of PS after ~7800 impakci0 eV
Ar*ions. The estimated thickness of the densified layer at the surface is 1.61nm. (b)
g-ooplot of PS etched by Ar plasma withOOV bias and then etched again with no

bias. Also shown are simulated trajectories of unmodified PS (i) and PS with a
constant 1.61nm thickness damage layer and complex refractive indeX 4.89.

Ar discharges were generated using 300W source power, 10 mTorr pressure, 40 sccm
gas flow,-100V RF bias, and 1 minute plasma exposure time.
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Hopf, et al*?* showed a retionship between refractive index and extinction
coefficient for amorphous carbon. It was assumed that the damage layer had similar
properties to amorphous carbon so that the fit between the optical model and
experimental data required varying only onggpendent variable. It can be seen that
with refractive index 2.39 and extinction coefficie@t4i, a simulated trajectory can
be made that sati-@pftea) ¢ehteorexperi ment al q
In addition, Hopf, et al. also showed a dependence of the opticalespmn
hydrogen content and density. This relationship can be used to deduce hydrogen
content and density for the damaged layer seen in the ellipsometric measurements.
For a refractive index-ik of 2.39-0.4i, the hydrogen content is 15.8%H and density
is 2.41 g/lcr. These values are in agreement with the values of 9.9%H and 2.41
g/cnt calculated for the steaebtate dehydrogenated layer measured using MD
simulation.
Plasma processed polystyrene samples were also analyzed using X
photoelectron spedscopy (XPS) and Raman spectroscopy. Polystyrene samples
were processed under standard conditions with adjusted bias power so that the ion
energy was 100 eV. Using XPS, the valence band spectrum was analyzed before and
after processing. This is shown ilgF2.10(a). Before processing, the polystyrene
valemce band showed peaks that correspond to
change the binding energies of the valence electrons slightly. These peaks are
characteristic of polystyrene. After proce

increase n | ower binding energies that correspo
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bonding is possible if hydrogen is depleted in the layer and the remaining carbon
established new bonds with each other, restructuring the layer. This would cause an
increase in the $fsp’ ratio, giving the modified layer an increase in graphitic
character. This result is similar to what was shown by TerrasiZ&t al.

This interpretation is further confirmed by Raman analysis, as shown in Fig.
2.10(b). The Raman spectrum for unexpogelystyrene and polystyrene exposed to
standard Ar plasma conditions with 150 eV ion energy was examined. At an ion
energy of 150 eV a damage layer is created that is thick enough for detection by
Raman spectroscopy. Between 1200 and 180bame locatd the disordered (D) and
graphite (G) peaks of amorphous carb6hwith greater graphite crystallinity, the G
peak becomes large. A greater mix ofapd sp bonds causes the D peak to become
larger. For the unexposed polystyrene, there are no peakspireshis range. This is
a reasonable result due to the amorphous nature of polystyrene. After exposure to Ar
plasma at high RF bias power conditions, there is an appearance of D and G peaks.
This further supports that graphitization occurs at the seidéapolystyrene after Ar

ion bombardment in a plasma process.

2.3.5 Ellipsometric and Roughening Behavior of Ar Plasma Etched Polymers at
High RF Bias

P4MS and PUMS tiondeEmbardnéndwer ¥lsosodeled by
MD simulation and the damage layercltmess and density for both polymers and
polystyrene are shown in Tal’el. The damage layer properties were very similar
for all/l pol ymer s. For fitting the experi me

damage layer thickness provided by MD simulatv@s used.
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Figure 2.10: (a) The upper plot shows a comparison of valence bands for unexposed
and plasma exposed withOOV RF bias PS measured by XPS. The lower plot is the
difference between the unexposed and plasma exposedl@itW RF bias PS. (b)tA

a high RF bias ofl50V, a graphitic peak can be seen in the Raman spectra.
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Polymer| Damage Layer Thickness (n Density (g/cm3

PS 1.61+0.051 2.44+0.031
PAMS 1.58+0.037 2.51+0.018
PUMS 1.79+0.051 2.48+0.058

Table 21: Estimated steady state damage layer thicknesses and densities for PS,
P4MS and PUMS tliondambardnéndcaleulteddy MD simulations.
Data is averaged over the last ~2500 impacts.

Figure211(a) shows hep GQ r aj ect ory of P4MS exposed
conditions with 100 eV ions. Using a damage layer thickness of 1.58 nm, the same
refractive index and extinction coefficient as for the damage layer for polystyrene can
be used to establish a good fit witle experimental trajectory. This interpretation is
valid because P4AMS and polystyrene are very similar in properties and behavior, as is
shown in literature®*?”. Therefore, for P4MS only two layers on top of a Si
substrate are required for modelinggma exposure with high bias as shown in Fig.

2.11(b). The topmost layer is the ilamaged layer that has properties similar to
dehydrogenated amorphous carbon. The bulk layer is similar in properties to
unexposed P4MS, and during steady state etclalyes decreases while the top
damage layer remains constant.

The same rationale was applied to PUMS
with an RF bias to produce 100 eV ions. The damage layer thickness used was 1.79
nm (see from Table I). However, as shawikig. 2.12(a), the deviation in trajectory
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cannot be fit with just an iedamage layer on bulk layer. The deviation requires a
much larger increase in the optical properties than can be accommodated by the two
layer assumption with only the influenceioh bombardment. However, it was
shown in Fig2.7(a) that with an Arion energy that would produce a negligible
damage | ayer, there was sq itlrlaja cstuwbrsyt a nrtoina
bul k PUMS. This was interpreted as densifi
VUV modified layer was added to the opticabdel in order to correctly fit the
experimental data. The densification of the VUV modified layer is presumed to be
much less than the significant densification due to ion bombardment.

Therefore, using a thrdayer optical model (shown in Fig.12(b)) ®nsisting
of 1.79 nm ion damage layer at the top, 30 nm VUV damage layer below, and
unexposed PUMS underneath, the -l@peri ment a
optical model fit well with the steady stagtch regime. Therefore, unlike P4AMS,
PUMS resthiptittie contribution of VUV radiation be considered for successful

modeling of the ellipsometric data.
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61



The etch rate versus plasma exposure ti
HAMA at -100V bias Ar plasma are shown in FgLl3. All polymers show an
initially high etch rate that after 2 to 5 seconds decreases to a much slower etch rate.
This high initial etch rate is due to the creation of the ion induced damage layer. Once
this damage layer is converted to its steady state properties, it remains constant as the
overall thickness continues to decrease. The etch rate of P4AMS once steady state is
reached is 10 nm/ min, PUMS is 28 nm/ min, H
nm/ min. The increased etch rate in PUMS, H
additional densificatin that occurs by VUV radiation.

Figure2.14 shows RMS roughness versus plasma exposure time for P4AMS,
PUMS, HAdA, and HAMA. These polymer fil ms
under the conditions discussedSaction 2.2Gradient samples were made via th
shutter approach so that RMS roughness versus plasma exposure time could be
measured on a single sample for each pol ym
sample of each was processed. For HAJA and HAMA, three samples of each were
processed and the RMSughness and plasma exposure time data averaged.

It can be seen that the first 20 seconds shows rapid RMS roughness increase in
all polymers and then the increase in roughness afterwards slows. This result is
similar to the etch rate versus plasma exposore plot shown in Fig2.13. The
introduction of high roughness in Ar exposed polymers is within the very beginning
of plasma exposure time as the surface is undergoing densification due to high energy

ion bombardment. Specifically, the extentwdterid loss due to densification seems
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to ultimately determine the amount of roughness introduced initially on the polymer

surface.
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Figure213 Et ch rate versus plasma exposure ti me
HAdA under Ar-100V seltbias conditions. Inse$ a closeup of the reduced etch

rate steachgtate regime. Ar discharges were generated using 300W source power, 10

mTorr pressure, 40 sccm gas flodQOV RF bias, and 1 minute plasma exposure

time.
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Figure 2.14: RMS roughness of polymers versuagma exposure time is shown for
P4 MS, PUMS, HAdA, d00¥ selbfadiodnditiomd &rr A
discharges were generated using 400W source power, 10 mTorr pressure, 50 sccm
gas flow,-100V RF bias, and 1 minute plasma exposure time. Gradient stsicture
were made to be able to measure RMS roughness versus plasma exposure time.

64



2.3.6Discussion Mechani sm of Etching-based P4 MS, PUM:
Polymers

The difference in etch behavior between
low temperature, while themoved thickness is similar, there is a formation of
VUV-modi fied |l ayer in PUMS not present in P4
there i s a |l arge increase in etch rate in
constant. The deviation in behavior idMS seems to be due to VUV
degradation and temperature. However, the large difference in etch behavior is not
seen between HAdA and HAMA under the same conditions even though their
backbone structures show the same difference.

PUMS, u n her polgmets,sleowsovery low stability at elevated
temperatures under VUV radiation. It is known that there is a low ceiling temperature
(66AC) formetomylestymegneé monomers into PUMS.
much higher ceiling temperature: PAMS85°C and PMMA is 198°€% The
ceiling temperature is the temperature at which the rates of polymerization and
depolymerization are equal. Below this temperature, the rate of polymerization is
much higher than the rate of depolymerization and the monamiele converted to
almost all polymer. Above the ceiling temperature, the rate of depolymerization is
higher and the monomers wil not polymerize. When the polymer is made, the ceiling
temperature no longer is an issue and the polymer can be heatttk asiing
temperature without anything occurring. However, under ionizing radiation
depolymerization will occur until the monomer concentration increases to equilibrium

atthattemperatur€®Thi s i s most |ikely the mechanism
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duringp |l asma exposure. At high temperature PU]
photodegradation creating new monomer and depolymerization suddenly occurs
causing high thickness | oss. At |l ow temper
repolymerize at random creating a Vuhodifiedlayer with little thickness loss. A

schematic of this mechanism is shown in Ridg5.

P4AMS has a very high ceiling temperature and so depolymerization reactions
do not occur. Additionally, the polymer is heated past its glass transition temperature,
butthe etch rate remains the same and roughness is low. Apparently, in the low
energy ion case, going above the glass transition temperature does not seem to have
much effect on the polymer properties.

The ceiling temperatures of HAdJA and HAMA have not bstelied, but it is
known that addition to the polymer side group does not affect ceiling temperature so
much. HAMA should have similar ceiling temperature compared to PMMA. Also,
removing the met-dapdn, agis donen HAJA significhhte U
increases the ceiling temperature. Therefore, both polymers have ceiling temperatures
above the temperature range for polymer expdsiire?”

The estetbased polymers HAJA, HAMA, and PMMA show etch behavior
dependent on oxygen not ceiling temperatiiris likely that before the temperatures
are reached where ceiling temperature should be considered, the effect of ions and
VUV to the polymer structure has already depleted the oxygen from the polymer.
Once this change occurs, the polymer structun® ionger the same. These results

are in agreement with previous work done by Neisa|>?! They reported that VUV
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radiation from Ar plasma resulted in loss of carwooygen bonds in estdrased 193

nm photoresist up to a depth of ~100 nm.
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Figure 2.15: Schematic of polymer chains exposed to ionizing radiation for
conditions above and below the ceiling temperature.
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2.4 Summary and Conclusions

Five model polymers were exposed to Ar plasma conditions and their etch
behavior was investigated. P4MS and PUMS,
very different etch behavior. P4AMS showed no change in physical properties besides
a slow etch rate, ich remained constant even as the temperature was raised past its
glass transition temperature. PUMS showed
conditions. Near room temperature, the etch rate was similar to P4AMS but the optical
properties showed a defication at the surface. As the temperature increased, the
etch rate increased tremendously. It was shown that VUV radiation appears to cause
the densification at low temperature and high material loss at high temperature. The
exposure temperaturerelaiv t o t he ceiling temperature of
mechani sm of degradation occurs. Above the
depolymerizes. Below the ceiling temperature, it repolymerizes randomly creating a
denser, crosslinked surface.

The esteibasel polymers HAJA, HAMA, and PMMA show etch rates that
are determined by oxygen content. HAdA and HAMA have similar oxygen content
and their etch rates are very close to one another. PMMA has much higher etch rate,
which corresponds to its much greater oxygentent. Etch rates between subsequent
exposures show that PMMA degrades with time and can be linked to oxygen

depletion. This can be extended to etch behavior of HAdJA and HAMA.
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It was shown that a dehydrogenated, amorphous carbon layer is created in
polymers with thickness determined by the ion penetration depth. Etch yield stabilizes
after this layer is formed and afterwards the thickness and properties of the layer
remains constant. This can be shown using MD simulation. The experiment can be
reproducd in a plasma chamber by setting the-b#fs to-100V so that ions impact
the surface with energies close to those simulated by MD. The ellipsometric
experimental data shows a sudden increase in optical properties in the polymer film.
Using the damageyar thickness found in MD simulation, the experimental data is
fit by varying the refractive index and extinction coefficient of the damaged surface.
The values found that provided the best fit is close to optical properties found in
dense amorphous carbdrhe corresponding density and hydrogen constant are very
close to those simulated by MD.

All the polymers showed the creation of a damage layer us0@QyV selfbias.

PAMS showed very similar etch behavior and damage layer creation atysig.

PUMS shows a much greater increase in opt.i
account the modification done to the surface by VUV radiation, the experimental data

can be fitted well, implying the importance of VUV radiation for understanding the

processing of this material. HAJA and HAMA show much greater etch rates at the

beginning, which corresponds with greater thickness removed to establish the damage

layer. This is because to make a carbon rich layer, more material needs to be removed.

At high ion energies, it was shown that the relatively high roughness
introduction occurs during damage layer creation. The densification that occurs

during the initial exposure and creation of the damage layer leads to high roughening.
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The polymers that haddtgreatest amount of removed thickness during densification
and damage layer creation showed the highest amount of roughness.

It has been shown that etch and surface roughness behavior in polymers
exposed to plasma are dependent on many factors and barshescribed by only
physical sputtering. Both ions and VUV radiation must be considered and can have
substantial effect on polymer modification. The polymer structure is especially
important to consider. Ceiling temperature, polymer oxygen content, batiae

temperature all affect plasnapelymer interactions.
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Chapter 3: Relationship between Nanoscale Rmghness and lon

DamagedLayer in Argon Plasma Exposed Polystyrene Films

To be submitted tdournal of Applied Physi¢c2010
R. L. Bruce, F. Weilnboeck, T. Lin, R. J. Phandsf,S. Oehrlein, B. K. Long, C. G.
Willson, J. J. Végh, D. Nest and D. B. Graves
ABSTRACT
The uncontrolled development of nanoscale roughness during plasma exposure of
polymer surfaces is a major issue in the field of semiconductor processing. In this
paper, we investigated the question of a possible relationship between the formation
of nanoscale roughening and the simultaneous introduction of a nandmeiter
densified surface layer that is formed on polymers due to plasma damage. Polystyrene
films were exposed to an Ar discharge in an inductively coupled plasma reactor with
controllable substrate bias and the properties of the modified surface layer were
changed by varying thmaximumAr* ion energy. The modified layer thickness
chemicaland mechanidgroperties were obtained using réahe in situellipsometry,
X-ray photoelectron spectroscopy, anddeled usingnolecular dynamics simulation.
The surface roughness after plasma exposure was measured using atomic force
microscopy, yielding the equilium dominantwavelengtre-and amplitudeA of
surface roughness. The comparison of measured surface roughness wavelength and
amplitude data with values efandA predicted from elastic buckling theory utilizing

the measured properties of the densified surface layer showed exagheement
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both above and below the glass transition temperature of polystyrene. This agreement

strongly supports a buckling mechanism of surface roughness formation.
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3.1 Introduction

Polymers are used extensively as pattern transfer masks in semioonduct
device fabricatiof* and are increasingly being incorporated in the device structures
themselvesd? In these applications, they often come into contact with gas discharges,
e.g. during plasma etching. Polymers are prone to undesirable nanoscake surfac
roughening during plasma processing as a result of exposure to energetic ions,
reactive species, and VUV radiation that interact and modify the sdrfaté>3637
Simultaneously, an iedamaged surface layer is typically formed. This behavisr ha
been observed in many types of polymers (e.g. poly(methyl methacrylate) (F¥IMA
193 and 248 nmphotoresists® 33319 and has been described as a thin, highly
crosslinked and graphitized lay&}?>3811312313314313316 \nja have previoug
shown that under energetic’Aon bombardment during plasma etching, a dense,
amorphous carbelike modified layer is formed at the surface of a wide range of
pol ymers ( pol y smethylsgrene), polR4Bethylstypead), PNIMA,
poly(hydroxyalamantyl acrylate) and polyydroxyadamantyl methacrylateyjth a
thickness of a few nanometérs. This modified layer forms within the first few
seconds of plasma exposure (corresponding to an ion fluence ~2cmt),
concurrent with a period of pad surface roughening’

The bilayer structure formed by ion bombardment in the polymer films is
reminiscent of similar bilayer structures composed of a compressed, stiff, thin film
constrained to a much softer underlayer, such as 8itJ° or S#?° on

polydimethylsiloxane. Such bilayer structures have been shown to undergo a buckling
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instability which leads to wrinkle formation in the micron scale raifg&?
Wrinkling has also been observed and characterized in bilayer structures consisting of
thin Al films evaporated onto PS films heated above their glass transition temperature
(Ty****** ande rmthick SiQ; layers sputtered onto PMMA films at room
temperaturé®

There has been little research on examining a possible relationship between
plasmainduced modified layer formation and nanoscale surface and line edge
roughnes¥°*#’ that is relevanto polymer resists exposed to pattern transfer plasmas.
Such a fundamental connection would have profound consequences on our ability to
fabricate threelimensional nanoscale structures and would assist in establishing new
design criteria for reducing thminimum feature size in microelectronics processing.
It has been reported that nanoscale roughness became larger when ion damage to a
polymer surface was enhanced22%**° put a quantitative relationship was never
established.

In this paper, we repoa quantitative relationship between modified layer

,3.11,3.17and

properties and surface roughness morphology in thechalacterize
elementary case of polystyrene under Ar plasma exposure that suggests a buckling
mechanism for nanoscale roughnessiation. In this condition, it has been shown
that the formation of an Aiion-induced modified layer at the surface of PS is the
dominant effect, whildittle modification by other plasma species (e.g. VUV,

neutrals) is observet!"*! A schematic of théon-induced modifications is shown in

Fig. 3.1.
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Figure 3.1 A schematic of the highly stressed, modified layer formation and
roughening that occurs simultaneously at the surface of a polystyrene film under Ar
plasma exposure. Important materials ammfphological properties are also shown.

3.2 Experimental Details

Polystyrene films (2.5 x 2.5 &m~400 nm thick, glass transition temperature
(Tg) ~ 100 °3-3?) were processed under Ar plasma conditions at a range of ion
energies (5@50 eV), which formed wadified layers of different thicknessesZinm).
Samples were plasrexposed in an inductively coupled plasma (ICP) reactor,
described previousi§*’ The following process conditions were employed: 300W
source power using a 13.56 MHz RF power suppl¥50W bias power using a 3.7
MHz RF power supply, an operating pressure of 10 mTorr, and Ar gas flow rate of 40
sccm. The bias power was set to establish a constant substrate bias and comparable
Ar” ion energy bombardment on the PS film. The maximum iorgesewere
measured by adding the plasma potentialg&-V) to the substrate bias voltag2x
V to -125 V). PS films were bonded to a chilled substrate (~10°C) by thermal grease
and plasmaxposed for 60 seconds. During the plasma process, the PStéired s

very close to room temperature (~40 °C). This was monitored byimsain situ
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ellipsometry, utilizing the fact that tteamplex index of refractio(n-ik) of PS
change with temperaturé*?When the plasma was turned off, we did not observe
any dange im-ik that would correspond to cooling down of the PS films with time.

X-ray photoelectron spectroscopy (XPS) analysis was performed in a Vacuum
Generators ESCA Mk Il surface analysis chamber using a nonmonochromatized Mg
K U -ray source (1253.6\). Samples were transferred in air immediately after
processing. All spectra were obtained at normal emission angle and in constant
analyzer energy mode at 20 eV pass energy. The analyzer resolution was
approximately 0.2 eV and the resolution of the gjpewsts limited by the linewidth of
the X-ray source, approximately 1 eV.

Molecular dynamics (MD) simulations were performed using a Tersoff
Brenner style REBO potential to examine bombardment of a model PS cell by Ar
ions. From the MD simulationthe malified layer thicknesdj, was obtained by
measuring the depth of the modified region with constant H:C ratio after ~8000
impacts. The method of MD simulation amdheasurement has been explained in
detail in previous publicatiorig:3113-17

The compl& index of refractionrf-ik) of the modified layer formed on PS
samples was measurgdsituby a single wavelength (HeNe laser) ellipsometer. The
ellipsometer is an automated rotating compensator ellipsometer working in the
polarizercompensatesamplearalyzer (PCSA) configuration and with an angle of
incidence of 71.3A. The values @ and o wer
fundamental physical properties of the polymer film by using an optical model and

solving the Fresnel reflection coefficients for fiteysical property values’ The
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values of Q@ and o a-layeroptioat neodep(madifield usi ng a
layer/PS/Si substrate) where the complex index of refraatiok) Of Si was fixed at
3.8660.287** and PS was fixed at 1.6@000i>*

Atomic force microscopy (AFM) measurements were performed on PS
sampl es after pl &scaresized ang after heatmg plagmal 2 & m
exposed samples above thej(T5 0 | 2 s6ad size)mThdominantwavelengthof
the surface roughnesss determinelly measuring the peak value in the Fast

Fourier Transform (FFT) spectrum of the AFM images anditminantamplitude

of the surface roughnesss determinetly measuring the RMS roughness.

3.3 Results andDiscussion

From buckling theoryin the small defomation limit, it is known that the
wavelength and amplitude of wrinkles formed by buckling are linearly proportional to
the thickness of the stiff overlay®t® Therefore, the measured values of modified
layer thickness), anddeducecklastic modulusf the modified layerk;, (see
discussion belowat eachmaximumion energy condition were used to calculate the
wrinkle wavelength and amplitude, which were then compared wittichmenant
wavelength and amplitude of the plasimduced surface roughnessasared by
atomic force microscopy (AFM).

The ionmodified layer thicknes$), was obtained by both XPS analysis and
MD simulation. For the XPS analysis, it was assumed that the modified layer was

homogeneous in chemical composition and density and &hatrdmatic ring
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structure of PS was lost inside the modified layer due to ion datiagkereforeh

can be calculated by measupgpeakgt291B3eV,i nt ensii
which is unique to the aromatic ring structure ofPSpr damaged sd undamaged

PS. Here we ut it i*z e-iygpkakintEnsity will dednease astthie e

modified layer is formed anldis found using the equatidif
h=1/0 |n'|—0 . (3.1)

Hereawirp is the inelastic mean free path, dpdndl arethe unattenuated and
attenddt s-tppdakintensities, respectively. The two methods of
extractingh were required because for accurate XPS analysis it is necessary that the
density of the modified layer be known for proper assignmeatgf.>>"33®
Assuming that the density remained constant andsiatwas 2.8 nnt;®we
compareh determined by XPS with the values found by MD in Big. The figure
shows close agreement for both approaches and for both matimatisased with
maximumion energy.
The complex index of refraction;ik, of the modified layer was obtained
from thein situellipsometry measurements made during plasma expdduze.
modified layer thicknesk obtained by MD simulations was used in the tHeger
optical model tsimulateval e s of @ and o@. The si mul ated v
with experiment al values of Q@ and o by wvar
complex index of refractigm-ik. This analysis has been explained in detail for the
case of 100 eV ArbombardmentfoPS in a previous publicatioi Since the
modified layer is treated as an amorphous carbon}ayér-*>>for which the

relationship between-ik to density is knowr*° the elastic modulus of the modified
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layer, E¢, can also be establish&t.Values ofh, n-ik, density, and; are shown in

Table3.1

4.0 L
3_5; —— XPS

el ]
3.0 MD -
2.5 -

0 —
40 ©60 80 100 120 140 160
Maximum lon Energy (eV)

Figure 3.2 Dependence of ieadamaged layer thickneds,on themaximumion
energy determined by XPS analysis and MD simulation.
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Maximum _
E(rllc()arr]?y h(m) ik (Dg(js:?)y 5 (GP2) (Gcllva) “. (GPa)
eV
50 1.08+0.03 Eggiiggg 2.36x0.03 | 271.3+14.1 | -15.50 | -7.57+0.13
75 1.29+0.03 %ggiggg 2.61+0.02 | 406.6+11.3 | -16.50 | -8.66+0.08
100 1.61+0.05 %igiggg 2.68+0.03 | 4465+14.7 | -16.75 | -8.94+0.10
150 1.98+0.03 E(Z)géiggé; 2.84+0.05 | 549.3£34.0 | -17.30 | -9.57+0.20

Table 3.1 Shown are modified layer properties for the diffemaximumion

energy conditionsgh andn-ik were determined by molecular dynigs simulation and
ellipsometry, respectively. Densitlg; and( were obtained from amorphous carbon

property relationships in Re3.39 3.4Q and3.41, respectivelyl. was calculated
from Equation3.2.

Overall, the modified layer densities obtained by ellipsometry are similar to

densities measured for i@mhance@morphous carbon films grown at equivalent ion

energies*=*T h e

p e e n ¥*¥Hgré, bombarding ions cause atoms at the surface to be displaced,

high

densi

ties are

achi

thereby creating a region of higher density aachpressive stress. While carbon

eved

thro

atoms become more densely packed, the same mechanism depletes hydrogen from the

surface, since displaced hydrogen atoms recombine to fgrmtith is then

released:* Ar incorporation was not considered since by XPSpwsitional

analysis the atomic percent Ar was found to be less than 0.5% in all ptaxposed

PS samples. The relationship between amorphous carbon film density and the
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compressive stress intrinsic to the film produced by this mechanjsras been
repoted in a number of publication$?*“ Using the experimental relationship from
Schwan, et af*2 ¢ for the modified layer fih densities are shown in Table 3.1

For a thin, stiff film on a much thicker, softer film, a compressive stress
applied inplane to the stiff film above a critical valu&,, will create a buckling
instability causing the bilayer structure to wrinkle. If both layers are treated as elastic,

U is

(32

LA AN

©o41 nf)égEf (1-4)
whereE ands is the elastic modulus and Poissatio, while subscriptsands denote
the stiff overlayer and soft underlayer, respectiVéRfor all modified layers, the
Poisson ratio is 0.3%"> At 40°C, E; andss are 2.87 GPa and 0.33, respectivefy.
The calculated values fdg are shown in @ble 3.1 For each casgis larger thani,
indicating that the stress generated by modified layer formation is sufficient to drive
the buckling transition.

An elastic bilayer structure that undergoes a buckling instability will wrinkle
at an equilibrium wavelengtha- and amplitudeA, that minimizes the elastic energy

of both films.In the small deformation limithe equilibrium wavelength of

buckling®®is
1
/—2,dn§e (1-7) : (3.3)
ClEEl ) ¢

and in that same limitthe amplitude of the bucklirigstablity®*?°is
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a
A=he- 1
e

(34)

1 0 Al

The morphological properties of the bilayer structure are schematically shown in Fig.
3.1

In Fig. 3.3(a),500 nmx 500 nmAFM images of PS after plasma exposure are
shown. Figure.3(b) displays a comparisar calculated values @using equation
3.3 with experimental values obtained by determining the peak values in the Fast
Fourier Transform (FFT) spectra of the AFM images shown in3F3ga). The
agreement between calculated and experimentally measured vaiuzmndie
consicered excellent. The comparison of the calculated and experimental valies of
is shown in Fig3.3(c). The experimental values were obtained by measuring the
RMS roughness from the AFM images and subtracting the initial RMS roughness of
the unexposed polyen film (0.3 nm). The figure shows that the experimental values
of A are comparable tout vary more slowly with ion energy thére calculated
values. It is possible that the agreement between experimental and calculated values
of A can be improved by dict measurement of the compressive stigss, the
modified layer.

The contribution of plasma etching to the RMS roughness was not considered
since the thickness removed was the same (~20 nm) for all conditions. In addition, the
roughness increase waary small (less than 1 nm/min) as compared to the high

roughening rate that takes place during modified layer formation.
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2

Maximum lon Energy (eV)

2 ¢m AFM i mages

160

showing

bombardment at varyingaximumion energies. Also shaware calculated and
experimental values @(b) andA (c) versugnaximumion energy of the nanoscale
roughness processed at 40°C.

Further support that the plassmaluced modified layer was under

compression was obtained by heatingglesmaprocessedamples above the glass

transition temperaturg, of PS on a hot plat&amples weréeatedor 15 minat

170 °C By heating abové&y of PS, the underlayer undergoes a several orders of

magnitude reduction iBs. This method has been used in the past tdym® micron
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sized wrinkles in PS with thin metal films deposited at the suffate’*At 170°C,
Esa n daresl x 1d GPa and 0.8%" It is unknown if after plasma eting the
modified layer remainander compressive st or if stress relaxatiarauss the
bilayer structure to be permanently deformed into its wrinkle morphology. Using
equation3.3 and assuming thatand the properties of the modified layer stayed the
same, we would expect that at 17G%€hould increase by ~30x.

Figure34(a) showsd2.5x125e m AFM i mages of PS after
and after heating to 170°By visual inspecbn, thewavelength of roughness
muchlarger tharbefore heatingThe wrinkles are not merely larger in scale, but
dramatically different in shape, i.e. anisotropic and folded rather than isotropic and
compactFigures3.4(b) and3.4(c) show comparisorsf the calculated and
experimental values @andA, respectively. For the 170°C case, the expected ~30x
increase irewas confirmed and the agreement between measured and calculated
values ofe-andA can be considered satisfactory.

The observation thatandA obtained fronthemeasured surface rghness
were of the same order of magnitude as values derived from elastic bucklingitheory
the small displacement limittoth below and above the glass transition temperature
of PS suggests a mechanical stress origin of plasdued surface roughne$sor
the 170°C case, the expected ~30x increaseetative the 40°C case was confirmed.
Additionally, the same compressive strésg the modified layer was sufficient to

explain the change A from the 40°C case.
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Figure34(a) 50 I 50 em AFM i mages showing sur"
sampes processed under the same conditions are heating to 170°C. Also shown are
calculated and experimental valuess@lb) andA (c) versusmaximumion energy of
plasma processed samples after heating to 170°C.

3.4 Conclusions

In conclusion, the agreement falibetween calculated valuesasdndA

based on modified layer characteristics in conjunction with elastic buckling theory
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andaandA values obtained by analysis of experimental roughness morphology is
compelling. This agreement strongly suggests thatlingccaused by the ien

induced formation of a highly compressed, modified surface layer is the origin of the
nanoscale roughness that develops during plasma etching. Understanding how a
polymer will roughen based on polymer structure following a buckheghanics
interpretation will require further study. Usénsitive polyners show increased peost
plasmaetch surface roughness compared toidsensitive polymers such as P%°
From wrinkling theory, a reduced underlayer elastic modulus would indiease
magnitude of wrinkling that occurs during formation of the highly stressed, modified
layer by ions. We suspect that the observed plagenarated UV damagg®*®in
UV-sensitive polymers (i.e. 193 nm PR p emethyistyrene)'’) reduces thie
underlayer modulus and is responsible for the enhasaddce roughness compared

to UV-insensitive polymers (i.e. 248 nm PRPS)observed under simultaneous ion
bombardment and UV exposure. Characterizing the extent of plasma modification
(ions, UV, radials) in different polymers and determining the effect on the

mechanics of buckling will help shed light on this important field of research.
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Chapter 4: On the Absence of PosPlasma Etch Surface and Line

Edge Roughness in Vinylpyridine Resists

To be sbmitted taJ. Vac. Sci. Technol. 2010
R. L. Bruce, F. Weilnboeck, T. Lin, R. J. Phaneuf, G. S. @e&hrB. K. Long,C. G.
Willson and A. Alizadeh
ABSTRACT
We show that ply(4-vinylpyridine) (P4VP) resist eliminates plasimaluced

surface roughening for dry etch process conditions (100%Ar, 90%Aj/ Mat
produce significant roughness in a wide variety of other polyniemhotembossed
patterned structures, P4\Asoshows nosidewall striations and line edge roughness
(LER) after plasma etchingn contrast to other polymers investigated in this work
The mechanism underlying the retention of smooth surfaces for R4YP
investigated based on the observation that plaeth#ced surface roughness in
polystyrene (PS) has been linked to wrinkling caused by the formation of a thin,
dense, iordamaged layer. By Xay photoelectron spectroscopy andgitu
ellipsometry anafsis, we studied two possible mechanisms that would suppress
wrinkling in plasmaexposed P4VP: softening of the idamaged layer by nitrogen
addition and stiffening of the polymer underlayer by VUV modification. While we
report that the elastic modulustbk iondamaged layer is reduced in Ar plasma
exposed PS when nitrogen is added to the gas discharge, tif@maged layer of
P4VP showed no significant change relative to PS. However, by examining only the

VUV radiation effect of the Ar discharge on P@\evidence of VUV crosslinking
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was observed, which would likely suppress wrinkling in P4VP when adaomaged

layer is formed during normal plasma exposure.
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4.1 Introduction

Reducing formation of line edge roughness (LER) during pattern transfer by
plasmaetching is becoming increasingly important as device critical dimensions (CD)
continue to shrink>*? A major contributor to high LER is the plasma etch pattern
transfer step, in which a pattern in a polymer resist is transferred into a dielectric layer
used as a hard ma$k** The standard gas chemistry used for dielectric etch is a
mixture of Ar and a polymerizing fluorocarbon gas (e.g. 90%/H>, enabling
high selectivity of etchinghedielectricrelative to theesistmask

Under Ar rich, Igh substrate bias conditions, the polymer surface is subjected
to bombardment by high energy*Aons This ion bombardmenmtehydrogenates the
surface and establishes a carbioh ion-damaged layer several nanometers tffck.

In a previous publicatigfi’ we linked the onset of plasrireduced surface
roughening to the creation of ti@-damaged layer at the beginning of plasma
exposureWe have established in a separate palbici*® that the iordamaged layer
induces a compressive stress on the pohythed causes a buckling instabilapnd
leads to nanoscalerinkling of the surface.

Polymer structure can have a major impact on LER, as was found during the
transition from 248 nm to 193 nm UV lithography. The use of 193 nm photoresists
(PR) led to a mjar increase in surface and line edge roughfié&hoice of polymer
structure for resists has been restricted due to requirements of transparency to the UV
exposure wavelength and ability to undergo aethlyzed reactions to increase
solubility after jnotoexposuré’® The advent of alternative lithographic techniddés

e.g. imprint lithography, EUV and sedssemblyprovides the opportunity to
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optimize polymer structure and composition so that surface and line edge roughness
is minimized during thelpsma pattern transfer steps.

The observation of strongly reduced surface roughn&ss in grown CN,
films suggests the use ofdbntaining polymers as resistsh addition to pattern
transfer plasmas as a novel approach to reduce surface and kn@egdigness for
plasma etched resist surfaces and structimelis manuscriptwe observed
remarkably smootBurfaces and sidewalls in poly¢hylpyridine) (P4VP) after
plasma etch, while significant roughening was found in two other polymers
represerdtive of conventional PR polymeiar the samerocessonditions.

Currently, the mechanism behind P4VP smoothness after plasma etch is not
known.We examine the effects oitrogen additiorto the iondamaged layer and
vacuum ultraviolet (VUV) bulk modi€ation as possible causes of the lack of surface

roughness in P4VP

4.2 Experimental Setup

The primary polymers (inset, Fig.1(a)) studied were polystyrene (PS),
poly ((-mdet hyl styrene) (PUMS) améthyBtgran®. We al so
(P4MS), poly(hydroxyadamantyl acrylate) (HAdA), poly(hydroxyadamantyl
methacrylate) (HAMA), and 248 nm and 193 nm photoreistdl polymers were
spin-coated onto Si wafers and theerage thickness of the polymer films was 400
nm.
Patterned structures of PS, PUMS and P4

embossind:** The pattern is an array of identical columns with a ceoteenter
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distance of 1800 nm. The columns are tapered cylindetswith 500 nm height,
700 nm top CD and 1000 nm bottom CD.

Polymers were processesdingAr, 2.5%N,/Ar and 5%N/Ar plasma
conditions at a range afiaximumion energies (7435 eV). Samples were plasma
exposed in an inductively coupled plasma (ICPyt@adescribed previousfy. The
following process conditions were employed: 300W source power using a 13.56 MHz
RF power supply,A50W bias power using a 3.7 MHz RF power supply, an
operating pressure of 10 mTorr, and combined gas flow rate of 40 Eherbias
power was set to establish a constant substrate bias and comparable ion energy
bombardment on the polymer film. The maximum ion energies were measured by
adding the plasma potential {25 V) to the substrate bias voltag2g V to-125 V).

For 90%Ar/CFg gas discharges, polymers were processed in another ICP
reactor, described previouslywith the following process conditions: 800W source
power using a 13.56 MHz RF power supply, fix@80V substrate bias, an operating
pressure of 10 mTorrnd combined gas flow rate of 50 scdror all conditions,
polymer films were bonded to a chilled substrate (~10°C) by thermal grease and
plasmaexposed for 60 seconds.

X-ray photoelectron spectroscopy (XPS) analysis was performed in a Vacuum
Generators ES& MKk Il surface analysis chamber using a nonmonochromatized Mg
K U -ra source (1253.6 eV). Samples were transferred in air immediately after
processing. All spectra were obtained at normal emission angle and in constant

analyzer energy mode at 20 eV passrgy. The analyzer resolution was
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approximately 0.2 eV and the resolution of the spectra was limited by the linewidth of
the X-ray source, approximately 1 eV.

The complex index of refractiom{k) of the modified layer formed on PS
samples was measurgdsituby a single wavelength (HeNe laser) ellipsometer. The
ellipsometer is an automated rotating compensator ellipsometer working in the
polarizercompensatesampleanalyzer (PCSA) configuration and with an angle of
incidence6 71. 3A. The values @ and @ were meas.!
fundamental physical properties of the polymer film by using an optical model and
solving the Fresnel reflection coefficients for the physical property vafdahe
val ues of (prated dsingia traeayer optinat neodel (modified
layer/polymer/Si substrate) where the complex index of refraatiandk) of Si was
fixed at 3.8660.28"'° and PSand P4VP weréixed at 1.6000.00f*° and 1.581
0.00i*" respectively.

Atomic force mcroscopy (AFM) measurements were performed on polymer
sampl es after pl &scaresized ang after heatig plagmal 2 & m
exposed samples 10 °C above thgit 5 0 | 2 s6ad size)nFor PS, samples were
heated to 110 °C and for P4AVEamples wer heated to 155 °C. Thd®minant
wavelengthof the surface roughnesss determined by measuring the peak value in
the FastFourier Transform (FFT) spectrum of the AFM images and the buckle

amplitude was determined by measuring the RMS roughness-s&tissal images

of patterned films were acquired using a LEO 1550 SEM.
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4 .3 Results and Discussion

4.3.1Comparison of Surface and Line Edge Roughness in PSUMS, and P4VP

Fig. 4.1(a) shows the AFM scanned images and #iyb) the corresponding
RMS roughness of (fithSproceRdgdi@deralfods APahdOB%
Ar/C4Fg gas discharge conditions-400V substrate bia3he RMS roughness of PS
and FilnslBasconsiderably loweafter etchingn 100% Ar conditions
compared t@fter etching irD0% Ar/GFsc ondi t i ons . eséhkbht8d under go
degradation compared to PSwhich resulsin higher RMS roughness values. P4VP

showed no significant change inrface roughness in either condition.
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Figure 4.1: (a) AFM images with corresponding polymer structures as inset and (b)
comparison of RMS roughness for PS, PUMS a
Ar/C4Fg plasma exposuseSamples were etched for 60 seconds.
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The smooth surface of P4VP after processing made it unique among many
polymers tested. The RMS roughngatuesof a wide range of polymers undér
and90% Ar/GFs conditions areshown in Fig4.2 and only P4VP remained smooth

after processing.

81100% Ar

N~ O
(2 |

'ﬁ T T T T T T T T T T T T
90% Ar/C F,

/AR

T

P4VP PS P4MS PoMS HAdA HAMA 248 nm 193 nm
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(&)
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RMS Roughness (nm)

N
1

(@

Figure 4.2 RMS roughness of selected pol ymers
HAHA, 248 nm PR and 193 nm PR) after Ar and 90% Aff{®lasma exposures.
Samples were etched for 60 seconds.

We also examined the impact of 100% Ar and 90% #f{@lasma exposures

onpattr ned structures of PSS, PUMS and P4VP.

Ar and 90% Ar/GFs plasma exposures are shown indF#y3(a) and (b), respectively.
InFig.43 ( a) , PS a edsurface mughesiry afier 100% Ar
exposureat 100 eMvi t h S ShtWWhghegreatest roughness. Similar to the RMS
roughness results, P4VP showed no visible roughness after processing. In PS and
PUMS, | ongi t weleialscaobserset aldangtheisidewals. It is known that

striation development along sidevealéads to a significant increase in LERFor
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both polymersthe striations na alongside the cylinders from the top to midway
along the cylinder. This suggestthat the striations we created by surface
roughness at the tgmd transferredlong thesidewall during plasma etch, which is

supported by observations reported by Haal**® Furthermore, the absence of

striations in the P4VP cylinders shows that elimination of surface roughness at the top

leads directly to elimination of LER along théawalls. A change in tharofile
shape of the cylinders walso observed afte0Q% Ar plasma etch. The taypitical
dimension CD) was reduced more than the bottom @ihichresuledin a hornlike
shape. All polymers shaedthis characteristic profilehange, suggesting similar
material removal and, therefore, etch behavior in all polymers.

Similar results wee found for 90% Ar/GFg processingand areshown in Fig.
4.3(b). PUMS had greater roughness than
pl asma exposur ehevidible roBgBness majreaR&ftbt $0% t
Ar/C4Fg conditionascompared to 100%iur, the sidewall striations we coarser and
extenedfrom the topof the cylinder all the way to the bottom. In addition, the
profile shapes did not change as much as for the 100% Ar condition, remaining

tapered cylinders.
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Figure 4.3:SEM i mages of hot embossed patterned
are shown fter (a) 100% Ar and (b) 90% Ar4Es plasma exposure.

In Fig. 4.4(a), wecomparehe etch behavian an Ar discharge at00V
substratebiaor PS, PUMS and P4VP. PUMS exhibitec
thickness (45.7+1.2 nnafter 60 secondshile PS and VP showed similar, lower
removed thicknesses (27.5+2.1 nm and 28.1+0.6 nm, respectively). The higher
removed t hi cascorapsred tooPS coPrélasll with the larger RMS
roughnesseen folP U M&compared to PSVe have shown previouélytha
increased surface roughness is observed in polywidrgreater plasmaduced
material lossHowever, while the repved thickness values for PS and P4VP were
similar, there wa a cleachange in roughness for PS thatvedosent in P4VP.
Therefore, folP4VP, plasmanduced roughening vgadecoupled from material

removal by plasma etching.
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In Fig.4.4(b), a rapid decrease in the etch raverespondingo ion-damaged
layer formation wa observed in all polymers. However, while-damaged layer
formationcoincided withsurface rougheninijprPS and PUMS,ed P4VP r emai
smooth.

We investigated the mechanism that prevented P4VP from roughening by
examining the properties of the iolamaged layer formed and the properties of the

polymer not affected by ion bdrardment.
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Figure44 ( a) Removed thickness and (b) etch ra
plasma exposure.

4.3.2Modification of lon-Damaged Layer by N Addition

Adding small amounts of nitrogen to amorphous carbon lowers the

compressive streés;*?° dastic modulus;'***

and surface roughndg$**? of
grown films. We examined whether N addition to thedamaged layer affectede

99



plasmainduced surface roughnegssoducedy exposing PS tdischarges fed with
Ar/N, gas mixturesvith increasingoN,. The ionrdamaged layeiormedfor each
condition was characterized using XPS ansditu ellipsometry.

In the limit of small deformatiartheory? predictsthe amplitude &) and
wavelength & of bucklinginducedsurface roughnesse proportioal to the ion
damaged layer thickneds, and the cube root @t elastic modulusk:.

The ionmodified layer thickness$y, was obtained by XPS analysis. We
assumed the modified layer was homog@isda chemical composition and density
and that the aromatic ring structure of PS and P4VP was lost inside the modified layer
due to ion damag¥ Thereforehs was calculated by measuring the intensity of the
" * s-hpapdakat 291.3 eV for P& and292.2 eV for P4VP? for damaged and
undamaged polymergVe ut i | i ze t-'h*e dJ-lppdakirttehsaytwillt h e
decrease as the modified layer is formed farisl found using the equatioff

Ny =/ e |n'|—°. (4.1)

Hereawirp is the inelast mean free path, arigandl are the unattenuated and
attenddt s-tppdakintensities, respectively. Assuming that the density

remained constant and thafip was 2.8 nnf?’

we determined the dependencénof
in PS with ion energy and increag %N, and in P4VP with ion energy in Fig.5.
Forall conditions and polymers, the ialamaged layer thickness showed similar

values that were mainly dependent onrtteximumion energy.
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Figure 4.5. Dependence of iecdamaged layer thickneds, onmaximumion energy
for PS exposed to 0%, 2.5% and 5%added to an Ar discharge and P4VP exposed
to an Ar discharge.

The complex index of refraction,andk, of theion-damagedayer was obtained

from in situellipsometry measurements made during plasrposure. The modified

layer thicknes$x obtained byxPSwas used in the thrdayer optical model to

si mul at e v a lThessisnulatefl valfles averedthegfitted with experimental
values of Q@ and o by varying leximexBfS t hi ckn
refractionn andk. An example of this procedure is shown in Hd for PS exposed

to Ar discharges with increasing %Bt 100 eV maximum ion energhis analysis
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has been explned in detail for the case of PS exposed to pure 20@eVin a
previous publicatiorl’ The modified layer is taged as aitrogencontaining
amorphous carbon lay&r which the relationship betwe@randk to density}, and

E:is known*'?42°428 vglyesfor j andE; are shown irFig. 4.7.
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Figure4.6. Q-0 pl ot for PS exposgaddddtboamn A0 %, 2. 5% an
discharge.
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Figure 4.7: Dependence of (a) density,and (b) elastic moduluE;, of the ion
damaged layer omaximumion energy for PS exposed to 0%, 2.5% and 5% N
added to an Ar discharge.
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While there wa an overall trend of increasing values with ion energy,
adding %N loweredthe derivedvalues off andE;. Therefoe, the iondamaged layer
softenedwith %N,, which s consistent with the results of N addition in grown
amorphous carbon filef?* However, as shown in Fig.8, the impact on surface
roughness was ambiguous. The measured valugsletermined by AFM showed
equivalent or greater values with an increase in%MNereaswas consistently

shorter
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Figure 4.8: Dependence of) amplitudeA, and (b) wavelengttag: onmaximumion
energy 0% and 2.5%JMdded to an Ar discharge.
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In Fig. 4.9, examination of the AFM scans after plasma exposure withput N
and with N showed markedly different surface morphology. While the roughnes
without N, was in the form of smooth, rounded bumps, addipghdnged the
morphology to sharp, jagged spik¥ge concluded thahe surface roughness after
Ar/N, plasma exposure deviated from the predicted buckled morphaiogylikely
due to theaddiion of a radical etching componeBinhanced etching by radicals sva

demonstratetdy plotting etch rate versdsN, and is shown in Figt.10.

0%N,,135eV 2.5%N,,135eV

| - GAB ™Sy, |
0.20 0.20
0.25 25

MM Mm

Figure 4.9: AFM images of PS exposed to 0% and 2.5%adided to an Ar discharge
with maximumAr™ ion energy af.35 eV.
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We showed in Re#.8 that the effect of the iedamaged layer on surface
roughness can be enhanced by heating plgso@essed polymer films above their
glass transition temperature. The elastic modulus of the polymer undeltzyeases
by four orders of magnitude when heated above the glass transition temperature,
while the iondamaged layer properties stay the saie.produced anisotropic
wrinkling in films by scratching a line in films with a diamond scribe after plasma
exposure and befoteeating. Therefore, wrinkling occurred in only one directis.
shown in Fig4.11, theamplitude and wavelength of the resultswgface
morphology of the plasma processed films was magnified by many times. The
additionof N to the iondamaged layer ve&then observed to cause substantial

decreases iA andax

100 ————

.. BB G |

= s 4

£ 60; ¥ O

£ O

) L)

§4O_E| O 75eV

e O 100 eV

g2 201 ¥ A 1256V ]
' Z 1358V

0o 1 2 3 4 5
% N,

Figure 4.10: Etch rate versus %Naddition in an Ar discharge is shown for PS from
75eV 1o 135eV.
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Figure 4.11:(a) AFM section scan and (b) AFM images of PS exposed to Hith N
an Ar discharge at 135 eMaximumion energy and 5% Nn an Ar disclarge at 50
eV maximumion energy, both heated afterwards to 110 °C.
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A plot of A andawith ion energy and %Ns shown in Fig4.12 for plasma
processedPS after heatingrherelationship wa verysimilarto the relationship o
with ion energy and %Nhat was shown in Figt.7.

Therefore, the softening effect of N addition to thedamaged layer was
established. We were not able to compare valuésanida-of plasmainduced
surface roughness between PS and P4VP since P4VP showed no preseri@eeof sur
morphology, as shown in Fig.13. Howeverwhenheating PS and P4VP above their
respective glass transition temperaturggfieenhanced surface morphologasild
be compared. In Figl.14, we compareeof Ar/N, plasma processdeiSand Ar
plasma pocessed P4VRith ion energyafter heatingWeexpectedhat if the cause
of smoothness in P4VP wéte softening of the iosdamaged layer, thmeasurec-
would be les$or P4VPthan for PS. Ta reasorns thatboth the iordamaged layer
thickness (Fig4.5) and the elastic moduladove §**°is the same for unmodified
PS and P4VPThereforethe wrinkled surface morphology should only depend on the
elastic modulus of the iedamaged layer. However, P4VP instead shows
significantly greater values f@ascompared to PS, which would indicate a much
larger iondamaged layer elastic modulus.

By ellipsometry analysis, we determined the elastic modulus of the ion
damaged layer of P4VP with increasing maximum ion energy and compared the
values to PS under Ar ad/N, plasma discharge conditions. The results are shown
in Fig. 4.15.The iondamaged layer elastic modulus of P4VP was very similar to PS

and in conjunction with the iedamaged layer thickness results shown in Fig. 4.5, we
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concluded that the iedamagé layer did not change significantly between Ar

plasmaexposed PS and P4VP.
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Figure 4.12:Dependence of (a) amplitudg, and (b) wavelengtlia onmaximum
ion energy for PS exposed to 0%, 2.5% and 5%addled to an Ar discharge and then
heated to 110 °C
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Figure 4.13: Comparison of the dependence of amplitiilen PS and P4VP on
maximumion energy after exposure to an Ar discharge.
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Figure 4.14: Comparison of the dependence of wavelengtbhnmaximumion
energy in PS after exposure to Ar and Arthscharges and P4VP after exposure to
an Ar discharge and then both heated above their respegt{ST110 °C, and
P4VP, 155 °C).
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Figure 4.15: Comparison of iordamaged layer elastic modulis, of Ar/N, exposed
PS and Ar exposed P4VP versus maximmian energy.
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4.3.3Modification of Polymer Underlayer by Plasma VUV Radiation

We saw in theSection 4.3.2hatthere was little difference in the iatamaged
layer properties of Ar plasmexposed PS and P4VP, but that aboy@/iinkling was
much greagr in P4VP. If an additionathickerlayer was formed below the ion
damaged layeiit may suppress the buckling instability when thedamaged layer
is formed during plasma exposure. In addition, when the plespased P4VP film
is heated aboveglcausng a several orders of magnitude decrease in the unmodified
P4VP underlayer, both layers could act in congress to wrinkle the polymer to
roughness values much greater than if thedamaged layer acted alone.

We reportedpreviouslythat VUV radiationof Ar discharge caused
significant material r emov alTherefare, R&dJMS, bu't
investigated the effect of VUVradiation onP4VP.ForthisP S, PUMS, and P4VP
were exposed to the VUV radiation component of an Ar discharge by plaMg§a
window on top ofthe polymer films to block ion bombardment. Fdl6 shows the
change in refractive index using rdahe in situ ellipsometry. P4VP exhibited a large
increase in refractive indewhi | e PS and PUMS showed no inc
index increase relates émincreaseof the polymeidensityin a film. This result
indicates thaVUV irradiation may haverosslinlked some of the4VP.

However, in Fig. 4.15, our ellipsometric results of fully exposed P4VP (ions
and VUV) showed that then-damaged layer elastic modulus was similar in
properties to PS. Since the optical property changed measured by ellipsometry is the
combined effect of all surface modification occurring within the polymer &im,

refractive index change due to VUV crasklng would impact the overall
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ellipsometric response during the full plasma exposure. Therefore, tdanoaged
layer may possibly be softened by nitrogen addition from the polymer structure in
conjunction with crosslinking occurring below which mayproduce a refractive
index change that looks similar to the PS condition if the two layers are treated as a
single layer

In addition,VUV -exposed P4VP was examined by XPS and the change in the
XPS Nlsspectra is shown in Fig.17. An increase in quatei@ation of the nitrogen
atom in the pyridine rings indicated by these data, andwd be consistent with

crosslinking.This result further supports VUV crosslinking in P4VP.
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Figure 4.16 Dependence of the change in refractive index on VUV exposuee tim
for PS, PUMS, and P4VP,.
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Figure 4.17: XPS N1sspectra of unexposed P4VP and Vddxposed P4VP.
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4 .3.4Discussion

From our results, whaveestablished mechanisms for the resistance of
surface roughening in P4VP and the great enhancement of surdigbenaing above
its Tg. The mechanisms are shown schematically in4ig. For the case of PS, the
creation of an iordamaged Iger after plasma exposure causdulickling instability
that formedhanoscale wrinkles at the surface. Heatimgplasmaexpogd PS above
T, reducedhe polymer underlayer elastic modulrsd greatly increasdtie surface
roughness wavelength and amplituder P4VP, plasma exposure creasedion
damaged layen addition toa VUV crosslinked layein Fig. 4.5, it was shown tha
the iondamaged layer thickness was on the order of a few nanometers. In contrast,
VUV penetration depths range from tens to hundreds of nanorfiéiarise increase
in the elastic modulus @he polymer underlayer preventdek buckling instability
from occurring and wrinkles from forimg. Therefore, P4VP showetdmplete
smoothness after plasma exposurerethough an iolamaged layer veacreated.
However, heating P4VP abo¥g rapidly reducedhe elastic modulus of the polymer
underlayer below the iedamaged and VUV crosslinked lageA buckling
instability occurredetween the softened polymer underlayer and the combined ion
damaged androsslinked layer that producedrface morphology much greater than

in the case of wrinkling in P&bove T,
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Figure 4.18 Schematic of the mechanisms of surface morphology development in PS
and P4VP after plasma exposure and after plasma exposure and subsequent heating
above glass transition temperature.
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4.4 Conclusions

Understanding etch phenomena, such as theafitwmof LER in polymer
resists during plasma processing is becoming increasingly important as the CD of
devices continue to shrink. The lack of surface and line edge roughness in P4VP
resist structures during plasma processing is believed to offer diplbégproach to
control plasmanduced LER for nanoscale manufacturiRtasmainduced surface
roughening in PS has been linked to wrinkling caused by the formation of-an ion
damaged layer at the polymer surface. While nitrogen addition causes significant
softening of the iomdamaged layer, theroperties of théon-damaged layarthatare
formed in Ar plasmaxposed PS and P4VP are very simWde observed that
crosslinking by VUVirradiation of P4VRcaugdan increase in the elastic modulus of
P4VP belev the iondamaged layefThis VUV modification is not seen for PS. It is
likely that VUV modification of P4VP, possibly in conjunction wibftening of the
ion-damaged layey the presence of nitrogepreventswrinkling of P4VPsurfaces

enabling theelimination of LER in 3D structuresesulting fromplasma etch.
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Chapter 5: Molecular Structure Effects on Dry Etching Behavior of

Si-containing Resists in Oxygen Plasma

To be submitted to J. Vac. Sci. Technol. B, 2010
R. L. Bruce, T. Lin, R. J. Phaneuf, G. S. Oehrlein,B&ll, B. Long and C. G.
Willson
ABSTRACT
We have studied the influence of@ibonding in the polymer structure of Si

containing resists on{plasma etch behavior. Three polymers were synthesized with
the same Si weight percent (12.1%) and varyingbemof StO bonds (0, 1 or 2).
The etch resistance during the plasma process was measured by monitoring the film
thickness removed using re@he in situellipsometry. After plasma exposure surface
chemical changes and roughness were characterizedayypkotoelectron
spectroscopy and atomic force microscopy, respectively. Fpta®ma exposure
without substrate bias, all polymers showed the formation of a ~1 ngiay®ED at
the surface that acted as a barrier to further oxygen etching. Adeiddp&ids to the
polymer structure greatly reduced the etch rate and Si loss during plasma etching
relative to the case of no such bond@lymers with one 8D bond in the polymer
structure showed identical etch behavior to polymers with tw@ Bonds. However
increasing SO bonds decreased the glass transition temperature of the polymer,
leading to microrsized wrinkles after plasma exposuf¢hena substrate bias was

applied, the etch rate and Si loss increased due to sputtering of tHay®&iCby
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energet ions. For 90% M/ O, discharges with substrate bias, a typical oxygased
pattern transfer plasméne etch rates were lower and the Seyer thicknesses
formed were larger compared t@ @scharges with substrate bias. For all gas

discharge condibns, polymers with prexisting SO bonds showed less Si loss.
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5.1 Introduction

Silicon-containing resists are used in many lithographic technologies such as
photolithography>>%°2 top surface imaging?>>>® block copolymer litography-’
and nanoimprint lithograph?°°°° In each case, an oxygéased plasma transfers
a pattern in the resist into an underlying organic layer. The oxygen reacts and forms
SiO; at the resist surface>>*2*13 which acts as a barrier while bing proceeds
uninhibited in the organic underlayer.

Increasing the Si content in-8ontaining resistsicreaseshe etch resistance
and overall etch selectivity, but degrades lithographic performance by reducing
transparency to UV light and solubility*>° It has been widely reported that
approximately 12 weight percent (wt%) is required for acceptable etch selectivity
(10:1)>° However, this value is based on empirical etch rate ratio measurements
without considering the nature of Si atomic bowgdivithin the resist. In particular,
whether Si is bonded to carbon or oxygen may influence the etching behavior if the
mechanism of etch resistance is S#Qrface layer formation. In this article, we report
studies on the effects of increasing the amof@i®i-O bonds while maintaining 12.1
wt% Si in the polymer structure of-8ontaining resists on their etch behavior in
oxygentbased plasmas.

The organization of this paper is as folloWge first describehte
experimental setup in Sec. 518 section$.3.1-5.3.3we describe the influence of an
O, plasma without substrate bias on the properties of polymers with vary@g Si
bonds. The etching kinetics, modified surface characterization, and surface roughness

development are described in sectibri 1, 53.2, and 5.3.3, respectively. In section

122



5.3.4we describe the effect of adding substrate bias and varying the gas chemistry
(from O,t0 90% N/ 10% Q) on the plasma moddation behavior. In section 5.3.5

the mechanism of etching in Si and@Gicontainng polymers is discussed.

5.2 Experimental Setup

5.2.1Description of Materials

Three polymers containing equivalent weight percent Si but varying numbers
of SO bondger Si atonwere synthesized. The polymenasttures are described in
Table 5.1 and shown ingri51. Thepolymer hereatfter referred to B§Si) contained
no S+O bonds in the polymer structure (Figl(a)),that referred to aB(S+O)
contained one SD bond per monomer (Fi§.1(b)), andthat referred to aB(S+O2)
contained two SO bonds pemonomer (Fig5.1(c)). The procedures for polymer
synthesis were described previoustyand the important parameters ath
polymer are given in Table 5.The polymers P(Si) and P{Si were copolymerized
with methyl methacrylate (MMA) so that the wktgpercent Si of the resulting
polymers were constant and the same as®g3i(12.1 wt% Si). All polymers were

spun onto Si wafers at ~400 nm thickness and baked at 90 °C.
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Si

Weight

#SkO Monomer: | percent Molecular
. . afo 1
Polymer Bonds Chemical Name MMA silicon T4 (°C) \?/(/arﬁlglf))
Ratio (%) 9
Poly(trimethylsilylmethyl
P(Si) 0 methacrylate)- 1:.0.6 12.1 94 61000
poly(methyl methacrylate)
poly[3-
. (methoxydimethylsilyl) ) Unknown;
P(SFO) 1 propyl methacrylatep- 1:0.16 12.1 T,<RT 68000
poly(methyl methacrylate)
poly[3- :
P(Sio2) | 2 (dimethoxymethylsilyl) 12.1 UT”"QORWT”' 49000
propyl methacrylate] 9
®As determined by differential scanning calorimetry.
®As determined by gas permeation chromatography.
Table 5.1: Important parameters of polymers P(&]S+O), and P(S02).
(a) (b) (c)
- n
O O
C|>\ 0 o0 o o 07 o
|
Si’_ | |
| O Si’o
N e -~
Si | (l)

P(Si)

Figure 5.1: Molecular structures of (a) P(Si), (b) PS) and (c) P(SD2).
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5.2.2Plasma Processing

The inductively coupled plasma (ICP) reactor used in this study has been
described in previous publications?*>*8 The configuation is a planar coil on top of
a quartz window that is powered through atyhe matching network with a 13.56
MHz RF power supply. lon energy on a 125 mm diameter substrate was
independently controlled using a 3.7 MHz RF bias power supply. The distance
betweerthe quartz window and substrate was 14.5 cm. The temperature of the
bottom electrode was maintained at 10 °C using a chil®r< 25 an® polymer
coated Si substrates were thermalbypledto this electrode. The chamber base
pressure before pressing was 5 x 10Torr. The processing conditions used were 10
mTorr operating pressure fixed by a throttle valve, 40 SCCM (SCCM denotes cubic
centimeter per minute at STP) flow rate, and an inductive power set to 300W.

Three plasma processing conditsowere used: Qwith no substrate bias,,O
with -100V substrate bias, and 90% NLO% G with -100V substrate bias. The ion
current densities for £and 90% N/10% G gas discharges were 4.7 mAfcand

4.9 mAlcnf, respectively.

5.2.3Surface Characterization

The polymer film thickness during plasma processing was measusgd

using a rotating compensator e ellipsometer operating in the polarizer
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compensatesampleanalyzer configuration. The angle of incidence was 71.3° and
for the simulation of elpsometric data the Si substrate refractive index was fixed at
3.8660.028.°"°

X-ray photoelectron spectroscopy (XPS) analysis was performed in a Vacuum
Generators ESCA Mk Il surface analysis chamber using a nonmonochromatized Mg
K U -r& source (1253.6 V2.5 x 25 an® samples were transferred in air
immediately after processing. Spectra were obtained at nemiasiorrelative to
the surface and in constant analyzer energy mode at 20 eV pass energy. The analyzer
resolution was approximately 0.2 eV ahe resolution of the spectra was limited by
the linewidth of the xay source, approximately 1 eV.

Atomic force microscopy (AFM) measurements were performed on virgin and
etchedsamplesEtchedsamples were transferred to the AFM in air. The surface
rougmess values reported were calculated from the root mean square (rms) of the

surface profile after the measurement.

5.3 Results and Discussion

5.3.1Etching Kinetics

Polymer films were etched in an, @ischarge without substrate bias for 300
seconds. The thicknessmoved versus plasma exposure time measuraddty
ellipsometry is shown in Fig. 2(a). P{S) and P(Si02) showed very similar etching
behavior, while P(Si) showed significantly more thickness removed. Ellipsometry

data for P(Si02) is only showndr 150 seconds as laser scattering due to substantial
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roughening of the polymer surface caudestuptionof the ellipsometric signal at
later times. Polymer roughang will be discussed in Sec. 5.3.3

The etch rate versus plasma exposure time is shotwg.ib.2(b). All
polymers showed qualitativelysimilar etching behavior: an initial high etching rate
at the start of plasma exposure and a very low etching rate for long plasma exposure
times. This behavior is indicative of Si@yer formation at theusface that creates a
barrier that limits any additional etching by the plasma. Initially, the etch rate of P(Si)
was larger compared to the other polymers, leading to greater overall thickness
removed. However, for all polymers, the etch rate decrdasetbre than 2 orders of

magnitudeat longestexposure timestudied
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Figure 5.2: (a) Thickness removed and (b) etch rate dependence on plasma exposure
time for P(Si), P(SD) and P(Si02). Polymers were etched using asma without
substrate bias.
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5.3.2XPS Analysis and SiQ Layer Characterization

XPS was used to measure the chemical changes in the polymer films with
plasma exposure time. In Fi§3, the C %, Si 2o, and O % spectra for the virgin
polymer films and after 5 seconds and 120 seconds sxinpl@xposure time are
shown. For all polymers, the G freak decreased while the $iéhd O 5 peak
increased with exposure time. XPS measures chemical changes to a depth of about 10
nm and the formation of a thin Sitayer at the surface would causeshehanges.
In the Si D spectra, the SC peak decreased while the@ipeak intensity rapidly
increased to a value greater than the virginpg®eak intensity. Since no new Si
atoms were introduced during the plaseiehingprocess, the increase of t8e

atomic density at the surface due to Si@mationexplains this behavior.
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Figure 5.3: The changes in the XPS §5i 2, and O $spectra with plasma

exposure time are shown for P(Si), P(®i and P(Si02). Polymers were etched

using Q plasma witlout substrate bias.
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The thickness of the Spdayer formed on the polymer films after plasma
exposure was obtained by XPS analysis. For this we assume that the C1s peak
intensity is attenuated through a homogeneous [8y@r andaccording tahe

equatia,>?°

dg, =/ In I_O (5.1)

where @dio2isthe SIQl ayer thickness, & is the, inel ast
lo is the unattenuated C1s peak intensity and | is the attenuated C1s peak intensity.

For o, we ofe® anfronathelitarhtur®®’. We as s umgdidhohat o
depend on the nature of the $i@yer grown on the polymera. plot of Si0, layer

thickness versus plasma exposure time is shown irbBigP(Si) showedormation

of slightly larger valuesf SiO, layer thicknessompared to the other polymers.
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Figure 5.4: SiO, layer thickness measured by XPS for P(Si), f{piand P(Si02).
Polymers were etched undes @asma without substrate bias.

In Fig. 5.5, the thickness removed is plotted verSi(3; layer thickness. All
polymers showed linear relationships, with P(Si) having a larger slope and@he Si
containing polymers nearly identical slopes.

If it is assumed that there is no Si loss during the conversion of the surface

layer from a polymewith 12.1 wt% Si to SiQ the theoretical thickness removed,

p%, is

(5.2)
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