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Abstract: Selectively plasma-etched polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA\) diblock copolymer masks present a promising alternative for subsequent
nanoscale patterning of underlying films. Because mask roughness can be detrimental to
pattern transfer, this study examines roughness formation, with a focus on the role of
cross-linking, during plasma etching of PS and PMMA. Variables include ion
bombardment energy, polymer molecular weight and etch gas mixture. Roughness data
support a proposed model in which surface roughness is attributed to polymer aggregation
associated with cross-linking induced by energetic ion bombardment. In this model, RMS
roughness peaks when cross-linking rates are comparable to chain scissioning rates, and
drop to negligible levels for either very low or very high rates of cross-linking.
Aggregation is minimal for very low rates of cross-linking, while very high rates produce a
continuous cross-linked surface layer with low roughness. Molecular weight shows a
negligible effect on roughness, while the introduction of H and F atoms suppresses
roughness, apparently by terminating dangling bonds. For PS etched in Ar/O, plasmas,
roughness decreases with increasing ion energy are tentatively attributed to the formation
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of a continuous cross-linked layer, while roughness increases with ion energy for PMMA
are attributed to increases in cross-linking from negligible to moderate levels.

Keywords: diblock copolymer; plasma etching; surface roughness; cross-linking;
polymer aggregation

1. Introduction

Nanoscale structures have many applications, including integrated circuit manufacturing and
biological applications. For example, biomimetic nanostructures with surface topography are used to
study how living cells or micro-organisms respond to their environments [1-6]. In order to find the
lower limit of biomimetic cellular response to surface topography, self-assembly regulated domain
nanostructures of diblock copolymer have been exploited as a way to create templates for nanoscale
patterning beyond the limit of conventional optical lithography [7-11].

Diblock copolymer structures contain two chemically distinct polymer blocks. In liquid form,
microphase separation between the two is observed, while in annealed solid thin films, the two blocks
spontaneously self-assemble into nanoscale domains (~5 nm to 50 nm) that exhibit ordered
morphology at equilibrium. The chemical distinction between the two polymer domains allows
selective removal of one component of the structure by either wet etching or plasma etching.
However, capillary forces associated with wet etching have been found to cause remaining
structures to distort and collapse [10,12]. One of the most commonly used diblock copolymer is
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA). We have previously developed a plasma
etch process with high PMMA/PS etch selectivity and low surface roughness for selective removal of
PMMA to produce high quality PS templates for patterning underlying materials.

In our previous study, a survey of etch gas mixtures [12] showed that an Ar/O, plasma in
combination with a high substrate bias voltage at —110 V (~125 eV ions) produced the best
combination of etch selectivity and PS mask surface and line edge smoothness. Two particular results
underlie this roughness study. First, PS and PMMA exhibit different surface roughness dependence on
ion energy in O, and Ar/O,plasma etching. Surface roughness of PS, as measured with atomic force
microscopy (AFM) after plasma etching, decreases with increasing ion bombardment energy
from ~25 eV to ~125 eV, while the opposite is observed for PMMA. Second, the surface roughness of
PS after Ar/O; etching with high ion bombardment energy is lower than after O, plasma etching,
suggesting that the higher ion to radical flux ratio expected with the Ar admixture plays a role in the
reduced surface roughness.

The aim of this study is to identify mechanisms of surface roughening in plasma etching of
polymers. Ar/O, plasma etching of PS and PMMA is chosen as a case study, and the focus is on the
role of cross-linking induced aggregation.

Surface cross-linking has been proposed as a factor in degradation during plasma etching of
polymer materials [13-16]. During plasma exposure, ion bombardment causes breakage of the
polymer backbone, side chain scissioning and depolymerization, collectively enhancing etch rate and
mobility [17,18] in the surface layer. However, removal of H atoms and scissioning of chemical bonds
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in polymer chains also produces dangling bonds that may recombine to cross-link neighboring polymer
chains. The resulting degree of cross-linking, associated with increased etch resistance, depends on the
chemical structure of the polymer, the plasma gas mixture and ion bombardment energy. For example,
one of the observed differences between PS and PMMA is the degree of cross-linking following
plasma exposure. In the case of PS, surface cross-linking is prevalent, while in PMMA, chain
scissioning and depolymerization dominate [13,14,16]. While chemical structures such as the aromatic
ring in PS and the methyl ester group in PMMA are commonly believed to play important roles in
etching behaviors such as etch rate, cross-linking and chain scission, most studies reporting a
correlation between chemical structures and etch behaviors of polymers are based on indirect
observations, including change in molecular weight [16], etch rate [13,19], interface adhesion [14,16]
or diffusion coefficient [20]. Details of the mechanisms involved have yet to be elucidated.

In addition, while O, plasmas are found to enhance cross-linking during PS etching through
formation of C-O-C bonds, H and F atoms were shown to suppress cross-linking during plasma
etching [19]. H and F atoms form a single bond with C atoms, terminating dangling bonds and
preventing cross-linking between C atoms in neighboring chains.

Cross-linking in plasma etching is also affected by ion bombardment energy. Tead et al. [20]
studied the diffusion properties of O, plasma treated PS and suggested that cross-linking could cause
reductions in mobility (ability of polymer to diffuse) and permeability at the surface layer of PS etched
in O, plasmas. They demonstrated that higher ion energy could lead to greater cross-linking, resulting
in reduced mobility and permeability.

Studies of the role of cross-linking in surface roughening of polymer etching are few. A correlation
between cross-linking and aggregation leading to nano-scale inhomogeneity in mass and density has
been proposed by Sumiya et al. to explain surface roughening in polymer films [21-23]. Polymer
aggregation is commonly understood as the state when polymer chains are massed into dense tangled
clusters. Studies of photoresist development in conventional optical lithography also suggest a
correlation between cross-linking and aggregation in polymer materials. Yoshimura et al. showed that
cross-linking in photoresist materials could be exploited to create nanoscale microgel (aggregate like)
structures [24], similar to the model proposed by Sumiya et al. [21]. It has also been reported that
molecular weight (MW) affects the size of intrinsic polymer aggregates [26,27].

A recent study of Ar etching of 193 nm photoresist by Chung et al. [17] showed that enhanced
cross-linking could reduce surface roughening while higher levels of chain scissioning and mobility in
the polymer could cause the opposite [17,18]. But rather than cross-linking induced aggregation as
proposed in previous studies, a buckling theory [17,28] is proposed by Bruce et al. to explain the
mechanism behind this observation. In the proposed model, a stressed modified surface layer could
buckle and form wrinkles and thus surface roughness during plasma etching. Cross-linking could
increase the Young’s modulus of the modified surface layer and thus suppress buckling.

Different roughening mechanisms in plasma etching can be distinguished by characteristics such as
form and size of roughness features during initial roughness formation and evolution. For example,
during initial roughness formation, roughness features created by ion damage or deposition of
sputtered materials are random in size and shape [29,30]. In contrast, roughness features induced by
aggregation in polymer materials are more consistent in size and shape [25,31-33]. Roughness
amplification mechanisms may also contribute to feature characteristics during roughness evolution.
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For example, in the “shadowing effect,” reactive radicals generated in the plasma have a lower flux in
the “valleys” of surface topography than at the “peaks,” which block access to the valleys. Shadowing
leads to either an increase or a decrease in the vertical dimension of existing roughness features
depending on whether the radicals involved contribute to deposition or etching, respectively [34-36].
In contrast, “flux re-emission” involves deflection or re-emission of energetic ions or radicals from
feature sidewalls, increasing their relative flux at feature bottoms. Simulation results show smaller
roughness features in valleys may disappear over time due to flux re-emission, leading to a decrease in
concentration of features on the substrate surface as it evolves [30,34,37,38]. In “micro-masking”,
small regions of greater etch resistance form on film surface, typically caused by redeposition of
material sputtered from chamber walls. However, inhomogeneities induced in the modified film
surface during plasma exposure may have a similar effect [39].

The approach taken here to investigate the roles of cross-linking and aggregation includes
examination of the role of aggregation in surface roughening by comparing initial roughness formation
and evolution, using characteristics such as form and size of roughness features of Ar/O; etched PS
and PMMA. In addition, the opposite dependence on ion bombardment energy of PS and PMMA
surface roughness in Ar/O, plasma etching [21] may offer insight into the role of cross-linking. A
unique capability to independently select ion bombardment energy is utilized here in an examination of
the role of cross-linking in surface roughening. Higher ion bombardment energy is known to enhance
cross-linking in O, plasma etching of PS [20], but has minimal effect on cross-linking in PMMA
etching, in which chain scissioning dominates. Surface roughness of PS and PMMA films are
characterized in this study with atomic force microscopy (AFM). Etch times are varied to observe
initial roughness formation as well as further evolution resulting from plasma exposure, with the
following variables: ion bombardment energy, monomer molecular weights and etch times. Studies of
the effect of the energy of bombarding ions make use of a novel system in which the energy of
bombarding ions is selected while maintaining a narrow energy spread compared to typical etch
systems [40].

Another set of experiments with Ar/H, and Ar/F, etching of PS and PMMA are designed to
suppress the effects of cross-linking through the termination of dangling bonds by F or H atoms [19].
Post-etch roughness of PS samples with different MWs are also compared to investigate the
contribution of intrinsic aggregation in surface roughening. A model of surface roughening during
plasma etching that involves cross-linking-induced aggregation is presented. In this model, differences
between Ar/O; plasma treated PS and PMMA are attributed to modified layers with varying degrees of
cross-linking on the surface of the etched polymer films.

Most reported studies of surface roughening compare surface roughness induced in plasma etching
with different plasma conditions and with etch time or ion fluence held fixed [41-43], resulting in
considerable variation in corresponding etch depth due to etch rate differences. Etch rate [41,44] and
roughening rate [37,44] might also change with time before a steady state is reached during etching.
Here, samples are etched to the same etch depth (~150 nm) in most of the tests (except those
examining roughness initiation) for studying the effect of gas mixtures and ion bombardment energy.
This way, results are applicable to process optimization of etching processes with constant etch depth.
In addition, the size of the roughness features on etched PS and PMMA samples is in a range up
to ~20 nm. Etch depths greater than the size of the roughness are required to observe the mechanisms
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that contribute to the surface evolution after initial roughness is formed. As different gas mixtures, like
O, and pure Ar, may produce differences in etch rate up to a factor of 100 [12], a constant etch depth
ensures comparison in the same etching/roughening regime.

2. Experiment Setup

All etching experiments were carried out in a helicon plasma tool [40] equipped with a diode laser
thin film interferometer for in situ etch depth measurement [45]. One advantage of the helicon plasma
etch tool used in this study compared to more conventional reactive ion etch (RIE) tools is that the
plasma source power and self-bias power are decoupled [46], so that ion bombardment energy at the
substrate can be varied independent of ion flux, by changing the self-bias voltage. A substrate bias
system equipped with a combination of a programmable voltage wave form generator, a broad-band
power amplifier, and a coupling capacitor is used to produce a specially tailored bias voltage wave
form, described in more detail in Reference [40]. The tailored wave form was introduced as a method
to produce a narrow distribution of ion energies at the substrate, and has shown to be effective in
improving etch selectivity of SiO; over Si [47] and organosilicate glass (OSG) over SizN4 and SiC [48].

The ion bombardment energy (E;) is determined by the difference between plasma potential V, and
the DC self bias voltage on the wafer (Vp-Vpias). The DC self-bias voltage (Vpias) is measured at the
power cable between the blocking capacitor and the substrate holder. V, in our process is estimated
at ~15V while the self-bias voltage at the substrate without bias power output is —10V. Therefore the
minimum ion bombardment energy is (Vp-Vbias) € = ~25 eV. The stage is described as “floating” when
no bias power is applied. A floating rather than grounded electrode is chosen for the lowest ion energy
level, as it is not possible to ground the surface of the insulating polymer films. The ion bombardment
energy ranges from ~25 eV (Vpias = —10 V) t0 ~125 eV (Vpias = —110 V) in this study.

All samples were etched at a pressure of 10 mTorr. The substrate electrode temperature was
controlled at 5 <C with 7 sccm of He flow to the backside of the wafer to ensure good thermal contact
with the cooled electrode. For Ar/O,, Ar/F, and Ar/H, gas mixtures, the flow rate ratios between Ar
and O; and F, and Hy, respectively, is 10:1 with total flow of 55 sccm. The helicon source power was
set at 300 W, producing a sufficiently low etch rate to enable good control of the etch depth [12].

The PS homopolymer, with M, of 60 kg/mole and PDI of 1.03, was purchased from Polymer
Source. The PMMA solution is 4 wt% in anisole, bought from MicroChem Corp., with M,
of 950 kg/mole. PS test wafer are made by spin coating a 5 wt% PS solution in toluene at 2,000 RPM
for 1 minute, followed by a 1 minute, 160 C bake, to produce a ~300 nm thick film. PMMA test wafers
were made in the same way except the solution was used as purchased. Blanket PS and PMMA film
samples of size 1 x 1 cm? cut from the 47D wafers, are used for etch surface roughness measurements.
All samples are mounted on a 4-inch bare silicon wafer with electrically and thermally conductive
graphite adhesive before loading onto the wafer stage for plasma etching. The surface roughness of
the etched samples was measured using AFM with a Veeco MultiMode Scanning Probe
Microscope system in tapping mode. Etched silicon tips with force constant of 3.5 N/m have been used
in the AFM measurement.
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3. Results

To characterize roughness initiation during plasma etching, PS blanket film samples etched with
bias voltage of —10 V and etch time from 0 second to 266 seconds were measured with AFM.
Figures 1 and 2 show the AFM images and RMS roughness measurement results, respectively, for
etched PS samples. Although surface roughness measurements show that RMS roughness increases
almost linearly with time, roughness formation is divided into two stages base on AFM images. During
the initial roughness formation (etch time from 0 seconds to 66 seconds), cone shaped roughness
features appear and increase gradually in number on the surface [Figure 1 (a—€)]. The roughness
features show good uniformity in lateral size (~20 nm) and form, thus resembling the polymer
aggregates observed in photoresist materials during development [25,31-33]. Initial roughness
formation is very different from the initial roughness induced by common ion bombardment or
redeposition of sputtered materials from the chamber wall that normally leads to craters or clusters of
random size and shape. No metal impurities were detected by XPS measurements on plasma etched
polymer samples, excluding the possibility of redeposition of chamber wall material. These results
leave open the possibility that polymer aggregation may be involved in the initial roughness formation
during PS etching.

Figure 1. AFM images of Ar/O, etched PS with bias voltage of —10 V and different etch
times from (a) 0 seconds to (h) 266 seconds, corresponding to approximate etch depths
(@ 0 nm, (b) 9 nm, (c) 18 nm, (d) 35 nm, (¢) 70 nm, (f) 142 nm, (g) 212 nm and
(h) 284 nm. Roughness features (white spots) of uniform size (~20 nm) and form initially
increase in number over time during plasma etching, and subsequently increase in
amplitude without further increase in number.

(b) 8 secs (c) 17 secs (d) 33 secs . X ’
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There are two possible causes of aggregation. It may be induced intrinsically throughout the film
during polymer sample preparation [31-33] or induced at the surface due to plasma exposure [21].
If polymer aggregation is intrinsic, the inhomogeneity could induce etch rate non-uniformity
immediately upon plasma exposure. Surface roughness features during initial roughness formation are
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expected to appear on the surface and saturate in number in short time after etching begins [25]. But
Figure 1 shows that roughness features appear to start to saturate in number after etch times greater
than 66 seconds, corresponding to etch depths of more than 70 nm, much larger than the size scale
(~20 nm) of the roughness features. This result leads to the conclusion that roughness observed
following Ar/O, plasma etching of PS does not result from intrinsic inhomogeneity of the spun on film.

For etch times of 133 seconds and longer [Figure 1 (f-h)], the number of roughness features on the
surface has saturated. Increases in RMS (root mean square) roughness (Figure 2) during this period are
consistent with magnification of the surface roughness due to micro-masking. The consistency of the
size and number of roughness features also supports the hypothesis that micro-masking plays a
dominant role, and argues against flux re-emission [39].

Figure 2. RMS roughness of Ar/O, etched PS with bias voltage of —10 V and etch times
from (a) 0 seconds to (h) 266 seconds, corresponding to approximate etch depths (a) 0 nm,
(b) 9 nm, (c) 18 nm, (d) 35 nm, (e) 70 nm, (f) 142 nm, (g) 212 nm and (h) 284 nm.
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Etching experiments with polymers of different molecular weight (MW) were carried out as a
further test for the contribution of intrinsic aggregation to roughness formation during etching. It has
been reported that MW affects the size of intrinsic polymer aggregates [26,27]. Therefore, the sizes of
surface roughness features on blanket PS films of different MWs etched with Ar/O, plasmas under
identical conditions and etch duration are compared. Figure 3 shows that etched PS samples of MWs
of 60K g/mole and 1.88M g/mole exhibit surface roughness features of very similar height and lateral
dimension, providing further evidence that the roughness observed is not due to intrinsic inhomogeneity.

The role of cross-linking is studied by observing the dependence of surface roughnesses of PS and
PMMA on ion energy. Following both Ar/O, and O, plasma exposure, the surface roughnesses of PS
and PMMA films show opposite dependence on ion energy [12]. PS roughness decreases with
increasing ion bombardment energy, while that of PMMA increases. A major difference between PS
and PMMA is the level of cross-linking during plasma exposure, with the degree of cross-linking in PS
is higher than in PMMA during plasma etching. Cross-linking in PS plasma etching may be further
enhanced by increasing ion energy, leading to observed differences in surface roughness dependence
on ion bombardment energy.
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Figure 3. AFM images of Ar/O, etched PS with bias voltage of —10 V and molecular
weights: (a) 60K g/mole (RMS: 4.92 nm), and (b) 1.88M g/mole (RMS: 4.19 nm) show
similar surface morphology.

AFM images of Ar/O; etched PS and PMMA samples for three bias voltages: —10 V, —60 V
and —110 V (ion energy: ~25 eV, —75 eV and 125 eV) are shown in Figures 4 and 5, respectively. For
PS, suppression of surface roughening is observed with increasing bias voltage. A proposed
explanation is that for sufficiently high levels of cross-linking (higher bias voltages), a continuous etch
resistant surface layer forms that suppresses roughness formation. In contrast, lower ion bombardment
energies may produce a lower degree of cross-linking, such that cross-linking induced aggregation
leads to heterogeneous etch resistance and thus greater surface roughness. For PMMA, surface
roughening vanishes when the bias voltage is reduced to —10 V, perhaps because cross-linking, which
has been shown to be lower in plasma etched PMMA than PS, is reduced to negligible levels under
these conditions [17,18]. The formation of a continuous cross-linked etch resistant layer in PS during
Ar/O; etching with high bombardment energy is consistent with etch rate measurements. When bias
voltage is increased from —10 V to —110 V (ion energy from 25 eV to 125 ev), the PMMA etch rate
increase by 345% while PS etch rate increase by only by 221% as shown in Figure 6. This difference is
mostly attributed to the enhanced cross-linking in PS at higher ion bombardment energy. While the
dependence of surface roughness on ion energy is opposite for PS and PMMA etched in Ar/O,, the
surface roughness features are similar in size and form [12] suggesting that the same roughening
mechanism is involved.

Figure 4. AFM images of Ar/O; etched PS film with bias voltages of (a) —10 V, (b) —60 V
and (c) -110 V.

(@) rms=1.441nm §(b) Rms=1.096nm J (C) RMS=0.621nm
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Figure 5. AFM images of Ar/O, etched PMMA film with bias voltages of (a) —10 V,
(b) =60 V and (c) 110 V.

(@) rms=0.525nm j(b) rRms=1.997nm R (C) VRM"S=3.:3.08nm

Figure 6. PMMA etch rates in Ar/O, show a higher increase (345%) than those for
PS (221%), for bias voltage magnitudes of 10 V to 110 V.
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Figure 7. RMS roughness of (a) Ar/H, plasma and (b) Ar/F, plasma etched PS films
(circles) and PMMA films (squares) etched with different substrate bias voltages.
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The role of cross-linking is further explored through the use of alternate etch gas mixtures that are
expected to suppress cross-linking [19]. Surface roughness of Ar/H, and Ar/F; etched PS and PMMA
samples with four substrate bias voltages: —30 V to —150 V (ion energy: 45 eV to 165 eV) are shown
in Figure 7. Low RMS surface roughness levels of ~0.5 nm are observed in all samples tested,
comparable to the unetched sample (~0.3 nm). Surface roughness features observed in Ar/O, etched PS
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and PMMA samples are not observed or significantly reduced. The suppression of surface roughness is
thus attributed to the reduction in cross-linking associated with these etch gas mixtures.

4. Discussion

The data presented have been interpreted in the context of a model in which aggregation and
cross-linking dominate surface roughening during polymer etching have been examined. The data may
also be examined in the context of surface buckling, an alternative theory that predicts surface
roughness with uniform size and shape [17,28], in which the highly-stressed carbon-rich modified
surface layer buckles, producing wrinkles. The predicted surface roughness magnitude is affected by
the wavelength of the wrinkles, the lateral dimension of the surface roughness features. Results of
initial roughness formation and evolution are consistent with our speculation that aggregation is likely
to be the origin of the surface roughening during plasma etching. The theory was previously supported by
a correlation between the thickness of the modified layer and the lateral dimension of the roughness [28].

Three observations reported herein are, however, not consistent with buckling theory predictions.
First, initial roughness development in Ar/O, etching of PS shows that features are constant in size but
increase in number during roughness formation (Figure 1), while buckling theory predicts that
roughness feature size should evolve during this transient period along the thickness of the modified
layer. Second, ion bombardment energy during Ar/O, etching of PS and PMMA affects RMS
roughness but not lateral feature dimensions, while buckling theory predicts that RMS roughness is
correlated with lateral wrinkle dimension. Third, similar roughness features were observed on both
blanket films and on the top surface of freestanding 25 nm lamellar PS structures following Ar/O;
etching [12], as shown in Figure 8. A highly stressed surface layer on a freestanding structure is
expected to exhibit different wrinkling behavior compared to a blanket film, as the added surface
topography enhances stress release.

Figure 8. Roughness features observed on the top surface of the freestanding lamellar PS
structure after PMMA removal in block copolymer lithography have comparable
dimensions to those on full film PS samples.

Conclusions from the data presented are summed up in a proposed cross-linking induced
aggregation model to explain surface roughening in polymer etching. As mentioned in Section I,
during plasma etching, cross-linking and chain scissioning happen simultaneously at the film
surface Breakage of polymer backbone bonds leads to a reduction in molecular weight and increased
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mobility [17,18], while cross-linking between adjacent polymer chains causes the opposite. In this
picture, the balance between cross-linking and chain scission are a crucial factor in aggregation. If the
rates of chain scissioning are comparable those of cross-linking, the mobility in this modified layer
will be relatively high [18]. The “stickiness” [49] and recombination of dangling bonds in local
cross-linking could trigger movement that leads to tangling or bundling of these polymer chains into
aggregates on the surface [21]. When, on the other hand, the rate of cross-linking dominates so that a
continuous cross-linked layer forms, mobility as well as aggregation will be suppressed. If
cross-linking between polymer chains is suppressed, for example, by passivation of dangling bonds
with F or H atoms, aggregation may also be suppressed.

In this model, surface roughness following plasma etching is categorized in three regimes
associated with the degree of cross-linking (Figure 9). In Regime I, the rate of cross-linking is
relatively low comparing to chain scissioning, so that aggregation and thus surface roughness are
minimal. In Regime II, the rate of cross-linking is comparable to the rate of chain scissioning,
inducing aggregation that leads to surface roughening. In Regime l1ll, the rate of cross-linking is high,
leading to an extensive cross-linked layer, suppressing mobility and aggregation, thus resulting in low
surface roughness.

Figure 9. Cross-linking induced aggregation model of formation of surface roughness
during plasma etching of polymers.
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According to this model, surface roughness could be reduced by shifting the process away from
Regime 11 to either Regime | or I1l. For example, in Ar/H, and Ar/F, etching of PS and PMMA, H and
F atoms reduce the rate of cross-linking and suppress cross-linking induced aggregation, while a high
rate of chain scissioning induced by ion bombardment is maintained (Regime 1). Indeed, surface
roughness vanishes in the samples etched in these gas mixtures.

In the case of Ar/O, plasma etching of PS, increasing ion bombardment energy enhances
cross-linking in PS and shifts the process from Regime Il toward Regime Ill. When the degree of
cross-linking reaches a threshold where an extensive cross-linked layer is formed, aggregation is
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suppressed and etched films show lower surface roughness, as observed for ion bombardment energies
of 125 eV and above in this study (Figure 4).

For Ar/O, etching of PMMA, in contrast, depolymerization is known to dominate over
cross-linking under typical etching conditions. While cross-linking may be negligible at the lowest ion
energies (Regime 1), the balance between cross-linking and chain scissioning rates may shift
sufficiently with increasing ion energy to produce low levels of aggregation and thus surface
roughness (Regime I1). Thus a possible explanation of the opposite roughening trends between PMMA
and PS in Ar/O; etching is that their respective etching regimes are different for a given ion energy.

Although a connection between surface roughness, cross-linking and aggregation is suggested by
data presented here, improved methods are needed to quantify cross-linking and aggregation. Some
groups have detected changes in cross-linking through the measurement of molecular weight (MW) by
gel permeation chromatography (GPC) [16]. However, attempts with this technique on the plasma
etched polymers described herein failed because only the surface layer with thickness less than ~10 nm
is modified by plasma etching. Therefore, the MW signal is dominated by the unmodified bulk of the
polymer sample, masking any changes in MW in the surface layer. As more refined quantitative
methods become available, a quantitative description of the relationships between surface roughness,
cross-linking and aggregation will be possible.

5. Conclusions

Several conclusions about surface roughening of PS and PMMA during Ar/O, plasma etching arise
from the data presented. First, it appears that intrinsic inhomogeneity of the polymer films is not
responsible for roughness, as monomer molecular weight shows a negligible effect on roughness
following etching. Data are also inconsistent with the predictions of buckling theory, in which
roughness arises as wrinkle produced when a surface layer modified during plasma exposure buckles
due to stress. The data are most consistent with a model based on surface cross-linking induced during
plasma exposure. For PS, roughness decreases with increasing ion energy are tentatively attributed to
the formation of a continuous cross-linked layer, while roughness increases with ion energy for
PMMA are attributed to increases in cross-linking from negligible to moderate levels. Furthermore, the
introduction of H and F atoms suppresses roughness, apparently by terminating dangling bonds.

Acknowledgements

The authors acknowledge the support of the National Science Foundation sponsored UW MRSEC
(Materials Research Science and Engineering Center).

References

1. Dalby, M.J. Topographically induced direct cell mechanotransduction. Med. Eng. Phys. 2005, 27,
730-742.

2. Dalby, M.J.; McCloy, D.; Robertson, M.; Agheli, H.; Sutherland, D.; Affrossman, S.;
Oreffo, R.O.C. Osteoprogenitor response to semi-ordered and random nanotopographies.
Biomaterials 2006, 27, 2980-2987.



Polymers 2010, 2 661

10.

11.

12.

13.

14.

15.

16.

17.

18.

Berry, C.C.; Dalby, M.J.; Oreffo, R.O.C.; McCloy, D.; Affrosman, S. The interaction of human
bone marrow cells with nanotopographical features in three dimensional constructs. J. Biomed.
Mater. Res. A 2006, 79A, 431-439.

Karuri, N.W.; Liliensiek, S.; Teixeira, A.l.; Abrams, G.; Campbell, S.; Nealey, P.F.; Murphy, C.J.
Biological length scale topography enhances cell-substratum adhesion of human corneal epithelial
cells. J. Cell. Sci. 2004, 117, 3153-3164.

Teixeira, A.l.; Abrams, G.A.; Murphy, C.J.; Nealey, P.F. Cell behavior on lithographically
defined nanostructured substrates. J. Vac. Sci. Technol. B 2003, 21, 683-687.

Teixeira, A.l.; Nealey, P.F.; Murphy, C.J. Responses of human keratocytes to micro- and
nanostructured substrates. J. Biomed. Mater. Res. A 2004, 71A, 369-376.

Black, C.T.; Guarini, K.W.; Milkove, K.R.; Baker, S.M.; Russell, T.P.; Tuominen, M.T.
Integration of self-assembled diblock copolymers for semiconductor capacitor fabrication.
Appl. Phys. Lett. 2001, 79, 409-411.

Harrison, C.; Park, M.; Chaikin, P.M.; Register, R.A.; Adamson, D.H. Lithography with a mask
of block copolymer microstructures. J. Vac. Sci. Technol. B 1998, 16, 544-552.

Stoykovich, M.P.; Nealey, P.F. Block copolymers and conventional lithography. Mater. Today
2006, 9, 20-29.

Liu, C.C.; Nealey, P.F.; Ting, Y.H.; Wendt, A.E. Pattern transfer using poly(styrene-block-methyl
methacrylate) copolymer films and reactive ion etching. J. Vac. Sci. Technol. B 2007, 25,
1963-1968.

Thurn-Albrecht, T.; Steiner, R.; DeRouchey, J.; Stafford, C.M.; Huang, E.; Bal, M.
Tuominen, M.; Hawker, C.J.; Russell, T. Nanoscopic templates from oriented block copolymer
films. Adv. Mater. 2000, 12, 787-791.

Ting, Y.H.; Park, S.M.; Liu, C.C.; Liu, X.S.; Himpsel, F.J.; Nealey, P.F.; Wendt, A.E. Plasma
etch removal of poly(methyl methacrylate) in block copolymer lithography. J. Vac. Sci. Technol. B
2008, 26, 1684-1689.

Zekonyte, J.; Zaporojtchenko, V.; Faupel, F. Investigation of the drastic change in the sputter rate
of polymers at low ion fluence. Nucl. Instrum. Meth. Phys. Res. Sect. B 2005, 236, 241-248.
Zaporojtchenko, V.; Zekonyte, J.; Faupel, F. Effects of ion beam treatment on atomic and
macroscopic adhesion of copper to different polymer materials. Nucl. Instrum. Meth. Phys. Res.
Sect. B 2007, 265, 139-145.

Vegh, JJ.; Nest, D.; Graves, D.B.; Bruce, R.; Engelmann, S.; Kwon, T.; Phaneuf, R.J,;
Oehrlein, G.S.; Long, B.K.; Willson, C.G. Near-surface modification of polystyrene by Ar+:
Molecular dynamics simulations and experimental validation. Appl. Phys. Lett. 2007, 91, 233113.
Friedrich, J.; Unger, W.; Lippitz, A.; Koprinarov, I.; Ghode, A.; Geng, S.; Kuhn, G. Plasma-based
introduction of monosort functional groups of different type and density onto polymer surfaces.
Part 1: Behaviour of polymers exposed to oxygen plasma. Compos. Interf. 2003, 10, 139-171.
Chung, T.; Nest, D.; Graves, D.B.; Weilnboeck, F.; Bruce, R.L.; Oehrlein, G.S.; Wang, D.;
Li, M.; Hudson, E.A. Electron, ion and vacuum ultraviolet photon effects in 193 nm photoresist
surface roughening. J. Phys. D Appl. Phys. 2010, 43, 272001.

Nest, D.; Chung, T.; Vegh, J.J.; Graves, D.B.; Bruce, R.L.; Lin, T.; Phaneuf, R.J.; Oehrlein, G.S,;
Long, B.K.; Willson, C.G. Role of polymer structure and ceiling temperature in polymer



Polymers 2010, 2 662

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

roughening and degradation during plasma processing: A beam system study of P4AMS and P
alpha MS. J. Phys. D Appl. Phys. 2010, 43, 085204.

Vegh, JJ.; Nest, D.; Graves, D.B.; Bruce, R.; Engelmann, S.; Kwon, T.; Phaneuf, R.J;
Oehrlein, G.S.; Long, B.K.; Willson, C.G. Molecular dynamics simulations of near-surface
modification of polystyrene: Bombardment with Ar+ and Ar+. J. Appl. Phys. 2008, 104, 034308.
Tead, S.F.; Vanderlinde, W.E.; Marra, G.; Ruoff, A.L.; Kramer, E.J.; Egitto, F.D. Polymer
diffusion as a probe of damage in ion or plasma-etching. J. Appl. Phys. 1990, 68, 2972-2982.
Sumiya, M.; Bruce, R.; Engelmann, S.; Weilnboeck, F.; Oehrlein, G.S. Study of 193 nm
photoresist degradation during short time fluorocarbon plasma exposure. I. Studies of modified
layer formation. J. Vac. Sci. Technol. B 2008, 26, 1637-1646.

Sumiya, M.; Bruce, R.; Engelmann, S.; Weilnboeck, F.; Oehrlein, G.S. Study of 193 nm
photoresist degradation during short time fluorocarbon plasma exposures. Il. Plasma parameter
trends for photoresist degradation. J. Vac. Sci. Technol. B 2008, 26, 1647-1653.

Sumiya, M.; Bruce, R.; Engelmann, S.; Weilnboeck, F.; Oehrlein, G.S. Study of 193 nm
photoresist degradation during short time fluorocarbon plasma exposure Ill. Effect of
fluorocarbon film and initial surface condition on photoresist degradation. J. Vac. Sci. Technol. B
2008, 26, 1978-1986.

Yoshimura, T.; Shiraishi, H.; Yamamoto, J.; Terasawa, T.; Okazaki, S. Fabrication of polymer
nanodots with single electron patterning technology. Appl. Phys. Lett. 1996, 68, 1799-1801.
Yamaguchi, T.; Namatsu, H.; Nagase, M.; Yamazaki, K.; Kurihara,K. A new approach to
reducing line-edge roughness by using a cross-linked positive-tone resist. Jpn. J. Appl. Phys. Part 1
Reg. Pap. Short Notes Rev. Pap. 1999, 38, 7114-7118.

Patsis, G.P.; Gogolides, E.; Van Werden, K. Effects of photoresist polymer molecular weight and
acid-diffusion on line-edge roughness. Jpn. J. Appl. Phys. 1 2005, 44, 6341-6348.

Yamaguchi, T.; Yamazaki, K.; Namatsu, H. Influence of molecular weight of resist polymers on
surface roughness and line-edge roughness. J. Vac. Sci. Technol. B 2004, 22, 2604-2610.

Bruce, R.L.; Weilnboeck, F.; Lin, T.; Phaneuf, R.J.; Oehrlein, G.S.; Long, B.K.; Willson, C.G,;
Vegh, J.J.; Nest, D.; Graves, D.B. Relationship between nanoscale roughness and ion-damaged
layer in argon plasma exposed polystyrene films. J. Appl. Phys. 2010, 107, 084310.

Chan, W.L.; Chason, E. Making waves: Kinetic processes controlling surface evolution during
low energy ion sputtering. J. Appl. Phys. 2007, 101, 12.

Zhao, Y.P.; Drotar, J.T.; Wang, G.C.; Lu, T.M. Roughening in plasma etch fronts of Si(100).
Phys. Rev. Lett. 1999, 82, 4882-4885.

Yamaguchi, T.; Namatsu, H.; Nagase, M.; Yamazaki, K.; Kurihara, K. Nanometer-scale linewidth
fluctuations caused by polymer aggregates in resist films. Appl. Phys. Lett. 1997, 71, 2388-2390.
Yamazaki, K.; Yamaguchi, T.; Namatsu, H. Edge-enhancement writing for electron beam
nanolithography. Jpn. J. Appl. Phys. 1 Reg. Pap. Short Notes Rev. Pap. 2003, 42, 3833-3837.
Ishikawa, A.; Tanji, T.; Kawai, A. Cohesion property of polymer aggregate depending on
hardening treatment. J. Photopolym. Sci. Technol. 2004, 17, 99-102.

Drotar, J.T.; Zhao, Y.P.; Lu, T.M.; Wang, G.C. Surface roughening in shadowing growth and
etching in 2+1 dimensions. Phys. Rev. B 2000, 62, 2118-2125.



Polymers 2010, 2 663

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Hunt, A.\W.; Orme, C.; Williams, D.R.M.; Orr, B.G.; Sander, L.M. Instabilities in MBE growth.
Europhys. Lett. 1994, 27, 611-616.

Kokkoris, G.; Constantoudis, V.; Angelikopoulos, P.; Boulousis, G.; Gogolides, E. Dual
nanoscale roughness on plasma-etched Si surfaces: Role of etch inhibitors. Phys. Rev. B 2007, 76,
193405.

Drotar, J.T.; Zhao, Y.P.; Lu, T.M.; Wang, G.C. Mechanisms for plasma and reactive ion
etch-front roughening. Phys. Rev. B 2000, 61, 3012-3021.

Petri, R.; Brault, P.; Vatel, O.; Henry, D.; Andre, E.; Dumas, P.; Salvan, F. Silicon roughness
induced by plasma-etching. J. Appl. Phys. 1994, 75, 7498-7506.

Gogolides, E.; Boukouras, C.; Kokkoris, G.; Brani, O.; Tserepi, A.; Constantoudis, V. Si etching
in high-density SF6 plasmas for microfabrication: Surfaceroughness formation. Microelectron.
Eng. 2004, 73-74, 312-318.

Wang, S.B.; Wendt, A.E. Control of ion energy distribution at substrates during plasma
processing. J. Appl. Phys. 2000, 88, 643-646.

Ling, L.; Hua, X.; Li, X.; Oehrlein, G.S.; Hudson, E.A.; Lazzeri, P.; Anderle, M. Investigation of
surface modifications of 193 and 248 nm photoresist materials during low-pressure plasma
etching. J. Vac. Sci. Technol. B 2004, 22, 2594-2603.

Orf, B.J.; Walton, S.G.; Leonhardt, D.; Oehrlein, G.S. Study of photoresist etching and roughness
formation in electron-beam generated plasmas. J. Vac. Sci. Technol. B 2007, 25, 779-784.

Pargon, E.; Nest, D.; Graves, D.B. Ar+ bombardment of 193 nm photoresist: Morphological
effects. J. Vac. Sci. Technol. B 2007, 25, 1236-1243.

Engelmann, S.; Bruce, R.L.; Kwon, T.; Phaneuf, R.; Oehrlein, G.S.; Bae, Y.C.; Andes, C,
Graves, D.; Nest, D.; Hudson, E.A.; Lazzeri, P.; Lacob, E.; Anderle, M. Plasma-surface
interactions of model polymers for advanced photoresists using C4F8. J. Vac. Sci. Technol. B
2007, 25, 1353-1364.

Hayes, T.R.; Heimann, P.A.; Donnelly, V.M.; Strege, K.E. Maskless laser interferometric
monitoring of InP/InGaAsP heterostructure reactive ion etching. Appl. Phys. Lett. 1990, 57,
2817-2819.

Lieberman, M.A.; Lichtenberg, A.J. Principles of Plasma Discharges and Processing; John Wiley
& Sons: New York, NY, USA, 1994; p. 20.

Wang, S.B.; Wendt, A.E. lon bombardment energy and SiO2/Si fluorocarbon plasma etch
selectivity. J. Vac. Sci. Technol. A 2001, 19, 2425-2432.

Silapunt, R.; Wendt, A.E.; Kirmse, K.; Losey, L.P. lon bombardment energy control for selective
fluorocarbon plasma etching of organosilicate glass. J. Vac. Sci. Technol. B 2004, 22, 826-831.
Metcalfe, A.M.; Stoll, S.; Burd, A. The effect of inhomogeneous stickiness on polymer
aggregation. J. Colloid Interface Sci. 2006, 298, 629-638.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons. org/licenses/by/3. 0/).



