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State-of-the-art extreme ultraviolet lithography requires the use of ultrathin photoresists (or resists) due to pattern
stability concerns and reduced depth of focus of the extreme ultraviolet lithography scanners. Current resists for extreme
ultraviolet lithography are less than 50 nm thick. These ultrathin resists further complicate pattern transfer as unintended
plasma-induced damage during dry etching is more pronounced. A better understanding of the interaction of plasma
species with ultrathin resists is critical for enabling pattern transfer of sub 10 nm features. Here, we study the impact
of vacuum ultraviolet photons, argon ions, and argon plasma on a 40 nm thick polymethylmethacrylate film. Using a
deuterium lamp, an industrial ion beam etch tool, and an industrial inductively coupled plasma etch tool, we exposed
the polymer to photons, ions, and plasma respectively. The exposed samples were then analyzed for chemical and
physical changes using different characterization techniques. It was observed that the vacuum ultraviolet photons
interact with the entire bulk of polymer film, while the ions only affect the surface and subsurface region. The photon
exposed samples formed smaller polymer fragments at low exposure doses and further started to crosslink at high
doses. In contrast, the ion modification lead to carbonization of only the top few nanometers of the polymer film,
leaving the bottom bulk intact. The plasma exposed sample showed changes characteristic to both vacuum ultraviolet
photons and ions, and their synergism. It was stratified with a (1.34 4+ 0.03) nm thick ion-caused carbonized layer on
top of (13.2540.12) nm photon-induced crosslinked layer. By studying the impact of plasma photons on ultrathin
polymethylmethacrylate, we were able to establish a baseline for a testing methodology that can be extended to novel

ultrathin resist platforms.
I. INTRODUCTION

Extreme ultraviolet lithography (EUV) lithography can
now pattern lines with 12 nm half pitch!. Patterning of such
aggressive pitches requires the use of ultrathin (<50 nm) re-
sists. There are two main reasons for this. Firstly, a typical
aspect ratio (height/width) of 2:1 is prescribed to avoid pat-
tern collapse of lines in the resist. As the width of the line
decreases for a given thickness, the aspect ratio also increases
and with it, the risk of pattern collapse. Secondly, is the re-
duction of depth of focus (DOF). The current EUV lithogra-
phy tools have a numerical aperture (NA) of 0.33 and the next
generation, high-NA tools are designed with a NA of 0.55.
DOF is inversely proportional to square of NA as given by the
Rayleigh equation?, so the DOF is ~3 times smaller for High
NA EUV lithography. Imaging simulations of High NA EUV
lithography show that the DOF can be less than 50 nm at nar-
row pitches>*. Hence, moving to high NA EUV lithography
further requires the use ultrathin resists for successful imaging
and printing.

Post lithography, the patterned resist serves as a mask for
further pattern transfer via plasma etching. One of the main
challenges of using ultrathin resists is the reduction of the etch
budget during pattern transfer. This is mainly due to more
pronounced plasma-induced damage in ultrathin resists. Cur-
rently, multiple intermediate hard masks are used to circum-
vent this, but this makes pattern transfer significantly more
complicated and expensive. Understanding the interaction of
plasma with ultrathin resists can provide critical insights to
aid the development of next generation lithography and pat-

sa tern transfer processes.

ss  During plasma etch, the direct impact of ions is typically
se limited to the first few nanometers of polymer whereas the
s» plasma photons can diffuse much deeper into the polymer>°.
ss The vacuum ultraviolet (VUV) photons generated in a cold
so plasma are of particular interest for us. They have energies
o between 6eV to 12eV and are significant in number’. Thus,
e1 they can excite and break the polymer bonds, causing con-
ez siderable modification of the resist. Previous studies have
es mainly looked at the impact of VUV plasma photons on re-
ea sists for 193 nm and 248 nm lithography®'4. An excellent
es review of these is covered by Oehrlein et al'>. Pargon et
es al'®!7 and Titus e al'® have also investigated the smoothing
7 effect on the pattern roughness by VUV plasma photons in
es 193 nm resists. Since these studies focused on older lithogra-
e phy systems, the resists used were relatively thick (>50 nm).
7o There have only been a few studies investigating the inter-
71 action of VUV plasma photons with ultrathin resists for EUV
72 lithography!®~22. The interaction effects of plasma species are
73 expected to be more pronounced in these ultrathin resists and
za polymers. The top ion-modified layer can itself become a siz-
zs able portion of the resist film, while a significant number of
7e VUV photons can penetrate the entire film and further affect
77 the layer below. Furthermore, the influence of the substrate
7s on polymer dynamics and etch rate?>~23 can also be magnified
7o as majority of the bulk is in close proximity to the substrate.
so The relaxation dynamics, including the glass transition tem-
e1 perature and inter-diffusion mobility, can vary significantly
sz between the free surface and the bottom bulk depending on
es the nature of polymer-substrate interaction®S.

sa  Two main categories of resists are being developed for EUV

o



es lithography : Chemically amplified resists (CARs) and non-
ss CARs. Currently, the most popular class of EUV resists are
ez the CARs, originally developed for deep ultraviolet pattern-
ing. A typical EUV CAR has three main components: a
main polymer backbone, a photo-acid generator (PAG) and
a quencher’’. The effect of these components’ chemistry
and their loadings on the plasma-resist interactions is still lit-
tle known. Additionally, newer non-CAR resists with novel
chemistry, such as metal-oxide based resists, are also being
explored for low NA EUV and high NA EUV lithography,
where they have shown to be promising candidates for the
smallest feature sizes at reasonable sensitivity?’-?8. Neverthe-
less, the interaction of VUV plasma photons with these novel
materials is also relatively unexplored.
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oo Polymethylmethacrylate (PMMA) is a widely studied poly-
mer across different fields with relatively simple chemistry. It
is used as an open-source photoresist?’, and it is primarily de-
ployed for electron beam (e-beam) lithography. It has also
been shown to resolve 50 nm pitch line-space (LS) patterns
using EUV lithography?. For these reasons, it serves as the
ideal starting material to study the impact of plasma species
on ultrathin resists. In addition to this, it offers a common

baseline for future evaluations of novel polymers and resists.
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In this study, we examine the effects of VUV photons and
argon ions (Ar") on a 40 nm thick PMMA film. By employ-
ing a VUV deuterium lamp, an industrial ion beam etch (IBE)
tool, and an industrial inductively coupled plasma (ICP) etch
tool, we are able to individually process the polymer with
VUV photons, ions, and plasma, respectively. This approach
enables us to not only isolate the impacts of ions and pho-
tons on PMMA, but also explore their combined effects when
present in plasma. Using ellipsometry and atomic force mi-
croscopy (AFM), we study the thickness and surface rough-
ness changes resulting from the processing. We also wash the
samples with two different solvents to characterize the amount
of scissioned, pristine-like, crosslinked or carbonized regions
within each sample. We further inspect the chemical changes
induced during processing using Fourier Transform Infrared
spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy
(XPS). Based on the observed results, we propose a multi-
layer ellipsometry model to quantify chemically different lay-
ers in the samples. Finally, we conclude by discussing the
possible interaction mechanisms of photons and Ar* ions with
PMMA, and their synergism in Ar plasma.

EXPERIMENTAL SETUP

129 ".

A. Inductively coupled plasma etch tool

A industrial 300 mm ICP source (Lam Research Kiyo®) op-
erating at 13.56 MHz was used for Ar plasma exposure of the
samples. The source power was set to 1000 W and the pres-
sure was 10 mTorr. No bias was applied.

13s B. VUV Photon Lamp

136 A deuterium lamp (Hamamatsu L12542) was used for VUV
137 photons exposure . The on-target stabilized flux of the lamp
13s was estimated using a 1 cm? Si photodiode (Opto Diode Corp
139 AXUV100G). This diode efficiently detects a wide range of
140 photon wavelengths (10nm to 1000nm). The contribution
a1 Of high wavelength ( >350nm) photons from the lamp was
1a2 removed by measuring the current with and without glass
13 (NBK-7) window. The corrected current was converted to
power using responsivity curve from diode supplier. The re-
sponsivity value at 160 nm was used to calculate the flux as
the deuterium lamp spectra peaks at this wavelength. Since
responsivity is a function of wavelength, and the lamp is not
monochromatic, the flux calculated is an approximation.
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C. lon beam etch tool

A commercial 300 mm IBE tool (IBE-NX , ANELVA™
platform by Canon) using remote Ar plasma was used to ex-
pose Ar* ions on the samples. The lowest possible ion energy
setting on the wafer is 50eV. An ion current of 400 mA was
measured for a full 300 mm wafer exposure.

I1l.  SAMPLE PREPARATION

Pristine PMMA (Allresist AR-P 672.01) was spin-coated
on a 300mm Si wafer at 1300 rpm followed by a soft bake
at 150 °C for 180s. The nominal thickness of this film was
40 nm as measured by ellipsometry. The wafer was then diced
into coupons (or samples).

These samples were processed under three different pro-
cessing conditions labeled as: PHOTONS, IONS, and
PLASMA.

The PHOTONS samples were exposed with the VUV Deu-
terium Lamp. The IONS samples were exposed in the Ar IBE
tool. The PLASMA samples were exposed in the ICP etch
tool. A 40s processing time was chosen for the PLASMA
samples. The Ar plasma parameters were chosen to maximize
the generation of VUV photons?!. The exposure times for the
PHOTONS and IONS samples were further adjusted to match
171 the thickness of the PLASMA samples. Hence, all the pro-
172 cessed samples were between 15 nm to 17 nm. Due to limited
173 plasma diagnostics available on the industrial ICP tool, exact
172 matching of the photon and ion dose from the plasma was not
17s possible. Instead, by matching the thickness, we could emu-
176 late a pure VUV photon etch, a pure ion etch, and a photon-
177 rich plasma etch. The details of the processing conditions are
17s described in Table I.

170



TABLE I. Processing information

Processing name Sample size Processing conditions

Processing time(s) Energy dose (mJem~2)  Film thickness(nm)

Unprocessed - -

PHOTONS 2cmx 2cm VUV Lamp, Pressure

39.68+0.08

1800 800 16.41£0.77

10 mTorr (primary vacuum),
Working Distance~30 cm.

IONS 3cmx 3cm
Attached to a Si car-

rier wafer (300 mm).

IBE tool, Ion energy =

Pressure =5 x 1075 Pa.

PLASMA 3cmx 3cm
Attached to a Si car-

rier wafer (300 mm).

No bias,
1000 W,
10 mTorr.

Pressure

ICP etch tool, Ar plasma,
Source power

50 53 1240 16.99+0.22

eV (lowest possible setting)

40 - 15.03+£0.06

170 IV. RESULTS AND DISCUSSION
10 A. Exposure events in PMMA

1;1 Before we discuss the results of various exposures on
1.2 PMMA, we briefly describe typical changes that occur in irra-
183 diated PMMA . There are three phenomena that mainly occur:
184 Scissioning, crosslinking, and carbonization. Scissioning
1ss refers to the breaking of the polymer main chain into smaller
1ss fragments. Crosslinking refers to the formation of chemical
187 bonds between different polymer chains or fragments. This is
18s accompanied by a modest increase in volumetric and optical
180 density compared to pristine polymer. Carbonization refers
190 to the formation of dense amorphous carbon (a-C) like layer.
101 This is caused due to excessive dehydrogenation and deoxy-
102 genation of the polymer. In some literature, it is also termed
103 as graphitization'®32. Carbonized (or graphitized) films are
extremely dense and have a high refractive index (n > 2) com-
pared to pristine films.

194
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106 B. Surface roughness

107 Figure 1 shows the root-mean-square (RMS) surface rough-
ness R, for different processing conditions as obtained by
atomic force microscopy (AFM). For each processing condi-
tion, R, values were determined from separate locations on
multiple samples. The nominal value is the mean of R, val-
ues, and the error is the standard deviation. See supplementary
material at [URL will be inserted by AIP Publishing] for more
details on AFM characterization.

R, of the unprocessed samples was 0.3 nm, indicating good
spin coat quality. PHOTONS samples’ roughness decreased
only slightly compared to the unprocessed samples. This sug-
gests that the photon etch is primarily a bulk phenomenon
with no surface specific modification. In contrast, both the
210 IONS and PLASMA samples showed a significant increase in
211 Ry This is due to the Ar* ions (present both in IONS and
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FIG. 1. RMS roughness R, for different samples measured via AFM.

212 PLASMA processing) that change the surface of polymer sig-
213 nificantly.

The PLASMA sample’s surface also has larger bubble-like
215 features on surface compared to grainy fine features on the
s ION sample’s surface. See supplementary material at [URL
will be inserted by AIP Publishing] for the AFM surface scans
of the samples. The presence of these larger features was also
confirmed by the radial power spectral desnsity (PSD) of the
surface scans. The presence of these bubble-like features on
the PLASMA sample can be explained by the synergistic be-
havior of photons and ions in plasma. Photons interact with
the bulk of the film generating volatile by-products. Concur-
rently the ions are modifying film’s surface. These volatile
225 products generated by photons ascend to top and get trapped
226 in the ion modified layer leading to the formation of large
227 bubble-like features on the surface. A similar bubble-like sur-
228 face topography was observed by Koval et al*3 during IBE of
220 e-beam exposed PMMA.
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FIG. 2. Thickness (as measured by single-layer model ellipsome-
try) of different samples after successive washing with MIBK: IPA,
followed by acetone.

C. Solvent wash

To get a better understanding of the bulk changes in the
samples, they were successively washed with two different
solvents. The first solvent was methyl isobutyl ketone (MIBK)
diluted with isopropyl alcohol (IPA) at a ratio of 1:3. This
is a popular developer for positive tone PMMA lithography.
It preferentially dissolves low molecular weight scissioned
PMMA fragments*3¢ over pristine, crosslinked, and car-
bonized PMMA. The second solvent was acetone. It is a
stronger solvent of PMMA compared to MIBK:IPA as it dis-
solves pristine PMMA along with smaller fragments, leaving
behind only crosslinked and carbonized polymer®337. The
thickness before and after each wash was measured using el-
lipsometry. Results of one sample for each processing con-
dition is shown in Figure 2. See supplementary material at
[URL will be inserted by AIP Publishing] for more details on
ellipsometry modelling.

For the unprocessed sample, washing with MIBK:IPA did
not change the thickness, indicating that it does not dissolve
pristine PMMA. Further washing it with acetone did dis-
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solve the entire layer, confirming the expected behaviour of 3°°

the solvents. For the PHOTON sample, a ~ 6 nm reduction
in processed film thickness was observed after washing with
MIBK:IPA. This indicates that photons cause some scission-
ing creating smaller polymer fragments which were washed
by MIBK:IPA. Further, washing the sample with acetone did
not change the thickness appreciably. Hence, the remaining
~ 10nm of sample, which is the larger fraction, is either
crosslinked or carbonized. Additionally, it was observed that
at lower dose exposures(~ 400 mJ cm™~2, not shown here) the
entire film is washed away by MIBK:IPA. This means that
at low doses of the photon exposure, PMMA is mainly scis-
sioned, but beyond a certain threshold dose, the polymer starts
to gradually crosslink. Similar behavior has been observed
with electron beam exposure on PMMA?7 .
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For the IONS sample, no scission products were detected as
the thickness did not change after washing with MIBK:IPA.
This further means that surface change observed via AFM
must be due to either crosslinking or carbonization. Further
washing the sample with acetone dissolved the entire film.
This reveals the presence of pristine-like PMMA in the bot-
tom of the film. The entire film can be washed away even
if a few nanometers at the bottom is pristine-like, as the top
cannot adhere to the substrate.

Finally, for the PLASMA sample, neither of the solvents
changed the thickness appreciably. This indicates that both
the surface and bulk are either crosslinked or carbonized.

V. IR SPECTROSCOPY

To further analyze bulk chemistry changes, IR spectra of the
samples were collected using attenuated total reflection (ATR)
Fourier transform infrared spectroscopy (FTIR). See supple-
mentary material at [URL will be inserted by AIP Publishing]
for more details on ATR-FTIR setup.

There are three important regions with peaks correspond-
ing to different stretching vibrations in PMMA : C=0
(1730cm™"), C—0—C (1240cm™") and C—H (2800 cm ™).
The IR spectra of these regions is plotted in Figure 3. The
presence of clear C—O—C peak is a useful indicator for the
presence of pristine-like PMMA. This is because the ester side
chain is quite labile and its decarboxylation is a dominant re-
action during degradation of PMMA3°.

The PHOTONS and PLASMA samples show notable de-
crease in peak area of the C=0 region relative to the unpro-
cessed sample, while the C—H peak did not exhibit as signif-
icant a relative decrease. This indicates that the reduced peak
intensity in these samples is not only due to a thinner film
but also due to additional chemical changes leading to signif-
icant deoxygenation. This is further highlighted by almost no
C—0—C peak showing almost complete side chain degrada-
tion. The C—H region for these samples also shows a shift in
the peak position compared to the unprocessed sample sug-
gesting the formation of new carbon bonds, likely via photon-
induced crosslinking. In contrast, the IONS sample shows
all the peaks seen in the unprocessed sample including the
C—0—C peak, albeit at a lower intensity. The lower intensity
is due to a thinner film and some additional chemical changes
at the surface due to Ar* ions. The presence of C—O—C peak
indicates the presence of considerable pristine-like PMMA in
the bulk, reaffirming the results from the solvent wash test.

VI. REFRACTIVE INDEX

Refractive index n(A) values obtained from the ellipsom-
etry of the samples are plotted as a function of wavelength
in Figure 4. As explained in Section IV A, by comparing the
n(A) value, we can further discern between crosslinking and
carbonization in the processed samples.

The IONS sample showed the highest increase in n(A).
From the solvent wash and IR spectra results it is known
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FIG. 3. Relative IR absorbance spectra of vibrations corresponding to relevant regions of different samples including bare Silicon. The C-O-C
and C=0 peaks decrease significantly in PHOTONS and PLASMA samples due to photon-induced deoxygenation. The IONS sample has
decreased peak area but still retain the peaks corresponding to pristine-like PMMA. See supplementary material at [URL will be inserted by

AIP Publishing] for full the IR spectra.
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FIG. 4. Refractive index n(A) of different samples as measured by
the single-layer ellipsometry model. The solid line is the mean n(A)
while the shaded area is the standard deviation.

s17 that these samples have considerable pristine-like PMMA in
s1s the bulk with mainly the surface/subsurface region modified.
s10 Thus, the change in the refractive index with respect to un-
320 processed sample must be from this top ion modified layer.
The significant jump in n(A) hints at the formation of a dense
carbonized layer. Additonally, as we move from the surface
to the subsurface region, the energy deposited by the ions de-
creases. Hence, a transition from the dense carbonized surface
to a crosslinked subsurface region, and finally to a pristine-like
bulk, is expected33.

The PHOTONS sample showed a modest increase in n(1).
32s From the solvent wash results, we know that a smaller frac-
320 tion of this sample is scissioned while the larger fraction is
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either crosslinked or carbonized. It was observed that scis-
sioning caused negligible change in n(4), indicating that the
main change in n(A) for this sample must originate from the
crosslinked or carbonized region. If the larger fraction were
carbonized, we would expect n(A) to be higher than IONS
sample, which is not the case. Conversely, crosslinking typ-
ically leads to a modest increase in n(A)38, as is seen in this
sample. Hence, the major fraction of PHOTONS sample is
determined to be crosslinked and not carbonized.

The PLASMA sample exhibits a considerable increase in
n(1), though it still falls short compared to the IONS sample.
A similar argument can be made as in the case of the PHO-
TONS sample that the undissolved bulk in the PLASMA sam-
ple is crosslinked and not carbonized. Additionally, drawing
from the IONS results, a carbonized ion modified layer at the
surface is also expected due to the ions in the plasma. If this
ion modified layer were congruent with that of the IONS sam-
ple, then the PLASMA sample would show the highest n(1),
surpassing the IONS sample. Evidently it does not, hence the
ion modification is not equivalent in the two cases.
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There are two reasons for this. Firstly, the ion bombard-
ing energy in the ICP tool is lower than that in IBE tool.
352 Typical Ar" ion energy in an ICP with no bias is 15eV to
ss3 20eV?? | whereas the ion energy during IBE was 50eV.
s Lower ion energy leads to a shallower range of ions in the
sss PLASMA sample*, leading to a thinner carbonized layer.
36 Secondly, the total energy deposited of the ions is also dif-
ss7 ferent between the two. Higher ion doses can increase the
3ss degree of carbonization*! and, in some cases the thickness of
sso the carbonized layer too*>*3. Thus, the ion modification in
se0 the PLASMA sample is weakly carbonized compared to the
se1 JIONS sample.
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FIG. 5. C 1s, O 1s and Si 2p atomic concentrations as depth pro-
files from XPS for a. Unprocessed sample , b. PHOTONS sample, c.
IONS sample and d. PLASMA sample. The sputter clear time (ver-
tical dashed line) is calculated as the x intercept of the decreasing C
1s rate (orange line). The IONS sample was not fully cleared within
1200s.

VIl. X-RAY PHOTOELECTRON SPECTROSCOPY

To develop a better understanding of chemical changes
throughout the film, a XPS depth profile measurement was
performed on all the samples. A monochromatized photon

beam of Al Ky, line (1486.6eV) along with a Ar gas cluster 2

ion beam (GCIB) as the sputter beam was used. The clus-
ter size was 1000 atoms with an energy of 2.5eV / atom. Ar
GCIB was used as it causes minimal polymer damage during
sputtering*. The sputter duration was limited to <1200 .
See supplementary material at [URL will be inserted by AIP
Publishing] for more details on the XPS setup and spectra
analysis.

The C 1s, O 1s and Si 2p atomic concentrations from the
depth profile for different samples are plotted in Figure 5. In
addition to these elements, trace amounts of N and Br were
also detected in the IONS and PLASMA samples due to con-
tamination of the chamber walls of the IBE and ICP tools.
For the depth profile, we define the sputter clear time as the
total time to clear the entire sample polymer. It depends on
both the thickness and chemical resistance of the layer. It was
calculated by finding the x-intercept of the decreasing slope
of C 1s as shown by the dashed line in Figure 5. Since the
thicknesses of processed samples are similar, differences in
their total sputter time are mainly due to chemical variations
between them.

The IONS sample did not clear within 1200s due to the
carbonized layer at the top. Inorganic materials, like amor-
phous carbon layers, have a significantly lower GCIB sputter
rate compared to polymers*’. Due to the extremely low sput-
ter rate of the top carbonized layer, the probed region also
moves very slowly during the initial ~ 800 s leading to min-
imal change in the atomic concentrations. Closer inspection
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of the variation of the O 1s spectra at different sputter times
further confirms the presence of a buried pristine-like layer.
With increasing sputter time, a high binding energy (BE) peak
shoulder( =~ 533.5eV) emerges and subsequently disappears
for the O 1s spectra. See supplementary material at [URL will
be inserted by AIP Publishing] for the O 1s spectra at dif-
ferent sputter times. This behavior can only be attributed to
the O—C peak from the buried pristine-like layer, as the O=C
peak is present at a lower BE (= 531eV) and the O—Si peak
contribution from the substrate is expected to either increase
or saturate with increasing sputter times.

The PHOTONS sample has a comparable sputter clear time
as the unprocessed sample even with it being less than half
the thickness of the unprocessed sample. This improved sput-
ter resistance is due to the crosslinked region in the sample.
For the PLASMA sample, the sputter clear time is higher than
PHOTONS but less than that of IONS. The increased sputter
clear time relative to PHOTONS sample is due to a combina-
tion of slightly thicker crosslinked layer and the presence of
an weakly carbonized layer at the top.

The PHOTONS and PLASMA samples also exhibit an in-
teresting trend of increasing relative C/O ratio deeper into the
sample. A similar C/O trend was seen for even low dose pho-
ton exposed samples , implying that this behavior is charac-
teristic of photon exposed PMMA ultrathin films. A possible
mechanism for this is proposed by considering the process of
photon-induced outgassing and the transport of molecules in
polymer thin films.

During initial exposure, VUV photons attack the polymer
leading to the formation of free radicals. These radicals sta-
bilize by forming volatile molecules and smaller fragments
leading to scissioning of the polymer. Ho et al*® performed
outgassing studies on PMMA thin films exposed to VUV
photons. They observed that most of the outgassed frag-
ments were large molecules like CsHgO,, C3H,0, CH;0H
and CH,O. The diffusivity of molecules in polymers decreases
significantly with their molecular size*’. These large volatile
molecules formed at at the top can easily escape as they have
to diffuse less before desorbing from the film surface. Con-
versely, the same volatile molecules formed at the bottom in
the film cannot outgas as quickly due to a longer diffusion
process to reach the surface. As the sample is continually
exposed to photons, these deeper volatile molecules can un-
dergo further photodegradation, forming more free radicals
and smaller volatile products like CO or CO, which eventu-
ally outgas. Crosslinking occurs at increasing doses of pho-
ton exposure due to the increasing density of radicals, raising
the probability of reactions between fragments, similar to high
dose exposures of e-beam on PMMA?%37 . The larger volatile
molecules outgassing from the top are more carbon rich than
the smaller molecules outgassing from the bottom. Hence, the
top loses relatively more carbon than at the bottom leading to
the observed C/O trend in XPS depth profile.
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TABLE II. Thickness of the characteristic layers from the multi-layer model for each sample. The total thickness from the multi-layer and
single layer model is also tabulated for each sample. The values O correspond to disabled fit of that layer as fitting it would give negative

thickness value of the same.

Sample Single-layer Multi-layer
Total (nm) Pristine/Scissioned (nm) Crosslinked (nm) Carbonized (nm) Total (nm)
Unprocessed 39.68 +/- 0.08 39.26 +/- 0.16 0.3+/-0.14 0 39.56 +/- 0.30
PHOTONS 16.41 +/- 0.77 5.73 +/- 0.94 10.46 +/- 0.24 0 16.19 +/- 1.18
IONS 16.99 +/- 0.22 11.94 +/- 1.31 2.52 +/- 1.29 3.09 +/- 0.15 17.55 +/- 2.7
PLASMA 15.03 +/- 0.06 0 14.28 +/- 0.1 1.21 +/-0.12 14.59 +/- 0.15
VIIl. MULTI-LAYER ELLIPSOMETRY MODEL 40
Pristine/Scissioned
KXX4 Crosslinked

Based on the previous results, we propose a multi-layer el-
lipsometry model to further quantify the thicknesses of chem-
ically different layers within the processed samples. The
model includes three different characteristic layers with fixed
optical constants: Pristine-like/Scissioned, Crosslinked and
Diamond-like-carbon (DLC).

For accounting pristine and scissioned PMMA, an identical
characteristic layer was used as minimal difference was ob-
served between their optical constants. The optical constants
for this layer were obtained by fitting a Cauchy absorbent
layer for an unprocessed sample. For crosslinked layer, the
optical constants were obtained by fitting a PHOTONS sample
washed with acetone as this sample only has photon-induced
crosslinked polymer remaining (refer Figure 2). Finally, to
account for the carbonized layer due to ions, a DLC layer
was used. DLC is a class of a-C with relatively more sp3
than sp2 hybridization*®. Its optical constants vary depend-
ing on the density, type of hybridization and the amount of
hydrogen in the film*’. Since the exact composition of the
carbonized layer was not known, a Tauc-Lorentz oscillator
model representing a DLC was obtained from the tool Com-
pleteEASE™software database. See supplementary material
at [URL will be inserted by AIP Publishing] for the optical
constants of the three characteristic layers. The order of the
layer stacking is also different for these samples. For all the
samples, the DLC layer is on the top. For the unprocessed
and IONS samples, the crosslinked layer is above the pris-
tine/scissioned layer and for PLASMA and PHOTONS sam-
ples it is the vice-versa.

The results from the multi-layer model is shown in Figure 6.
To evaluate the multi-layer model, the total thickness obtained
from it is compared to the total thickness from the single-layer
model. These values are tabulated in Figure 6.

For the PHOTONS samples, the total thickness from the
multi-layer model is statistically identical to that of the single-
layer model. We obtain a =~ 5.7 nm scissioned layer with
the rest of the film crosslinked. This is also in good agree-
ment with the thickness difference observed from the solvent
wash (Figure 2). For the IONS sample, the multi-layer to-
tal thickness is slightly higher than the single-layer value.
The thickness of the DLC layer is (3.09 +0.15) nm. Molecu-
lar dynamic (MD) simulations of 100eV Ar* on PMMA by
Choudry et al’° reported the steady state thickness of car-
bonized layer to be ~ 2 nm. The overestimation of thickness

EZE Carbonized (DLC)

w
o

Thickness(nm)
N
o

=
o

FIG. 6. Thickness of different characteristic layers for different sam-
ples using the multi-layer ellipsometry model.

402 in our model is due to DLC layer used. If the actual car-
403 bonized layer has higher n(A ) and k(24 ) than the DLC, then the
04 thickness of the carbonized layer during fitting can be overes-
05 timated. This can also explain the slight overestimation of the
e total thickness compared to the single-layer model.

107  For the PLASMA sample, the total thickness from the
s multi-layer model is slightly underestimated compared to
o single-layer value. In this case, the carbonization at the top is
o probably lesser than what is modeled by DLC. Additionally,
so1 the same crosslinked layer was also used for both PHOTONS
= and PLASMA samples. As seen from XPS depth profile, the
s C/O of the PLASMA sample is slightly different compared to
+ the PHOTONS sample. This can further lead to differences
sos between the reported crosslinked layer thickness and the ac-
so6 tual value.
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soz IX. INTERACTION MECHANISMS

sos  Computational study by Conforti er al’! showed that VUV
soo photon with wavelengths around 160 nm have enough energy
s10 to cause PMMA degradation via multiple pathways. The
s11 polymer can undergo chain scissioning directly via main chain
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fragmentation or indirectly via first side chain scission which
can further lead to main chain fragmentation®’. This depends
on the exact polymer chemistry and the energy of the incident
photons>>-34. Outgassing studies of VUV photon exposure on
PMMA have shown that the majority of the outgassed frag-
ments correspond to byproducts of main chain scission*6->4,
Irrespective of the exact fragmentation pathway, at high doses
of photon exposure, the density of the photo-generated rad-
icals increases, leading to crosslinking. The VUV photons
also penetrate fully into the ultrathin polymer®. In contrast to
this, Ar* ions mainly interact with the surface or near surface
region of the polymer. By performing Monte Carlo simula-
tions of 50eV Ar* ions on PMMA using the Stopping and
Range of Tons in Matter (SRIM) software package®”, we es-
timate the mean range of the ions to be less than 3nm. At
such low ion energies, the energy loss is dominated by nuclear
stopping. Nuclear stopping refers to the collisions of the im-
pinging ions with the atoms of the target material. It is highly
efficient at breaking bonds, causing rapid degassing and fur-
ther carbonization® as discussed above. If a target atom at the
surface has enough energy from the ion collision cascade to
overcome the surface binding energy, it can also sputter away
leading to ion sputtering**-°.

Plasma is a complex system where various species inter-
act synergistically with PMMA. This leads to effects that are
not observed in individual exposures. In the previous sec-
tions, we have elucidated the synergistic effects of photons
and ions in Ar plasma on ultrathin PMMA. The ion induced
carbonized layer is expected to form within the first few sec-
onds of plasma exposure!*!>. Similarly, the VUV photons
induced scissioning is also expected to begin at initial plasma
exposure in PMMA. Since crosslinking needs a high concen-
tration of radicals and thus a threshold dose of VUV photons,
it takes relatively longer to establish. This further depends
on the photon energy, flux, and synergistic effects in plasma.
From our results, we observed some initial crosslinking of
PMMA already at the shortest exposure time of 10s in Ar
plasma. Heating also has been reported to play an important
role in the synergistic effects with VUV photons on 193 nm
resists’’. Due to limitations in the current testing setup, the
synergistic effects of heating and VUV photons were not ex-
amined in this study. Electrons and metastable Ar neutrals>®
present in the plasma can also cause additional polymer mod-
ification.

X. CONCLUSION

Modification of ultrathin PMMA under VUV photons, Art
ions, and Ar plasma was investigated. The Ar* ion impacted
only the top of the polymer film, creating the ion-modified
layer. This ion-modified layer was stratified, with carboniza-
tion at the top followed by a transitory crosslinked layer. Con-
versely, VUV photons interacted with the entire bulk of the
polymer. At low photon doses, only scissioning of the main
chain was observed. At higher doses, due to the increased
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ses density of free radicals in the film, crosslinking was detected. 44
ses Additionally, from the XPS depth profiles of the photon ex- eoo

posed samples, an increasing C/O ratio deeper into the film
was detected. A possible mechanism was proposed based on
differences in the composition and diffusivity of outgassed
products at the surface compared to the bottom. In Ar plasma,
the synergistic effects of photons and ions were observed.
The surface showed bubble-like features which was attributed
to the trapping of photon-generated volatile molecules in the
top ion-modified layer. The bulk was also photo-induced
crosslinked with an increasing C/O ratio towards the bottom
as in the case of only VUV photon exposed sample. The ex-
tent of carbonization and crosslinking within the various pro-
cessed samples was calculated using a multi-layer ellipsome-
try model.
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